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Preface

This dissertation is submitted in partial fulfilment of the requirements for the
Degree of Doctor of Philosophy at the Department of Environmental
Engineering at the Technical University of Denmark (DTU). The research for
the entitled thesis “Reactive nanomaterials for water treatment” was
conducted at the Department of Environmental Engineering at the Technical
University of Denmark, the Department of Micro- and Nanotechnology at the
Technical University of Denmark, and at the Graduate School of EEWS at
the Korea Advanced Institute of Science and Technology (KAIST) in the
period of December 2012 — September 2016, under the supervision of
Associate Professor Henrik R. Andersen at DTU Environment, and co —
supervision from Associate Professor Cafer T. Yavuz at the Graduate School
of EEWS at the Korea Advanced Institute of Science and Technology,
Assistant Professor Yuhoon Hwang at the Department of Environmental
Engineering at Seoul National University of Science and Technology, and
Associate Professor Mogens H. Jakobsen at DTU Nanotech. The project was
funded by the KAIST-DTU Signature Project on Integrated Water
Technology.

Ten scientific papers constitute the PhD work presented herein. The papers
are outlined below and will be referred to in the text by their paper number
written with the Roman numerals I-X. Papers | — 11l and V are currently
published, Papers IX and X are submitted and under review, and Papers 1V,
VII, and VIII are attached as manuscripts.

I Hwang Y., Lee Y.-C., Mines P.D., Huh Y.S., Andersen H.R. (2014).
Nanoscale zero-valent iron (nZV1) synthesis in a Mg-aminoclay solution
exhibits increased stability and reactivity for reductive decontamination.
Applied Catalysis B: Environmental, 147:748-755.

Il Mines P.D., Byun J., Hwang Y., Patel H.A., Andersen H.R., Yavuz C.T.
(2016). Nanoporous networks as effective stabilization matrices for
nanoscale zero-valent iron and groundwater pollutant removal. Journal
of Materials Chemistry A, 4:632-639.

Il Hwang Y., Lee Y.-C., Mines P.D., Oh Y.-K., Seok Choi J., Andersen
H.R. (2014). Investigation of washing and storage strategy on aging of



v

\4

Vil
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particles. Chemical Engineering Science, 119:310-317.
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Summary

Groundwater is an important source for drinking water in all corners of the
globe, and in places like Denmark, it is the primary source for drinking water.
Climate change and population growth will only lead to further dependence
on groundwater as the supply for drinking water. However, the expanding
population and industrialization of human civilization also leads to environ-
mental consequences affecting groundwater sources. Storm-water and agri-
cultural runoff, industrial spillage and dumping, acid mine drainage, and
leakage from landfills are a few prime examples of routes of contamination
for pollutants to enter groundwater systems. In order to make these contami-
nated water sources viable for human consumption, the use of reactive iron
(i.e. Fe® or zero-valent iron), and in particular nanoscale zero-valent iron
(nZV1), is being employed to reductively degrade and/or adsorb many of
these pollutants. However, the use of nZVI, as it currently stands, has its
limitations. These limitations are primarily rapid oxidation and aggregation,
resulting in loss of reactivity and applicability. Therefore, development of
new materials incorporating nZVI and improving synthesis strategies to in-
crease the applicability of nZVI is paramount to its future success as a reme-
diation technique. This PhD project has investigated various materials aimed
at solving the reactivity loss of reactive iron to create a robust treatment sys-
tem capable of treating polluted waters. This PhD project also investigated
and developed a procedure to appropriately measure the reactivity of reactive
iron for a universal testing method.

Coating of nZVI is a common solution to combatting the limitations of the
material, in that the coating can surround the nZVI particle and prevent it
from interacting with other particles while still allowing for interaction with
the aqueous pollutant. This study employed a synthetic organo-
functionalized magnesium-based aminoclay (MgAC) for this exact purpose.
By varying the ratio of MgAC to nZVI and monitoring the change in physical
characteristics and reactivity, a composite material was formed that improved
the overall functionality of nZVI. It was determined that the reactive iron
(vs. oxidized iron) content, colloidal stability, particle size, and nitrate degra-
dation could all be best enhanced at a weight ratio of 7.5:1 of MgAC:Fe.
Another solution, although less common, to combatting the limitations, is to
entrap or impregnate a porous material with nZVI. This way acts in a similar



manner, except that the nZVI is bound within a complex matrix rather than
coated with a protective barrier. A variety of porous polymeric networks,
termed covalent organic polymers (COPs), were impregnated with nZVI and
evaluated similarly as with the MgAC. All COPs exhibited high uptake of
nZVI, approximately 10% by mass. Reactivity quantification proved to be
difficult when degrading an azo dye, due to the very high propensity of the
COPs to adsorb both the dye and its degradation products. However, these
COPs acted as extremely efficient carriers of nZVI for maintaining colloidal
stability. In one case, the COP used (COP-19) increased the colloidal stabil-
ity of nZVI by two orders of magnitude. Building on the application of these
composite materials, investigating how best to handle the synthesized materi-
als can prolong their lifetime. To do this, three washing and storage strate-
gies of the MgAC coated nZVI were investigated. They were: washing the
particles immediately after synthesis with a NaHCO; buffer, washing the par-
ticles after storing with a NaHCO3; buffer, and washing the particles immedi-
ately after synthesis with a MgAC solution. For all the particle reactivity
tests done, it was apparent that washing the particles after storing was detri-
mental to the material. The colloidal stability, reactive iron, and reactivity
towards nitrate dropped rapidly through one week of storage. The other
strategies, where washing was done immediately was able to preserve the
three aforementioned properties much more efficiently though one week of
storage, with MgAC washed particles faring better of the two. This pre-
washing technique removes residual reactants in the synthesis mixture that
can corrode the iron, and furthermore, pre-washing with MgAC adds more of
the stabilizer to the material that protects the nZVI even more. Moreover, by
looking deeper into the characteristics of uncoated nZVI, depending on the
washing method, allowed for more insight to the nature of the mechanisms
taking place during storage. It was observed that washing nZVI with MilliQ
water after synthesis created an environment where the particles were slightly
more oxidized from the start, which led to an increased formation of an iron-
hydroxide shell during storage. Not washing nZVI1 or washing with the re-
ductant NaBH, prohibited initial oxidation, leading to subsequent iron-oxide
formation during storage. This is important, because the hydroxide shell
promotes more electron transfer, whereas the oxide shell acts as a depas-
sivation layer. The increased electron transfer then allowed for higher reac-
tivity during storage, up to one week.



To make comparison and quantification for researchers, a simple and effec-
tive method to assess the reactivity of nZVI is extremely important. And, as
it is now, most of the reactivity characterization methods are often analytical-
ly intensive, requiring expensive equipment, and often don’t respond uni-
formly to different nZVI-based materials. This study sought to solve this
problem, by developing a simple colorimetric assay that is capable to taking a
degradation product produced by nZVI reacting with a compound, and creat-
ing a color reaction detectable with a simple spectrophotometer. This was
done by utilizing the indophenol reaction, which uses phenol and selected
other reagents to produce a blue color. Phenol can be produced from the
dehalogenation of 4-chlorophenol by nZVI, and to a greater extent by bime-
tallic nickel-nZVI1. That simple method was then optimized to reduce reagent
volumes, nickel concentration, and to broaden the range of detectable com-
pounds. These compounds capable of being used in the color assay with the
same set of reagents were ultimately aniline, ammonium, and phenol; all of
which can be produced by the degradation reaction from nZVI. Finally, to
compare the applicability of the colorimetric assay to common halogenated
groundwater contaminants; it was compared to the dehalogenation of TCE,
TCA, and atrazine. The colorimetric assay performed similarly to the degra-
dation of those chlorinated compounds; meaning the assay can be a simple
tool to assess the reactivity of any nZVI when ultimately targeting more dif-
ficult to analyze compounds in real-world sources.

Ultimately, the primary goal of this PhD study was to develop a robust nano-
composite material containing nZV1 for water treatment systems. Taking the
lessons learned from initial composite work using MgAC and COPs, the final
material combined granular activated carbon with COP and nZVI. After a
lengthy process in developing a method to chemically graft COP material to
the surface of activated carbon, it was possible to impregnate that composite
material with nZV1. Because of the activated carbon backbone, the final ma-
terial proved to be an extremely robust material with the structural integrity
to be used in a packed-bed column that is common when treating high vol-
umes of water. Although, continued optimization of the material is neces-
sary, preliminary results when adsorbing and degrading contaminants were
very promising, outperforming activated carbon alone and just the carbon
impregnated with nZVI1. Also, a bonus effect was achieved in the process. In
that the entire composite material, in particular the COP attached to the sur-
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face of the carbon, acted as a protective barrier from the effects of oxidation.
The carbon-COP-nZVI1 composites exhibited nearly 100% reactive iron con-
tent upon synthesis, compared to much lower amounts in other reported nZVI
composites or the carbon-nZVI produced in this study having only 80% reac-
tive iron content.

The results of this PhD concluded in various advances in the application and
assessment of nZVI and nZVI composite materials. Various composite mate-
rials provided increased colloidal stability and reactivity for nZVI. Various
washing and storage strategies elucidated better methods for delivering nZVI
to a water contaminant and the underlying mechanisms taking place in the
nZVI corrosion process. Finally, novel materials combining three different
technologies were developed to eventually lead to a robust water treatment
system capable of degrading typically hard to remediate water pollutants.
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Dansk sammenfatning

Grundvand er en vigtig kilde til drikkevand alle steder pa Jorden, og steder
som Danmark er det dén primere kilde til drikkevand. Klimaandringer og
befolkningstilveekst vil kun betyde en starre afhengighed af grundvand som
kilde til drikkevand. Men den voksende befolkning og industrialisering af
jordens befolkede arealer har miljgmassige konsekvenser for de naturlige
grundvandsressourcer. Stormvand og afstremning fra landbrug, spild og
dumping fra industrien, syreholdig afstramning fra minebrug og perkolat fra
lossepladser er primaere eksempler pa mader hvordan forurenende stoffer
treenger ned i grundvandet. For at gere dette forurenede vand brugbart til
menneskeligt indtag benytter man reaktivt jern og i serdeleshed nano-zero-
valent jern (nZV1) for at nedbryde og/eller absorbere mange af disse forure-
nende stoffer. Imidlertid har den nuvearende anvendelse af nZVI begraensnin-
ger. Disse begraensninger er primert hurtig oxidering og aggregering, der
medfgrer nedsat reaktivitet og anvendelighed. Derfor er udviklingen af nye
materialer med inkorporeret nZV1 og forbedring af strategien for syntese for
at forbedre anvendeligheden af nZV1 afggrende for den fremtidige succes for
brug af nZV1 som rensningsteknik. Dette ph.d.-studie har undersggt forskelli-
ge materialer hvis formal er at lgse tabet af reaktivitet af nZV1 for dermed at
skabe et robust behandlingssystem der er i stand til at handtere det forurenede
vand. Dette ph.d.-studie har ogsa undersggt og udviklet en fremgangsmade til
hensigtsmaessigt at male reaktiviteten af det reaktive jern som en universel
testmetode.

Overflademodifikation af nZVI er en almindelig lgsning til at modvirke be-
grensningen af materialet, da overflademodifikationen kan indfatte nZVI-
partiklen og forhindre den i at interagere med andre partikler men stadigt til-
lade partiklen at interagere med den vandoplgste forurening. | denne under-
sggelse anvendtes en syntetisk fremstillet organo-funktionaliseret magnesi-
umbaseret aminoler (MgAC) til netop dette formal. Ved at variere forholdet
af MgAC til nZVI og overvage forandringen af den fysiske fremtraeden og
reaktivitet, blev der fremstillet et komposit materiale, der forbedrede den ge-
nerelle virkning af nZVI. Det blev fastslaet, at det reaktive jern indhold, dets
kolloide stabilitet, partikelstgrrelse og evne til at reducere nitrat (i modsat-
ning til det oxiderede jern) var optimalt ved en stgkiometrisk ratio pa 7%:1 af
MgAC:Fe. En alternativ, men mindre anvendt lgsning, er at indbygge eller
impreaegnere et porgst materiale med nZVI. Denne metode fungerer pa tilsva-
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rende made, med undtagelse af, at nZV1 er fanget i en kompleks indlejrings-
masse i modsatning til at veere belagt med en beskyttende barriere. Forskelli-
ge porgse polymerer, samlet betegnet som kovalente organiske polymere
(COP), blev impregneret med nZVI og undersggt pa samme made som
MgAC. Alle COP udviste et hgjt optag af nZVI pa omtrent 10 % pa vagtba-
sis. Kvantificering af reaktiviteten viste sig at vere vanskelig i forbindelse
med nedbrydning af et azo-farvestof pga. COP materialernes meget hgje til-
bajelighed til at adsorbere bade farvestoffet og dets nedbrydningsprodukt.
Imidlertid var disse COP ekstremt effektive bearere af nZVI med henblik pa
at opretholde kolloid stabilitet. | et tilfeelde fordoblede den anvendte COP
(COP-19) den kolloide stabilitet. For at udvide anvendelsesmulighederne for
disse komposit materialer, kan en undersggelse af hvordan man optimalt
handterer disse syntetiske materialer bruges til at forleenge deres levetid. For
at gare dette blev tre vaske- og opbevaringsmetoder for nZVI1 belagt med
MgAC undersggt. Metoderne var: Vask af partiklerne umiddelbart efter syn-
tese med en NaHCO;s-oplgsning, vask af partiklerne med en NaHCO;-
oplasning efter opbevaring og vask af partiklerne umiddelbart efter syntese
med en MgAC-oplgsning. Det var tydeligt ved alle reaktivitetstestene af par-
tiklerne, at vask af partiklerne efter opbevaring var gdelaeggende for materia-
let. Kolloidstabilitet, indhold af reaktivt jern og aktiviteten overfor nitrat faldt
hurtigt i lgbet af en uges opbevaring. De andre metoder hvor vask af partikler
skete umiddelbart efter brug, evnede at fastholde de tre farnavnte egenskaber
langt mere effektivt ved en uges opbevaring, og partiklerne vasket med
MgAC-oplgsningen klarede sig bedst i forhold til NaHCO; oplgsningen.
Denne pree-opbevaring-vask-teknik fjernede tilbageblevne reaktanter i synte-
se-blandingen som kan korrodere jernet, og ydermere tilfgrer pree-
opbevaring-vask med MgAC endnu mere stabilitet til materialet, der beskyt-
ter nZVI’en. Herudover, var det muligt at undersgge karakteristikken af den
ikke-overflademodificerede nZVI og dermed at fa en sterre indsigt i de a&n-
dringer, der opstar ved opbevaring af stoffet. Det blev observeret at ved at
vaske nZVI med MilliQ vand efter syntese blev der skabt et miljg, hvor par-
tiklerne var en smule mere oxiderede fra begyndelsen, hvilket betgd en for-
gget dannelse af en jern-hydroxid skal ved opbevaring. Ved ikke at vaske
nZVI1 sammenlignet med vask med reduktionsmidlet NaBH, forhindredes en
initial oxidering, der medfgrer en efterfglgende jernoxid dannelse ved opbe-
varing. Dette har betydning da hydroxidskallen fremmer en stgrre elektron-
overfgrsel, hvorimod den oxiderede skal fungerer som et passiverende lag.



Den forhgjede elektron-overfgrsel medferte en hgjere reaktivitet i op til en
uge ved opbevaring.

Til brug for sammenligning og kvantificering for forskere er det utroligt vig-
tigt med en simpel og effektiv metode til at vurdere nZVI’s reaktivitet. Nu er
de fleste metoder til at karaktisere reaktiviteten af nZVI ofte analytiske tunge,
kreever dyrt udstyr og mangler en standardiseret made at udfare behandlingen
pa. Dette studie har forsggt at lgse denne problemstilling ved at udvikle en
simpel kolorimetrisk karakteriseringsmetode, der ggr det muligt at detektere
et nedbrydelsesprodukt produceret af nZVI1 og ved at tilsaette en kemisk for-
bindelse skabe en farve-reaktion, der er mulig at afleese med et simpelt spek-
trofotometer. Dette blev opnaet ved at anvende indophenol-reaktionen, der
benytter fenol og andre udvalgte reagenser til at skabe en bla farve. Fenol kan
produceres ved dehalogenering af 4-chlorphenol med nZVI, og endnu lettere
ved reaktion med bi-metallisk nikkel-nZVI. Denne simple metode blev heref-
ter optimeret for at reducere reagent voluminerne og nikkelkoncentrationen
og for at udvide raekken af detekterede reduktionsreaktionsprodukter. De for-
bindelser, der kunne anvendes i farve-analysen med de samme reagenter var
slutteligt anilin, ammonium og fenol, som alle kan blive produceret ved re-
duktiv nedbrydning af passende reagenser med nZVI. Til sidst, for at sam-
menligne anvendeligheden af den kolorimetriske analyse med almindelige
halogenerede grundvandsforureningsstoffer, blev resultatet sammenlignet
med dehalogenering af TCE, TCA og atrazin. Den kolorimetriske analyse
fungerede ogsa i forhold til nedbrydningen af disse klor-forbindelser, hvilket
betyder at analysemetoden kan fungere som et simpelt varktgj til at male re-
aktiviteten af al slags nZVI, nar det endelige behandlingsmal er vanskeligt
analyserbare forbindelser i reelle vandmatricer.

| den sidste ende var det primere mal for dette ph.d.-projekt at udvikle et ro-
bust nano-komposit materiale indeholdende nZVI til brug i vandbehandlings-
systemer. Belert af de tidlige erfaringer med komposit materialet, hvor
MgAC og COP blev anvendt, blev slutresultatet en kombination af granulaert
aktivt kul, COP og nZVI. Efter en leengere proces for at udvikle en metode til
kemisk at binde COP-materialet til overfladen af aktivt kul, blev det muligt at
impreegnere komposit materialet med nZVI1. Pa grund af hovedbestanddelen
af aktivt kul i det endelige materiale, viste det sig at veere ekstremt robust
med en strukturel som kunne anvendes i et gennemstremningsfilter som er
det almindelige, nar man behandler store mangder af vand. Selvom en fortsat



optimering af materialet er ngdvendig, viser de farste resultater for adsorbe-
ring og nedbrydning af forureningen meget lovende resultater, langt bedre
end aktivt kul alene og ogsa bedre end kul impragneret med nZVI. Endvidere
medfgrte processen en uventet bonus, da det kompositte materiale, og i ser-
deleshed nar kullet blev impragneret med COP, fungerede som en beskytten-
de barriere mod effekterne af oxidering. Kompositionen af aktivt kul-COP-
nZVI udviste tet pa 100 % reaktivt jern efter syntesen, sammenlignet med
meget lavere mengder i andre kendte nZVI-kompositter eller aktivt kul-
nZVI-kompositionen anvendt i dette forsgg, hvor der kun var 80 % reaktivt
jern indhold.

