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ABSTRACT

Nanotechnology has gained attention in various fields of sciende a
engineering for more than decades. Many nanotechnologies nanagorbents,
nanosensors, and nanoparticles have been developed, studied, and used to solve
environmental problems. This dissertation contributes to the applicaifotvgo
types of nanoparticles: 1) using zero valent iron nanoparticle tegyn@@VI)
for treatment of groundwater contaminated by chlorinated hydrocarbndstudy
effect of polyelectrolyte polymers on enhancing the mobility of h#Vporous
media and 2) testing a new type of nanoparticle, nano-scale capmumxide
(CaQ®) particles (nano-peroxide); particles have been synthesizedl a
preliminarily tests on their chemical properties and oxidizingctr@as with
petroleum hydrocarbons investigated.

Trichloroethylene (TCE) is one of the high toxic, dense, non-aqueous phase
liquids (DNAPLs) and it is one of the major problems of groundwater
contamination. The direct reaction of nano-scale zerovalent iron (n@rticles
and TCE liquid phase batch experiments shows that nZVI has capabil@gove
pure phase TCE and there is the reduction reaction occurred wittiomeac
byproduct. Mass balance of nZVI-TCE reaction demonstrates that %-T@E
mass was trapped in 1 g of nZVI sludge indicating that absorptionredaduring
the removal process confirming the absorption of TCE into nZVI sludge. T
reaction and absorption abilities of nZVI are depended upon its sunfeas. a
Increasing amount of nZVI reduces the space of batch experiménsyso TCE

removal efficiency of nZVI is decreased. These experiments shiosv



practicability of using nzZVI to directly remove TCE from contaated
groundwater.

The transport of nanoscale zero-valent iron (nZVI) particles lztadbi by
three polyelectrolytes: polyvinyl alcohol-co-vinyl acetate-emanic acid (PV3A),
poly(acrylic acid) (PAA) and soy proteins were examined. The sshdyvs the
increase in nZVI mobility by reducing particle size and gensgahegatively
charged surfaces of nZVI by those polyelectrolyte polymers. PMV3Ailized
nZVI has the best transport performance among the three matkras found
that approximately 100% of nZVI flowed through the column. Retardationéf nZ
is observed in all tests. Due to the large surface area of, hi@ge amounts of
polyelectrolytes are often needed. For example, soy proteins edlanitexcellent
stabilization capability only at the dose over 30% of nZVI mass. Appetely
57% of nZVI remained in the column when nZVI was stabilized with RAAhe
dosage of 50%. Results suggest that nZVI may be prepared with tureade
distance to form an iron reactive zone for the in situ remediation.

The new nano size particles of calcium peroxide (nano-peroxided wer
synthesized by the mechanical milling method. The particle saaeder (&) is
around 120 nm with the enormous specific surface area at/§0The dissolution
and reaction rate of nano-peroxide is faster than typical micralgrosalcium
peroxide around 1.5 times. With metal catalyze$ jJF@ano-peroxide promoted
modified Fenton’s chemistry (MF) and showed an excellent performéorce
oxidizing hydrocarbon. Benzene solutions were completely oxidized as hiflbas
mg/L of benzene and gasoline contaminated solution was significketheased

within 24 hours. pH is a major factor to increase the oxidizing of -panaxide.



This research also reports the synthesis method, images and canpafsitano-

peroxide.



CHAPTER 1

INTRODUCTION

1.1Introduction

Nonaqueous-phase liquids (NAPLS) refer to undissolved organic liquids in
water that are present as a separate phase due to thenddfemedensity and
viscosity from water. NAPLs can migrate and spread under the téow
groundwater; they can form visible, separate oily phases (pjuimeshe
subsurface. The transport and fate of NAPL plume movement arengovby
gravity, buoyancy, and capillary forces. In the environment, NABjscally
compose complex mixtures of hydrocarbons such as petroleum prodantsfiar
hydrocarbons, chlorinated solvents etc. NAPLs are vexing problems i
environmental contamination because it is often very difficult quossible to
clean up the residual NAPL trapped in subsurface. According to U§S H09,
there are approximately 617,000 underground storage tanks (USTs) nationwide
that store petroleum or hazardous substances. Over 482,000 US&sdladdeen
confirmed as of March, 2009. Steady cleanup work has progressed fom over
decade and over 380,000 contaminated sites have been cleaned up. While much
good work has been and continues to be done, there are about 101,000 UST sites
remaining to be cleaned up (EPA 2009). The Department of EnBXQ¥)( has
reported about 6.4 billion cubic meters of contaminated soil, groundveater,
other environmental media at the DOE sites with a wide vaokgontaminants
including radionuclide to metals and dense nonaqueous phase liquids (DNAPL)
(DOE 2002). Based upon EPA and DOE information, only in US, there are a ton of

NAPL contaminated sites waiting for cleaning processes.



In the last decade, nanotechnology has gained attention in varilgsdie
science and engineering. Many nanotechnologies such as nanosorbents,
nanosensors, and nanoparticles have been created, studied, and used to solve
environmental problems. For example, Ferrihydrite, a nano-sized ir
oxyhydroxide is one of several nanosorbents the most widely usermaval of
metals and anionic species from metallurgical and chemioakps solutions and
wastewater (Jang et al. 2008, Richmond et al. 2004, Jia and Demog60m®s
Strongin et al. 2010, Kang et al. 2003). Nanoscale particles have lhrceu
and widely used in many industries, especially in materiahseiand engineering.

At the nanoscale, the properties of many substances change. Fqlesxtra
reduction power of zero valent iron is substantially increasedchvitisesize is
reduced to nanoscale (< 100 nm) (Zhang 2003, Wang and Zhang 1997, Cheng et
al. 2006). For environmental applications, nano-scale zero-valent irticlgsar
(nZVI) have been studied since 1996. nZVI have been shown to be effiective

the transformation of virtually all chlorinated hydrocarbon.

The discovery of nano-scale zerovalent iron (nZVI) enhances thgy doili
treat chlorinated hydrocarcon with less production of chlorinated intkates and
by products. The reduction power of nZVI is substantially increased it$size
is reduced to nanoscale (< 100 nm) (Zhang 2003, Wang and Zhang 1997, Cheng et
al. 2006). Numerous studies have found that nZVI can effectively degrade
chlorinated solvents, organochlorine pesticides, PCBs, organic dyes, agahinor
pollutants such as perchlorate, nitrate, and heavy metal ions (Eliatt 2009,

Xiong et al. 2007, Lien and Zhang 2007, Song and Carraway 2005, Kanel et al.
2005, Ponder et al. 2000, Li and Zhang 2006, Lowry and Johnson 2004, Su and

Puls 2004). Several field tests have also conducted the promising psoEpean



situ remediation (Elliott and Zhang 2001, Glazier et al. 2003). For thare a
decade, ZVI and nzZVI have been used to treat chloinated hydrocarbon
contaminated groundwater plumes from several source areas. Whig ma
remediation techniques such as permeable reactive barriers acimgetions
have focused on the treatment of contaminants dissolved in groundwater, but no
research has tried to directly remove DNAPL pure phase cont@aisaurces. By
this point, directly removing pure DNAPL contaminated sources mpegdsup the
contaminated site remediation processes.

Because of the relatively high ionic strength of groundwater édplerfor
colloidal aggregation and the high density of iron, bare nzZVI withooper
surface modification has very limited mobility in the subsurfacabadratory
studies have shown that nZVI typically exists as micron sizeckggtes in water
(Sun et al. 2006, Sun et al. 2007, Phenrat et al. 2007). To create andirmaint
stable suspension of nZVI particles, a common strategy is teaiserthe repulsive
electrostatic forces. Several studies have reported that eftainc polymeric
materials are able to stabilize nZVI in water. A wide yamwé polymers has been
investigated including poly acrylic acid (PAA), polyvinyl alwl-co-vinyl acetate-
co-itaconic acid (PV3A), polyaspartate (PAP), Tween 20 and biopotysueh as
soy proteins, starch, and carboxymethyl cellulose (CMC) (Schticl. 2004, He
and Zhao 2005, Phenrat et al. 2008, Tiraferri et al. 2008, Kim et al. 28i@¢9, &
al. 2007, Saleh et al. 2008). Among them, PAA is the first polyased to
disperse nZVI for the field remediation while CMC has regeldlen tested in the
field (He et al. 2010). However, the effect of polymer modifiedaser nZVI

particles is still needed to be researched.



While nZVI has been extensively investigated and applied to reducelkever
contaminants for more than a decade, there is no report on nano-stelespdat
enhance the oxidation. More recently, calcium peroxide {h&s been used as
an excellent oxidant and a reliable oxygen release materiath{Noand Cassidy
2007, Ndjou'ou and Cassidy 2006). This chemical has potential possibibty to
produced in nano size. At the nanoscale, the oxidizing power is expechsd
much higher. Therefore, nanoscale calcium peroxide may be usefliein t
treatment of hydrocarbon pollutants that can be degraded by chemxidation.
Because of their excellent properties, nanoparticles are cortsitbele potential

agents for NAPL remediation.

1.2 Objectives of this research
The overall goal of this research is to study the reactionrajpeaticles to
remediate pure phase organic liquids, often termed Nonaqueous Phask Liqui
(NAPL), in environmental engineering literature. Common NAPLSs uthel
gasoline, jet fuels, diesel, heating oil, and various organic solvegts T€E).
Specific research objectives include:
1. To investigate the feasibility of nano-scale zero valent iratighes (nZVI) for
direct elimination of nonaqueous-phase liquids (NAPLs) such as TCE.
2. Understanding the mechanisms of nZVI reactions with pure phase TCE
(DNAPLSs) to improve the TCE remediation by nZVI particles.
3. Examining the effects of polyelectrolyte polymers such as P&3&PAA on
dispersion and mobility of nZVI through porous media.
4. Preliminary characterization and study the chemical propestithe new type

of nano-scale particles of calcium peroxide (©ad nano-peroxide.



5. Preliminary tests on the ability of nano-peroxide to oxidize gh&oleum

contaminated solution from benzene and gasoline.

1.3 Dissertation Overview

Four chapters (chapter 2, 4 to 6) are presented in the format afljour
publication. Chapter 5 has been published. Chapter 2 reports the reviemoef na
scale zero valent iron particles and chapter 3 serves agpbaneental procedure
introduction. The final chapter, Chapter 7, is a summary of all tioenation and
insights gained from the previous chapters. The brief outlines aif elaapter
(except for chapter 1) are presented as follows:

e Chapter 2 is a review of nzZVI technology, especially focused on
chlorinated hydrocarbon contaminated groundwater remediation and other
current engineering aspects.

e Chapter 3 presents the experimental instruments, materialgtieadahnd
synthetic methods.

e Chapter 4 is the study of feasibility and mechanisms of nZxécdy
reacting with pure phase trichloroethylene (TCE).

e Chapter 5 presents the effect of polyelectrolyte polymers suBtVaA and
PAA to improve the dispersion of nZVI and enhance the mobility ofinZV
through porous media.

e Chapter 6 shows the new type of nano-scale particles oticaloeroxide
including characterization of nano calcium peroxide (nano-peroxide).
Moreover, the oxidization of petroleum contaminated solution such as

benzene and gasoline by nano-peroxide is examined.



e Chapter 7 summarizes the entire research project and outlines maj

conclusions.



CHAPTER 2
Iron Nanoparticles for Chlorinated Hydrocarbon Contaminated

Groundwater: A Review

2.0 Abstract

Iron nanoparticle technology is perhaps one of the first generation
nanoscale environmental technologies. Over the last decade, nizoratday
studies have shown the ability of iron nanoparticles in transfamati a wide
variety of common environmental contaminants such as chlorinated ©rgani
solvents, organochlorine pesticides, PCBs, and various metal iom®ud/a
synthetic and modified methods have been developed to produce high reaative i
nanoparticles. Due to its high reductive power (electron donor) asyl te be
directly injected to contaminated sources, iron nanoparticlethareew effective
way for groundwater remediation. This chapter provides an in-depdtint ren the
synthesis and characterizations of iron nanoparticles. The dégradaf
chlorinated aliphatic compounds in groundwater or subsurface environment by iron
nanoparticles is included. Other topics such as cost, mobility, andtirapaon

nanoparticles are also addressed.

10



2.1Introduction

Nanotechnology is the engineering and art of manipulating mdttirea
nanoscale (<I0 m). For environmental applications, nanotechnology offers the
potential of novel materials, processes and devices with potentmatjye activity
toward targeted contaminants and desired application flexibilignywhano-based
environmental technologies (e.g., sensors, sorbents, and reactantsjle@ractive
research and development, and are expected to emerge soon as genetion
environmental technologies, with the potential to improve or replaceusar
conventional environmental technologies in the near future.