Resultaterne af dette ph.d.-projekt konkluderer i forskellige fremskridt i an-
vendelsen og analysen af nZV1 og nZVI-kompositte materialer. Forskellige
kompositte materialer udviste forhgjet kolloid stabilitet og reagerede pa
nZVI. Forskellige vaske- og opbevaringsteknikker belyste bedre metoder for
at anvende nZVI til vandforureningen og de underliggende (sekundare) me-
kanismer, der opstar i korrosionen af nZVI. Slutteligt, sa blev der ved at
kombinere tre forskellige teknologier udviklet nye materialer, der med tiden
kan fare til et mere robust vandbehandlingssystem i stand til at nedbryde ty-
piske problematiske forureningsstoffer i vand.
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1 Introduction

Reactive iron-containing materials are at the forefront of researched materials
being applied towards water treatment, and more specifically contaminant
degradation in the water treatment process. Although they are frequently
used in field application and in lab-scale research, much optimization and
insight remains needed before the use of these materials becomes a main-
stream means for degrading typically difficult to remediate compounds found
in various water sources. By exploring novel advanced materials that can
mitigate some of the inherent problems with reactive iron application, the
possibility for field advancement is promising. Additionally, advancement of
these technologies not only mandates exploring alternative materials for
composite fabrication; it also mandates exploring new analytical techniques
for measuring the success of existing and future reactive iron-containing ma-
terials towards their application in water treatment. Outlined in Figure 1, this
PhD project focuses on those two necessary routes in the eventual prolifera-
tion of these materials. First, the combination of different technologies with
different individual advantages to create unique hybridized composite materi-
als. And, second, the development of appropriate, efficient, and user-friendly
methods for standardizing the efficacy of current and new materials.
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Figure 1. Flow diagram summarizing the evolution of produced nano-composite materials
and the subsequent assay used to evaluate applicability comprising the basic work structure
of the PhD project.




1.1 Research objectives and aim

This PhD project has focused on the use of reactive iron, specifically na-
noscale zero-valent iron (nZV1), as a means for water treatment. In particu-
lar, developing advanced and novel materials containing nZVI for more ef-
fective and robust treatment operation; as well as developing an adequate
method to assess nZVI material reactivity.

The primary objectives and aims of the research were:

e Development and employment of innovative materials that can result in an
increased colloidal stability of nZVI1, while preserving or increasing reduc-
tive decontamination reactivity (Paper | and Paper Il); and, investigation
into new methods during nZVI synthesis and storage that can preserve or
prolong the reactivity of nZVI for more efficient pollutant remediation
(Paper 111 and Paper 1V)

e Establishing a new technique or assay that can quantify and standardize the
reactivity of a given nZVI material in a simple and user-friendly manner
(Paper V, Paper VI, and Paper VII)

e Fabrication of a new hybridized class of nZVI-containing materials that
combine different technologies for a more robust and efficient treatment
system (Paper V111, Paper 1X, and Paper X)

1.2 Thesis structure

Chapter 2 “Background” introduces the general motivation for advancing the
global landscape of water treatment, and more specifically the use of nano-
technology and nanomaterials for various water treatment operations. This
also includes more insight to the use of reactive iron for water treatment,
more specifically the advantages, associated drawbacks, and proposed solu-
tions for combatting those problems.

Chapter 3 “Maintaining and increasing the reactivity of nZVI” details the first
work package of the thesis that explores combining nZVI with advanced ma-
terials to optimize the reactivity, as well as formulating new methods to pro-
long the lifetime and reactivity of nZVI long enough to successfully deliver it
to various contaminants. This chapter contains work detailed in full in Papers
I —1V.



Chapter 4 “Assay for reactivity quantification and real-world application”
details the second work package of the thesis that develops a novel colorimet-
ric assay to quantify and standardize reactivity for nZVI particles, including
comparing the assay to dehalogenation of halogenated organics to prove real-
world applicability. This chapter contains work detailed in full in Papers V —
VII.

Chapter 5 “Hybridized materials for robust water treatment operation” details
work from the third and final work package of the thesis that fabricates a new
class of materials containing multiple components operating synergistically
with different functionalities for an optimized and robust water treatment sys-
tem. This chapter contains work detailed in full in Papers VIII - X.

Finally, there is a brief recap, summary of findings, and future outlook pre-
sented in Chapter 6. Note: other than some specific overlaps of methods
and/or data, each sub-chapter refers to a particular paper or manuscript.



2 Background

The global human population is a dynamic and constantly changing system,
which has seen a world with only a few million inhabitants approximately
10,000 years ago expand ever-faster to an estimated 7+ billion today, and ex-
pected to meteorically rise to potentially at least 8 billion by the year 2024
[1]. This, in turn, has a direct effect on the available water for human con-
sumption, whether it be for drinking water, agriculture, industry, etc. Conse-
quently, water scarcity is becoming an ever-increasing problem as aquifers
are depleted, ground and surface waters are contaminated, and populations
move to arid climates not sustainable for long-term human inhabitation. As
this problem deepens, water treatment becomes an increasingly crucial issue
for the health and development of societies [2]. This, in turn, creates a need
for new, effective, and affordable solutions that can address the need for
clean water throughout the globe. Therefore, accessing groundwater sources
that are currently unused due to various contamination issues is a necessary
evolution in the water treatment sector, which includes a plethora of sources
that are, or will be, contaminated from various environmental pollutants. To
put this in perspective, a recent estimate has determined that there at least
20,000 contaminated groundwater sites in Europe alone, and possibly up to
350,000 sites that remain unidentified [3].

There are many different types of water sources that require various treatment
goals, such as groundwater, drinking water, industrial process water, and
wastewater. These goals can include the removal of nutrients, undesirable
substances, or disinfection, and many different approaches have been taken to
address these concerns. With approaches being packed-bed filters of sand or
porous carbon, membranes, biological degradation, chemical oxidation, or
UV-irradiation, to name a few. Recent advances in the world of nanotech-
nology and nanomaterials have resulted in the subsequent application in the
field of water treatment. To date, nanotechnology for water or wastewater
treatment has been applied in one of three ways. First, adsorption/filtration,
where the materials are selectively targeting and up-taking pollutants to phys-
ically remove them from the bulk solution of water being treated. Second,
disinfection, where the materials can physically or chemically attack a water-
born pathogen and either cause cell lysis or render it inactive to the extent
where it is no longer an anthropological threat. And third, by chemical or
photocatalytic degradation, where the nanomaterials are capable to degrading



a specific pollutant into subsequent tertiary compounds that are more benign
in nature.

2.1 Overview of nanotechnologies for water

treatment

There are three main categories for the treatment of water: groundwater
treatment, industrial and/or wastewater treatment, and drinking water treat-
ment. Although many of the treatment targets overlap in all three of these
categories, each category tends to have its own problems that need to be
solved. Groundwater is nearly free of pathogenic contamination, so disinfec-
tion of groundwater is irrelevant; treatment of groundwater focuses primarily
on heavy metals and possible industrial source pollution, such as halogenated
organics, dyes, or pesticides. Treatment of groundwater may be carried out
for environmental purposes or for purification prior to use for drinking or for
sensitive industrial applications. Industrial/wastewater treatment is similar to
that of groundwater treatment in terms of compounds to treat, except that in
industrial/wastewater, the compounds usually occur in much higher concen-
trations, as would be the case in smelting or electroplating operations, for
example. Drinking water treatment focuses much more on disinfection, and
on some of the same industrial compounds at much lower concentrations.
However, drinking water operations need to be fit for human consumption.
For example, the Danish Ministry of the Environment has set drinking water
limits at the tap at 10, 20, and 10 pg/L for bromate, nickel, and arsenic, re-
spectively (BEK no 292). It is apparent that these various treatment targets
can overlap when employing nanomaterials for treatment. So, it is possible to
organize these technologies with respect to the method of treatment, which is
one of three methods: pollutant removal by adsorption, disinfection of water,
and pollutant degradation by chemical reduction or photocatalysis. Certain
nanoproducts can be applied in more than one category, as is the case with
TiO,, which is effective at both disinfection and photocatalytic degradation of
contaminants. The more prolific types of nanomaterials, in terms of applica-
tion and research include, but aren’t limited to: chitosan, zeolites, activated
carbon and carbon nanotubes (CNTSs), silver and gold nanoparticles, metal
oxides of titanium, magnesium, and zinc, as well as iron oxides and zero va-
lent iron.



Chitosan

Chitosan is a polysaccharide compound derived from naturally occurring pep-
tides called chitin, which is very similar to cellulose and the next most abun-
dant naturally occurring fiber after cellulose. It comes from a wide range of
sources in the environment, most notably the shells of crustaceans, insects,
and mushrooms. Being that it can be made cheaply from already naturally
occurring sources, chitosan has an advantage that it can be operated at low
costs in a low-tech manner. This ability also draws the appeal of chitosan
towards rural areas and developing countries.

In addition to being an appealing bio-sorbent, chitosan also displays antimi-
crobial properties. The particular antimicrobial mechanism is the formation
of tight nanoscale pathways that allow for molecular transport across cell
membranes, which ultimately can lead to the collapse of a cell [4]. It is also
for this reason that nanoscale chitosan is so widely used in the biomedical
and drug delivery markets. More specific to water disinfection, however, this
process can lead to cell membrane damage as well as chelation of trace met-
als within the cell that are necessary for life. Given this phenomenon, it was
made possible to custom-make these nano-structures for specific applications,
whether that be for removal bacteria, viruses, or fungi [4].

Chitosan, due to its high hydrophilicity, presence of surface functional
groups, and flexible nature, is also used as a bio-sorbent for many different
contaminants, namely heavy metals, dyes, phenols, and certain anions [5].
Some of the adsorption rates for various compounds include numbers in the
range of hundreds of mg of dye for each gram of chitosan and reaching as
high as 1000 mg dye per gram chitosan, 100 — 200 mg of phenol per gram
chitosan, or as much as 100 mg of nitrate per gram chitosan [5]. The unique
nature of these particles gives chitosan the ability to be used in applications
like flocculation in water and wastewater treatment as well as the disinfection
of drinking water. Use of nanoscale chitosan for disinfection remains slightly
elusive for large-scale operations, unless incorporated into a membrane; how-
ever, its use in coagulation and flocculation operations is increasing and ap-
pears to be the most promising use for it. It is promising because it is ex-
tremely efficient at coagulating organic and inorganic compounds and chelat-
ing highly toxic heavy metals; and in the process, the particles grow in size to
a point where the unknown risks coming from their nano-size become irrele-
vant.



Zeolites

Natural zeolites are found in regions all over the world, coming primarily
from minerals in volcanogenic sedimentary rock. Zeolites, which can be
generally defined as highly crystalline and highly porous inorganic materials,
are comprised primarily of silicon and aluminum and oxygen, for example
NagAlgSi; O3, [6]. There are at least 50 natural zeolites and there are well
over 150 synthetic versions of zeolites being produced for various purposes.

Natural zeolites and conventionally synthesized zeolites typically range from
1-10 um; however, zeolites can be synthesized on the nanoscale, from 5-100
nm [7], most often by grinding e.g. using a ball-milling procedure in a wet
environment. When synthesized in this and other similar manners, these na-
noscale zeolites can have targeted and uniform crystal structures, depending
on the application. These nanoscale versions of zeolites have substantially
higher surface areas and smaller diffusion path lengths than non-nano zeolites
[8,9]. It is their robustness towards mechanical and chemical stresses that
gives zeolites such proliferation in the catalysis, separation, and ion-exchange
markets [10]. Specifically, what makes zeolites so great for sorption and ion
exchange is the high density of ion exchange sites (e.g. Na®) and porosity.
Due to this phenomenon, nanoscale zeolites have been given much attention
to their incorporation into various types of membranes to aid in the desalina-
tion process of seawater and brackish water sources within the past decade.

For example, this ion exchange mechanism was applied towards heavy metal
removal in acid mine drainage [11] and electroplating wastewaters [12]. Fur-
thermore, it has been established that nanoscale zeolites are also capable of
removing radioactive elements from liquid nuclear waste streams, providing
an extremely cheap alternative to current treatment practices [13]. Recent
large-scale applications incorporating the use of zeolites include operations
targeting the removal of inorganic ions such as ammonium, heavy metals,
organic pollutants, dyes, humic substances, and radioactive elements. How-
ever, outside of the use in membrane technologies, in particular those desig-
nated “mixed-matrix membranes,” introduction of nanoscale zeolites into
these operations are still in its infancy.

Activated carbon and carbon nanotubes

Activated carbon has been applied for decades as a sorbent material to clean
drinking water, as well as wastewaters of industrial, petrochemical, residen-
tial, and commercial operations. This usage occurs primarily because it is



extremely cheap, contains a wide variety of various surface functional groups
(including carboxyl, quinone, phenol, and lactone), and has a high surface
area for adsorption (up to 2000 m2/g), stemming from the nano-porous nature
of the material itself, with pores as small as 2 — 50 nm.

Activated carbon systems are usually made in the form of cartridges or col-
umns where water is passed through via gravity or a pressure-driven method.
As the water flows through the carbon, contaminants found in the water come
into contact with the carbon and are adsorbed by the carbon material. Fur-
thermore, this carbon can be regenerated simply by repeating the original
production process, where the heat and oxidizing gas drive off any sorbed
contaminant. However, the further development of carbon into carbon nano-
tubes (CNTs), whose usage has exploded onto the market in the past two dec-
ades [14], with the promise that they can eventually lead to at least partial
substitution of activated carbon in the marketplace.

Studies have already proven that CNTs can vastly outperform typical activat-
ed carbon with the adsorption of various organic pollutants, as much as 99%
greater in certain cases [15], and 3-4 times higher for heavy metals, such as
Pb?*, Cu®**, and Cd*" [16]. Furthermore, CNTs provide a sustainable ap-
proach, in that as the metals sorb to the surface functional groups found on
the carbon, the metals can subsequently be released and collected simply by
adjusting the pH of the solution [17]. In short, these CNTs consist of graphit-
ic cylinders made up of networks of hexagonal carbon linkages that can be as
small as 2 nm in diameter [18], and in spite of their small diameter, CNTs can
have extremely high length/diameter ratios. The advantage that CNTs pos-
sess over traditional activated carbon is that while retaining their high surface
area, the structure is easily controllable and well-defined, offering fine-tuning
of the compound for application purposes. It is these abilities to control size
and length of the CNT, to open/close the ends of the CNT, and to functional-
ize the surface of the CNT with various metals, functional groups (e.g. alco-
hol, carboxylic, or carbonyl groups) that provide for extremely effective ad-
sorption properties.

Hence, water treatment with CNTs can be very effective and is used primarily
as an adsorbent material, applied to a wide range of compounds such as vari-
ous heavy metals (As, Cd, Pb, etc.), organic pollutants (benzene, toluene,
halogenated solvents, herbicides, etc.), and inorganic contaminants, as well as
chlorinated organics like 1,2-dichlorobenzene and trichloroethylene, polycy-
clic aromatic hydrocarbons, phenolic compounds, surfactants, herbicides like



atrazine, antibiotics like tetracycline, and many others [19]. However, being
that CNTs are to date quite expensive, effective use of this technology has
been limited to the adsorption of more complex molecules (e.g. polar aromat-
ics, pharmaceuticals, and pesticides) that are not as readily adsorbed using
traditional methods. Regardless, the market is seeing a shift into CNT-based
water treatment technologies. Foremost is their incorporation into membrane
materials, not only to adsorb contaminants, but also to provide mechanical
strength. Current research has also seen a shift into using CNT-incorporated
membranes for lower-cost seawater desalination purposes; however, realiza-
tion of this remains yet to be determined. Some companies have also intro-
duced prototype portable water filters containing CNT meshes or sheets in to
the market, capable of treating polluted water sources. These portable water
CNT water filters have been targeted mainly for military use, disaster relief,
remote-area travelling, and also as an attachment at the tap for residential
use.

Silver and gold nanoparticles

Silver (Ag) has been used to improve human health and conditions for centu-
ries and its toxicity towards various microorganisms has been extensively
studied since the 1970°s [20], resulting in the use of silver antimicrobials in
many bio-medical applications [21]. This notion led the United States Na-
tional Aeronautics and Space Administration (NASA) to develop a light-
weight device that released silver ions in the water supply of a spacecraft that
would keep the drinking water bacteria-free, thus eliminating the need for
chlorine. Building on this technology, many companies later used similar
methods to deliver silver ions into swimming pool waters, keeping them free
of bacteria. Such devices are now frequently used in private pools all over
Denmark and the rest of the world.

This history has led to the development of silver being engineered as nano-
particles, and is currently the most utilized nanomaterial for disinfection and
anti-microbial applications. Most notably available on the commercial mar-
ket is the use of silver nanoparticles (AgNPs) for small-scale personal water
purifiers, the type typically used by hikers and backpackers in the wilderness.
Using AgNPs this way (usually as part of a membrane system in combination
with activated carbon) eliminates the need for more toxic and foul-tasting
disinfection methods like iodine tablets. The idea driving the use of (AgNPs)
is that there is a release of biocidal silver ions (Ag®) that attach to and alter
the membrane permeability of a cellular organism, which can subsequently



attack the thiol groups in proteins or the phosphates in DNA [22]. In this
process, these AgNPs then break down the respiratory chain and cell division,
which eventually leads to the death of the cell [23].
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Figure 2. Various antimicrobial activities using silver nanoparticles.

In this context, AgNPs have been used as a disinfectant for Gram-negative
organisms (e.g. E. coli, V. cholerae, Salmonella), Gram-positive organisms
(e.g. Staphylococcus), and many other pathogens in drinking water and
wastewater treatment [10,24,25]. Furthermore, the versatility of AgNPs
comes with their ability to be incorporated into a plethora of different materi-
als. These materials include zeolites, dendrimers, and membranes, among
others, which are then incorporated into disinfection treatment systems as
particles in bulk solution or as a means of filtering.

Even though AgNPs are very effective and can be sufficiently immobilized in
many materials, the problem of re-dissolution of the particles remains, and
consequently that of silver release control and further replenishment of
AgNPs. This last statement is important in the further implementation of sil-
ver for water treatment purposes, as it is that the Danish Ministry of the Envi-
ronment has set a limit of only 10 pg/L of silver at the tap (BEK no 292).
However, even if silver is released into the water treatment and distribution
network from any of these sources, it is usually effectively removed during
the municipal wastewater treatment process as silver can be readily trans-
formed into non-dissolvable silver sulfide (Ag,S).
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Although the current price of gold makes the notion of using gold nano-
particles (AuNPs) for water treatment purposes seem daunting at first, the
unique properties that gold exhibits on the nanoscale make the idea more
plausible, although the economics may make the use of gold AuNPs unrealis-
tic in the long run. Even so, given that AuNPs have the ability to remove
such extremely harmful compounds like mercury or trichloroethylene (TCE),
they may be economically justified. For example, when combining AuNPs
with a simple citrate molecule, it is possible to adsorb and remove mercury
from contaminated river water [26]. This works in a multi-step process
where citrate reduces the AuNPs, which then acts as a catalyst to reduce mer-
cury and allow for it to be trapped by other metals (e.g. copper or iron) in
solution. Moreover, when combined with another noble metal, such as palla-
dium, AuNPs exhibit extremely high catalytic reduction capacity towards
some hazardous compounds, such as TCE [27] and nitrite [28]. Various other
operations employing AuNPs are proving effective for removal of certain
halocarbons, BTEX compounds, and sulfur-containing organic contaminants
(i.e. pesticides). However, as with AgNPs, the problem of cost remains pre-
sent with AuNPs. Addition of catalytic noble metals and/or a stabilizing
agent into which to incorporate the gold remains the only current method to
ensure AUNPs can be used at an appropriate cost level.

Metal oxides of titanium, magnesium, and zinc

Of all the metal oxides, titanium dioxide (TiO,) is perhaps the most versatile,
and possibly the most widely used for various forms of water treatment.
TiO,, by means of photocatalysis, is capable of adsorbing metals, organic
contaminants, and various other compounds, disinfecting water contaminated
with a wide range of bacteria, and degrading certain pollutants. An ideal
example of how TiO, can adsorb metals is in the treatment of arsenic (As) by
Pena et al. [29]. They demonstrated how it is possible to oxidize, and subse-
quently adsorb, As(l1l) to As(V) with TiO, acting as a photocatalyst by pro-
ducing various reactive oxygen species such as the H* ion, hydroxyl radical
(OH"), superoxide (O,"), and hydrogen peroxide in the presence of UV-light.
Going even further, single crystal nano TiO, particles have been developed to
a point where nearly the entire face of the particle has a reactive surface, ena-
bling one of the most efficient treatment mechanisms in the nanoproduct
market [30].

Moreover, when targeting disinfection purposes, TiO, is also extremely ef-
fective, whether it be in the form of thin films [31], as TiO, nanorods [32],
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doped with ferric iron [33], or combined with silver nanoparticles [34].
These and many other studies report a killing efficiency of TiO, of at least
50%, but most often upwards of 80-90%, meaning that this may not be capa-
ble of being the final disinfection agent for drinking water treatment purpos-
es. However, if it were coupled with other treatment steps (i.e. advanced ox-
idation processes, membranes, etc.), it could act as an efficient cost-reducing
measure to reduce chemical addition and inhibit biofouling of a membrane
system.

Zinc oxide (ZnO) nanoparticles, although not nearly as widely applied as
TiO,, are known to act as a disinfectant in water treatment. With their main
advantage being their use as an antimicrobial agent against a wide range of
bacteria, which has been proven in many situations [35,36]. One of the sug-
gested mechanisms has been that since ZnO is known to have a high affinity
for absorbing UV-radiation, this will lead to a photocatalytic production of
hydrogen peroxide (H,0O,), a well-known molecule capable of microorganism
destruction [35]. Another suggested mechanism for the antimicrobial power
of ZnO is that ZnNPs are capable of penetrating the cell and consequently
causing the unravelling of the cell membrane [37,38]. Ultimately, though,
zinc in significant concentrations can be toxic to humans and aquatic life,
making large-scale use troublesome. The Danish Ministry of the Environ-
ment recommends no more than 3-5 mg-Zn/L in drinking water at the tap
(BEK no 292).

Magnesium based nanoparticles (MgNPs) are primarily used in the disinfec-
tion of water. For example, Stoimenov et al. (2002) demonstrated that mag-
nesium oxide (MgO) can be extremely effective for treatment against various
bacteria (e.g. E. coli and B. megaterium) [39]. This ability as a biocide
comes from an unusually high surface area of MgO in nano-form and a
unique crystalized structure that allows for many reactive surface sites [40].
In addition to the very structure of the NPs themselves, these MgNPs also
possess a unique ability to uptake high amounts of halogens, and in particular
chlorine gas (Cl,), which further contributes to the biocidal activity [41].
However, this poses a problem, as the halogen needs to be introduced to the
particle; although, there remains much interest in MgO as an antimicrobial
agent in water, even if future progress appears limited.

Iron oxides and zero-valent iron

Iron, and iron based particles, are by far the most prolific nanoparticles used
in the field of water treatment due to iron being ubiquitous in the earth’s
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crust, cheap to manufacture, environmentally safe, and also a very effective
contaminant reductant when converted to its zero-valent form (Fe). Hence,
the uses of iron-based nanoparticles cover various sorption applications and
reductive decontamination applications. Sorption of contaminants stems
from the complexation of the dispersed metals and the oxygen in the corre-
sponding metal oxides [42]. Furthermore, as the particle size of these iron-
based particles is reduced, the adsorption capacity has the potential to drasti-
cally increase. To date, applications involving the use of (nano) iron oxides
for the adsorption and subsequent magnetic removal of pollutants include re-
moval of bacteria, arsenic, and organic contaminants, among others [43,44].
Perhaps most notably, drinking water treatment by use of magnetic iron oxide
nanoparticles to adsorb arsenic and subsequently be removed by a simple
magnet was named one of Forbes Magazine’s “Top Five Nanotech Break-
throughs of 2006.” This could prove to be one of the cheapest and most ef-
fective techniques to remove arsenic from drinking water, which could dras-
tically improve the quality of life for tens of millions of people around the
world that suffer from arsenic-laden water, in places like India and Bangla-
desh, for example.

Iron, in addition to being an extremely successful adsorbent material, be-
comes highly reactive when converting it into Fe’. The basic mechanism is
that as the Fe° particle oxidizes from an iron-oxide shell, electrons are re-
leased and water is broken down into hydroxyl radicals and protons, which in
turn creates an environment capable of degrading many pollutants (Figure 3).
Consequently, increasing the amount of Fe® also increases the amount of
electron transfer that can take place, which then increases the higher reduc-
tive capacity of the Fe particle.
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Figure 3. Basic reaction mechanism of nZV1 particles in water to form pollutant reducing
conditions.
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Therefore, nano-Fe® (nZV1) technologies must take great care in that the reac-
tivity of the particles is not lost before the particles themselves are oxidized
and more or less inert. Nonetheless, in 2014, papers dealing with nZVI ac-
counted for 15.8% of all the papers mentioning ZVI [45]. Although the bulk
of work performed has to deal with the use of in situ applications of nZVI in
the form of soil and groundwater remediation, there are plenty of applications
in industrial wastewater, drinking water, or “pump-and-treat” operations for
groundwater. For example, when combing nZVI onto a kaolin support, these
particles were able to remove 98.8% of Pb?* and 99.8% of total chromium in
electroplating wastewater streams [46].

Moreover, there are many companies on the market, which make nZVI pow-
ders and slurries that are designed to not only be injected into the ground for
soil remediation, but also for the pump-and-treat applications and treating
industrial sewage loaded with dyes and various other contaminants. There-
fore, although not totally commercial at this point, the future nZV1 for pump-
and-treat operations lies in one of two forms, that involve attaching the nZVI
to some other base material. The first is maintaining nZV1 in the form of a
slurry and adding that to an already existing treatment operation. The second
is by attaching nZVI to a larger particle or granule (e.g. kaolin or activated
carbon) and forcing contaminated water through a column as a flow-through
system.

2.2 Overview of nZVI for water treatment

Research and application of methods for treating groundwater contamination
are continually increasing on a yearly basis, as more and more hazardous
compounds in more and more locations are being identified in source waters
across the globe. And, one of the most prolific materials for treatment of
many of these compounds is zero-valent iron (ZVI). Much of the initial re-
search and most of the current application of ZVI is in the form of in situ
treatment using permeable reactive barriers (PRBs) [47]; where ZVI in slurry
form is injected downstream from a subsurface contaminant zone so that the
plume will flow through the injected material, thereby passively degrading
the pollutant so that the water comes through treated on the other side
[48,49]. This method has its drawbacks though, as subsurface flow model-
ling is inherently susceptible to a plethora of variables and that after injection
the slurry is at the mercy of the environment and all the factors that can lead
to particle oxidation and deactivation. On the other hand, albeit more a more
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active and costly process, is ex situ treatment, where contaminated water is
extracted via pump-and-treat methods. In the manner, the treatment material
and system can be properly controlled and effluent water quality can be
monitored. As briefly mentioned before, ZVI is an ideal material for
groundwater treatment due to being ubiquitous in the earth’s crust, cheap to
manufacture, environmentally safe, and an effective reductant (E° = -0.44 V).
application of ZVI has been studied towards a long list of pollutants, includ-
ing but not limited to antibiotics, azo dyes, chlorinated solvents, chlorinated
pesticides, organophosphates, nitroamines, p-chlorophenol, polychlorinated
biphenyls, inorganic ions, alkaline earth, transition, and post-transition met-
als, metalloids, and actinides [50]. The oxidation of ZV1 is very well studied,
as it will easily oxidize in the presence of water and the dissolved oxygen in
water (Egs. 1-3) [51-54].

2Fe® + 4H* + 0, —» 2Fe** + 2H,0 [1]
Fe® + 2H,0 — Fe?** + H, + 20H~ [2]
4Fe?t + 4H* + 0, - 4Fe3* + 2H,0 [3]

Moreover, while in the presence of dissolved oxygen in water, ZVI can be
extremely effective at degrading a wide variety of organic pollutants [45].
This mechanism consists of Fe® reacting with O, to form H,0, and Fe**, Fe°
reacting with the produced H,0, to produce Fe®*, and finally resulting in a
Fenton-type reaction that produces the extremely potent hydroxyl radicals for
oxidation (Egs. 4-6) [45].

Fe® + 0, + 2H* — Fe?** + H,0, [4]
Fe® + H,0, + 2H* — Fe?* + 2H,0 [5]
Fe?* + H,0, » Fe3* +-0H + OH™ [6]

Furthermore, synthesizing ZVI on the nano-scale (nZVI) has proven to in-
crease the effectiveness of the material substantially, as the reactive surface
area is dramatically improved; increasing from 0.9 m%g in commercially
available micron-sized ZVI to as much as 33.5 m?/g in nZVI [55]. Although,
this increased reactivity also has its detriments, as the reactivity loss also in-
creases due to various interactions with the surrounding environment from
constituents like dissolved oxygen and ionic species present. For in situ
treatment, this correlates to practical problems in application like limited
transport and flow in a porous medium [56,57], but also can translate into
related issues with ex situ treatment when nZV1 aggregates into larger parti-
cles and reduces treatment capacity. Much of the driving force behind this
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aggregation stems from the inherent van der Waals forces and magnetic at-
traction between particles [56,58]. Because of this problem when dealing
with nZVI, many attempts have been made to stabilize the particles from act-
ing against themselves. Often this has been done by attaching some form of
coating or various other stabilizing agents [59], with the aim to generate a
stable and dispersive material or slurry that does not compromise reactivity or
particle surface area.
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3 Maintaining and increasing the reactivity
of nZVI

The first work package of this PhD project consisted of two primary goals
involving advancing and expanding the use of nanoscale zero-valent iron
(nZVI1). This chapter also refers to the work contained in Paper I, Paper II,
Paper 111, and Paper IV. The first part sought to explore different materials
that could increase the colloidal stability of nZVI while maintaining or, pref-
erably, increasing the reactivity. The second part delved into techniques that
could prolong and preserve the lifetime and reactivity of nZVI long enough
for efficient delivery to contaminants. Alone, nZVI can exhibit some re-
markable reactivity properties towards a wide variety of contaminants and
has been quite extensively studied towards these compounds [50], however
its use is limited unless a stabilizing agent is incorporated to maintain the re-
activity of nZVI1 until it can come in contact with the compound to be degrad-
ed. With this in mind, many different stabilizing agents have been investi-
gated, in order to attach to the nZV1 or act as a coating. These agents include
materials such as anionic and nonionic surfactants [60,61], sodium carbox-
ymethyl cellulose [62,63], starch [58,64], and guar gum [65], with the idea
that they can provide an environment that will combat the attractive forces
between nZVI1 or other metallic particles.

3.1 Mg-aminoclay (MgAC) coating of nZVI

In this PhD project, Paper | details the preliminary attempt at stabilization of
nZVI was done using synthetic clay-like substance, termed magnesium-
aminoclay (MgAC), which has a 2:1 trioctahedral smectite-like structure, but
covalently linked with an approximate composition of RgSigMgsO15(OH)s,,
where R = CH,CH,NH, [66,67]. These synthetic organo-functionalized
clays, with a Mg-occupied octahedral sheet sandwiched between two tetrahe-
dral silica layers, have been applied in self-assembled bio-nanocomposites
[68—71], microalgae-based biorefineries [72—75], and environmental remedia-
tion [76—-78]. The basic structure of the MgAC is presented in Figure 4.
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Figure 4. Molecular structure of the MgAC used to stabilize nZVI (adapted from Cha-
turbedy et a. (2010) [67].

The most important facet of the composition of MgAC being the —NH,
groups, as it is known that iron and other metal ions are well complexed with
amine containing compounds [79]. Based on this, the precursory Fe*" is ex-
pected to bind on the surface of the MgAC, where it can then chelate with the
amine groups. Here, various suspensions of MgAC with different weight ra-
tios (i.e., wt:wt, MgAC:Fe), ranging from 0:1 and 1:0 to 20:1 were prepared.
This variation in ratios allowed for a determination of an ideal mixture of
MgAC and nZVI that allowed for the optimal amount of both particle stabil-
ity and contaminant degradation. Briefly, this was done mixing the as-
prepared MgAC with ferrous iron (Fe?*) in a closed system with an inert N,
atmosphere to prevent oxidation, followed by reduction of the Fe?* ions to
Fe’ by via the mild chemical reduction of the metal salt using sodium boro-
hydride (NaBH,) [80]:

2Fe?* + BH; + 3H,0 - 2Fe® + H,BO; + 4H™ + 2H, [7]

Following particle purification, samples were immediately characterized and
tested for both their stability and their reactivity.

3.1.1 Properties of MgAC coated nZVI

Nanoparticles of MgAC coated nZVI were prepared in MgAC:Fe (wt:wt) ra-
tios of 0:1, 1:1, 5:1, 7.5:1, 10:1, and 20:1. And, in order to properly charac-
terize them, transmission electron microscopy (TEM) was carried out to ob-
serve the morphological change and X-ray diffraction (XRD) was carried out
to assess the iron crystallinity and verify the presence of Fe® and any other
iron oxide species present. Figure 5 presents TEM images of uncoated nZVI
and MgAC coated nZVI with the various wt:wt ratios. As observed in Figure
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5A, the bare nZV1 exhibited the typical chain-linked and amorphous structure
that nZVI most typically as iron nanoclusters often do, ranging anywhere
from approximately 30 nm to 100 nm in particle diameter [81-85]. Subse-
quent addition of MgAC coating did not alter the nZV1 structure at low load-
ing (wt:wt, 1:1), however, as the loading increased the isolation of nZVI be-
came apparent as more spherical like particles emerged with increasingly
larger shells of MgAC coating. This is most likely due to the weaker attrac-
tive interactions between the individual nZVI particles due to van der Waals
and magnetic forces [56], allowing for more uniform and separate coated par-
ticles to exist. This in turn increased the individual particle size and also re-
sulted in larger aggregate clusters; which is primarily due to the electrostatic
attraction between the positively charged MgAC by the protonated amine
groups (pH: 2.0 — 12.0) [67] and the negatively charged zeta potential of the
nZVI1 (pH: >8.1) [86], as it was that the particle synthesis was conducted at a
pH of 9.6, due to the pKa of 10.6 for the MgAC [76].

Figure 5. Transmission electron microscopy (TEM) images of MgAC coated nZVI with
various MgAC:Fe (wt:wt) ratios: A) 0:1, B) 1:1, C) 5:1, D) 7.5:1, E) 10:1, and F) 20:1.
Paper I.

The morphological observations need to be followed up with determination
of the exact iron species and crystallinity present, which was done using
XRD. The results of which are plotted in Figure 6. The bare nZVI, as ex-
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pected, exhibits an apparent core-shell matrix, given by the small Fe® peak
characteristically found at 44.9° 20 and a series of peaks related to y-Fe,0;
[83,84,87]. With the addition of more and more MgAC, no significant crys-
tallinity was detected until the ratio of 7.5:1 was achieved, upon which a sig-
nificant peak appeared at 44.9° 20. This drastic change in the properties of
the iron species is further corroborated when the particles are evaluated for
their stability and reactivity. Therefore, it can be assumed that initial analysis
with XRD can be an effective screening method for estimating the effective-
ness that MgAC coating has on nZVI1 applicability.

y-Fe,0, Fe,0,

y-Fe,0,y-Fe, 0, Fe(0) y-Fe,0;  Fe(0)

MgAC:Fe (w/w)
\I-JV\_*___I‘JL? 20:1
“'IL 10:1

Intensity (a.u.)