Many nanotechnologies such as nanosorbents, nanosensors, and
nanoparticles have been created, studied, and used to solve environmental
problems. For example, Ferrihydrite, a nano-sized iron oxyhydragidme of
several nanosorbents most widely used for the removal of nastdlsanionic
species from metallurgical and chemical process solutions arslewster
(Strongin et al. 2010). Ferrihydrite nonosorbent can also be usedduoaarsenic
(Jang et al. 2008, Richmond et al. 2004, Jia and Demopoulos 2005) and
phosphorous containing anions (Kang et al. 2003) owing to its high sorption
capacity combined with very large surface area.

A hybrid ion exchanger or polymer-supported hydrated metal oxide
nanoparticles is a new class of nanotechnology for environment that merges the |
exchange technology with nanotechnology. A hybrid ion exchanger isynainl
ion exchanger as functionalized polymeric host that contains oretaétal oxide
nanopatrticles inside its polymer phase. These hybrid nanosorbesusatet the
advantageous properties of several heavy metal removal techndf@grabal and

Sengupta 2005, Pan et al. 2010). While conventional ion exchange offeltsrexce

11



hydraulic properties, but poorly in the contaminant selectivity, esibecnh the
presence of competing ion; conversely, metal oxides such asyégitehoffer
excellent heavy metal, but perform poorly in terms of hydraptmperties and
mechanical strength. By combining metal oxide nanoparticles andxidmange,
excellent hydraulic properties and heavy metal selegtigdn be effectively
integrated.

While the development of nanotechnology for environmental applications
is growing, the studies on their fundamental are still neexlbd tnvestigated. The
first generation of nanoscale materials such as nanoparsclesnained to be
examinated for their properties, structures, etc. For environmgpttinent or
remidiation research, nanoscale iron particles are consideredtop loé¢ interest
for their potential as a remedial reagent for a wide varietycommon
environmental contaminants for more than a decade. Iron nanopanasiesmall
sizes for in situ injection and dispersion, large surface anedshmh surface

reactivity for contaminant transformation.

Iron is the fourth (~5.1%) most abundant element in the earth’s Gitost
core of the earth is thought to be predominantly in an iron nickel &lbon its
known density. Iron exists universally in the combined state as oxdds
carbonates (e.g., magnetite, hematite, limonite, and sideritey. iRur is very
much a laboratory and man-made material. Chemically pure irobeg@roduced
by hydrogen reduction of iron oxides or hydroxides. The iron oxadgpically
prepared by thermal decomposition of a ferrous complex such astepxala
carbonate or nitrate. For example, in one method precipitated irpmytroxide
is heated in a stream of pure hydrogen while the temperauraised to and

maintained at 70@ until the reduction is complete. The iron obtained by
12



hydrogen reduction of oxides at relatively low temperature (360530s
typically in powdered form.

Iron nanoparticle technology represents perhaps one of the first g@mera
nanoscale environmental technologies. Over the last few yeamsuvaynthetic
methods have been developed to produce iron nanoparticles, modify the
nanoparticle surface properites, and enhance the efficienceldfdelivery and
reactions. Extensive laboratory studies have shown that nanoscagbaitictes are
effective for the transformation of a wide variety of common emvirental
contaminants such as chlorinated organic solvents, organochlorine desstici
PCBs, and various metal ions. Recent field tests have further dieateds
promising prospective for in situ remediation.

Objective of this chapter is to provide an in-depth report on thdasist
and characterizations of iron nanoparticles. The degradation of chldrinate
aliphatic compounds in groundwater or subsurface environment by iron
nanoparticles is included. Other topics such as cost, fate anddrgrad toxicity

of iron nanoparticles are also addressed.

2.21Iron nanoparticles for groundwater remediation

Zero-valent iron (ZVI) has been increasingly used as @umgtwater
remediation agent since early 2000s in the permeable reactivier f@RBS)
systems (Gu et al. 1999, Reynolds et al. 1990). In 1996, iron nanoparicids$ (
with sizes less than 100 nm diameter were synthesized athLehigersity (Wang
and Zhang 1997). nZVI have much higher specific surface areas’(@pthan the
conventional granular iron or microiron particles, which have specific suai@as

less than 1 Alg (Wang and Zhang 1997). nZVI particle synthesis using the
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borohydride (BH') reaction has been used in many laboratories (Sun et al. 2006,
Masciangioli and Zhang 2003, Wang and Zhang 1997). It is also fedseible
produce ultrafine iron particles using mechanical attrition. Redaboratory
research has largely focused on the degradation of common environmental
contaminants including chlorinated organic compounds, organochlorine pesticide,

polychlorinated biphenyles (PCBs), and organic dyes by nZVI.

2.2.1 Iron Nanoparticle Synthesis

There are two general approaches to prepare iron nanoparticleswap-
and bottom-up. The top down approach involves mechanical attrition of much
larger iron particles, and has been widely used in the production of fine (e.g., micro
and millimeter) metal particles and colloidal particles of nuoug materials (e.g.,
coatings, inks, paints). The bottom up approach entails chemical syndnesis
growth of crystals or clusters of metals. The size canooéralled by adjusting
reaction time, reactant concentrations, mixing conditions, etc. Thenbaip
approach has been preferred for the preparation of nanoparticlesssgearaum
dots.

There are several complicated methods to produce iron nanogarfibke
simplest way is the “bottom-up” reduction of ferrous or ferric iBe’{, F€™) to
zero-valent iron [Fe(0)] by sodium borohydride as the followingti@ag\Wang

and Zhang 1997):

4FS* + 3BH, + 9Hy0 — 4F&L + 3H,BO5™ + 12H' + 6Hy (2.2)
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1:1 volume of NaBlZ (0.2 M) and Fe&.6H,0 (0.05 M) are mixed for 20-30 min

to generate very fine iron particles. The particles are hadwesith vacume
filtration and washed with large volume of deionized water (>100 )nlL/g
Complete reduction of 0.05 mole ¥erequires only 0.0375 mole of BH
Excessive borohydride (0.2 M) is applied to accelerate the systfeestion and

promote rapid and uniform growth of iron crysta®ynthesis at much lower
3 -
concentrations of both Fe and BH, is also successfully performed. Other

borohydride salts (e.g., potassium borohydride) can be used. Bulk girice
potassium borohydride is actually much lower than sodium borohydride.
Furthermore, ferrous iron (& can be used instead of ferric {Heion. Use of
divalent iron can substantially reduce the consumption of borohydride gdetem
reduction of 1 mole Pérequires only 0.5 mole of BHinstead of 0.75 moles for
the complete reduction of ferric ion. The beauty of the above methdudhtist t
requires no special equipment and facility and can be conducted int &mos
chemical laboratory.

Moreover, iron nanoparticles can also be formed via heat treatheon
carbonyl (e.g., Fe(C@) For example, iron pentacarbonyl is decomposed at
around 250C to give iron as a fine powder free from most impurities. &hgelst
use of iron pentacarbonyl is for the production of carbonyl iron powdes. i
achieved by decomposition of Fe(GOn a cavity decomposer to give spherical
iron particles of 1-10 um. Pure iron particles can also be prepgretectrolysis
of iron(ll) salt (e.g., FeG) (Elihn et al. 1999, Choi et al. 2001, Deppert et al.
2005).

The synthesized iron nanoparticles can be doped with varioustetwe

metals such as palladium, silver, copper etc. In general, reangt@s such as
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iron and zinc have relatively low standard potentials (Table 2.1), amndarve as
the reductants. In other words, iron can reduce the ions of CobNGWR Ag, and
Pd. The reduced metal precipitates on solid surfaces. For exgrafielized Fe
particles are prepared by soaking the freshly prepared nanoscabarticles with

an ethanol solution containing 1wt% of palladium acetate ([;#d§05)5]3). This

caused the reduction and subsequent deposition of Pd on Fe surfaceafMiang

Zhang 1997):

Pt + FP » Pd + F&* (2.2)

There are two important implications for the bimetallic pagscl (1) many
bimetallic particles have been shown with enhanced reactivity dswaarious
contaminants (Zhang et al. 1998, Grittini et al. 1995, Korte €985, Muftikian
et al. 1995). In other words, the surface metals may serveatad/sts for
contaminant transformation; (2) the iron particles could be used tweeand
remove metal ions in water. For example, if iron nanoparticeegé&oduced to an
aquifer contaminated with Ni(ll), Ni(ll) can be instatanouslydueed and
precipitated on the iron nanoparticles. Furthermore, bimetadlimparticles can
form in situ if the groundwater contains heavy metals. The irooperticles thus
have the potential for rapid immobilization of various heavy metalsoil and

groundwater.
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Table 2.1. Standard electrode potentials at 2&.

E° (volts)

A¥ +3 e Al -1.68
Zn**+2 6 Zn -0.76
Fe*+2 e Fe -0.41
Co® +2€é Co -0.28
Ni**+ 2 é < Ni -0.24
Pb* +2 €< Pb -0.13
Cu*+2ésCu 0.34
Ag'+ € © Ag 0.80
Pd®* + 2 é < Pd 0.987

Moreover, to enhance the dispersion of iron nanoparticles, many pslyme
such as poly(acrylic acid) (PAA), poly(methacrylic acidydi-poly(methyl
methacrylate)-block-poly(styrensulfonate), water-soluble stgi®bhrick et al.

2004, He and Zhao 2005, He et al. 2010, Sun et al. 2007), and (PV3A) (Sun and
Zhang 2005, Sun et al. 2007, Li et al. 2006b) have been used for stakalzing

reducing the size of the particles.

2.2.2 Costs

A main concern is the cost of nanoparticles. It is a questiom lesked
constantly. In the early phase of our work (prior to 2000), there wasmmercial
supply of iron nanoparticles. Small quantities (e.g., <10 kg) were apar
laboratory for bench- and pilot-scale tests. The cost was rdtiger (e.g.,
>$500/kg). Several vendors have since started limited production of iron

nanoparticles. The price is coming down rapidly (e.g., <<$50/kg).
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Even with the increased supply and reduced price, the generappen is
that the nanoparticles are still too expensive for real world cgtjgns. A careful
analysis suggests the contrary, that iron nanoparticles actffdlya much better
economics due to its large surface area. As shown in Tabledi2Zianoparticles
have much lower cost per unit surface area and consequently cammoiter
higher return in term of performance. Moreover, research has demonstratbe tha
iron nanoparticles have much higher surface activity per unit tdcuarea. For
example, the surface area normalized reaction rate for TGE BCEs
dechlorination for iron nanoparticles was 1-2 orders of magnitudes hilgaer
bulk (~=10um) iron powders. The key hurdle for the application of iron
nanoparticles is perhaps not the cost, but demonstrated field peré@roathe

technology at large scale.

Table 2.2. Comparison of unit cost between iron powder and nano iron.

Iron Filings Nano Iron
Diameter (d) 0.5 mm 50 nm
Surface area (SSA) 1.5%kg 15,000 rfkg
Cost per kg ~$0.5/kg <$50/kg
Iron surface/dollar 3 Adollar <300 n/dollar

Source of information: Lehigh Nanotech LLC

2.2.3 Particle Size Measurements

Images of the nanoparticles, prepared by sodium borohydride in our
laboratory, were recorded with a Philips EM 400T Transmission rilect
Microscopy (TEM) operated at 100 kV. Nanoparticle samples werpared by
depositing two to three droplets of diluted Fe nanoparticle contaeiingnol
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solution onto carbon films (Ernest Fullan Inc.). Measurement of ov@pégicles
was conducted and a sample picture of iron nanoparticles is mesanfigure
2.1. A size distribution of 420 patrticles counted is shown in Figure 2l2mean
value of particle diameter at 624689.6 nm and the median size at 60.2 nm. Most
particles (83%) had diameters less than 100 nm and 35% les&Qham. As

shown in Figure 2.3, the laboratory prepared iron particles were largelycsthher

0,2 L

Figure 2.1. Micrographs of iron nanoparticles: (a) a single iron pdicles, (b)

multiple iron particles.
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Figure 2.2.Size distribution of the iron particles. A total of 420 partices were

counted.
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Figure 2.3.The image of single iron nanoparticle showing the sphericahape

of the particle.

2.2.4 Surface area

Reactions with zero-valent iron are the net results of surfeezBated
reactions. In other words, it is the surface atoms that contriticgetly to the
reactions. The larger the available surface area, the higheate of contaminant
degradation (Johnson et al. 1996, Zhang et al. 1998, Lien and Zhang 1889). T
reaction rates are expected to decrease with time as flaeesiayer is oxidized
from metallic to ferrous and to ferric iron and deposited withti@adbdyproducts

such as iron hydroxides and calcites.
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Nanoparticles refer to particles generally smaller than 100 mmab&ious
effect of small particle size is the increased surfaea.afhe smaller the particle
size is, the larger the specific surface area (S68y.a spherical particle with a

diameter of d, SSA can be calculated by the following equation:

_Surface Area 7d® 6 (2.3)
Mass 74s pd |
6

Wherep is the density (kg/f) of the solid particle. For example, iron powders or
filings used in permeable reactive barriers (PRBs) have déasngfpically on the
order of 0.5 mm and thus a theoretical SSA of approximately ¥¥gnfor iron
nanoparticles of 50 nm, the corresponding SSA is ~15,00ymMore examples

of calculated and measured SSAs are given in Table 2.3.