B0 Jp L 7.5:1

I — 5:1
1:1
0:1 (Uncoated nZVI)

A 3 1:0 (MgAG only)

20 40 60 80

20/ degree

Figure 6. X-ray diffraction (XRD) patterns of MgAC, uncoated nZVI, and MgAC coated
nZV1 with various MgAC:Fe weight ratios; of particular interest is the strong presence of
the characteristic Fe® peak at 44.9° 20 appearing at the 7.5:1 ratio. Paper I.

3.1.2 Effect of MgAC on nZVI colloidal stability

In order to determine colloidal stability of nZVI1 or nZVI immobilized parti-
cles in solution, it has been determined that the most accurate measure is to
suspend the particles in water and measure the absorbance of the mixture at
508 nm over time [60], and quantify the rate at which particles aggregate and
sediment out of solution. Where the less the relative change to the initial ab-
sorbance, the more the particles stay suspended and the more stable the parti-
cles are determined to be. The MgAC coated nZVIs were measured and
compared with bare nZV1, with the results plotted in Figure 7.
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Figure 7. Sedimentation patterns of as-prepared MgAC coated nZVI with various
MgAC:Fe weight ratios; plotted in terms of optical absorbance at 508 nm, relative to the
initial absorbance. Paper I.

Based on the sedimentation curves obtained in Figure 7, it is apparent that the
ratio of MgAC to Fe has a significant effect on the behavior of nZVI. Most
importantly that increasing amounts of MgAC increases the general stability
of the particles, up to a point. There is a steady increase in colloidal stability
up to a MgAC:Fe ratio of 5:1, and then a jump and plateau effect once a ratio
of 7.5:1 is presented. Using the following modified Stoke’s equation from
Phenrat et al., a characteristic time, or pseudo “half-life” can be determined:

A, =Agxe [8]

Where, A, is the absorbance at time ¢, A, is the initial absorbance, and t is
the characteristic time of sedimentation for the particles in solution. Calcu-
lating this, the characteristic time increased from 6.71 minutes in bare nZVI
to 83.8 minutes with the highest ratio of MgAC; with a major increase from
corresponding to the gap between the 5:1 and 7.5:1 weight ratios (Figure 8A).
The characteristic time can be further related directly to the hydrodynamic
radius of the particle(s) using Stoke’s law:

9B —py) [9]
T 29%(ps — pL)°RE

Where, n is the solvent viscosity, B is a function of the permeability of the
fractal aggregate, pf is the fluid pressure, ps and p_ are the densities of the

solid and liquid, g is the gravitational acceleration, and Ry is the hydrody-
namic radius.
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Figure 8. Properties of MgAC coated nZV1 with different MgAC:Fe weight ratios. Calcu-
lated characteristic times (Eq. 2) from the sedimentation test (A); particle size (diameter)
from DLS analysis (B); and the zeta potential from DLS analysis (C). Paper I.

Using the technique known as dynamic light scattering (DLS) that beams
monochromatic light into a solution with spherical (assumed) particles in
Brownian motion to measure the Doppler shift when light hits a moving par-
ticle, it is possible to obtain an estimated particle size (i.e. diameter). With
this technique, the particle size decreased from 5132 nm in bare nZVI to 186
nm in 20:1 MgAC:Fe particles (Figure 8B). Again, a major change occurred
in the gap between the ratios of 5:1 to 7.5:1. While using the DLS technique,
it is also possible to measure the zeta potential of particles in solution, which
is a measure of the electro-kinetic relationship a particle has with its sur-
rounding medium. Basically, the greater the absolute difference in charge,
the more stable an individual particle or colloid is from aggregation. Here,
the zeta potential increased from +14.5 mV in bare nZVI to +25.3 mV in 20:1
MgAC:Fe particles (Figure 8C). Once more, there was a noticeable change
between the ratios of 5:1 and 7.5:1. This significant decrease in particle size
and increase in zeta potential beginning at the 7.5:1 ratio, with limited bene-
fits thereafter is important; as this ratio follows the optimal colloidal stability
ratio determined per solution optical density (Figure 7).

3.1.3 Effect of MgQAC on nZVI reactivity

Although the evaluation and increase of colloidal stability for nZVI particles
is an important step in the effective application of nZVI and addressing the
concerns regarding mobility and protection from oxidation, the ultimate goal
remains to be efficient environmental remediation via contaminant degrada-
tion. As it is that although an effective technique can be introduced to stabi-
lize nZV1, often times this can also fail to alter the reactivity or in some cases
decrease the reactivity. That decrease can come from a variety of mecha-
nisms, such as the blocking of active reactive sites by the coating that inhibits
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the diffusion of an aqueous phase contaminant to be transported to the sur-
face of the nZVI. For this work, the matter of reactivity was addressed using
a model contamination compound, in the form of nitrate (NOj3’), added as
NaNOs. Nitrate was chosen as it has long been recognized as a common
groundwater pollutant [88] and that previous reports have used nZVI to de-
grade nitrate to ammonium [89]. Specifically, nZVI reactivity was assessed
by nitrate reduction in an iron-limited environment, with a theoretical nitrate
reduction by nZVI as follows [90]:

4Fe® + NO3 + 10H* - 4Fe?t + NH] + 3H,0 [10]

Given this yield and stoichiometry, iron-limiting conditions were controlled
so that nitrate reduction and kinetics could be evaluated. And, by performing
batch mixing tests for a period of 90 minutes, then measuring the nitrate con-
centration remaining in solution using ion chromatography (I1C); the kinetics
were established and plotted in Figure 9, given as the ratio of nitrate concen-
tration (C) at a given sample time during the reaction with respect to the ini-
tial nitrate concentration (C,).

- MgAC:Fe=0 MgAC:Fe =1
-« MgAC:Fe=5 -¥ MgAC:Fe=7.5
- MgAC:Fe=10 - MgAC:Fe =20

>

0 15 30 45 60 75 90
Time (minutes)

Figure 9. Nitrate reduction profiles, as measured by IC, with various MgAC:Fe weight
ratios. Paper I.

Not surprisingly, the bare nZVI had a very low reaction rate, due to the rapid
aggregation of particles not only during the reaction test, but also during the
synthesis and washing steps. All of this affects the general structure of the
particles and the access of nitrate to the reactive surface area of the particle.
Equivalently, another study investigated the effect of sonication of nZVI on
the resulting relationship to nitrate reduction and determined a positive corre-
lation between aggregate destruction by sonication and nitrate reduction [91].
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In summary, the use of MgAC as a coating for improving the applicability of
nZV1 was an effective first attempt at using alternative materials in conjunc-
tion with nZVI. Characterization and reactivity analyses coincided very well
with each other when determining not only that MgAC is a suitable coating
material, but also when determining the ideal MgAC loading ratio. These
analyses included morphological observations with TEM, Fe® content with
XRD, colloidal stability using solution optical density and DLS, and reactivi-
ty analysis determined by nitrate reduction to ammonium.

3.2 Covalent organic polymer (COP) impregnated
with nZVI

Exploring the use of magnesium-aminoclay (MgAC) was the first material
studied, with the work taking place solely at DTU Environment. The second
material(s) explored were a class of porous polymers, termed covalent organ-
ic polymers (COPs); which were developed at KAIST, and therefore the bulk
of this work was conducted in the lab facilities there. Based on the work
done here, a manuscript, Paper 11, was published and the work is discussed
here. Following the successful utilization of the MgAC to increase the stabil-
ity and reactivity of nZVI, new advanced porous organic materials were ex-
plored to further increase the stability of nZVI and protect the particles from
oxidation before delivery to the contaminated water source. Over the past
decade, a widespread interest has developed in the development of com-
pounds termed covalent organic frameworks (COFs) [92], and have delivered
some very propitious initial results in the field of carbon dioxide gas capture
[93]. Although, further development and later studies have ultimately fallen
short of the initially presented promise for environmental applications [94—
96]. For example, the issue of stability of COFs in water has been recognized
as a major problem, unless extreme measures are taken, such as alkylating the
pores and preventing subsequent hydrolysis [97]. This, obviously, is a major
drawback when using in environmental applications. Therefore, focus was
directed to a different class of porous organic materials, namely, covalent
organic polymers (COPs). These COPs have already been established to be
suitable candidates for environmental applications such as gas capture [98-
100] and solvent uptake from water streams [101]; and, for example are sta-
ble enough to withstand boiling water for at least a week at a time [98]. This
stability in aqueous environments, along with their unique nanoporous nature
with extremely high surface areas of >600 m?/g in some cases [102,103].
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With this in mind, we selected five different COPs, with different surface ar-
eas and functionalities (amine, imine, thiol, and ester) in order to immobilize
nZVI by physically caging it within the porous matrix of the polymer; as op-
posed to more traditionally nZVI stabilization methods that act as a coating.
Table 1 outlines the polymer structure of each polymer used.

Table 1. Chemical structure of each COP tested for nZV1 stability. COP-1 is the polymer-
ization of triazine trichloride with piperazine; COP-6 is the polymerization of triazine tri-
chloride with 4,4’-thiobisbenzenethiol; COP-19 is the polymerization of melamine with
terephthaldehyde; COP-60 is the polymerization of trimesoyl chloride with 2,2°,4,4’-
tetrahydroxybenzophenone; and COP-61 is the polymerization of trimesoyl chloride with
1,1,1-tris(4-hydroxyphenyl)-ethane. Paper II.
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These COPs are unique compared to typical macromolecular chain structures,
in that no post-processing or cross-linking is necessary to create the porosity
inherent in their structure. Synthesizing these polymers in a one-pot method
allows for an easily reproducible reaction using nucleophilic substitution of
one monomer onto the leaving group of another monomer either gradually
over time at high temperatures (i.e. COP-19 [102,103]) or by gradually in-
creasing the temperature over time (i.e. COP-1 and COP-6 [98,99]). For ex-
ample, with COP-1, triazine trichloride has three leaving groups (i.e. chlo-
ride) that will preferentially be substituted with the secondary amine nucleo-
phile (i.e. R-NH-R”) found in piperazine based on temperature. The first nu-
cleophilic addition at cold temperature (i.e. 0 °C), the second at room tem-
perature (i.e. 25 °C), and the third at high temperature (i.e. >60 °C).

3.2.1 Properties of COP-nZVI composites

Each of the COPs used was synthesized fresh, following established methods
[98,99,102-104] (note: COPs 60 and 61 were first published in this work as
supporting information [104]) for each particular test employing nZVI for
stability and reactivity analysis. Before testing, confirmation of successful
polymerization of each COP was done using Fourier transform infrared spec-
troscopy (FTIR) to confirm the desired functional groups were present in
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each polymer. The total Brunauer-Emmett-Teller (BET) surface area was
measured for each polymer and was 168, 600, 332, 9.1, and 8.8 m?/g for
COPs 1, 6, 19, 60, and 61, respectively (Figure 10A, black bars).
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Figure 10. BET surface area comparison of the bare COP (black bars) vs. the COP-nZVI
composite (orange bars) (A); and, the total iron content contained in each composite after
acid digestion and measured by ICP-MS (B). Paper I1.

For more insight into the composite material, the morphology was observed
using TEM, where a stark contrast was observed with respect to the MgAC
coated nZVI. Where the MgAC coated particles maintained an overall spher-
ical shape aggregated into clusters, the presence of COP was apparent with
impregnated nZVI within the inner matrix of the polymer (Figure 11). The
total BET surface area was again measured after nZVI impregnation, and
each composite’s surface area decreased, to 72.1, 17.3, 332, 8.9, and 5.9 m2/g
for COPs 1, 6, 19, 60, and 61, respectively (Figure 10A, orange bars).

5 vy

Figure 11. TEM images demonstrating the COP/nZVI1 composite morphology of COP-1
(A); COP-6 (B); COP-19 (C); and COP-60 (D). Paper Il.

This indicates that the nZV1 was loaded into the polymer pores, similar to the
effect observed when loading nZV1 into the pores of activated carbon [105].
The pore size was also measured concurrently with the BET analysis, and
found that the pore size for each COP increased when loaded with nZVI, in-
dicating that free-standing particles of nZVI were formed in and around the
COPs, creating additional pores by the self-stacking of nZVI1 particles [106].
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Iron was then confirmed to be a part of the composite matrix by first digest-
ing the samples [43], then analyzing with inductively coupled plasma — mass
spectrometry (ICP-MS). Mass values were 9.1, 8.3, 9.2, 16.3, and 9.9 %-Fe
for COPs 1, 6, 19, 60, and 61, respectively (Figure 10B). XRD was also per-
formed on each composite to verify the crystallinity of the iron and that Fe°
was present, which was true for all samples, except for the COP-6 composite.

3.2.2 Effect of COP on nzZVI colloidal stability

Following the same method mentioned for measuring colloidal stability in
Section 3.1.2, the composites were tested and compared with bare nZVI, with
the results plotted in Figure 12A. As expected, bare nZVI exhibits extremely
poor colloidal stability, as the absorbance decreases quickly, meaning fast
aggregation and heavier particles sedimenting out of solution. The various
COP composites had mixed results, however, all performed far better than
bare nZVI. Not only were the kinetics much slower, but the final absorbance
values remained higher compared to nZVI, and still higher than a commercial
product stabilizing nZVI with a surfactant [107]. Characteristic times were
14, 52, 49, 1340, 93, and 52 minutes for bare nZVI and COP composites of
COPs 1, 6, 19, 60, and 61, respectively. However, most notably, the compo-
site with COP-19 performed extremely well, only losing 3.9% of its original
absorbance. This was a major achievement in the stabilization of nZVI, as
values as high as this had not been observed after performing an extensive
literature search. Also, when compared to stabilization with the MgAC coat-
ed nZVI that had a maximum characteristic time of 83.8 minutes, the values
are comparable. Except for COP-19, which was two orders of magnitude
higher.
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Figure 12. Sedimentation profiles of nZVI and COP-nZVI composites, measured by the
absorbance at 508 nm, in terms of absorbance relative to the initial absorbance, monitored
over time. Paper I1.

3.2.3 Effect of COP on nZVI reactivity

Although successful stabilization of nZVI1 was achieved by impregnating the
nZV1 into the pores of the COP materials, especially with COP-19, further
testing needs to be done with respect to maintaining the overall reactivity. To
do this, a model compound was chosen that would be easy to assess in the
laboratory. This was done to increase the range of reactivity tests available
for assessing nZV|1 reactivity. In Paper I, reactivity was evaluated by way of
nitrate reduction, which requires the use of advanced analytical equipment
like IC. A simpler method requiring only a spectrophotometer was chosen.
And, as it has been documented that granular ZV1 is capable of breaking the
azo (R-N=N-R’) bond in a variety of azo dyes to decolorize them; the azo dye
naphthol blue black (NBB) was chosen to for an ideal compound, as it has a
higher peak absorbance (Amax = 618 nm) that won’t have any absorbance in-
terference from Fe?* or Fe*" ions. As illustrated in Scheme 1, the theoretical
mechanism of the decolorization of NBB by nZVI produces three tertiary
compounds, with the dominant species being aniline.
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Scheme 1. Mechanism of the reductive degradation of naphthol blue black in the presence
of nZVI1. COP chain drawn as yellow spheres and nZV1 drawn as black spheres. Paper I1.

The various COP-nZVI composites exhibited vastly different results when the
dye decolorization test was performed, ranging from nearly no dye removal
from the COP-60 and COP-61 composites to nearly complete removal from
the COP-1 and -19 composites. This was determined by plotting the meas-
ured absorbance of the peak wavelength of NBB over the 30 minute reaction
period (Figure 13).
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Figure 13. Naphthol blue black decolorization over time by the COP-nZVI composites,
bare nZVI, and activated carbon. Paper II.

Looking at the peak wavelength absorbance, however, is only a fraction of
the answer to determining whether or not there is degradation occurring. It is
obvious that there is a removal of dye, but dye adsorption must be distin-
guished from dye degradation. For that, looking at the whole UV-Vis spectra
during analysis is necessary (Figure 14). For this, it is important to look at
two phenomena that have been observed before when degrading NBB with
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ZV1 [108] or other compounds[109,110], the peak absorbance shift from 618
nm to 588 nm caused by the subsequent produced chromophore via azo bond
reduction and the diminishing of the peak at 310 nm, indicative of the oxida-
tion of naphthalene groups via the Fenton reaction.
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Figure 14. UV-Vis absorbance spectra for COP-1 (A); COP-19 (B); activated carbon (C);
and bare nZVI (D). Paper II.

In a final attempt to verify the degradation of NBB by the composite materi-
als, the primary degradation product [111], aniline, was analyzed for in the
samples from the most promising candidates (COP-1 and COP-19) using high
performance liquid chromatography (HPLC). However, this proved to be a
very difficult task, with only approximately 2.5 % of the total possible yield
detected. Although the UV-Vis data was convincing for positive degradation
results, the HPLC did not effectively confirm this notion; but, the somewhat
controversial explanation [112] of pi-pi stacking between the different aro-
matic compounds of the aniline and the polymer could possibly explain the
lack of aniline detection; as this has been observed before in similar systems
[113-115].

In summary, the various COP materials employed for combination with nZVI
proved that their porous nature was highly suited for the impregnation of
iron, and that they were very capable of protecting the colloidal stability of
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nZVI1. However, reactivity assessment proved to be difficult for the compo-
site materials, as the unique adsorption traits led to difficulty in analytics.
Lessons learned from using COPs are that if they can be better optimized into
a matrix, their iron trapping and colloidal stabilizing traits can provide an
effective platform for eventual use into a water treatment system. Further-
more, the use of decolorizing a dye by nZVI is an ideal solution on paper;
although practical issues with matrix interference yield the notion for the de-
velopment of a better assay to adequately determine reactivity of nZVI mate-
rials.

3.3 Washing and storage of MgAC-nZVI to

increase reactivity

After exploring two novel types of materials in the initial part of the first
work package, work shifted back to DTU Environment for Paper 111, which
studied the effects of washing and storage on MgAC. Significant achieve-
ments were produced towards increasing the stability and reactivity of nZVI
by the use of two different stabilization agents, a synthetic MgAC and vari-
ous porous COPs. However, this is only a preliminary step for the eventual
proliferation of nZV1 use in the field. Application of reactive iron mandates
that the materials be exposed to aqueous environments for long periods of
time, all the while yielding the potential for oxidation by oxygen in the air or
in the dissolved form and by the water itself. Thus, hindering these oxidation
effects is necessary so that the materials can be delivered to the contaminants
in a near-pristine form [116]. This can be partially controlled by optimizing
the aging of the particles during synthesis, which has already been performed
on uncoated nZV1 [117,118]. Based on the previous success using MgAC as
a stabilizing agent for nZV1 (Section 3.1), and that MgAC has been reported
to have positive effects on preventing the oxidation of copper nanoparticles
[119], it was determined to investigate the synthesis of MgAC coated nZVI
further. Except, also investigating the washing procedure along with the ag-
ing procedure, being that a small amount of stabilizer is inherently lost during
this step. For this, we applied three different washing and aging (storage)
strategies: Treatment 1, pre-storage washing with 1 mM NaHCO; buffer
immediately after synthesis and stored in water; Treatment 2, post-storage
washing with 1 mM NaHCO; after storing in water; and Treatment 3, pre-
storage washing with 3.75 g/L MgAC immediately after synthesis and stored
in water.
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3.3.1 Properties of MgAC coated nZVI

Based on the findings from Paper I, where the optimal MgAC:Fe ratio was
7.5:1, the same conditions were employed for the investigation into the wash-
ing and aging of the particles. Therefore, the measured properties were near
identical to those previously stated in Section 3.1 for the particles with said
ratio.

3.3.2 Effect of washing strategies on nZVI colloidal stability

Three treatment strategies were employed, as previously stated, and each
aged for up to seven days. Initial particle sizes, measured by DLS, for all
three treatments were nearly identical, at 544 £ 17 nm, and those values re-
mained relatively stable throughout the aging test for both Treatment 2 and 3.
However, a significant increase occurred with Treatment 1, where the particle
size gradually grew to 3228 + 1031 nm (Figure 15A). With this method, ex-
cess MgAC was removed at the start of the aging process, and therefore much
of the protective coating was missing to prevent particle aggregation
throughout the aging process. Both of the other treatments retained their re-
sidual MgAC coating to maintain that protection from aggregation. The ef-
fect that the MgAC has on stability was further confirmed using DLS to
measure the zeta potential (Figure 15B). Although, little change was ob-
served for each treatment throughout the aging process, there was however,
an obvious trend between each treatment. Treatment 1, with less remaining
MgAC had the lowest overall zeta potential at +17.5 to +19.7 mV, with
Treatment 2 at +21.7 to +23.2 mV, and Treatment 3 at +25.7 to +27.4 mV.
Treatment 2 did not wash off the residual MgAC until after again to maintain
a higher value, and Treatment 3 (washed with MgAC) most likely added
more MgAC to further increase the zeta potential. This correlation between
particle stability and stabilizer present with respect to washing was similarly
observed before when using polymer coatings [63].
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Figure 15. Stability properties of MgAC coated nZVI throughout the aging process, in
terms of particle size (A) and zeta potential (B). Paper I11.

The notion of the effect that MgAC has on the properties and stability of
nZV1 brought about by the data obtained from DLS was subsequently eluci-
dated by morphological observation using TEM (Figure 16). Pre-storage
washed particles wish NaHCO; (Treatment 1, Figure 16A) and MgAC
(Treatment 3, Figure 16B) initially do not appear much different, other than
the appearance of excess MgAC in proximity to the nZV1 itself. On the other
hand, after just one day of aging, Treatment 1 particles clearly have much
more of a sheet-like structure, where Treatments 2 and 3 particles have re-
tained their spherical morphology (Figure 16C,D,E).

Figure 16. TEM images demonstrating MgAC coated nZVI morphology of as-prepared
fresh Treatment 1 (A); as-prepared fresh Treatment 3 (B); 1 day aged Treatment 1 (C); 1
day aged Treatment 2 (D); and 1 day aged Treatment 3 (E). Paper II1.
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3.3.3 Effect of washing strategies on nZVI reactivity

Two different analyses were undertaken to assess the reactivity of the differ-
ent washing and storage strategies, and compared with the stabiliza-
tion/optical absorption test described in Section 3.1.2. The first analysis was
a measurement of reactive iron by H, gas production by acid digestion [120].
In the sample matrix, Fe’ is the only component present capable of producing
H, in the presence of a strong acid [121].

2Fe® + 6H* — 2Fe3* + 3H, 1 [11]

The second analysis was the measurement of nitrate reduction capacity as
described in Section 3.1.3.

For each treatment method, all three of these parameters decreased over time,
up to one week of aging; upon which the reactivity and measured data had
begun to reach steady-state (Figure 17). Although, the reactivity of Treat-
ment 2 dropped substantially, after just one day losing 58% of optical absorb-
ance, 90% reactive iron content, and 70% of nitrate reduction capacity. The
other two treatments (both pre-storage washing) both exhibited much slower
losses in each of the categories, therefore exhibiting greater resistance to oxi-
dation of nZVI than the post-storage washing.
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Figure 17. Normalized properties for the reactivity of MgAC coated nZVI throughout the
aging process, in terms of stability/optical absorption (A); reactive iron content (B); and
nitrate reduction capacity (C). Paper IlI.

3.4 Effect of washing and storage strategies on
nZViI

Paper 11 (Section 3.3) deduced a more appropriate strategy for synthesizing
and storing MgAC coated nZVI that kept the particle sizes low, the zeta po-
tentials high, and delayed reactivity loss. Paper 1V reverted back to working
with bare uncoated nZVI and applied different washing and storage strategies
to assess the effects they would have on the core-shell structure and reactivity
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of nZVI. Efficient and effective formation of ZVI is the most important fac-
tor in the process of making and applying nZVI1, however, the post-synthesis
conditions are also crucial facets for the reactivity and longevity of nZVI par-
ticles. Oxidation and surface passivation of nZVI is impossible to avoid, as it
is an inherent effect of the interaction between the iron and air or the aqueous
media in which it is stored. However, mitigation strategies can be employed
throughout the synthesis, separation and drying (if in powder form), and stor-
age phases. For example, washing of nZVI with certain agents such as that in
Paper 111 discussed in the previous section can remove excess reagents and
residuals formed during the synthesis that can passivate the surface. As it is
that NaBH, is the means by which the nZVI is originally created, the idea is
to investigate how it can affect the properties and reactivity of nZVI during
the post-synthesis, pre-application phase. Paper IV investigated the effects of
washing nZVI1 with MilliQ water and NaBH, solution would have on various
properties of the material, with the goal to gain a better insight into the mech-
anisms taking place after nZVI synthesis. For this, three treatment schemes
were applied to nZVI1 in post-synthesis: Treatment 1, leaving nZVI as is and
un-washed; Treatment 2, washing with MilliQ water; and Treatment 3, wash-
ing with NaBH, solution.

3.4.1 Dynamics of nZVI core-shell structure

The primary tool used to monitor the change in core-shell structure was X-ray
photoelectron spectroscopy (XPS), so that the elemental composition could
be monitored over time during the storage process. More specifically, the
iron and oxygen speciation was investigated. Immediately after synthesis,
surface iron content was 13.3, 14.9, and 18.3% for Treatment 1, 2, and 3, re-
spectively. Concurrently, the surface oxygen content was 52.1, 57.1, and
51.3% for Treatment 1, 2, and 3, respectively. In this light, it appears that the
effect of NaBHy, is that the reducing environment is sustained and that a high-
er Fe® content can remain. At the same time, the extra washing with water
adds more oxidant to the sample, increasing oxidation on the surface. Fur-
thermore, when looking at the oxide shell during the storage process, valua-
ble insight can be gained by deducing the variation in oxide species, specifi-
cally the ratio between OH™ and O, species (Figure 18A). The OH" fraction
increased substantially in Treatment 2 after one day of storage, but then slow-
ly decreased for the remainder of storage time. While the other two treat-
ments had relatively stable ratios throughout. This layer of hydroxides de-
veloping is most likely due to a complex layer-forming mechanism of oxida-
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tion, re-crystallization, and precipitation [122]. The other treatments main-
tained a much higher oxide ratio, most likely due to the dominance of a pas-
sivation layer build-up more consistent with a simple oxidation mechanism
(Egs. 1,3).
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Figure 18. Core-shell structure evolution throughout the storage time. Ratio of OH to O,
on the nZVI surface (A) and Fe® content on the nZV1 surface, for Treatment 1 (solid black
bars), Treatment 2 (diagonal-striped red bars), and Treatment 3 (striped blue bars). Paper
V.

While the iron hydroxide/oxide layer is important to investigate, it is only
half the equation in the core-shell structure, the other half being the Fe® con-
tent found on the surface (Figure 18B). Treatments 1 and 3 do not yield any
significant change throughout the first week of storage, while the Fe° content
decreases significantly by the first day, a clear indication of oxidation. The
main difference between these two patterns is that in Treatment 1 and 3, the
NaBH, reductant remains in solution with the nZVI. Moreover, Treatment 3
maintains a higher Fe® content compared to Treatment 1, indicating added
protection of the Fe® by the presence of NaBH,.

3.4.2 Dynamics of nZVI reactivity

Elucidation of the physical nature of the core-shell structure during storage is
valuable, but how it relates to the produced reactivity is necessary for eventu-
al application. Reactivity was assessed following the dye decolorization
method (Paper I1) in Section 3.2.3. However, the focus of the analysis was
applied to the reduction product of aniline, rather than the removal of the dye
itself. Figure 19 illustrates the change in reactivity of each treatment scheme
over the course of the storage time.
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Figure 19. Aniline production as a result of azo dye degradation by nZVI throughout the
storage period for Treatment 1 (black), Treatment 2 (red), and Treatment 3 (blue).

Somewhat unexpectedly, Treatments 1 and 2 exhibited higher reactivity than
Treatment 3, meaning that the role of NaBH, in the storage process towards
reactivity was not as drastic as originally thought. Interestingly, there was an
increase in reactivity during the first seven days of storage. This is most like-
ly explained by the depassivation of the formed oxide layer, which includes
the breakdown of the iron oxide shell. Also, it is clear that this shell break-
down process is very prominent in the water-washed sample (Treatment 2),
and not so with the other two treatments. When compared with the Fe® sur-
face content (Figure 18B), it is evident that this depassivation is associated
with the consumption of the Fe® core and the formation of a dynamic oxide
layer, equating to higher reactivity. Adding these phenomena together, it ap-
pears that a higher reactivity of nZVI is not entirely dependent on a higher
content of Fe°, but rather a different mechanism involving the nature of the
core-shell structure. Presumably, based on a simultaneous look at Figures 18
and 19, the reactivity is highly dependent on the hydroxide content found in
the particle shell. This dependence on hydroxide content can be ratiocinated
by the fact that hydroxides can have a higher capacity for electron transfer.
Previous work postulated that the formation of iron oxides on the surface of
nZVI act as a passivating layer, while iron hydroxide formation will act as a
non-passivating layer [122].

One final test was done during the storage period, and that was a re-washing
of the particles after one week with water. And, although much of the reac-
tivity was lost during the storage process, nearly all of the initial reactivity
could be recovered with Treatments 1 and 3 when re-washing after one week
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with water. Similarly, when re-washing with water after 84 days of storage,
some of the reactivity was recovered in Treatments 1 and 3, but not a signifi-
cant portion. No reactivity was recovered with re-washing samples of Treat-
ment 2.

In summary, it appears that the characteristics of the core-shell structure are
extremely important for the reactivity of the nZVI particle. In particular, the
presence of hydroxide groups compared to oxide groups in the shell structure,
which is more important than the total Fe® content. This translated well to
the reactivity of the particles when degrading the azo dye. Additionally, alt-
hough the reactivity of Treatment 2 (washing with MilliQ water) was the
highest during the short-term storage process, the reactivity was not able to
be recovered when re-washing. The best strategy appears to be storing the
nZV1 unwashed or washed with NaBH, for up to one week, followed by a re-
washing step just before application.
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4 Assay for reactivity quantification and
real-world application

Work package one in Chapter 3 consisted of an in-depth look into using new
materials to stabilize nZVI colloids and improve their reactivity, as well as
investigating better ways of post-synthesis handling of nZV1 for application.
Various analytics were also employed to assess the reactivity of nZVI1 during
the first work package, including monitoring nitrate decrease with 1C, meas-
uring H, gas production with GC, and monitoring azo dye decolorization with
UV-Vis combined with aniline production with HPLC. All of these tech-
niques have particular limitations when quantifying nZV1 reactivity, and none
address the ability of nZVI to dehalogenate a halogenated organic compound.
It was in the second work package, detailed here in Chapter 4 with Paper V,
Paper VI, and Paper VII, that a new means for assessing nZVI was explored.
As nZV1 grows in popularity in both commercial production and as the focus
of research in academia, the types of nZVI in terms of production method
(i.e. chemical reduction, ball-milling, etc.), size, stabilizing agent, etc. have
resulted and will result in more and more versions available. And, to date,
there is not an adequate method to directly compare two or more of these
nZVIs, so, an ideal solution would be to establish a universal testing proce-
dure [50]. Several options have been put forward in the past, including
measuring the oxidation/reduction potential [123] or measuring the evolution
of H, gas production by the hydrolysis of water during corrosion [124-128]
or measuring the parent compound and subsequent degradation product
[121,129]. However, all the options to date don’t offer a simple, quick, and
user-friendly test to measure the reactivity of nZVI. Because of this, the sec-
ond work package of this PhD project aimed to establish a simple method to
universally assess nZVI reactivity by way of a colorimetric assay, needing
only a limited supply of chemicals and a standard spectrophotometer.

4.1 Simple colorimetric assay for dehalogenation
by nZVI

One of the more recalcitrant and difficult to remediate classes of water con-
taminants is that of halogenated organics, such as trichloroethylene (TCE),
polychlorinated biphenyls (PCBs), and chlorophenols. And, research focus
of late has seen a lot of attention applied to the reduction of chlorophenols by
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ZV1 [120,130-133], as it is that chlorophenols can be reduced to simply phe-
nol. Additionally, the reaction of phenol and monochloramine, with a suita-
ble catalyst, to produce a blue color, is well understood and known quite
plainly as the indophenol reaction [134]. This indophenol reaction is summa-
rized below in Scheme 2 [135], where each step is reacted to completion by
ensuring excess reagents of NH;, NH,Cl, and phenolate for the first, second,
and third step, respectively.

NH; 4+ ©OCI ———» NH,Cl + OH

; . Na,[Fe(CN).NO]
o 4+ NHCl 4+ 30H — = » 0 ——N—Cl + 3H,0
- OH" - -

Scheme 2. Simplified reaction scheme of the modified indophenol reaction (adapted from
Harfmann et al. (1989) [135].

For this reason, it was decided to use the dehalogenation of 4-chlorophenol to
phenol by nZVI to create the indophenol reaction and produce a colorimetric
assay for nZVI reactivity standardization.

4.1.1 Sensitivity and selectivity of color assay for phenol detection

In order to confirm the validity of the colorimetric reaction, the assay was
tested for detection of both 4-chlorophenol and phenol, in order to make sure
that there was not any interference from the primary reactant with nZVI (i.e.
4-chlorophenol). As expected, there was only minimal color produced in the
indophenol reaction when 4-chlorophenol was substituted for phenol (Figure
20A). On the contrary, a clear spectral pattern was produced when using
phenol for the indophenol reaction (Figure 20B).

20 20

A ——2000 uM B ——2000uM
—— 1000 pM — 1000 pM
— 400 pM ——— 400 pM
15 — 200 pM 1.5 — 200 uM
——100 pM ——100 uM
® —— 50 uM = ——50 UM
2 — 20 yM . — 20 uM
8 104 10 uM 8 104 10 UM
S 5 M 2 SEM
E 2uM 2 2M
Blank Blank
0.5 0.5
00 _% 00 == : =
400 500 600 700 800 400 500 800 700 800
Wavelenth (nm) Wavelenth (nm)

40



Figure 20. Spectra evolution using different concentrations of 4-chlorophenol (A) and
phenol (B), after the indophenol reaction with NH,CI. Paper V.

At lower phenol concentrations of <100 uM, the peak absorbance was con-
sistent at 680 = 7 nm, but as the concentration was increased from 100 — 400
UM, the peak absorbance gradually shifted to shorter wavelengths, until it
stabilized at 640 £ 2 nm at concentrations above 400 uM. As a result of this
phenomenon, the ideal concentration range for phenol analysis was deter-
mined to be 0 — 50 uM.

Further analysis of the selectivity of the assay towards phenol over 4-
chlorophenol was evaluated by mixing equal concentrations (0, 5, 10, 25, and
50 uM) of phenol and 4-chlorophenol and monitoring the difference in color
produced (i.e. absorbance) from the indophenol reaction at 680 nm. With a
full factorial design, the addition of 4-chlorophenol to phenol did not result in
positive correlation towards color production. The net result being that the
suggested colorimetric reaction does, in fact, establish selectivity towards
phenol over 4-chlorophenol.

4.1.2 Reducing reactivity of nZVI for reduction of 4-chlorophenol

For this color assay to work, the nZVI must be able to react sufficiently
enough with 4-chlorophenol to produce phenol. Initially, bare nZVI was
tested under varying conditions, in buffered and un-buffered conditions, and
in varying pH conditions of 3, 5, and 7. However, none of these situations
produced a detectable amount of phenol. This gave rise to the notion of in-
corporating a secondary metal to form a bimetallic nZVI particle, as it has
been reported in the past that bimetallic nZVI particles have much increased
reactivity towards 4-chlorophenol [130]. Secondary metals used to create
bimetallic particles with nZVI have been those commonly referred to as “no-
ble metals,” such as copper, nickel, silver, palladium, or platinum [136].
These metals enhance the dehalogenation activity through a combination of
galvanic and catalytic effects to increase the rate of reduction. Bimetallic
particles of Pd-nZVI have, for example, been documented to enhance the re-
activity towards dehalogenation of organic contaminants by way of catalytic
hydrogenation [137]. At the same time, nickel has also been documented to
have a catalytic effect towards 1,1,1-trichloroethane reduction [137]. How-
ever, the price of palladium and platinum can be two or three orders of mag-
nitude higher than less precious metals like copper or nickel; and, the goal of
this assay is to not only be simple, but also relatively inexpensive. Therefore,
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nickel and copper were chosen to assess the dehalogenation reactivity. The
results of 4-chlorophenol reduction to phenol are summarized in Figure 21A.
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Figure 21. Secondary metal effect on the reduction of 4-chlorophenol by bare and bime-
tallic nZVI without sample pre-treatment (A) and with sample pre-treatment (B), (dotted
line indicates the theoretical yield). Paper V.