Table 2.3. Specific surface areas (SSA) of spherical iron particles.

Diameter (d) SSA (nf/kg)
1 nm 763,358’
1um 768)
1 mm 0.768
0.4 —2.0 mrt? 1.68?
1 pm? 1,000
66 nnt” 14,506
Q) Calculated using Equation (3) withat 7,860 kg/mhfor iron.
(2) Measured BET surface area with a Micromeritics @®@@rface area analyzer.
3) Iron particles from Aldrich (10-40 mesh)
4) Iron particles from BASF
(5) Particles synthesized in this work
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BET (Brunauer-Emmett-Teller isotherm) is the basic method f
determining the surface of particles. The basis of BET adsorgtiwall known in
the literature and is as follows. The iron sample is containgdnwan evacuated
sample tube cooled to cryogenic temperature. It is then exposed to nitrogéra gas a
series of precisely controlled pressures. With each incremamssure increase,
the number of nitrogen molecules on the surface increases. Thargrassvhich
adsorption equilibrium occurs is measured and the Universal Gasdrawe used
to determine the quantity of gas adsorbed. As adsorption proceedsckineshiof
the adsorbed nitrogen film increases with surficial microporasgylfédled before
macropores. The process continues until the point of bulk condensation of the
nitrogen and then the reverse sequence of desorption occurs. The 8gstema
sorption and desorption of nitrogen provides a wealth of information on tiaeeur

characteristics of the iron. The average specific surface aramafanoparticles is

about 30 - 35 r?°lg (Zhang 2003). As a comparison, a 10-40 mesh (2 — 0.425 mm)
iron filing from Aldrich was also analyzed. This Aldrich iron ha8B&T surface

area of 1.5 fikg (Cao et al. 2005a).

2.2.5 Efficiency of materials utilization

Smaller particles also mean higher efficiency of materiatilization
efficiency. It is rather informative to estimate the fimactof iron atoms on the
surface as a function of particle size. As illustrated gufé 2.4, for a cube of iron
particles with n atoms on each side afddtoms in total, the percentage of atoms

on the outer surface can be calculated:
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2 _ 2 _ 2
D number of surface atom:s 2n° +(n 2)[21 (n-2) ]_100 (2.4)
total number of aton n

Therefore, for a cube of 8 atoms (Fig. 2.4), all atoms sit orsuhface and are
exposed directly to the contaminant molecules in solution. As aliestrin Figure

2.5, D decreases rapidly with increasing particle size. Apdbticle grows, atom
becomes surrounded by their neighbors, the dispersion (D) decreases. F
nanoscale iron particles with average particle size of 50 nnepthesponding D is
~3%. To compare, iron powders with diameters at 0.5 mm have a thalobeté

only 0.0003%.

64 atoms

27 atoms

8 atoms

Figure 2.4. Cubes of iron atoms illustrating the number of ironatoms on the
outer surface. All atoms (100%) are on the surface for a cube &fatoms (23).
For a cube of 27 atoms (33), 26 of the atoms (96.2%) are on the outerface.
For a cube of 64 atoms (43), only 56 of the atoms (87.5%) are on the eyut
surface. Only a very small fraction of the atoms are on the outesurface for

large (e.g., > 1 um) patrticles.
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Figure 2.5. The fraction of atoms on the outer surface (D) as ariction of
particle size (d). D decreases rapidly with increasing padle size. An atom of
iron has a diameter of approximately 0.25 nm. Four iron atoms have a total

length of roughly 1 nm.

2.2.6 Water Chemistry

The oxidation of iron in the presence of oxygen and water is anoom
case of iron corrosion which, because of its enormous economic impotasce,
received much attention. For corrosion to occur at room temperdtarprdsence
of water, an electrolyte (e.g., chloride) and oxygen is crutiah completely
immersed in fresh or salt water undergoes slow oxidation. Iratat@n is more
rapid if iron is only partially immersed since oxygen is rapidplenished at the
iron-water interface. The mechanism of corrosion is undoubtly etdwmical.

The corrosion rate is governed by processes occurring atates-won interface.
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At this junction, oxygen is reduced by a stepwise cathodiciogaathich can be

summarized as:

0O, + 2H,0 + 4é —» 40H (2.5)

The four electrons required for this reaction are supplied by inb@rieg the

solution as iron (ll) cations in an anionic reaction which may be summarized:

2Fe— 2F€" + 46 (2.6)

It is well known that zero-valent iron reacts with water amith naturally-

occurring electron acceptors such as molecular oxyggn (O

F€s) + 2HO0@q > F€%aq + Hog + 20Hug (2.7)

2F8) + 4H ag) + Obaq) — 2F€7ag) + 2H:0y) (2.8)

According to above reactions, iron-mediated reactions should produce a
characteristic increase in pH and decline in dissolved oxygen coato@mtand
solution standard electrode potentiahXE

As shown in Figure 2.6, a highly reducing environmegt<E 0) is created
through the rapid consumption of oxygen and other potential oxidants and
production of hydrogen. At iron nanoparticle concentration at 1.6 mg/L, the
standard potential is reduced from +500 mV to below zero in ~ sec®hds.

highly reducing conditions are requisite for chemically-inducedldeaation. It
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is also possible that at some sites, small amount of iron nanoparticles couddi be us

to rapidly create a favorable anaerobic environment for enhanced biodegradation.

0.6
Solution Eh

0.0013 g/L

1000 150

Eh (volts)

0.00375 g/L

0.031 g/L

0.16 g/L

-0.6
Time (seconds)

Figure 2.6. Eh as a function of reaction time and nanoparticle dosage.

2.2.7 Degradation of chlorinated aliphatic compounds

Unique physical, chemical and biological properties have been observed in
various nanoparticles. Gold, for example, is a famous inert megaleter, recent
research reveals that nanoparticles of gold (<10 nm) arenaatly reactive, with
the capacity to catalyze chemical reactions such as oxidattioarbon monoxide
and hydrocarbons. It has been suggested that below 100 nanometer, the quantum
forces that govern the behavior of individual atoms and molecules leegave a
discernible impact on metals and other materials, which caruemde

characteristics like mechanic strength, electrical condtgtivand chemical
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reactivity. When sizes are significantly less than the leagth of visible lights
(400 - 700 nm), the particles are much less effective for ligieai®n and more
effective for light adsorption. New phenomena of chemical, photochenaiadl,
biological reactions could be generated. For example, our work hashoedfihe
complete reduction and dechlorination of perchlorate {Cl6y the nanoscale iron
particles while no reaction was observed with microscale iroticlesr under
identical experimental conditions (Cao et al. 2005b). Small patielgh large
fraction of atoms on the outer surface and on the edges of thegsaréind have
higher surface electron density and better access by contanmmd@tules in
water. This can result in accelerated reactions with nanogartiéls discussed
later, reactions with the iron nanoparticles have general loeteraBon energy
(Es). In other words, the nanoscale particles behave like catalysts.
The chemical principles underlying the transformation of halogédnat

hydrocarbons by zero-valent iron have been particularly well dauacheZero-

valent iron, ZVI, is an efficient electron donor in water:

Fe - F&" + 2e B=+0.447V (2.9)

Many environmental contaminants such as polychlorinated hydrocarbon
and heavy metals can serve as the electron acceptors. xaarple, the
dechlorination of chlorinated hydrocarbon solvents such as trichloroetimene a

tetrachloroethene serves as a good example (Matheson and Tratnyek 1994).

RCl+ H +2€ > RH + ClI (2.10)
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From a thermodynamic perspective, the coupling of the reactions (®19) a

(2.10) is often energetically highly favorable:

RCI+H +Fé > RH+Fé" +Cr (2.11)

For dechlorination by zero-valent iron, there are three potential
transformation mechanisms proposed: (1) direct reduction at the sudiie; (2)
reduction by ferrous iron at the surface; and (3) reduction dyolggn (Matheson
and Tratnyek 1994). Reduction by ferrous iron, in concert with odritginds, is a
slow process. Electron transfering from ligand-ferrous ions throughA¥ieoxide
shell is thought to be relatively slow and is probably not of greasequence.
Dissolved hydrogen gas is not a facile reductant, and wikowtribute directly to
dehalogenation in the absence of a suitable catalyst (e.g.Tetefore, direct
reduction at the surface of metal is a major mechanism foddbkelorination of
zero-valent iron. Several papers explain that the dechlorinatioarbyvalent iron
is occurred at the surface of iron particles (Matheson and Btatt894, Zhang et
al. 1998, Arnold and Roberts 2000). The core-shell structure model drasised
to explain the transformation of halogenated hydrocarbons at thecswf iron
particles (Li and Zhang 2006, Li et al. 2006b). However, the ratiedilorinated
reaction by zero-valent iron can be described by easy psesto+fier model
with surface area-normalized kinetics as following equation: (Johetsah 1996,

Zhang et al. 1998, Lien and Zhang 1999)
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dc
— = ~KsaaspmC (2.12)

Where:

C = concentration of organic compound in aqueous phase (mg/L)
ksa = Specific reaction rate constant (L/Am

as = specific surface area of Fe0qg)

pm = the mass concentration of Fe (g/L of solution).

Following the reaction above (EqQ. 2.11), iron nanoparticles can reshace
dechlorinate many common chlorinated aliph&gidrocarbons. For example, TCE
can be rapidly dechlorinated to ethane and CT can be reducedttp methane.
The reduction power of nZVI is substantially increased whesiZtsis reduced to
nanoscale (< 100 nm) (Zhang 2003, Wang and Zhang 1997, Cheng et al. 2006).
The dechlorination reaction rate of ZVI is depended upon the surfac&ore
(Matheson and Tratnyek 1994, Johnson et al. 1996). Therefore, nZVI irsc&Bo
with huge specific surface at around 34.gi compared to less than ' of
micro scale ZVI (Zhang et al. 1998, Sun et al. 2006) also has \asty f
dechlorination reaction rate. Extensive laboratory studies have deatedsthat
nZVl is a very effective material for transforming a wigieay of environmental
contaminants such as chlorinated organic solvents, organochlorine desstici
polychlorinated biphenyls (PCBs), organic dyes, and various inorgamigozonds
(Zhang 2003, Lien and Zhang 2001, Wang and Zhang 1997, Li et al. 2006b).
Figure 6 presents an example of a laboratory study on a migfuchlorinated
hydrocarbon. Six compounds mixing trans-dichloroethene (t-DCE), cis-
dichloroethene (c-DCE), 1,1,1-trichloroethane (1,1,1-TCA), tetrachlor@sidyl

(PCE), trichloroethylene (TCE), and tetrachloromethane were tigagsd. The

30



initial concentration was 10 mg/L for each of the six compounds laadatal
nZVI loading was 5 g/L. As illustrated in Figure 2.7 by thentt illustrated in the
gas chromatograms over the reaction course, all of six compounelsedeced by
the ZVI nanopatrticles. Within one hour, over 99% removal of PCE wasvelse
Greater than 95% removal efficiency of the 6 compounds wasvachwgthin 120
hours. So far, little has been published on the treatment of pure plyzsecor

pollutants.
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Figure 2.7. Reactions of iron nanoparticles (5g/L) with a mixture of
chlorinated aliphatic hydrocarbon. Gas chromatograms are shown irthis
figure. Six compounds with initial concentration at 10 mg/L arepresented,
trans-dichloroethene  (t-DCE), cis-dichloroethene  (c-DCE), 1,1,1-
trichloroethane (1,1,1-TCA), tetrachloroethylene (PCE), trichbroethylene
(TCE), and tetrachloromethane (Zhang 2003).
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2.2.8 Bimetallic iron nanoparticles

As mentioned previously, iron nanoparticles can form bonds with various
less reactive metals such as palladium, silver, copper etcnéooparticles can
reduce Co, Ni, Pb, Cu, Ag, Pd and the reduced metal precipitatesrosutifi@ces.
Many bimetallic particles have shown with enhanced reactivityatdsv various
contaminants (Grittini et al. 1995, Korte et al. 1995, Muftikian et18B5). In
other words, the surface metals may serve as catalystscdotaminant
transformation. By the corporation of a noble or catalytic meizh s Pd, Ni, Pt,
or Ag, iron nanoparticles can substantially enhance the overallodieettion rate.
It has been reported that the surface area normalized ratentqisig of Fe/Pd
nanoparticles for the degradation of tetrachloromethane is morewitenadrders
of magnitude of microscale iron particles (Lien and Zhang 1999). activation
energy of Fe/Pd nanoparticles in the transformation of tetraehloriene (PCE)
was calculated to be 31.1 kJ/mole compared to 44.9 kJ/mole for iron niciepa
(Lien and Zhang 1999). The fast reaction generated by the Hiogeta
nanoparticles also reduces possibility of toxic byproduct faomatand

accumulation.