Adding copper to the nZVI had a negligible effect on the reduction capacity
of the bimetallic particle; however, adding nickel resulted in the capacity of
the bimetallic particle to reduce 4-chlorophenol. Although, the detected phe-
nol concentrations were above the theoretical maximum, which was deter-
mined to be interference from a combination of pH variance [133], precipitate
formation, and the appearance of a strong yellow color upon addition of the
reagents. Consequently, further optimization was needed for the assay to not
give false positives.

4.1.3 Establishment of a sample pre-treatment regime

Further investigation was conducted, to determine the exact cause and to then
avoid the false positives from the interference of possible pH variance and
residual ions (described in Section 4.1.2). When conducted under different
pH conditions (2.3 — 11), the color development was extremely stable. So, as
long as there is enough alkali in the system, the pH effect is minimal; addi-
tionally, Searle (1984) reported that the optimum pH range for the indophenol
reaction was 10.4 — 13.1 [132]. So, the greatest cause for error proved to be
the effect of residual ions in solution, and in particular ferric (Fe®") iron ions.
When measuring the absorbance and adding various concentrations of iron in
solution, the peak absorbance at 680 nm was stable. However, after adding
100 mg/L of iron, the interference in spectra drastically increased; which cor-
relates to related work investigating the interference of metals on the indo-
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phenol reaction [138]. This effect was combatted by the addition of Na,COs
as a pre-treatment technique. The addition of carbonate solution changed the
color of the solution from a slightly yellow-green color to a dark green-blue
color, indicating that an iron carbonate precipitate had formed, which subse-
quently falls out of solution, leaving a clear supernatant for use in the assay.

4.2 Colorimetric assay optimization

Building on the first part of the work package, Paper V, the second phase in
Paper VI aimed to improve the developed color assay by targeting a wider
range of contaminants and miniaturizing the assay into a multi-well micro-
plate system. Extending applicability outside of solely 4-chlorophenol cre-
ates an assay that is more robust and diverse in nature. Miniaturization of the
assay into a 96-well microplate allows for analysis of several compounds
with several replicates in the same batch, reducing sample preparation time
and delays in results collection. It is believed that the reduction Kinetics and
capacity is unique to individual substrates in this reaction, based on the in-
volved redox reaction and particular chemical bond. All-in-all, this aims to
provide for a graduated characterization method for reducing activity by
nZVI particles.

4.2.1 Miniaturization and target compound expansion

An extended range of target compounds was investigated with the same re-
gime of reagents, to branch out from just 4-chlorophenol to also include ni-
trate, nitrobenzene, and two other halophenols, 4-bromophenol and 4-
iodophenol. During the reaction with nZVI, it is expected that nitrate will
reduce to ammonium (Eq. 10), nitrobenzene will reduce to aniline (Eq. 12),
and the p-halophenols will all dehalogenate to phenol.

CsHsNO, + 3Fe® + 6H* - C,HNH, + 3Fe** + 2H,0 [12]

In this manner, the reactivity and effectiveness of the color assay can be fur-
ther elucidated. The indophenol reaction is highly dependent on ammonium
(Scheme 2), and nZV1 is well known to reduce nitrate to ammonium (Eq. 4)
[90,139], making nitrate an ideal contaminant for the color assay. Addition-
ally, for the chromophore in the indophenol reaction to appear, aniline will
act with the same mechanism as phenol. Therefore, by altering the limiting
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reactant (Scheme 2) between ammonium, phenol, and aniline, the color assay
can be adapted for a wider range of compounds.

Miniaturization of the assay into a 96-well microplate offers the ability to get
rapid results from a wide range of samples and standards, avoiding lengthy
analysis procedures and analytics. By simply minimizing the reagent volume
by an order of magnitude, so that the reaction could take place in the availa-
ble well volume of 400 uL, assay miniaturization was easily achieved.

Reaction conditions that produce the strongest color are the most ideal for
any colorimetric reaction, that way assay set-up and reagent concentrations
can be optimized and applied. Optimization consisted of varying the active
chlorine concentration, ammonium concentration, and reaction time for both
phenol and aniline assays; measuring the peak absorbance (Paper V) at 680
nm. Note: ammonium assay optimization was not considered, as it is stand-
ardized per American Water Works Association standard 4500-NHs-D. Cali-
brations included identifying the limit of detection (LOD) and limit of quanti-
fication (LOQ). Final summarized values are outlined in Table 2.

Table 2. Summary of analytical methods using a 96-well microplate for reaction product
determination after optimization. Note, ammonium: 0-143 uM = 0-2 mg-NH,"-N/L; Rea-
gent A = NaOCI + NaOH; Reagent B = phenol + sodium nitroprusside; Reagent C = NH,CI
+ sodium nitroprusside. Paper VI.

Ammonium Phenol Aniline
Sample volume (uL) 230 230 230
Reagents A+B A+C A+C
Concentration range for analysis (UM) 0-143 0-50 0-75
LOD (uM) 2.9 0.3 0.5
LOQ (uM) 9.6 1.0 1.7
Reaction time (hours) 2.0 2.0 2.0

Optimization of the phenol analysis gave a greatest absorbance (A = 680
nm) using 0.02 % active chlorine in Reagent A and 100 mg-NH,"-N/L in Re-
agent C (Figure 22A), yielding nominal concentrations in the sample mixture
of 9.3 mg/L of active chlorine and 4 mg-NH,"-N/L. It is evident that excess
NaOCI will decrease the absorbance and that more ammonium is needed to
reach maximum absorbance with increasing NaOCI; color development is
highly dependent on the stoichiometry. Optimization of the aniline analysis
gave a greatest absorbance (Anax = 680 nm) using the same concentrations of
Reagents A and C (Figure 22B) as with the phenol analysis. (Note: a parallel
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experiment was conducted with nitrobenzene present, and absorbances at 680
nm were unchanged, regardless of nitrobenzene). When measured over time,
phenol values increased up to 2 hours and were stable until 4 hours; aniline
values increased up to 1 hour and remained stable. Therefore, 2 hours was
chosen as the standard time for the assay, having the advantage that phenol
and aniline can be measured simultaneously.

Figure 22. Optimization of reagent concentration on color development for phenol (A)
and aniline (B). Note that 50 uM of each product was applied and the absorbance was
measured after 2 hours of reaction time. Paper VI.

4.2.2 Graduated characterization of reducing activity

Following optimization of the color assay for the detection of ammonium,
phenol, and aniline; a range of reducible compounds was applied after reac-
tion with bare nZVI and bimetallic 5% nickel nZVI (Ni-nZVI), Paper V. The
assay was first applied using reduction products stemming from the reaction
with bare nZVI particles, i.e. ammonium from nitrate reduction, aniline from
nitrobenzene reduction, and phenol from p-halophenol dehalogenation (Fig-
ure 23A). Aniline production was extremely fast (k = 17.9 h™"), ammonium
production was observed (k = 2.65 h™), and phenol production was non-
existent from any of the halophenols. This result was identical to that ob-
served in Paper V when attempting to dehalogenate 4-chlorophenol with bare
nZVvl.

In Paper V, the addition of nickel to nZVI dramatically increased the reactivi-
ty of the particle (Figure 23B). By adding 5% Ni (wt:wt), the kinetics of Ni-
nZVI were much faster for aniline (k = 93.4 h™) and ammonium (k = 10.3 h°
1, while phenol was then detected for the p-halophenols. Phenol production

45



rate constants for 4-iodophenol, 4-bromophenol, and 4-chlorophenol were
14.9, 10.1, and 5.72 h, respectively. Addition of a secondary metal pro-
motes iron corrosion and the higher standard redox potential of nickel devel-
ops a galvanic cell in which the corrosion is accelerated [128].
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Figure 23. Generation of reaction products by reaction with bare nZVI1 (A) and bimetallic
5% Ni-nZV1 (B). Note: that the iron concentration was constant at 2 g/L, and curves were
fitted by pseudo first-order kinetics.

This dramatic difference in reactivity when nickel is added to nZVI is a result
of the production of reactive hydrogen on the nickel surface, followed by
dehalogenation and hydrogenation by the reactive hydrogen [130]. If not
immediately apparent, the difference in dehalogenation of the p-halophenols
was ordered according to position on the periodic table and the average bond
enthalpies of the carbon-halogen bond. Average bond enthalpies of C-I, C-
Br, and C-ClI are 240, 276, and 339 KJ/mol, respectively.

To emphasize its universal application and to determine the reactivity of an
unknown nZVI sample, the colorimetric assay was employed using a com-
mercially available product. Detailed in Paper VI, commercial nZVI was in-
consequential towards producing any of the reduction products (i.e. ammoni-
um, aniline, or phenol). However, when applying commercial Ni-nZVI (2
g/L), limited reactivity was achieved when reducing nitrate to ammonium and
nitrobenzene to aniline, but no reactivity was achieved when applied to p-
halophenols, even at a higher concentration of 10 g/L. The role of nickel, in
this case, is most likely solely an accelerant of nZVI oxidation, rather than a
producer of reactive hydrogen. Not surprisingly, it appears that commercial
nZV1 is much less reactive than lab-synthesized nZVI. Making the work and
findings produced in Paper 111 all the more relevant to the real-world applica-
tion of nZVI.

46



To summarize the graduated characterization results, nitrate and nitrobenzene
can be applied with this colorimetric assay to assess the reduction reactivity
of bare nZVI; while p-halophenols can be applied with this colorimetric assay
to assess the catalytic reactivity of bimetallic nZVI, specifically Ni-nZVI.

4.2.3 Effect of secondary metal concentration

The preliminary assay in Paper V and the results thus far in Paper VI used a
5% nickel (wt:wt) concentration. This was done primarily to ensure there
was an overabundance of the secondary metal to create the catalytic reaction.
Although reactivity is paramount, other factors must be considered, such as
the cost of the secondary metal and the possible release of the secondary met-
al into receiving waters. Therefore, a necessary facet of the assay to optimize
is that of the secondary metal concentration.

Effects of nickel content with nZVI towards the suggested assay were deter-
mined by varying nickel concentrations from 0.01 — 5% (Figure 24A). Con-
centrations higher than 5% were not considered, due to successful reaction
kinetics previously achieved. Additionally, only 4-chlorophenol was tested,
as it has been established to be the most difficult p-halophenol to dehalogen-
ate. When applied, increasing the nickel content consequently increased the
dehalogenation effect, up to a point. After a nickel concentration of 1%, the
return in reactivity becomes very minimal (Figure 24B), meaning the Ni:Fe
ratio is an important factor to consider when maximizing dehalogenation. It
is surmised that as the nickel loading becomes too great, the contact area be-
tween the nickel and the iron decreases and results in a counterproductive
relationship towards reactive hydrogen production, electron transport, catalyt-
ic sites, and galvanic cell formation. This is not unlike similar findings when
using copper as a secondary metal with nZVI for dechlorination [140] or ni-
trophenol reduction [141].
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Figure 24. Effect of nickel content on 4-chlorophenol reduction by nZVI. Degradation of
4-chlorophenol, with respect to time (A) and derived rate constants by curve fitting, plotted
over logl0-scale (B). Note that the curves are fitted with pseudo first-order kinetics. Pa-
per VI.

Given the combined data and optimizations found in both Paper V and Paper
VI, an ultimate suggestion can be presented for the colorimetric assay proce-
dure (Figure 25). The entirety of this includes first the preliminary batch test
with a chosen nZVI material and its reaction with either nitrate, nitrobenzene,
or a p-halophenol, followed by specific reagent addition depending on the
analyte, and finally the colorimetric reaction that can be conducted in a 96-
well microplate. Careful selection of bare nZVI or bimetallic nZVI, as well
as the particular compound to be reduced, must be made.
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Figure 25. Schematic of the suggested reactivity assay procedure. Paper VI.
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4.3 Color assay comparison with halogenated

organic degradation

Paper VI provided an applicable colorimetric assay to analyze the reduction
products of a variety of contaminants by nZVI and bimetallic Ni-nZVI. To
validate the method even further, it was applied to treat a selection of typical-
ly difficult to dehalogenate compounds that are commonly found in water
sources, trichloroethylene (TCE), 1,1,1-trichloroethane (TCA), and atrazine;
Paper VII. This is especially important, as it is that treatment of many halo-
genated organics has been often mediocre at best [50,142]. Moreover, analy-
sis of these compounds often requires length time-consuming analytics using
sophisticated machinery, such as a purge-and-trap device coupled with gas
chromatography — mass spectrometry (GC-MS). Therefore, applying the de-
veloped colorimetric assay as a precursory technique, to select if a nZVI ma-
terial is a suitable candidate for treatment of such halogenated compounds,
can potentially save valuable time and resources.

4.3.1 Termination of nZVI reactivity

Often times, especially when working in the field, measurements cannot im-
mediately take place. This lag in the time from sample taking to sample
measurement can potentially change the constituents present in a given sam-
ple, possibly from various chemical oxidation or reduction processes, or even
from biological processes. Depending on the situation, one cannot be entirely
certain that all affecting mechanisms are rendered inert, even if the sample is
filtered for example. To make the analysis of nZVI reactivity more user-
friendly, an appropriate technique to terminate the reactivity in the sample is
ideal; allowing for analysis at the technician’s convenience.

The first workload presented in Paper VII outlines the development of a
nZVI1 reactivity termination regime. It is known, based on Paper V and Paper
VI, that a concentration of 5% Ni with nZVI is more than enough to dehalo-
genate certain chlorinated organics, therefore all reactivity termination tests
were conducted with this Ni:Fe ratio. Furthermore, a concentration of 300
pg/L of TCE was assessed, as that is slightly higher than reports that approx-
imately 250 pg/L of TCE have been detected in Danish groundwater and are
subsequently realistic concentrations found in the environment [143]. The
initial attempt at terminating the reactivity of Ni-nZVI with TCE assumed
that all that was necessary was to precipitate particles out of solution so that
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the remaining supernatant was free of reactive iron. As zero-valent iron re-
duces different contaminants, itself becomes oxidized from contaminant re-
duction, water, and the dissolved oxygen in the water. In this process, fer-
rous (Fe?*) is formed. Carbonate (CO3?) is a well-known precipitant, and is
commonly applied to ferrous iron for this purpose; the result is a rapidly set-
tled green precipitate, which is outlined in Egs. 13 and 14 (using water as the
oxidizer) [144].

Fe® + 2H,0 — Fe** + H, 1 +20H~ [13]
Fe?* + CO%™ - FeCO5(s) [14]

The assumption was that any ionic ferrous iron or remaining exposed Fe’°

would form FeCO; or Fe(OH), as particulates or as a shell around nZVI that
would act as a passivation layer [145]. However, when Ni-nZVI (2 g/L; 5%-
Ni) was allowed to react with 300 pg/L of TCE solution for 30 minutes, it
made nearly no difference whether or not there was an addition of Na,CO3
added. The most likely explanation is that although there are precipitates and
oxide shells being formed, it is not fully passivating the nickel attached to the
nZVI1, allowing for electron transfer to continue to take place. So, it is appar-
ent that only applying a precipitation and passivation mechanism towards the
nZV1 is not enough to terminate the reactivity sufficiently.

It is widely known that nitrate can react with nZVI and be reduced to ammo-
nium [139]; and if the kinetics of reduction are compared when assessing
nZVI reactivity towards nitrate [139] and 4-chlorophenol (Paper V), it is ap-
parent that nitrate reduction is much faster than 4-chlorophenol reduction.
Given that information, it is theorized that there would be preferential reac-
tivity with nitrate over the dehalogenation of TCE. In this light, adding an
excess of nitrate solution should consume all available/remaining reactive
sites on the nZVI and terminate the reactivity, eliminating any subsequent
reactivity with TCE. This theory was tested with an experimental design us-
ing Ni-nZVI to react with TCE for 30 minutes, with three different reagent
schemes. The first, mixing TCE with Ni-nZVI, reacting for 30 minutes, and
then adding a combination of NaNO3; and Na,COs;; the second, mixing TCE
with Ni-nZV1, NaNO3, and Na,COs, and then reacting for 30 minutes; and the
third, only mixing TCE with NaNO; and Na,CO3; for 30 minutes. Expected-
ly, adding the nitrate after the reaction changed nothing and nearly all the
TCE was removed, and not adding any Ni-nZVI did not remove any TCE.
Whereas, the initial addition of nitrate inhibited roughly 50% of the reduction
of TCE, albeit not completely (Figure 26A). While moderately effective,
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adding nitrate to terminate the reactivity is not complete, and therefore not an
appropriate technique for reactivity termination.

Efficient termination of the reaction using nitrate was unsuccessful; therefore
a new technique had to be employed. Although not extensively studied, the
reaction of bromate with nZVI has been performed and results indicate very
fast reaction Kkinetics, with the proposed pathway detailed as follows in Egs.
15-17 [146].

BrO; + 3Fe® + 3H,0 - Br™ + 3Fe?* + 60H™ [15]
BrO; + 2Fe® + 3H,0 - Br™ + 2Fe3* + 60H~ [16]
6Fe?t + BrO; + 3H,0 - 6Fe3* + Br~ + 60H™ [17]

This concept was applied to improve upon the mediocre results obtained from
the addition of nitrate. The same experimental design reacting Ni-nZVI with
TCE used with nitrate was then tested with bromate, and the results were ex-
tremely positive. When using bromate to terminate the reaction, all of the
initial TCE was detected after 30 minutes when adding it at the onset of the
reaction period (Figure 26B).
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Figure 26. Using nitrate, reactivity termination of Ni-nZV1 with TCE (A). Using bromate,
reactivity termination of Ni-nZV1 with TCE (B), TCA (C), and atrazine (D) (measurements
in triplicate). Red bars: post-reaction addition of NOs/CO3; or BrOs/COgs; blue bars: pre-
reaction addition; green bars: no addition. Paper VII.

Results were extremely successful with the bromate addition and the ideal
outcome was achieved, where by with a simple reagent addition, one can
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terminate the sample reactivity and have confidence that no matter when the
ultimate analysis for reaction products is performed, it is indicative of the
sample matrix at the time of sampling. With this determined, the procedure
was subsequently applied to both TCA and atrazine (Figure 26C and 26D).
Results for TCA and atrazine were nearly identical to that of TCE, with the
exception that Ni-nZVI was not always able to fully degrade the initial atra-
zine concentration. It can be said with confidence that the work presented
here in Paper VII has established, for the first time in reported literature, an
appropriate method for terminating nZVI1 particle reactivity.

4.3.2 Dehalogenation of TCE, TCA, and atrazine

In Paper VII, the first aim to effectively terminate the reaction of nZVI parti-
cles was successful, making sample collection and analysis much more con-
venient for the researcher or technician. The second aim was to evaluate the
dehalogenation of three chlorinated contaminants, TCE, TCA, and atrazine,
and to establish reaction kinetics when varying the secondary metal content
for comparison with the developed colorimetric assay (Paper V and Paper
VI1). This was done in a similar manner as performed in Paper VI, found in
Section 4.2.3, by varying the nickel loading on nZVI and subsequently react-
ing the particles with each compound over time. Initial tests assessing reac-
tivity termination were conducted with 5% Ni content to ensure complete
degradation. So, for the kinetics modeling, different Ni-nZVIs were prepared
with nickel contents of 0.1, 0.2, and 0.5%, as that was observed to be the
middle range of dehalogenation for 4-chlorophenol (i.e. sufficient dehalogen-
ation before Kkinetics become too rapid), Figure 27.
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Figure 27. Effect of nickel content on TCE (A), TCA (B), and atrazine (C) reduction by
nZVI with respect to time. Note that curves are fitted with pseudo first-order kinetics.
Paper VII.

As expected, the higher concentrations of nickel increased the dehalogenation
of each of the three compounds. However, it should be noted that atrazine
degradation was very minimal with the three nickel concentrations; therefore,
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a final test was performed with 5% nickel content, to estimate the Kinetics.
Not surprisingly, atrazine was much more difficult to degrade, as this diffi-
culty in remediation correlates to past observed results. After calculating the
rate constants using pseudo first-order Kinetics, the values were compared
with those obtained by similar concentrations of Ni-nZVI particles when
dehalogenating 4-chlorophenol (Figure 24B). The comparison of which is
outlined in Table 3.

Table 3. Effect of nickel content on TCE, TCA, atrazine, and 4-chlorophenol reduction by
nZV1. Rate constants obtained by curve fitting using pseudo first-order kinetics. Paper
VII.

k(h™
Nickel (%) TCE TCA Atrazine 4-chlorophenol
0.05 0.0157
0.10 0.0992 0.0946 0.0422
0.20 0.417 0.274 0.060 0.1590
0.50 2.77 3.77 0.463
1.00 2.31

It is evident that the effect of nickel on the reduction capacity of nZVI to-
wards various halogenated compounds is dynamic, which is not surprising in
of itself. However, the important finding here is that there is a clear compari-
son between standard analytical techniques (i.e. GC-MS) and the developed
colorimetric assay (Paper V and Paper VI). Rate constants, although differ-
ent, are in the same general range of one another. And, it can be said that the
developed assay is a very good indicator for dehalogenation by nZVI and that
the assay can be used as a universal test for measuring reactivity potential for
different nZVI materials.
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5 Hybridized materials for robust water
treatment operation

The first work package (Chapter 3) in this PhD project established new mate-
rials (i.e. MgAC and COPs) and synthesis procedures as effective routes for
stabilizing the colloids and increasing the reactivity of nZVI. The second
work package (Chapter 4) established a simple and efficient characterization
procedure to evaluate the reactivity of nZVI based particles. Lastly, the third
work package here in Chapter 5 and in Paper VIII, Paper IX, and Paper X,
focused on broadening the use and applicability of nZV1 by creating support
materials that are robust enough to be effectively used on a large scale. This
was done by utilizing activated carbon as the backbone material for nZVI
immobilization. Activated carbon is the ideal backbone material for creating
a hybridized treatment material containing nZVI, as it has long been the
standard cheap material for contaminant adsorption in water treatment. It is
actively employed in the removal of a wide variety of compounds, from pes-
ticides [147] to pharmaceuticals and endocrine disruptors [148] to heavy met-
als [149] to inorganic ions [150], as well as many others.

5.1 One-pot synthesis of GAC-nZVI

There have been many cases of combining nZVI1 with granular activated car-
bon (GAC) reported in the past, using a variety of synthesis routes. These
routes include methods like using wet impregnation where Fe?* is directly
attached to GAC by soaking the GAC in a ferrous iron solution followed by
chemical reduction (e.g. via NaBH,) [151] or by iron attachment followed by
thermal calcination and residual evaporation, and then chemical reduction
[152]. And, during preparation of these composites, many factors can influ-
ence the outcome, such as the precursor iron salt used, different degrees of
oxidation during nZV1 formation, pH during synthesis, etc. But, the overall
effects of these variables have not been intensively studied of summarized.
The objective with this method is to investigate the effect of different synthe-
sis conditions on GAC-nZVI properties and to suggest an optimal route for a
convenient one-pot method. Although still in preparation, Paper VIII ex-
plores the optimization of GAC-nZVI preparation, as both a composite mate-
rial itself, as well as a precursor to the eventual hybridized material proposed
containing GAC, nZVI, and different COP materials.
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Three different conditions were examined to prepare GAC loaded with nZVI:
GAC1, iron impregnation by a Fe(NO3); mixing step followed by thermal
treatment at 150 °C up to 300 °C, and NaBH, reduction; GAC2, iron impreg-
nation by FeSO, soaking (pH = 3) followed directly by NaBH, reduction; and
GAC3, the same as condition 2, but with the pH adjusted to 7. The first
method using thermal treatment was capable of loading a large amount of
total Fe onto the GAC matrix; however, following the reduction step using
NaBH,, it was very difficult to produce a significant quantity of ZVI in the
matrix. Using the other two methods of soaking in a ferrous iron solution
produced a lower total amount of iron; in this way, though, the amount of
ZV1 content drastically increased. In GAC2, due to the lower pH, there were
less iron precipitates formed, which allowed for more ZV1 to be produced. In
GAC3, the pH was adjusted to neutral, and therefore saw more iron-
hydroxides formed, resulting in less conducive conditions for forming ZVI.
This is summarized in Figure 28.
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Figure 28. Total iron and elemental iron content in the GAC composites, prepared in dif-
ferent synthesis routes. Paper VIII.

Furthermore, optimizing conditions found that varying the reduction time us-
ing NaBH, changed the total ZVI content in the GAC. By increasing the re-
duction time up to two hours, the quantity of ZVI could be increased to as
high 20%, compared to the results presented originally in Figure 28.

Finally, optimizing this process into a convenient one-pot method was ob-
tained. By doing this, a washing step is eliminated that drastically increases
the total iron content. The final one-pot method consists of: soaking of GAC
with FeSO,4 and polyethylene glycol overnight without any pH adjustment
(i.e. pH = 3), followed by the reduction of iron using NaBH, for two hours,
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then washing with ethanol and drying in a vacuum oven. This way proves to
be an efficient method for attaching nZVI onto/into GAC, maintaining a high
percentage of ZVI in the process.

5.2 Chemical grafting of COPs to GAC

Grafting of COPs to the surface of activated carbon was performed in a step-
wise manner that consisted of four major procedures (Figure 29). Inspiration
for this procedure was derived from previous studies investigating the surface
modification using thionyl chloride targeted at graphene [153] and carbon
black [154], as well as amino-functionalization of carbon nanotubes [155].
The goal of the first step was to heavily oxidize the surface of the carbon in
order to introduce carboxylic (-COOH) functional groups to the surface, upon
which monomer and eventual polymer attachment could take place. In the
second step, the goal was to convert the carboxylic group to an acyl chloride
(-COCI), which is well known to be highly reactive with a wide variety of
other functional groups. Once an acyl chloride group was achieved, mono-
mer attachment was the goal, in the form of melamine. Melamine was cho-
sen as it has three amine (-NH,) groups, where the first can substitute for the
acyl chloride and the remaining two are left free for further polymerization.
Lastly, the final step was to form the polymer shell around the surface of the
carbon particle, stemming from the melamine and branching out amorphous-
ly. COP-19 was chosen as the polymer; as it was that there were previous
positive results from the first work package using COP-19 (Section 3.2).

5.2.1 Development of grafting procedure

Three different activated carbons were tested to determine the most suitable
candidate for polymer grafting, each with different amounts of impurities (i.e.
variance from pure carbon). The first carbon tested was an ultra-pure brand
carbon (AC-Norit®) that thermogravimetric analysis (TGA) revealed very few
defects present (~ 6%), Table 4C. This proved to be an ineffective carbon for
polymer grafting, as the lack of impurities made it difficult to break the car-
bon bonds and subsequently change the surface chemistry enough for further
grafting. The next carbon tested was a very crude carbon (AC-Sigma) with a
high level of impurities and lack of structural integrity, resulting in an overall
breakdown of the carbon structure and complete loss of surface area and
pores during the grafting procedure. Ultimately, the most suitable carbon
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was that of a moderately pristine and structurally sound carbon that still pos-
sessed a high surface area (943 m?/g) with a diverse range of pore sizes.
Once the carbon source was chosen, surface modification and polymer graft-
ing could take place. Outlined in Figure 29, the settled upon series of reac-
tions consisted of: 1. carbon oxidation in nitric acid at 100 °C (AC-Ox), 2.
acyl chloride formation by thionyl chloride in dichloromethane (AC-Thio), 3.
melamine grafting in a dimethyl sulfoxide solution (AC-Mel), and 4. COP
growth [102,103] (AC-COP).
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CcoP
Growth

- -
p-Ph(CHO),
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Granular
Activated
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Figure 29. Step-wise evolution of the COP attachment to the surface of activated carbon
(illustrated as large gray object, not-to-scale). Paper IX.

Vigorous washing with selected solvents was performed after each step, in
order to eliminate residual species present, and ensure that all material pre-
sent was chemically attached to the carbon material. However, after the sec-
ond step where AC-Thio was produced, no washing or characterization as
performed, as the acyl chloride is extremely reactive, even to air and moisture
in the air. Therefore, AC-Thio was immediately purified and dried via rotary
evaporation in a vacuum and then subjected to the next reaction step.

5.2.2 Properties of materials and grafting confirmation

Intensive characterization of the particles was undertaken throughout the en-
tire grafting procedure, in order to confirm that the suggested mechanisms
were taking place. Table 4 presents the characterization data from elemental
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analysis (EA), X-ray photoelectron spectroscopy (XPS), and the TGA data
mentioned previously. Chemical composition from EA matched nicely for
each stage of the procedure, with an initial material of mostly carbon, acid
oxidation brought about a substantial amount of oxygenated groups, followed
by an increase in nitrogen and decrease in oxygen as the melamine substitut-
ed for some of the carboxylic functionalities, and ultimately with the COP
grafted a substantial amount of nitrogen present from the COP itself. XPS
data, which is purely a surface measurement (penetration depth of 5-10 nm),
measured a significantly higher amount of nitrogen, which corresponds to a
COP shell on the exterior of the particle. Further insight from the C1s and
N1s scan of XPS elucidated a polymeric structure; where the C1s scan yield-
ing peaks representing the C-N, C=0, and C bonds of the COP (Figure 30B),
and the N1s scan yielding peaks representing aromatic N and N-H bonds (not
shown).

Table 4. Elemental concentrations of carbon particles at each stage of the modification
reactions, determined by elemental analysis (A) and XPS (B). Carbon vs. defect guanti-
ties, determined by TGA (C). Paper IX.

| C | N | 0 | H | Other
A. Elemental Analysis (%)
AC 82.40 0.58 6.50 1.67 8.85
AC-Ox 55.43 2.16 33.40 2.04 6.97
AC-Mel 61.90 7.57 19.48 4.23 6.82
AC-COP 55.85 17.52 12.43 2.65 11.54
B. X-ray photoelectron spectroscopy (%)
AC 77.36 0.00 18.58 4.06
AC-COP 57.28 32.80 6.36 3.56
C. Thermogravimetric analysis (%)
AC-Norit® 94 6
AC-Samchun 88 12
AC-Sigma 67 33

A greater acumen is necessary though, to qualitatively confirm the existence
of the exact chemical structure attached to the carbon particle. For this, FTIR
was employed to detect the organic bonds of the material being produced.
Figure 30A tracks the evolution through each step of the procedure, to con-
firm the existence of expected structures. The pure carbon (AC) exhibited no
discernible peak data, AC-Ox has two major peaks formed, corresponding to
C-0O and C=0 bonds of the carboxylic group. AC-Mel has two more peaks
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appear for the N-H and C-N groups. And, AC-COP has a multitude of peaks
appear that are identical to the peak pattern found in pure COP-19.

105 J/WM-—,, B
A AC

100
e W

95
AC-Mel N T

Qe e
AC-COP

851- < Gont e e e T /\ I /‘\f\lr‘f\
cop oo

80

Transmittance (%)
1
\
Intensity (counts/s)

1
|
1
751 ll 1y
l
\

70 4

65 T T T fll’ T T T T T T T T T T
3600 3300 3000 27001800 1500 1200 900 600 292 290 288 286 284 282 280

Wavenumber (cm") Binding Energy (eV)

Figure 30. A) FTIR spectra AC (black), AC-Ox (red), AC-Mel (magenta), AC-COP
(blue), and COP-19 (green); XPS C1s scan of AC-COP. Paper IX.

Lastly, visual confirmation was done using TEM, in order to visually see the
effects of the grafting procedure and that the COP was forming in a shell-like
fashion. Figure 31 presents images of AC-COP particles (A,B), and for com-
parison, an image of AC-Mel (C) and the bare COP-19. When looking at
AC-COP, there are large carbon particles at the core, out-of-focus in the
foreground; while there is an obvious shell of interwoven porous polymer
chains bound to the outer edges of the carbon. Notably, the COP shell very
closely resembles the morphology of bare COP-19. Furthermore, when com-
pared to AC-Mel, the porous nature of the COP material is noticeable present

and different in structure to the simple monomer structure that the melamine
grafting exhibits.

Figure 31. TEM images of AC-COP particles with an attached shell of COP material

(A,B), AC-Mel particles with a grafted layer of melamine (C), and bare COP-19 (D). Pa-
per IX.
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With the grafting of COP to AC confirmed, final characterization was done
by looking at pore structure of the different materials produced during the
procedure. Using BET physisorption analysis, the pore structure can be ob-
served at each stage of the grafting procedure (Figure 32).
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Figure 32. A) N, adsorption (filled)-desorption (empty) isotherms at 77 K; B) pore
size/volume distribution by 2D-NLDFT (slit pores, N, carbon model) of AC (black), AC-
Ox (red), AC-Mel (magenta), and AC-COP (blue). Paper IX.

Looking at each stage of the process, it is apparent that the pore structure is
initially very large in the AC with a high capacity for gas uptake, and that the
oxidation method is very aggressive, breaking down the pore structure almost
entirely. The gas adsorbed pore size distribution becomes very minimal.
However, subsequent monomer and COP attachment exhibit a reappearance
of pore structure, to the point where the final AC-COP pore structure is very
diverse with a nanoporous to microporous range of pore sizes. The final
structure of AC-COP is much more similar to that of the bare COP material.

5.2.3 Water treatment for contaminant adsorption

Although the main goal of the first part of this final work package was mere-
ly to produce a hybridized composite of activated carbon with grafter porous
polymers, initial experiments were performed to evaluate the efficacy of AC-
COP for water contaminant adsorption. Based on previous success using
COP-19 to adsorb the azo dye naphthol blue black (NBB) [104], it again was
tested, along with cadmium, and iron for future application by impregnating
nZVI into AC-COP material. AC-COP was tested in parallel with COP-19
and bare AC. Similar to previous results (Section 3.2.3), AC-COP complete-
ly removed NBB from solution (up to 23.6 mg-NBB/g), while the bare AC
was fairly ineffective at NBB removal (5.6 mg-NBB/g) (Figure 33A). Both
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AC-COP and AC have a porous structure, however, the most likely explana-
tion is a combination of pore size diversity found in AC-COP and the phe-
nomenon of pi-pi stacking mentioned in Section 3.2.3. When analyzing for
cadmium adsorption, results were much lower (Figure 33B), AC-COP re-
moved 5.6 mg-Cd/g. Of special interest though, is that AC-COP had the
higher removal than both COP-19 and AC, resulting in a synergistic effect
from the two precursory materials. Even so, these results were comparable to
cadmium adsorption using carbon nanotubes [156]. As a preliminary test for
future application with nZVI1 impregnation, iron adsorption was tested (Fig-
ure 33C). AC-COP did not adsorb as much iron (8.7 mg-Fe/g) as COP-19
(12.4 mg-Fe/g) or AC (11.5 mg-Fe/g), however an unexpected phenomenon
appeared. That although the total iron adsorbed was less in AC-COP, it
maintained and even slowly adsorbed more iron over a period of 72 hours.
Contrastingly, COP-19 and AC adsorbed more initially, but saw a release of
iron back into solution after 8 hours. Indicating that although iron adsorption
was slightly less efficient, trapping and permanent impregnation of iron was
taking place, which is ideal for water treatment applications.
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Figure 33. Adsorption isotherm of: A) azo dye naphthol blue black; B) cadmium; and C)
iron adsorbed by AC-COP (blue), COP-19 (green), and AC (black). Material dosage: 0.5
g/L; initial pH: 6.5; Cy-azo dye: 40 uM; C,-Cd: 10 mg/L; Co-Fe: 10 mg/L. Paper IX.