2.2.8.1Function of secondary metallic catalyst

In principle, iron can reduce metal ions such as Co, Ni, Pb, and @h whi
have higher standard potentials (E) as shown in Table 2.1. Furthermsralso
possible to prepare bimetallic particles of Zn-Pd, Zn-Ni Atanany sites, metal
ions such Ni(ll) and Cu(ll) co-exists with chlorinated solventsn&allic iron
nanoparticles (e.g., Fe-Me) can actually form in situ. The preseinsome heavy

metal ions actually promotes the reduction of halogenated hydrocarbons.
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In our laboratory, iron nanoparticles with varied palladium loadings (O-
50%) were prepared and tested according to Lien and Zhang (20i0dmén all
of the batch experiments, the initial concentration of TCE was 120 axgl the
metal loading was 0.25g per 50 mL aqueous solution. Higher degradattsnof
TCE by nanoscale Pd/Fe particles appeared between 1 and 5% idiyt we
palladium. The reactivity was greater than the iron nanopartidesh no
palladium) by a factor of about 50. Little benefit was observed when thdipaila
content increased from 5 to 50%. Actually, the reactivity actuddgreased
significantly. No reaction was observed when the palladium contest wa
approximately 50% of iron mass. If the role of palladium is puaebatalyst, a
monolayer of palladium on the nano iron surface should be sufficieatl tiie
palladium atoms are closely packed, it requires ~9.3% wt of pathath form a
monolayer of palladium.

Surface composition of the bimetallic particles was determmedhe
methods of X-ray diffraction (XRD). The XRD analysis was comeldiavith a
Philips XRD 3100 diffractometer at 45 kV and 30 mA. It used copper K
radiation and a graphite monochromator to produce X-rays with a wavelehgt
1.54060 A. Iron nanoparticles were placed in a glass holder and sdemme20
to 60° 26. This scan range covered all major species of iron, paitadiPd/Fe
alloy, and iron oxides shown in Table 2.4. The scanning rate waat s20

degree/minute.

34



Table 2.4. XRD diffraction angles of characteristic peaks for on and

palladium.

Species of iron Diffraction angle (260)

Iron (Fe) 44.P (main peak), 650

Iron Oxide (-F&03) 30.%, 35.8 (mean peak), 43°3
Palladium (Pd) 402 (main peak), 464 67.8, 81.9, 86.5
Palladium Oxide (PdO) 33633.9 (main peak), 4271 54.9

An example of X-ray diffractogram of nanoscale Pd/Fe padid shown

in Figure 2.8. Apparent peaks included zero-valent iron, iron oxidgOgjeand

palladium that appeared at thé &f 44.9, 35.8, and 40.0, respectively. This
confirmed that the nanoscale Pd/Fe particles had the surfaceusts consisting

of mainly iron and palladium.
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Figure 2.8. X-ray diffractogram of nanoscale Pd/Fe particles.

A total of 15 chlorinated aliphatic compounds were tested in our lalbprat
as listed in Table 2.5. An example is shown in Figure 2.9. Concentratibigs 9
are expressed as the ratio to initial organic carbon. Imneealgtearance of ethane
corresponds to the disappearance of PCE. Average yield of etlaan@0 % after
one hour. Trace amounts of TCE were detected briefly (< 1 hotg.amount of
TCE was near the detection limit (< 10 pg/L). No other produas detected

within a three-hour reaction time.
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Table 2.5. Chlorinated aliphatic compounds tested by Fe/Pd nanoparticles

Compound Name Molecular Ksa K s

Formula | (L/m%hr) | (L/Im?hr)

1 Tetrachloroethylene (PCE) 2Cly 0.0122 2.1x10

2 Trichloroethylene (TCE) £Cl3 0.0182 3.9x10

3 | trans-Dichloroethyleneténs-DCE) GH.Cl, 0.0151 1.2x10

4 cis-Dichloroethylene (cis-DCE) E,Cl, 0.0176 4.1x19

5 1,1-Dichloroethylene (1,1-DCE) 2B8.Cl, 0.0115 6.4x10

6 Hexachloroethane (HCA) 2Clg 0.020 0.031

7 Pentachloroethane (PCA) 2HCls 0.026 -

8 1,1,1,2-Tetrachloroethane CH.Cly 0.021 0.014

(1,1,1,2-TeCA)
9 1,1,2,2-Tetrachloroethane C,H.Cly4 0.0088 0.012
(1,1,2,2-TeCA)
10 1,1,1-Trichloroethane C2HsCl3 0.0054 0.011
(1,1,1-TCA)

11 Carbon Tetrachloride (CT) Cgl 0.009 -

12 Chloroform (CF) CHJ 0.0065 -

13 Bromoform (BF) CHBg 0.079 -

14 Dibromomethane (DBM) CHBr, 0.044 -

15| Dibromochloromethane (DBCM) CHRel 0.056 -

(1) Ksa values for microscale iron particles (Johnson.etl896)
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Figure 2.9. Reactions of nanoscale Pd/Fe bimetallic particlestwi20 mg/L of

PCE. Metal to solution ratio was 0.25g/50mL (Lien and Zhang 1999).

The rates of transformation are quantified by the surfaes-aormalized
rate coefficient (L/hr/r®). Values of ks for other compounds are given in Table
2.5. It also contains literaturesKvalues for much larger iron particles (Johnson et
al. 1996). Three key observations can be made: {1 )vKlues for the nanoscale
metal particles were about 5.8 to 429 times higher than the camalmgnade iron
particles. These results for nanoscale bimetallic iron pestiaie consistent with
experimental observations for palladized iron (40 mesh), which feerel to be
more than an order of magnitude faster than zero-valent iron faatiefdrmation
of TCE (Liang et al. 1997). Several factors may contribute s rate
enhancement. Laboratory synthesized nanoscale iron surfaces maya have

“fresher” metal surface due to less surface oxidation amstidace contamination.
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Mass transfer resistance in the batch system could alsosbsidesicant. It was
observed that the Aldrich iron particles settled at the bottonheofoitch bottle
while a large fraction of nanoscale iron particles remained sdsgen solution.
Therefore slow transport or diffusion of chlorinated ethylenes tedtiked Aldrich
iron surfaces may have contributed to the slower reaction for thexemmal-grade
iron particles. (2) Differences of nanoscale metg, Kalues among the
chlorinated ethylenes are quite small (max/min=1.50), compared dersoof
magnitudes for the larger iron particles. (3) Bathrad Ksp are tens to hundreds of
times higher than those of commercial-grade iron particles. Takenwhole, the
overall performance of a nanoscale metal system could be pdietit@aisands of
times better according to Eq. 2.12.

Based upon our laboratory experiments on Pd/Fe nanoparticles, the
mechanism of bimetallic has been proposed (Lien and Zhang 200&gi&al on
iron surface creates indirect reduction by producing atomic bgdroBecause of
low activation barrier for kldissociation on palladium surface (2 kcal/mol or less)
(Masel 1996), atomic hydrogen is readily formed at the paltadiurface with the
low cathodic hydrogen overpotentials. A conceptual model that expthms
catalytic behavior of palladium in the hydrodechlorination of chlorahate
hydrocarbons is illustrated in Figure 2.10. Following Eq. 2.7, watdrssociated
by zero-valent iron and produces the hydrogen evolution and is folloyede
formation of atomic hydrogen at the palladium surface. Then, atoydimdgen
degrades chlorinated hydrocarbons such as PCE through a surfaeéethedi
process (Fig. 2.10). This proposed model explains the intrinsic function

palladium and how the proton source gets involved into the overall reaction.
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Figure 2.10. A conceptual model for the hydrodechlorination of

tetrachloroethylene.

2.2.9 Effect of Temperature

All chemical and biological reactions are influenced by tempeszat
changes. Laboratory experiments are typically conducted at rooipetatures
(~=20°C). On the other hand, temperature in the subsurface environmentalyypi
in the range of 10-F&. It is thus of great importance to determine the effect of
temperature on the rate and extent of dechlorination with the aonaparticles.
Data gathered under different temperatures could further pravéihts into the
underlying reaction mechanisms. For example, a chemical ioeadce.g.,
oxidation-reduction) tends to show larger temperature dependence phasical
process (e.g., sorption). As a matter of fact, the effectingbeéeature on the rate of
heterogeneous reaction has frequently been used as a toolrguikét the rate-
limiting step, which may involve a chemical reaction at the saréa the diffusion
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of a reactant to the surface. Diffusion-controlled reactionsgure@us solution
have relatively low activation energies (-8 to 21 kJ/mole), wkemraface-
controlled reactions may have relatively larger activation es®ig 29 kJ/mole)
(Brezonik 1994).

Batch experiments with the nanoscale Fe and Fe/Pd particles we
conducted in temperatures ranging frofC50 50C (Lien and Zhang 2007).
Batch bottles were incubated in a Fisher Scientific 307 émperature incubator.
Results for PCE dechlorination are shown in Figure 2.11. It was obViau®CE
reduction increases with increasing temperature. Completadiggmn of PCE
took less than 45 min at 3D and over six hours afG with the nanoscale Pd/Fe
particles. Experiments conducted under similar conditions showedt ttaaiki
more than 100 hours to achieve similar results by the nanoscalertfedepaat

25°C (Fig. 2.11b).
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Figure 2.11. Transformation of PCE by nanoscale Pd/Fe particles dniron
nanoparticles. Initial concentration of PCE was 30 mg/L. (a) nanoste Pd/Fe
particles loading was 0.25g in 150 mL and (b) iron nanopatrticles loaty was
1.0g/150mL.
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Effect of temperature on reaction rate is often expressetiebglassical
Arrhenius equation:

E
k= Aex _a (2.13)
pE RT)

where k is the rate constant, A is a frequency factor, anis Ehe activation

energy. Integrating the above equation yields:

Lnk = —Ea /RT +In A (2.14)

A plot of Ln k versus 1/T would result in a linear relationshiphasa in Figure

2.12.
2_
O | y = -3737.060x + 13.375 r 2=0.952
o @® Nanoscale Fe,
" Ea=44.9 KJ/mole
< 2
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Figure 2.12. Activation energy for the transformation of PCE by nancsale

Pd/Fe and iron nanopatrticles.
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For the nanoscale Pd/Fe bimetallic system, the measuredarsttarmts
were 1.14, 1.23, 2.07, and 6.71 thrcorresponding to 5, 15, 25, and°60
respectively. For the nanoscale Fe system, the measured rattongre 0.011,
0.023, 0.064, and 0.081 M corresponding to 15, 25, 40, andGQrespectively.
The slope of the plot was assigned as a ratio of the activatiogydiig) to the gas
constant (R) in Fig. 2.12. By this method, the activation energiehafatgenation
of PCE by nanoscale Pd/Fe and Fe particles are approxingitelyand 44.9
kJd/mole, respectively (Lien and Zhang 2007). Using Eq. 2.14, the reaateofor
the Fe/Pd particles will be 278.47 times as that of the iron neres at the
same temperature if the A is assumed to be the same fowthdypes of
nanoparticles. Adding 1% of palladium clearly enhances the ratecbforination.
The reduction of the activation energy for the Pd/Fe bimetalbtemn suggested
further supports the hypothesis that palladium serves as aystafal the
dechlorination and hydrogenation reactions.

The activation energy can be considered to be the kinetic ibdratthe
molecules must overcome in order to compete the dechlorination oreacti
Heterogeneous reactions usually involve multiple reaction stepbkeiroverall
reaction of PCE or TCE with iron particles including the diffasiof PCE
molecules onto the surface, chemical reactions occurring on tlfecesuand
diffusion of product(s) back into the solution. The rate-limiting stie,slowest
reaction step requiring the greatest activation energy, detesmihe overall
kinetics. The activation energies obtained in this study using PalideFe
particles are greater than 29 kJ/mole, a suggested minimu ofithe activation
energy for chemical-controlled reactions. This may imply that the sucfammaical

reaction could be the rate-limiting step for PCE transformatio8imilar
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conclusions for the dehalogenation of TCE and CT using zero-viabenivere
also suggested by Su, and Puls (1999): #£32.3 — 39.4 kJ/mole for
dehalogenation of TCE (Su and Puls 1999), and Scherer et al. (19975639

kJ/mole for CCJ and 40.5 kJ/mole for hexachloroethane (Scherer et al. 1997).

2.2.10 Mobility

An important attribute of nanoparticles is the high mobility in
environmental media, especially in the subsurface environment. An irticigoan
water is subjected to various forces, e.g., gravitational retatic, magnetic, and
random Brownian motion. For large particles (e.g., diameter > 1, |ime)
gravitational force dominates and leads to rapid sedimentation atlgmrt For
ultrafine iron particles (<100 nm), the random Brownian motion could govern.
Evidence observed suggests that iron nanoparticles have strong tetméomen
much larger aggregates. As discussed later in this paper, tevetglastable
dispersion of iron particles can be prepared by modifying the Stoface. The
surface modified iron nanoparticles can remain in suspension for egtpedods.
Stable dispersion of iron particles offers the possibility of uncarat@d injection,
mixing and rapid transport within the slow flowing groundwater. Mainy situ
injections have been reported so far (Elliott and Zhang 2001, Wei2&t1®, He et
al. 2010, Henn and Waddill 2006, Quinn et al. 2005). However, many fietd tes
indicate that nZVI may migrate only very short distanesv(feet) from the point
of injection (Zhang 2003).

Aggregation and sedimentation of nZVI can be controlled by Brownian
diffusion and advection. Unfortunately, the relatively high ionic strength

environment of groundwater results in a colloidal aggregation and thelaiglity
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of bare nzZVI limit their mobility in the subsurface. Based uponotiles of

colloidal aggregation in water, it has been generally assumedZika suspension
in water depends on the net effect of attractive and repulsivesfamong nZVI
particles. According to the DLVO theory, the overall stapiit a colloidal system
is determined by the sum of van der Waals attraction andadeatic double layer
repulsion (Stumm and Morgan 1996).

To create and maintain stable suspension of nzZVI particles, axaom
strategy is to increase the repulsive electrostatic forSeseral studies have
reported that the certain polymeric materials are abletnlige nZVI in water. A
wide array of polymers has been investigated including poly acagid (PAA),
polyvinyl alcohol-co-vinyl acetate-co-itaconic acid (PV3A) andpolymer such
as soy proteins, starch, and carboxymethyl cellulose (Schrigk 2004, He and
Zhao 2005, He et al. 2010, Sun et al. 2007). In general, the polymerstsaisi
polar anchoring groups (e.g., -COOH, -OH, -C=0) and a statgliaydrocarbon
chains. The anchoring groups can chemically or physicallyrattato the surface
of nZVI1 while the stabilizing chains in water can waggle aroundtalkel up varied
configurations. Overlap of these flexible chains associateld thé neighboring
particles produces electrostatic and steric repulsions betweerigsaand can thus
stabilize the particles under certain conditions (Everett 1989). @uropis work
has demonstrated that PV3A provides great electro-steridizaéibn for nZVi
(Sun et al. 2007, Sun and Zhang 2005). As illustrated in Figure 2.13, in the absence
of PV3A, the bare nZVI, has a particle size of about 100 nmighapparently a
loose aggregate of numerous primary ZVI nanoparticles with tedess than 10

nm (Lin et al. 2010). The bare nZVI aggregates and precipitage$ew min. With
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the addition of PV3A, nZVI with the size of about 15 nm can exiswvater for
months (Li et al. 2006b).

In general, aquifer materials are negatively charged;, tausegatively
charged surface of particles would be favorable for particle goathsThe zero-
point of charge (pk) has been determined to be 8.1 for bare nZVI (Sun et al.
2007, Sun and Zhang 2005). In other words, the nZVI surface is negatively
charged at pH greater than 8.1. At near neutral pH, bare nZ\fidséts/e charges,
which are detrimental to nZVI transport due to the rapid attachrto aquifer
materials. On the other hand, both PAA and PV3A stabilized nZVI showed a
relatively low value of pkh. For example, the addition of PV3A significantly
converted nZVI to a negative charge over a wide pH range. The pHPV3A
stabilized nZVI was measured to be about 4.7. Consequently, the pablgtect
stabilized nZVI possesses strong electrostatic repulsion aghesttachment to

aquifer materials under neutral pH conditions.
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2.3Impact of iron nanoparticles

2.3.1 Biological importance of iron
Iron plays an important role in the chemistry of living organismagoe
found at the active center of many biological molecules. Itnisimportant

constituent of the blood and tissues of the animal body. Most of thenirthre
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body is present as iron porphyrin or heme proteins which include hemogtobi
the blood, myoglobin and the heme enzymes. For example, hemdren &)
complex of porphyrin, in which the iron atom has a coordination number of 6
(Figure 2.14). This configuration permits the reversible combinatioth w
molecular oxygen. It is by mechanism that the red blood cellg oaggen from
one part of the body to another. Iron also presents in other typest@hprsuch as
transferrin, ferritin and hemosiderin. In ferritin, iron is beligwe be present as
iron (1) hydroxide micelles or clusters. Many enzymes regjuion for activity
and in some cases the iron is weakly bound, as, for example,aeitiiasse. Some
of these enzymes are involved in the production or removal of potertbaiky
chemicals, including hormones.

The intracellular concentration of free iron, iron not bound to organic
ligands, is tightly controlled in animals, plants, and microbes. Sipsuiitly a result
of the poor solubility of iron under aqueous and aerobic conditions: Solubility
product (Ksp) of Fe(OH) is 4x10°® (Snoeyink and Jenkins 1980). Within the cell,

free iron generally precipitates as polymeric hydroxides.
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Figure 2.14. An iron (II) complex of porphyrin (heme): (a) Stuctural formula

and (b) hemoglobin (http://chemed.chem.purdue.edu/).

2.3.2 Iron and human health

There are three main areas where the amount of bioavailableffieats a
human health. The one that is most important numerically is irocietefy, with
usually leads to low haemoglobin levels and anemia. A large proportitime of
world’s population are iron deficient and in most cases iron sefffcyi could be
achieved relatively easily through a greater dietary in@kéioavailable iron.
Many iron-containing preparations are currently used for themesd of iron-
deficiency anaemia. Oral iron treatments to achieve the dadg of 100-200 mg
are usually used. Iron (ll) salts are more commonly used tioan (lll) salts

because the former are more soluble. The main compounds are ifum@bate,
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gluconate, sulfate, cuccinate etc. Secondly, too much iron, or iroroagers not
so common. Primary haemochromatosis results from a genetict diedeling to
enhanced iron uptake. Secondary haemochromatosis occurs becausaremcess
has accumulated in the body as a result of the extensive blooflusrans. The
treatment is to remove excess non-heme iron by chelation yhenathe removal
of both heme and non-heme iron by bleeding. The third area is ghefrobn in
infection. Because iron is essential for the growth of microbe#joganic
microbes growing in plants and animals usually do so under iron-limited
conditions. Consequently, many microbes have envolved complex mechamisms

acquire their iron.

2.3.3 Environmental impact

Until now, there has been no report on the ecotoxicity of iron nanopatrticle
in soil, water, and groundwater. Based on our knowledge on iron corrosion, iron in
water or groundwater environment tends to form iron (Il) or iron @ide. Both
forms are easy to be separated from water and have an advantdgg®ito some
toxic organic chemicals. The study of reactions on the surfaceroaf
nanoparticles provides evidence to confirm that after reacting mat#ardous
hydrocarbon and water, the shell of iron nanoparticles forms iron oxttle atiter
surface, called core-shell structure model (Li and Zhang 2006, &l. &006b).
Based on the core-shell structure model, we can expect that iron riamhepanay
react with their surrounding chemicals including chlorinated hydrocarbater,w
and even oxygen and finally form their oxide form, which does not dahger t
environment. On the other hands, bimetallic iron nanoparticles such as d&uiF

Ni/Fe might gain some problems due to the releasing undesirable nuetakzssPd
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and Ni into the groundwater. However, due to their highly reactive pawer

studies on their impact are still required.
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CHAPTER 3

Experimental Section

3.1 Synthesis of nano particles

3.1.1Synthesis of nZVI
The nzZVI was prepared by reducing ferric chloride with sodium
borohydride. Equal volumes of 0.94 M NaBHnd 0.18 M FeGlwere quickly
mixed in a batch reactor. The borohydride was slowly metered the ferric

chloride solution stirred at ~400 rpm. The redox reaction can be formulated as :

4Fé+(aq) + 3BH4_(aq) + 9H,0 — 4Fé)(5) + 3H2803_(aq) + 12I—F(aq) + 6H2(g) (31)

Additional 10 min was given to complete the reaction after tregioh was
completed. The formed iron nanoparticles were harvested by vadlitahoh
through 0.2 um filter papers. The iron particles were then wasivedakéimes
with DI water and ethanol before use. The average particlectarof nZVI was
around 60-70 nm, as determined by scanning electron microscopy. Thedinis
nanoparticles were washed with ethanol, purged with nitrogen, and rafeiden
a sealed polyethylene container under ethanol (<5%) until usee$igeal water

content of the nanoparticles as used typically varied between 60-70%.

3.1.2Synthesis of polymer stabilized nZVI
Polyvinyl alcohol-co-vinyl acetate-co-itaconic acid (PV3A), yRarylic

acid (PAA), sodium salt, and soy powder were used to prepare aqueous
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suspensions of nZVI. Figure 3.1 illustrates the molecular streictf PV3A, PAA
and soy proteins. PV3A, with molecular weights in the rangé300-4400, is a
food grade material, biodegradable and nontoxic, likely due to the presénce
highly biodegradable —OH, —CO-, and —COOH groups in the molecules (8un et
2007). PAA with molecular formula [GIEH(CO;Na)], contains carboxylic acid (-
COOH) groups for stabilizing nZVI. In an alkaline solution, carboeyl@s
assumed to be the anchors coordinating onto the iron surfaces(etaal. 2003,
Wu et al. 2004) and thus provide iron particles with additional chakt@somers
of natural soy proteins have amino acid residues linked by amide boridsn
polypeptide chains. The polypeptide chains can interact with each atiger
entangle into complicated three-dimensional structures by idiswdhd hydrogen
bonds with a molecular weight ranging from 300,000 to 600,000 Dalton (Da). Soy
proteins can be divided into water-soluble albumins and salt solutiobksol
globulins. Most soy proteins are globulins, containing about 25% aanlicoa
acids, 20% basic amino acids, and 20% hydrophobic amino acids (Wool and Sun
2005).

PV3A stabilized nZVI was prepared in a 500 mL flask reactor with three open
necks. The center neck hosted a mechanical stirrer with a speatl 60 rpm. 2
g/L of nZVI particles was mixed with PV3A with the massao of PV3A to nZVI
from 0.05 to 0.1. In other words, the dose of PV3A accounted for 5-10% of nZVI
mass. The solution was mixed for 2 h at pH 9.5-10 under ambient teorperat
conditions (23 + 0.5 °C). Similar procedures were also conducted fdresyzihg

the PAA and soy proteirgabilized nZVI.
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Figure 3.1. Molecular structures of (a) polyvinyl alcohol-co-vinyl aetate-co-

itaconic acid (PV3A), (b) poly acrylic acid (PAA), and (c) soy proteins.
3.1.3Synthesis of nCaQ

A laboratory-use ball mill (Labstdy from Netzsch (Exton, PA, USA) was
used to produce nano particles of calcium peroxide. The mechiranat sub-
system: (1) the milling system consisting of a motor, a gringingmber, an
agitator and beads, and (2) a particle circulation and cooling systetaining a

pump and a holding tank to control the temperature of the particle sispéns

55



the tank and inside the mill. In a typical milling cycle, 1-2 kgoafticles can be
processed per batch. The setting used and the results achievaqubyeeg input,
milling time, and product yeild) on this mill are linearlyakable for large-scale
production-sized mills which can process over 1000 kg of partictss lestch (Li

et al. 2009).

The steel beads (dia.250 um) were loaded into the milling chaasbibre
milling medium. The milling speed was 2000-2500 rpm to stir up tHengi
medium (beads). Calcium hydroxide (Ca(@H)owder was added and smashed
by the moving beads, and the impact energy fractures the stial® powder into
smaller particles. Ligiud D, (30%) was added and the temperature of the milling
chember was controlled to be less than 35 °C. The nano scale cpkioride
paerticles were produced via the reaction of Caglll HO,. A stainless steel
cylinder screen with laser-cut slots fits in at the open enithefagitator, which
functions as a filter to retain the milling beads but allow tliegssed materials to
pass through and go into the holding tank. From the holding tank the paseskes
recycled back to the milling system by circulation pump. Thdingilprocedure
used here begins with mixing 1000 grams of the feed partitlseiholding tank
for 30 minutes before the circulation pump and the motor was turned@hen.
particle samples can be collected at the outlet of the ggradiamber to assess the

size reduction.
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3.2 Analytical Methods

3.2.1 Transmission electron microscopy (TEM)

Images of nZVI were recorded with a Philips EM 400T TEM (P&ilip
Electronics Co., Eindhoven, Netherlands) operated at 100 kV. The TEM samples
were prepared by depositing two to three droplets of the saugpension onto a
holey carbon film (Ernest Fullam, Inc., Latham, NY), which washgletely dried
in a fume hood prior to the TEM analysis.