5.3 Nanocomposites of GAC-COP with nZVI

Building on the successful fabrication of a novel hybrid material combing
activated carbon and covalent organic polymer, and subsequent adsorption of
iron with that material; this next phase of the work package aimed to first
modify the material synthesis strategy to a less harsh and more environmen-
tally friendly method, and to then impregnate the material with nZVI for wa-
ter contaminant degradation. Stabilizing nZVI in this hybrid material not on-
ly isolates nZVI1 by physically caging it within the pores of the activated car-
bon and COP matrix (AC-COP), but also to further sequester nZVI into their
own microcosms, as each granule can be considered its own island of a reac-
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tion vessel, henceforth referred to as GAC-COP-Fe. GAC-COP-Fe was then
ultimately tested for reactivity towards nitrobenzene and nitrate.

5.3.1 Optimization of COP grafting procedure

The previous method to graft COP to AC was an extremely harsh method re-
quiring high concentrations of vigorous chemicals at high temperatures. Spe-
cifically, the previous acid oxidation method completely broke down the pore
structure of the backbone activated carbon (Figure 32). A more ideal compo-
site would retain the pore structure of the activated carbon with further en-
hancement via addition of pore structure from the COP material. Therefore,
several attempts were made to change and weaken these harsh conditions, to
make the method not only more environmentally friendly, but also safer for
the chemist or lab technician. This optimized grafting procedure is outlined
in Figure 34.

COP
Growth

p-Ph(CHOY2
DMSO

™, = COP-19
pore .

Figure 34. Schematic representation of the COP-19 grafting process to the GAC (illustrat-
ed as large gray object, not to scale). Paper X.

In the method described in Section 5.1.1 (Method-1), AC-Ox was achieved
by boiling 60 % nitric acid at 100 °C; in the optimized method (Method-2),
the same results were achieved by using a pseudo aqua regia with a 3:1 mix-
ture of 30 % HNO; and 47 % H,SO, at room temperature (i.e. 25 °C). AC-
Thio was achieved in Method 1 using a 2:1 mixture of dichloromethane to
thionyl chloride (SOCI,) at 50 °C, while Method 2 reduced the extremely tox-
ic SOCI, concentration to using a 4:1 dichloromethane ratio and lowered the
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temperature to 35 °C. The remaining steps to produce AC-Mel and AC-COP
were not significantly different between Method 1 and 2. The combination of
chemical concentration and temperature reductions are a significant im-
provement in the “greening” of the overall process, as well as for safety pur-
poses.

5.3.2 Properties of GAC-COP-Fe

Following COP grafting to GAC, iron impregnation and subsequent reduction
to ZVI was performed using NaBH, (Eg. 2). Much of the characterization
data of GAC-COP-Fe, including FTIR, was nearly identical to that in Section
5.1.2 and therefore not presented. However, XPS analysis is a very powerful
tool to reveal insight into all elemental data, including organic and metallic
species, analysis of which is presented in Table 5. The composition of car-
bon with grafted polymer (GAC-COP) did not vary significantly with that
obtained in the AC-COP (Section 5.1.2). After iron impregnation (GAC-
COP-Fe), XPS revealed confirmation that the iron was there in low percent-
ages, as well as sodium that was an artifact from the nZVI reduction process
using NaBH,.

Table 5. Surface atomic percentages of the different GAC materials, as determined by
XPS. Paper X.

C 0 N Fe Na
GAC 92.0 8.0 - --
GAC-COP 61.0 6.4 32.6 - --
GAC-COP-Fe 52.0 19.5 12.2 1.2 15.1

Further look into the Cls and N1s surface scans also yielded results quite
similar to that detailed in Section 5.1.2; where the polymer structure was ver-
ified. Analysis with XPS also allows for a unique tool to be employed that
can reveal a composition profile in descending layers into the material being
analyzed; by alternating consecutive ion etches and XPS analyses to reveal a
depth profile of the material. As illustrated in Figure 35, the Cls and Fe2p
depth profile scans elucidate the gradual change in polymer structure on the
surface to the carbon granule below and the change in iron speciation from
the surface to the inner layers. The trend in the C1s profile was as expected,
as the top layer resembles the COP structure already observed and the bottom
layer resembles the bare mostly carbon GAC surface. Of particular interest is
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the progressive build-up of the two major Fe® peaks and the slow diminishing
of various other iron oxide peaks as more ion etches are performed. The
identity of these various Fe2p peaks were confirmed by comparison with a
previous study focusing on XPS analysis of ZVI [157]. Although surface
oxidation is inevitable during sample preparation, it should be noted that the
nanoporous structure of the COP material on the GAC surface is protecting
the iron from the oxidation effects of the surrounding environment, allowing
for increased reactivity and shelf-life of the ZVI. Not only did the speciation
of iron change with increasing depth, the percentage of iron with respect to
the other elements present changed; the top layer having approximately 1.2 %
Fe and the bottom layer after ion etching having approximately 3.3 % Fe.
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Figure 35. XPS analysis. Depth profile ion etched C1s scan for GAC-COP-Fe (A) and
depth profile ion etched Fe2p scan for GAC-COP-Fe (B). Paper X.

Again, visual confirmation was needed to observe the development of the
COP network and subsequent impregnation of nZVI. This was done using
scanning electron microscopy (SEM), as the granules were too large for TEM
analysis. Figure 36 presents images of the bare GAC, GAC-COP-Fe and an
elemental mapping image, using energy dispersive X-ray spectroscopy
(EDS), of the surface to identify iron found in the matrix. Bare GAC re-
vealed a very typical structure of a porous carbon material typical to most
activated carbons. While the GAC-COP-Fe image revealed a very obvious
alteration of the granule surface, with the polymer shell surrounding the
granule. Furthermore, when mapping the image with EDS, clusters and re-
gions of iron are confirmed to be scattered, albeit randomly, throughout the
granule surface. This lack of uniformity in iron impregnation is an inherent
consequence of the procedure, due to the attractive tendencies nZVI towards
other nZVI1 particles [56,58], and has been observed before when impregnat-
ing GAC with nZVI1 [158].

The total amount of iron found in the samples was determined by acid diges-
tion, followed by analysis with AAS. Results for the amount of iron found in
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the bare GAC impregnated with nZVI (GAC-Fe) were comparable to previ-
ously reported numbers from a study also attaching nZVI to GAC with simi-
lar size distributions [159]. However, the total iron content, as determined by
AAS analysis, decreased when impregnating nZVI into the GAC-COP matrix
(GAC-COP-Fe), from approximately 1.7 % to 0.9 %. This loss in total iron
percentage can be explained due to the added mass of the COP shell grafted
to the GAC surface, as well as the smaller pore sizes of the COP material in-
hibiting more mass transfer of iron into the composite matrix. However,
from the analysis result of the H, production method on GAC-COP-Fe, it is
clear that the COP material creates conditions where the nZVI is more pro-
tected from the surrounding environment, in terms of susceptibility to oxida-
tion. Under controlled anaerobic conditions, to prevent any external oxida-
tion, the zero-valent content of the GAC-Fe, as determined by H, production
followed by GC analysis, was approximately 80.2 %, while the zero-valent
content in the GAC-COP-Fe composites was nearly perfect, at approximately
98.8 %. Another study applying nZVI particles to dechlorinate trichloroeth-
ylene and using the same H, production method to determine reactive iron
content found that freshly synthesized nzZVI and commercially available
nZV1 contained 92 % and 52 % reactive iron, respectively [121]. Moreover,
the fact that the reactive iron content increased when supported on GAC/COP
IS a major advantage, since more often than not, stabilizing nZVI onto a sup-
port material does not always bring beneficial effects to the reactive iron con-
tent [160]. This is a breakthrough in the applicability of nZVI for contami-
nant degradation, to be able to protect the nZVI from oxygen and other con-
stituents on the surrounding environment, while still maintaining reactivity
with the contaminant of concern. Full application of nZV1 is largely depend-
ent on combatting the negative effects of oxygen and complexing agents in
the surrounding environment [50], and, the added benefits of creating oxida-
tion-proof composites results in a material much better suited for real-world
utilization.
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250um

Figure 36. SEM imaging. Bare GAC (A); GAC-COP-Fe (B); GAC-COP-Fe at higher
magnification (C); and SEM-EDS iron mapping of the image in C (D). Paper X.

5.3.3 Water treatment for contaminant degradation

Two common water contaminants were chosen as model compounds to test
the ability of GAC-COP-Fe to degrade them, nitrobenzene and nitrate. Ni-
trobenzene was chosen because of its status as a contaminant of emerging
concern [161] and that nZVI has previously been reported to degrade nitro-
benzene to aniline [162]. Nitrate was chosen because it is recognized as a
common source of contamination in groundwater [88] and that nZVI is well
known to degrade nitrate to ammonium [89]. Assessment of the degradation
was done by comparing the difference between bare GAC impregnated with
nZVI1 (GAC-Fe) and GAC-COP-Fe. After four hours, the GAC-Fe proved to
be capable of adsorbing 233 uM of aniline (46.7 % of original aniline con-
centration); while it was also able to produce at least 283 uM of aniline (56.6
% of original nitrobenzene concentration) before the adsorption mechanisms
took over (Figure 37A). Concurrently, after four hours, the GAC-COP-Fe
proved to be capable of adsorbing 471 uM of aniline (94.2 % of original ani-
line concentration); while it also was able to produce at least 318 uM of ani-
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line (63.6 % of original nitrobenzene concentration) before the adsorption
mechanisms took over (Figure 37B). Assuming the sum of the adsorbed ani-
line in the control test (Figure 37A,B; red lines) and the produced aniline in
the reactivity test (Figure 37A,B; blue lines) is the total amount of degraded
nitrobenzene, and using pseudo first-order kinetics, reaction curves were plot-
ted and calculated rate constants were 0.0702 and 0.2212 min™* for GAC-Fe
and GAC-COP-Fe, respectively (Figure 37C). It can also be inferred that
once both lines converge, that the reaction of nitrobenzene to aniline is pri-
marily over and the remaining operating mechanism is adsorption. GAC-
COP-Fe exhibited not only higher total removal of nitrobenzene, but higher
aniline adsorption, and faster reaction kinetics, outperforming similar materi-
als using nZV1 supported on carbon [162]. The faster reaction kinetics, espe-
cially in the first 15 minutes, are most likely due to the higher fraction of zero
valent iron compared with the total iron. These tests also reveal an interest-
ing occurrence, in that the COP grafted material exhibits an extremely larger
capacity for nitrobenzene and aniline adsorption, which was described previ-
ously (Section 3.2.3) to be most likely due to the phenomenon of pi-pi stack-
ing. Therefore, exact quantification of nitrobenzene becomes difficult, but
we assume that the sum of produced aniline and adsorbed aniline can be the
maximum amount of nitrobenzene reduction (Figure 37C). The synergistic
effects of the adsorption capacity of the COP and the degradation capability
of the nZVI make this a very effective material for environmental remedia-
tion.
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Figure 37. Nitrobenzene-reduction/aniline-adsorption batch tests. Aniline adsorption
control experiment (red) and nitrobenzene reduction experiment (blue) by bare GAC-Fe
(A); aniline adsorption control experiment (red) and nitrobenzene reduction experiment
(blue) by GAC-COP-Fe (B); and reaction kinetics of bare GAC-Fe (blue, from A) and
GAC-COP-Fe (red, from B) (C). Paper X.

As with the assessment with nitrobenzene, the effect that the COP shell has
on the ability to degrade and remove nitrate was compared with GAC-Fe;
there was again a control test performed on the ablility to adsorb ammonia by
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each material. After four hours, the GAC-Fe proved to be capable of adsorb-
ing 12.2 mg-N/L of ammonia (48.8 % of original ammonia concentration);
while it also was able to produce 11.6 mg-N/L of ammonia (46.4 % of origi-
nal nitrate concentration) (Figure 38A). Concurrently, after four hours, the
GAC-COP-Fe proved to be capable of adsorbing 20.0 mg-N/L of ammonia
(79.9 % of original ammonia concentration); while it also was able to pro-
duce at least 6.3 mg-N/L of ammonia (25.2 % of original nitrate concentra-
tion) before the adsorption mechanisms took over (Figure 38B). Assuming
the sum of the adsorbed ammonia in the control test (Figure 38A,B; red lines)
and the produced ammonia in the reactivity test (Figure 38A,B; blue lines) is
the total amount of degraded nitrate, and using pseudo first-order kinetics,
reaction curves were plotted and calculated rate constants were 0.04611 and
0.04541 min™* for GAC/Fe and GAC/COP/Fe, respectively (Figure 38C). It
can also be inferred that once both lines converge, that the reaction of nitrate
to ammonia is primarily over and the remaining operating mechanism is ad-
sorption. Overall, the degradation and removal of contaminants was much
better using GAC-COP-Fe, and furthermore, the degradation and removal by
GAC-COP-Fe favors aromatic contaminants due to the effect of pi-pi stack-
ing of the aromatic compound to the COP material.
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Figure 38. Nitrate-reduction/ammonia-adsorption batch tests. Ammonia adsorption con-
trol experiment (red) and nitrate reduction experiment (blue) by bare GAC-Fe (A); ammo-
nia adsorption control experiment (red) and nitrate reduction experiment (blue) by GAC-
COP-Fe (B); and reaction kinetics of bare GAC-Fe (blue, from A) and GAC-COP-Fe (red,
from B) (C). Paper X.

In summary, Paper X optimized the COP grafting procedure discussed in Pa-
per 1X; so that the porous structure of the activated carbon was not destroyed,
while still achieving proper COP attachment to the carbon surface. This
nanocomposite hybridized material was then successfully impregnated with
nZVI. Not only was the nZVI impregnated, but after analysis of the reactive
iron content, it was determined that the percentage of Fe® out of the total iron
was nearly 99%. Meaning this composite is very ideally suited to the im-
pregnation of nZVI and for protection against the effects of oxidation on the
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iron. This led to improved removal of two water contaminants, nitrobenzene
and nitrate.

This work, discussed here in Paper X, is considered the culmination of the
development of a hybridized nanocomposite material containing reactive
iron. Different materials and procedures were explored to finalize on this
combination of granular activated carbon with COP-19 and impregnated
nZVI. Although requiring further optimization, this composite is paving the
way for a new class of robust materials capable of treating, whether by ad-
sorption or degradation, polluted water streams.
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6 Conclusions and future outlook

Valuable insights and accomplishments were gained in each of the three work
packages contained in the PhD project that should lead to more efficient use
of reactive iron-containing nanomaterials for water treatment. These insights
offer to both further the use of nZVI as a treatment material in water purifica-
tion operations and provide a means for different laboratories to compare de-
veloped nZVIs against other nZVIs.

In the first work package, two new materials were utilized in combination
with nZVI: a synthetic magnesium-aminoclay (MgAC) and a variety of cova-
lent organic polymers (COPs). First, application of MgAC provided a means
to substantially improve the colloidal stability of nZVI, provided a high
enough weight ratio (i.e. 7.5:1) of MgAC:Fe was present. This ratio of
MgAC:Fe increased the characteristic time and zeta potential, as well as de-
creased the particle size. A similar effect correlated to the reactivity, where
the ideal range for nitrate reduction was approximately 7.5:1. Second, appli-
cation of selected COPs proved to be efficient materials for trapping nZVI,
on average approximately 10% by mass. They also dramatically increased
the colloidal stability of nZVI, and in the case of COP-19, improved the sta-
bility to a de facto infinite level for all intents and purposes. On the other
hand, the reactivity of the COP-nZVI composites was difficult to quantify
due to the aggressive adsorption of the dye being degraded by the COPs.
Further optimizing the COP-nZVI composites could prove to yield very pro-
ductive results given the unique ability to trap iron and act as a powerful ad-
sorbent.

In the second work package, development of a new method for adequately
quantifying the reactivity of nZVI that can be applied universally to any syn-
thesized product was performed. This method built on the shortcomings of
various other common methods so that a simple, inexpensive, and user-
friendly technique can be applied to nZVI. Initial work developed the color-
imetric assay to quantify dehalogenation based on 4-chlorophenol reduction
to phenol. This was then optimized to create a miniaturized version in the
form of analysis using a 96-well microplate to expand sample count and de-
crease sample preparation time; then further optimized to broaden the range
of reducible compounds capable of being analyzed. Ultimately, the effec-
tiveness of the developed colorimetric assay was proven by comparing the
reactivity of different nZVI materials using both the colorimetric assay and
real-world contaminants like TCE, TCA, and atrazine. Although the Kinetics
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varied slightly, the correlation between the assay and the halogenated con-
taminants was apparent. Therefore, it was concluded that the developed as-
say has potential to be a universal reactivity assay when assessing nZVI ma-
terials.

In the third and final work package, the lessons learned in the first work
package were applied to create a hybridized material that combines three dif-
ferent technologies into one robust treatment nano-composite material. The
first material being granular activated carbon, a pseudo nanomaterial itself
due to the micro and nanoporous properties it holds. The second material
being the porous polymer networks of COPs, which possess unique adsorp-
tive characteristics towards nZVI1 and many other compounds. And, lastly
nZVI1 itself to utilize the reductive properties it holds towards contaminants.
This composite of GAC-COP-nZVI was the ultimate produced material that
proved to be efficient at both contaminant adsorption as well as degradation.
It is this material that culminates the work done in this PhD project to create
a brand new state-of-the-art material that both effective at water treatment
and robust enough to be used on a large scale in water treatment applications.

Future work, however, must be done to see this material come to fruition in
water treatment operations. First and foremost, the synthesis of GAC-COP-
nZVI1 must be optimized even further to address issues such as the greening
of the synthesis procedure and increasing the adsorptive and/or degradative
properties. This can also include what was learned in the washing and stor-
age investigations, to maintain and prolong the reactivity of the composite
materials. Additionally, exploring the use of different polymers, chelating
agents, or stabilizing agents with the composite can lead to even more diver-
sity in the application of these materials. Lastly, applying the COP grafting
procedure to various other carbon-based materials could lead to improved
treatment abilities, material robustness, or final treatment system arrange-
ments. Potential carbon materials to look into could be carbon nanotubes or
carbon foam/felt products, for example.
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