TEM operates on the same basic principles as light sourcesoope
except that TEM uses electrons instead of light and electretiagenses. The
electron source at the top of the microscope emits electrond) waiel down the
vacuum column in the microscope. These electrons are focusedheby
electromagnetic lenses into a very small beam which sakebugh the specimen.
Due to the interaction between the electrons and the specimen, lectnens are
scattered and some are not. The unscattered electrons hiidresdlent screen at
the bottom, giving rise to a “shadow image” of the specimen. Comparkght
microscope, whose resolution is restricted by the wavelengthsibdlevilight, the
resolution of TEM is thousand times higher and can study matatiaksar atomic

level. (Williams and Carter, 1996itp://nobelprize.ory

3.2.2 Scanning Electron Microscope (SEM)

Morphology characterization of nZVI was carried out using a field
emission scanning electron microscope (FE-SEM) (Hitachi 4300)pdpelarity
of SEM for characterizing nanomaterials stems from ipglo#ity of obtaining 3-
dimensional-like topographical images in secondary electron (S&img mode,

Z-contrast imaging using back-scattered electrons (BSE), qumahtitative
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elemental mapping with energy-dispersive X-ray spectrometeD&y (Goldstein
2003). Imaging under SE mode was typically conducted at 5 kV aateter
voltage. Samples with poor electron conductivity (e.g. severely exiddarfaces)

were coated with a thin layer of iridium to minimize surface charging.

3.2.3 X-ray diffraction

X-ray diffractogram was obtained with a Rigaku diffractomdiigaku,
Japan) with Cu K (1= 1.5418 A) radiation generated at 40 kV. Bragg Equation
(Eq. 3.2) was used to convert from diffraction an@glt¢ the lattice spacing (d):

nA = 2d sinf (3.2)
Samples were scanned from & fange of 10° to 80° with a stepping size 0f°0.1
and a scanning rate of 60 second per step. The crystalline wassdentified by

comparing with XRD diffraction patterns in the literature (JCPDs 1998).

3.2.4 Atomic Absorption (AA) Spectroscopy

Atomic absorption (AA) method was used to measure the iron
concentration in solution samples. 1 mL nZVI suspension was finsféraed into
a 100 mL volumetric flask and mixed with 50 mL of 2.4 N of HCI| and 0.2f N
HNOs. The solution was mixed for 1 h. DI water was then added to makeeup t
solution to 100 mL. The solution was then diluted for AA analysis. AiR&lmer
AAnalyst 200 Atomic Absorption Spectrometer was used in this work.

Atomic absorption spectroscopy is one of the most common instrumental
methods for quantitative analyzing for metals and some metallmidtss atomic

form, an element will absorb light when it is excited by h€heé adsorbed light is
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characterized for each element and the amount of absorbed lighp@tmnal to

the concentration of the element.

3.2.5 Gas Chromatography (GC)

Aqueous and gaseous TCE concentrations were analyzed by a gas
chromatograph (Shimadzu GC-17A) equipped with a flame ionization detector
(FID) and Supelco SPB-624 capillary column (30m x 0.53mm). Temperature
conditions were programmed as follows: oven temperature at 40 °Orforubes
and temperature was increased at rate of 10°C/min until oven teorperaach
200 °C for 5 minute with a split ratio of 10; injection port temperasar250 °C;
and detector temperature at 300 °C. The carrier gas was ultraguna at a flow
rate of 30 cm.mift. The method follows the EPA procedures.

Gas product identification was analyzed by a gas chromatograp&8®®
equipped with a flame ionization detector (FID) and CP PoraPL@Js€d silica
capillary column (10m x 0.32mm). Temperature conditions were progrdrasie
following: oven temperature at 33 °C for 1 minutes and temperaturenwrassed
at rate of 25°C/min until oven temperature reaches 200 °C for 5 mimjexgjon
port temperature at 200 °C; and detector temperature at 225 °Caiftex gas
was ultra-pure helium at a flow rate of 8.6 mL.mMinStandard hydrocarbon gas
contained C1 — C6 gas was used as peak identification.

The sample was injected through the injector port, wherestwaporized
and transported through the column by the flow of inert, gaseous npitake
(Helium). The column contains a stationary phase, where the computitks
sample were separated and the compound signal was detectedflayea

ionization detector (FID).
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3.2.6 pH/Standard Potential (E,) measurement

A combination pH electrode (Orion) was used in conjunction with a
Sensionl (Hach) meter to track the solution pH. It was cadithrattior to each test.
A combination Ag/AgCI reference electrode (Cole-Parmer) wezsl with a Model
420A pH/ORP meter (Orion) to monitor redox potential and was cadibnaith
fresh ZoBell solution before each test. Measured redox poteatidings (mV)
were converted tofthe potential relative to the standard hydrogen electrode, as a

function of solution temperature by adding +199 mV &5

3.3Chemical and Materials

ACS grade ferric chloride (Feg}l was purchased from Alfa Aesar.
Sodium borohydride (NaBpl with 98% purity was obtained from Finnish
chemicals (Finland). Polyvinyl alcohol-co-vinyl acetate-co-itacceid (PV3A)
and sodium bromide (NaBr) were from Aldrich. Poly(acrylic acidgism salt
(PAA) with molecular weight ranging from 4,300 to 4,400 g/mol and 40 wt%
solution was purchased from Polysciences, Inc. Standard Ottawa ssigehatkl
as ASTM 20/30 was from U.S. Silica Company. Hydrochloric acid (12.4nd)
nitric acid (15.8 N) were purchased from EMD Chemicals and FiShemicals,
respectivelySoy proteins (Gold 300 soy powder, 300 mesh) with 40% protein and
20% fat were obtained SoyLiH%, lowa. Hydrochloric acid (12.1 N) and nitric
acid (15.8 N) were purchased from EMD Chemicals and Fisher CHemica
respectively. Pentare 99%, spectrophotometric grade was obtained from Sigma-

Aldrich. 95% ethanol was purchased from Pharmco-AAper.
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CHAPTER 4
Trichloroethylene Pure Phase removal by nano-scale Zerovalent Iron

Particles

4.0 Abstract

Trichloroethylene (TCE) is known as high toxic chlorinated hydrocarbon for
groundwater. Direct removal of TCE from liquid phase contaminatedte®wan
speed up the remediation processes. In this report, batch experimemts w
conducted to study the direct reaction of nano-scale zerovalent irowl) (nZ
particles and TCE in liquid phase. Results show that nZVI has capabitemove
pure TCE via reduction reactions. The reaction products were adaby GC
using samples collected from head space. The results suggeshdla is a
mechanism other than reduction reaction corresponding to removal of parsn TC
batch experiments. Mass balance analysis demonstrate that 7-C& $hass was
trapped in 1 g of nZVI sludge indicating absorption occurred during thevedm
process. However, when amount of nZVI was increased in the batchneapgri
TCE removal efficiency compared to the stoichiometric reaatadoulation was
decreased. The reaction and absorption abilities of nZVI are dependedtsipon
surface areas. Increasing amount of nZVI reduces the spactlofed@eriment
systems, so TCE removal efficiency of nZVI is decreased. Qaoisly adding

small amount of nZVI can increase TCE pure phase removal efficiency.
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4.1 Introduction

Trichloroethylene (TCE: @HCls) is known as high toxic chlorinated
hydrocarbon not only for human, but also for the environment. TCE has bs#n us
as a solvent to remove grease from metal parts and a solventk& atieer
chemicals. TCE can be found in some household products, including typewrite
correction fluid, paint removers, adhesives, and spot removers. TOReiof
Dense Nonaqueous Phase Liquids (DNAPL), which has higher densitytar;
therefore, it may penetrate into unsaturated or saturated zonesthmdgeituence
of gravity. Because it is denser than water, TCE tends to simlter and exists as
a separate phase in the deep subsurface below the water tableait ©e slowly
dissolved in water and this limits the effectiveness of conventmmap-and-treat
methods. The flow pattern of TCE within the various permeability zohdke
aquifer increases the complexity of the remedial process eeliar cleanup (Tsai
et al. 2009). Because DNAPL is immobile under normal subsurfacaitioms,
they can act as a long-term source for continuing dissolution of cargatsiinto
the passing ground water. TCE is often considered to be the continuodsriong
sources of halogenated organic contaminants (HOCs) to groundwater.

Permeable reactive barriers (PRBs) containing granular-vadent Iron
(2VI) have shown the effective results for the remediationhtdrmmated organic
solvents in contaminated aquifer (Wilkin et al. 2003, Puls et al. 1998)n
though, conventional PRBs can serve as TCE remediation verytheilg are
many limitations of using PRBs. As illustrated in Figure RBB can only be used
to treat contaminated TCE dissolved in ground water and PRBs passive
method that is relied on ground water flowing through it (Fig. 4.1), sBsPR

requires very huge areas, and that means high construction cdshgritme to
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clean all TCE contaminants. PRBs as shown in Fig. 4.1 cannot ttreat
contaminants that stay deep down under its construction length underground. Even
though the promising results of TCE remediation by PRBs with [ZAXle been
reported, these PRBs-ZVI also produce considerable amounts of cf@drina
intermediates and byproducts such as dichloroethylenes, acetyfehevinyl
chloride due to the reaction mechanism of ZVI with TCE (Su amd P999,
Roberts et al. 1996, Arnold and Roberts 2000, Orth and Gillham 1996). €rgatm
mechanism is due to oxidation-reduction reactions when iron act$eetsoe
donors and chlorinated hydrocarbons receive electrons (Vogel et al. 1'987¢
reaction between TCE and ZVI, TCE is reduced and releasasdehions, while

iron is oxidized and donates electrons (Gillham and Ohannesin 1994, skiathe
and Tratnyek 1994, Roberts et al. 1996, Orth and Gillham 1996, Arnold and
Roberts 2000).

For more than a decade, PRBs-ZVI has been used to treat TCE-
contaminated groundwater plumes from TCE source areas and has fooubed
treatment of TCE dissolved in groundwater, but there is no report andtred
that directly remove TCE pure phase contaminated sources. Rireatioving
TCE contaminated sources can speed up the contaminated sitdiateame
processes and decrease time and cost of treatment processschveryi of nano-
scale zerovalent iron particles (nZVI), which enhance the wbtlit treat
chlorinated hydrocarcon with less production of chlorinated intermedcaaigy
products, motivates an interesting idea of direct removal of €@&aminated
sources. Figure 4.1 shows the schematic ideas of using nZVI tdydireat TCE

pure phase contaminated sources.
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Figure 4.1. The schematic picture for using nZVI to diredly treat TCE pure

phase contaminated sources.

The reduction power of nZVI is depended on its size in nanoscale (< 100
nm) (Zhang 2003, Wang and Zhang 1997, Cheng et al. 2006) and the
dechlorination reaction rate of ZVI is depended upon the surfaceioreact
(Matheson and Tratnyek 1994, Johnson et al. 1996). Therefore, nZVI in nano scale
with huge specific surface at around 34.gil compared to less than 3. of
micro scale ZVI (Zhang et al. 1998, Sun et al. 2006) has a vergdaklorination
reaction rate. Extensive laboratory studies have demonstrated Waisr& very
effective material for transforming a wide array of environmkerbntaminants
such as chlorinated organic solvents, organochlorine pesticides, polydedrina
biphenyls (PCBs), organic dyes, and various inorganic compounds (Zhang 2003,

Lien and Zhang 2001, Wang and Zhang 1997, Li et al. 2006b). Several fisld test
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have also conducted the promising prospects for in situ remediatiooit(BHd

Zhang 2001, Glazier et al. 2003). Recently, bimetallic nano-sceielgs such as
Pd/Fe and Ni/Fe have been created and have much higher TCE decblornatzs

than nzVI (Elliott and Zhang 2001, Wang and Zhang 1997, Lien and Zhang 2001,
Lien and Zhang 1999, Schrick et al. 2002, Zhang 2003, Ponder et al. 2000, Ponder
et al. 2001). Their high reaction rates are due to their high gpsaiface and the
addition of a catalyst. Although bimetallic partilces effecyiveégrade TCE with

less production of chlorinated intermediates, they may themseluestec
environmental problems by releasing undesirable metals such as Rdiatadthe
groundwater. However, all TCE dechlorinations with nZVI mechanisme haen
studied when TCE is dissolved in aqueous solution. Therefore, the phenomena
occuring when nZVI mixes with TCE pure liquids are still uncl@&e objectives

of this report are to study the capability of using nZVI to remo@& Ppure phase

and the mechanisms and factors that affect the TCE pure phase removakgrocess

4.2 Materials and Methods

4.2.1 Chemical reagents

ACS grade ferric chloride (Fegl was purchased from Alfa Aesar.
Sodium borohydride (NaBH with 98% purity was obtained from Finnish
chemicals (Finland). Hydrochloric acid (12.1 N) and nitric acid (15.8nvHie
purchased from EMD Chemicals and Fisher Chemicals, respectRehtane>
99%, spectrophotometric grade was obtained from Sigma-Aldrich. 95%oétha

was purchased from Pharmco-AAper.
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4.2.2 Synthesis of nZVI
The nzZVI used in this work was prepared with the reduction of ferric
chloride by sodium borohydride. Equal volumes of 0.94 M NaBrd 0.18 M
FeCk were quickly mixed in a batch reactor. The borohydride was glowltered
into the ferric chloride solution stirred at ~400 rpm. The redox icractan be

formulated as follows:

AF€" aq) + 3BHy (aq) + OH0 — 4F€) + 3H:BO3 (aq) + 12H (ag) + 6Haq)  (4.1)

Additional 10 min was given to complete the reaction after tregioh was
completed. The formed iron nanoparticles were harvested by vadlitahoh
through 0.2 um filter papers. The iron particles were then wasivedakéimes
with DI water and ethanol before use. The average particlectaraf nZVI was
around 60-70 nm, as determined by scanning electron microscopyleDetai
procedures on the nzZVI synthesis and characterization have beeoughgvi
published (Sun et al. 2006, Sun et al. 2007, Wang and Zhang 1997). The finished
nanoparticles were washed with ethanol, purged with nitrogen, and rafeiden
a sealed polyethylene container under ethanol (<5%) until usee$igelal water

content of the nanoparticles as used typically varied between 60-70%.

4.2.3 Batch Experiments
Open-batch reaction experiments were conducted in screw cap gassi
vials (VWR), and closed-batch reaction experiments were in 2@lads vial with
a seal cap for reaction time experiments. 2 mL of pure TCE miged with

various mass of nZVI ranging from 1 — 3 g for open-batch experiraedt.5 — 2
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g for closed-batch experiments and 10 mL of distilled water; pheged in 30 rpm
vertical rotor at room temperature (22 £ 1 °C) with various timegs. Then, at
certain times, mixed samples were centrifuged at 6,000 rpm tcateplae liquid
part from the solids for 30 minutes and the liquid part was filratesyringe filter
(Millex-LG Syringe-Driven Filter Unit 0.2 pm). Volumes of T@Emaining in test
tubes in various time periods were measured and the aqueous solutimsrsh of
sample were taken and aqueous TCE samples were extractecehtaneP(Liang
et al. 2007). TCE concentration was quantified by gas chromatograg®y (G
Similar batch experiments were set up with various amounts of méWiding 0O,

1, 2, 3 and 4 g for open-batches and 0.5, 1 and 2 g for closed-batches.

Mass balance batch experiments were conducted in 20 mL glassthial
seal cap. To avoid the error of volume-mass conversion, only 0.2 mL pure phase
TCE was mixed with 10 mL of water and 1 and 3 g dried nZVI anceglat 30
rpm vertical rotor at room temperature (22 £ 1 °C) for 24 hours. Hexksair of
each sample was collected by using a 25 pL gastight syringel @&d was
measured by GC. Then, mixed samples were centrifuged at 6,000 rppatate
the liquid part from the solids for 30 minutes. The aqueous solutions bf eac
sample were taken and aqueous TCE samples were extractecehianeP(Liang
et al. 2007). TCE concentration was quantified by gas chromatograg®y (G
Some of the solid sludge was collected into 5 mL vial and the weigsiudge
sample was measured. TCE in sludge samples was extractegdmntame and

measured by GC.
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4.2.4 Analytical Method

TCE volume: The volume of TCE remaining in sample liquids was measured by
using 15 mL “fine measurement scale graduated centrifuge tube&irblgle

Kontes LLC.

TCE concentration: Aqueous TCE samples from batch experiments were
measured by using n-Pentane extraction (Liang et al. 2007). Ligdidyaseous
TCE samples were analyzed by a gas chromatograph (Shimadzu GC-17A
equipped with a flame ionization detector (FID) and Supelco SPB-62Hacapi
column (30m x 0.53mm). Temperature conditions are programmed as following:
oven temperature at 40 °C for 5 minutes and temperature is intratsate of
10°C/min until oven temperature reaches 200 °C for 5 minutes with aagiof

10; injection port temperature at 250 °C; and detector temperat@0® &C. The
carrier gas was ultra-pure helium at a flow rate of 30 cm’mifhe method

follows the EPA procedures.

Gas product identification: Head space gas of closed-batch reaction was
analyzed by a gas chromatograph (HP 5890) equipped with a flametimmiza
detector (FID) and CP PoraPLOT Q fused silica capillary colufhOm x
0.32mm). Temperature conditions was programmed as following: oven
temperature at 33 °C for 1 minutes then temperature was incraasete of
25°C/min until oven temperature reaches 200 °C for 5 minutes; injection port

temperature was set at 200 °C and detector temperature at 225 °€arfiGlegas
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was ultra-pure helium at a flow rate of 8.6 mL.MirStandard hydrocarbon gas

contained C1 — C6 gases and it was used as peak identification.

4.3 Results and Discussions

Figure 4.2 shows the volume removal of TCE in open-batch and closed-batch
reactors over various periods of times. The separated clear ligtnd bottom of
graduated centrifuge tubes in Figure 4.2a is TCE pure phase in 1Igopgn-
batch experiment. The start volume of TCE pure phase in each baich mh.
The result shows that TCE pure phase is decreased by nZVI. Wintiormdane
was increased, more pure TCE was removed. The removed volumes aief€E
measured and presented in Figures 4.2b, 4.2c and 4.2d. Volumes of TCE in open-
batch reactors in Figure 2b were removed rapidly by 0.5, 0.6 and 0.8 hih @
hr for 1, 2 and 3 g nZVI, respectively. After 24 hr these amounts seit®a0.85,
0.95 and 1.2 mL for 1, 2 and 3 g nZVI, respectively. It should be noted timataa li
relationship of pure phase TCE volume loss in open reactors was abgethe
absence of nZVI. This could be due to TCE evaporation (TCE B.p. 87.2 °C) during
the circulation process (Fig. 4.2b). Therefore, after subtractingpsiseof TCE in
systems, the net volume reduction of TCE by nZVI is shown in Figi2e The
net volumes of TCE in open-batch reactors in Figure 4.2c were 0.4, 0.55 and 0.75
mL at 10 hr for 1, 2 and 3 g nZVI, respectively, and 0.48, 0.6 and 0.85 mL for 1, 2
and 3 g nZVI, respectively at 72 hr. The net volume reduction data iednztthe
reaction of TCE and nzZVI was occurred rapidly within 10 hr. The volume
reduction of TCE in open-batch reactors after 10 hr might be detateT CE
transferring phase from liquid to gas. The results in closed-ba&chors in Figure

2d also show that the reactions of TCE and nZVI occur rapidly witi@rfitst 10
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hr. The volume removal of TCE in closed-batch reactors in Figurewfa2d0.4,
0.5 and 0.7 mL at 10 hr for 0.5, 1 and 2 g nZVI, respectively, and then no volume

decrease was observed.
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Figure 4.2. TCE pure phase volume reduction by nZVI: a) TCE pre phase
remained in test vials after reacting with nzZVI, b) TCE pue phase volume
reduction in open-batch experiments with various times, c)net volume
reduction in open-batch experiments with various reaction tnes and d) TCE

pure phase volume reduction in closed-batch experiments with variousnes.
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Figure 4.3 presents the environmental conditions of closed-system
experiments including Oxidation reduction potential (ORP: mV) andoldisd
oxygen (DO: mg/L). ORP of all closed-batches showed significkecrease to
around -550 to -600 mV at 5 hr reaction time and still be around -500 to -600 mV
throughout the experiments, but for no nZVI closed-batch, ORP of thensyst
around 50 to -50 throughout the experiment (Fig. 4.3a). DO also showeda simi
decrease (Fig 4.3b). Although we expected to see the zero concantht
dissolved oxygen in all nZVI samples, but DO was still detectambbdl samples
because plastic DO probe cannot be used in the mixtures that congim Qiar
(because TCE is a solvent that can dissolve plastic); ther&@eaneasurement
was conducted in the clear separated solution samples. During thatisepa
process, oxygen can dissolve into the samples. However, DO of a&tdhasches
decreased to around 1.3 mg/L in 5 hrs reaction time and stayed unchemget! a
1 to 1.5 mg/L throughout the experiments (Fig 4.3b). The ORP and DOsresult
indicate that only reductive reactions occur in all of batch expatsnthat we

have studied.
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Figure 4.3. Closed-batch experiments reaction evidence: a) ORP maesmment

and b) DO in clear solution after centrifugation.

Figure 4.4 presents TCE concentration in agueous solution of 1 g nZVI
open-batch reaction experiment at various periods of reaction tiffek.
concentration in solution samples without nZVI was rapidly reachedltdibty

concentration (around 1,100 mg/L) within 1 hr. On the other hand, TCE
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concentration in TCE — nZVI reaction samples was increase®tm@600 mg/L
after few hours of experiments and slowly increased to 650 mtgt. 24 hr. The
concentration of TCE in aqueous solution is related to three fatjodsssolution
rate from pure liquid phase to aqueous phase, 2) adsorption rate of TTG& to
surface of nZVI and, 3) reaction rate of TCE with nZVI at thdasar of nZVI
(Arnold and Roberts 2000, Tee et al. 2009). Dissolution and adsorption processes
are occurred in very fast rates because of the mixing in tloh lexijperiments.
Therefore, the reaction process may be the major factor thatolsoritre
concentration of TCE in aqueous phase. The reaction rate of ZVI isodine
surface reaction (Matheson and Tratnyek 1994, Johnson et al. 1996). nZ¥bin na
scale has huge specific surface at around 34 ntompared to less than F i

of micro scale ZVI (Zhang et al. 1998, Sun et al. 2006); hence, dutiae of
nZVI can occur very fast. Based upon the results in Figure 4.4, thentatm of
TCE in aqueous phase is increased rapidly at the first severa Hoarto the
dissolution rate, while the reaction of TCE on the surface of n¥dtcurred and
maintains the concentration at the certain level. However, théoeaate was
decreased due to the reduction of available surface of nZVI and thatifon of

iron oxide on the surface of nZVI (the core-shell structure motledr(d Zhang
2006, Li et al. 2006b). Therefore, the concentration of TCE tends to gsaduall
increase and may finally reach to its solubility. Instead ofdraperease in TCE
concentration, the slow rise of the concentration might due to theiniama
reactive nZVI following core-shell structure model and the adsoriofrCE by

iron oxide formed on the surface of nZVI (Li and Zhang 2006). The corresponding

results of pure phase TCE volume reduction and TCE concentration in wate
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solution show the capability of nZVI to remove DNAPLs phase of &6& lower

TCE dissolution.
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Figure 4.4. TCE concentrations in water solution of 1 g nZVI reaction bath

experiment at various periods of reaction times.

Head space gases of closed-batch samples, containing 0.2 mL of TCE
mixed with 1 g nZVI and 10 mL of water after 1 and 3 days of imatimes, was
injected into GC to measure TCE and other possible byproducts ofaitigone
For our GC temperature profile and gas velocity set up, peak olsh@ked up at
around 8 minute. Figure 4.5 shows GC results of head space gas of A0H —
reaction samples. There is an unknown peak found at around 1.7 minute on 1 day
and 3 days reaction samples and then TCE peak appears at 8 minyteak fa
the 1.7 minute showed increase of area from thday to the ¥ day. There was

no peak in any nZVI control samples at 1.7 min from both thart the % day
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samples. Moreover, the areas of TCE peak in TCE-nZVI samplesadecby
23.4% from ' day sample to 3 day samples. The increase in unknown peak in
this case can be expected as a product of TCE-nZVI reactionl $peece gas
product was identified by GC, which consisted of two components: ethaaledpe
1.8 — 1.9 min.) and ethylene (peak at 2.1 — 2.2 min).

There are several reports about the products of TCE dechlorinatia@idy z
valent iron (ZVI). The reaction between TCE and zero valent iroduss to
reduction-oxidation reaction in which TCE is reduced and releddesde ions,
while iron is oxidized and supplies electrons (Gillham and Ohannesin 1994,
Matheson and Tratnyek 1994, Roberts et al. 1996, Orth and Gillham 1996, Arnold
and Roberts 2000, Vogel et al. 1987). Ethane and ethylene are found a@rthe m
products with minor amounts of chlorinated intermediates formed via
hydrogenolysis pathway and acetylene formedpveimination pathway (Roberts
et al. 1996, Orth and Gillham 1996, Arnold and Roberts 2000, Su and Puls 1999).
Liu et al. reported that 70 — 80 % of byproduct from TCE dechlorination by nZ
was ethane, 20 — 30 % of byproducts was C3-C6 intermediate products, and no
acetylene was detected (Liu et al. 2005). Additionally, bimetaHlicoparticles of
Ni/Fe and Pd/Fe have been reported that they have much more effessivie
dechlorination than normal nZVI and no less-chlorinated intermediates ar
observed from the reactions of bimetallic nanoparticles (Lien andgZb@07, Tee

et al. 2005, Lien and Zhang 2005).
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Figure 4.5. GC results of head space gas analysis of closedebagxperiments

of 0.2 mL TCE mixed with 1 g nZVI at various reaction times.

Therefore, the reaction products in head space gas, the reductiveoronditi
in all batch experiments (Fig 4.3.), and the concentration of TCE inoague
solution (Fig.4.4) are the evidence to confirm the occurrence of E T

dechlorination by nZVI in this work.
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According to the reaction products found in head space gas of the
experiments, the reaction between TCE and nZVI was expectedomcbeed in
these experimental systems. However, when mixing nZVI, TCE, atet,where

are several half-reactions happening simultaneously as following:

Fe — Fe" + 2e (4.2)
TCE (GHCl3) + 8¢ + 5H" — C,Hg + 3CI (4.3)
2H,0 + 26 — H, + 20H (4.4)
0O, + 2H,0 + 4é — 40H (4.5)

Electrons, donated from Fexidation, are used to dechlorinate TCE, and
they also react with water itself and oxygen dissolved in w&teichiometry of

TCE dechlorinated by nZVI is calculated by combining Eq. 4.2 with EqQ. 4.3:

C,HCl; + 5H" + 4F@ — 4F€* + C,Hg + 3CI (4.6)

Based on Eg. 4.6, 4 mole of zero-valent iron are used to reduce 1 malEof T
Molecular weight (MW) of Fe = 55.95 and MW of TCE = 131.6. So, 1 g a-zer
valent iron can reduce 0.59 g of TCE and specific weight (SW) of ¥A6
g/mL. Based on the calculation, 0.4 mL of pure phase TCE can be dedeldrina
ethane by 1 g of nZVI. The results in Fig. 4.2c and 4.2d show that TGE wa
removed to 0.4 and 0.5 mL by 1 g dried of nZVI in open and closed batches,
respectively. TCE removal results are nearly to or higher ti@Hh Jtoichiometry
calculation at 0.4 mL/g nZVI. However, there is not only TCE dechlbonan

equation 4.3 occurred in the system, but also other reactions in equatiard4.4 a
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4.5 happened simultaneously. Therefore, TCE decholination by nZVI alone cannot
reach to stoichiometry. TCE removal results of batch experinuggest that not
only TCE dechlorination by nZVI is occurred, but also, there are oteehamisms
occurred in this TCE pure phase removal by nZVI.

Figure 4.6 shows the relationship of TCE volume removal with various
amounts of dried nZVI mass added into open (Fig. 4.6a and 4.6b) and clased (Fi
4.6¢) reactors. As shown in Figure 6a, increasing amount of nZVI removes
volumes of TCE and the linear relations with around G.&4h be performed in
both 1 day and 3 days open-batch experiments. After subtracting the volume
reduction of pure TCE occurred by open-system leaking, the net voemuyal
of TCE by nzVI is shown in Figure 4.6b. Both 1 day and 3 day reaction show
almost the same linear relation indicating that the activitywéen nZVI and TCE
almost stops after 1 day and then the rest of volume reduction isodUEER
evaporating from liquids to gas phase. The results suggest thedsmg amounts
of nZVI increase the reaction and remove more volumes of TCE. Keless, the
effectiveness of the open-batch experimental reactions is around@@pared to
stoichiometry of TCE-nZVI reaction (calculated by ration of ekpental slope to
theoretical reaction slope). Figure 4.6¢ shows TCE volume removalvaitous
amounts of dried nZVI mass added into closed reactors. As sitoilapen-
reactors, increasing amount of nZVI in closed-system removes votrmes of
TCE; however the increase of TCE volume removal in closed-sysaemot be
predicted by linear relationship. However, TCE removal in closedibatactors
shows slightly higher than that in open-system experimentspestexi because in

closed-system, there is no outside air going into the systartorgaso nZVI only
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reacts with all substances in the system without losingatsio:n power due to the
extra oxygen coming from the outside environment.

TCE concentration in aqueous phase for various amounts of nZVI in open-
batch experiments is shown in Figure 4.7. Interestingly, at 3 dayjiaeaTCE
concentration of all samples is around 600 mg/L. Higher amount of retwples
were expected to have lower concentration of TCE. TCE concentratibiglof
amount of nZVI can be explained by the correspondence of the lowdoneate
in high amount of nZVI with the low removal effectiveness resuitech volume
reduction above. The decrease of TCE volume reduction effectivenesfieand t
increase of concentration of TCE in high amount nZVI experiments bean
explained by the surface chemistry of nZVI. Increasing mass ¢f mZthe very
limited space such as the small vials in these experimenteases the surface
area of nZVI because of the high density of particles. The ogacite of nZVI is
governed by its high specific area (Zhang et al. 1998). Thereforeadety the
surface of nZVI reduces the reaction rate of nZVI. As describedqusly, TCE
concentration in aqueous phase is related to the reaction rate owrfiee f
nZVI. Therefore, the slower reaction rates are found at high amoumZ\df in

batch experiments indicating the absence of the available surface of nZVI.
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Figure 4.6. The relationship of TCE volume removal with various amouts of
dried nZVI mass: a) TCE volume reductions in open-batch xperiments, b)
Net TCE volume reductions in open-batch experiments, and ¢)CE volume
reductions in closed-batch experiments.
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Figure 4.7. TCE concentration in aqueous phase for various amounté nZVI

experiments.

0.2 mL liquid TCE mixed with nZVI batch experiments were setap t
determine the mass balance and the partitioning of TCE in each. pflass

balance of each experiment was calculated by the following equation TlEq. 4.

MTcE-total = Mg + Ms + Mz + Mjgst + Mp 4.7)

WhereM tceotal IS total mass of TCE input to exp. (mly)s is mass of TCE in
gas phase (mgMs is mass of TCE in aqueous phase (n\}, is mass of TCE
absorbed in nZVI sludge (md) 0st represents the absence of TCE mass from the
experimental system, aMp is mass of pure phase TCE in system (equal to 0 in

all cases). Total mass of TCE was measured for accuracgléalation even
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though exact volume of TCE was fixed in each experiment. Head gpacample

in each batch was taken by using a 25 uL gastight syringelaftay reaction and
TCE concentration in gas phase was detected by GC. Mass ofnl@4s iphase
was calculated by multiplying TCE concentration in gas phasethgtivolume of
head space in each batch. The mixing samples after reactiorcevdrguged at
6,000 rpm for 30 minutes to separate the solid sludge from the agueousnsoluti
TCE in aqueous solution was measured by pentane extraction method and GC.
Mass of TCE in aqueous phase was calculated by multiplying TC&ectration

in aqueous phase with the volume of water in each batch. The weighe of t
separated solid nZVI sludge was measured and small amount of uithge sl
(measured weight) was put into 5 mL vial and 2 mL of water and »fnpentane
was added into the vial. The vial was horizontally shaken at 250 rpm5for
minutes. The upper pentane sample was taken by a 10 pL gastiggeden TCE
mass detected by GC. Mass of TCE absorbed in nZVI sludge wadatedl by
multiplying TCE concentration in nZVI sludge with the mass of nZNidge in
each batch. Mass of TCE that is disappeared from the systeaftidated by the
mass balance equation (Eq. 4.7). The distributions of TCE in each phasmnfor

nZVI, 1 and 3 g nZVI experiments are presented in Figure 4.8.
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Figure 4.8. The distributions of TCE in each phase for nonZVI, 1 and 3 g

nZVI experiments.

The distribution of TCE for non nZVI experiment shows that only 2.9% of

TCE mass has lost from the system and 92.6% remains in TCE |iwpaiske
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(Figure 4.8). Only 4.5 % of TCE transfers to water and air. FonZ\g sample,
87.3 % of TCE mass has lost from the system, no TCE liquid ren&aB$6 of
TCE transfers to water and air. There is 8.9 % of TCE absorbed\Vihsludge.
For 3 g nZVI sample, 75.8 % of TCE mass has lost from the system, nagi@E |
remains. 3.1 % of TCE transfers to water and air. However, th&® % of TCE
absorbed in nZVI sludge. After subtracting TCE mass lost in bothathdg3 g
nZVI samples with TCE mass lost in non nZVI sample, 84.4 % and 72.9% TCE
mass are expected to be reacted by nZVl in 1 g and 3 g nZVicteshe This
reaction percentages show the lower reaction rate in high amonBvVbtamples
as similar to the results mentioned previously. High amount of nZVimiting
space decreases its specific surface areas resulting ier losaction rate.
Moreover, mass balance results show that there is some TCEabmsmbed in
nZVI| sludge. These indicate that absorption is one activity in Té&?Roval by
nZVI. Higher TCE mass absorption in 3 g nZVI experiment revéalsmore TCE
mass is trapped in nZVI mass and not reacted. However, based uposuilts re
specific percentages of TCE mass absorbed in nZVI sludge are &l % % of
TCE mass per g of nZVI in 1 g and 3 g nZVI samples, respectilely specific
absorption at high amount of nZVI might due to the low volume space of the
system because of high density of nZVI. These low reaction matalasorption in
high amount of nZVI suggest that volume space may be a major faftt@ncing
the TCE removal process by nzZVI and this situation is usually found in
underground contaminated sites.

Figure 4.9 presents TCE volume reduction by adding 1 g nZVI every 24
hours. The results show that 1.5 mL of TCE removed after adding 1 gevéw

24 hours for 3 days is higher than 1 mL TCE removed by the same B4)Vbf
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added at the beginning of the experiment. 0.4 mL of TCE was founddastiion
nZV| experiment. 0.8, 0.95, and 1.3 mL of TCE were removed by 1, 2 and 4 ¢
nZVI, respectively. Pure TCE removed by adding 1 g nZVI every 24 he@gen
higher than that of 4 g nZVI adding at the beginning. The lineaiae&tip was
found in the results with around 0.51 in slope and 0.99 in R-square. The slope of
this relationship is higher than the slope of the ideal stoichionretiction
indicating that absorption is involved in this removal process. Adding e¥&fly
24 hours can solve the problem of high density of nZVI in limited spad&eep
maintaining high surface areas of nZVI.

Based upon the results, nZVI shows the capability to treat pure p&se
and byproducts of the reaction were detected indicating the removaspesc
composed of the reduction reaction of nZVI with TCE. The high spetliE
removal suggests that there are not only chemical reactionsestenrthis TCE
pure phase removal by nZVI, but also other mechanisms associatedémtheal
process. Adsorption found by mass balances is one of mechanisms responding t
TCE pure phase removal process. However, the high density of nZVadesréhe
absorption of TCE pure phase. The results of TCE concentration in agueeas pha
indicate that concentration of TCE in aqueous does not reach to utsitiest
concentration due to the existence of nZVI in the system and TCIErdoaiton is
depended on the rate of TCE dechlorination. High density of nZVI reduoeng t
available surface and lowering the rate of the reaction; conségueateases the
TCE concentration. However, nZVI can prevent TCE concentration in aqueous
phase to reach its saturation concentration. Continuously adding snoalhtaof
nZVI| gives the better results in improving TCE removal efficjetitan adding

high amount of nZVI at the beginning does.
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Figure 4.9. TCE volume reductions by adding 1 g nZVI every 24 hours.

4.4 Conclusions

In this study, nZVI has shown the good capability to remove TCE pure
phase and the byproduct peak in GC head space result confirms the TCE
dechlorination by nZVI. Not only TCE dechlorination reaction is conducted by
nZVI, but TCE liquids also are absorbed into nZVI sludge. Mass balascéts
show that 7 — 9 % of TCE mass was trapped inside the nZVI sludgse The
absorption of TCE in nZVI helps enhance the TCE removal efficiektowever,
the accessibility to nZVI surface may be the important factdhe TCE removal
process. The removal efficency was dropped to 60% compared with ctoethc
reaction of TCE and nZVI when increasing amount of nZVI to higher thgn

High amount of nZVI in very limited space such as in subsurface carmaent,
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decreases the available surface areas of nZVI corresponding ¢o temoval
efficiency. The experimental results indicate that continuouskyctimg small
amount on nZVI has better removal efficiency than that of high amoumnZ\sf

injected initially.
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CHAPTER 5
Enhanced Transport of Polyelectrolyte Stabilized Nanoscale Zerdgalent Iron

(nZVI) in Porous Media

5.0 Abstract

Laboratory experiments including column and batch sedimentation studies
were conducted to investigate the transport of nanoscale zero-iralerfhzZV1)
particles stabilized by three polyelectrolytes: polyvinyl alcatwmlinyl acetate-
co-itaconic acid (PV3A), poly(acrylic acid) (PAA) and soy pmateiResults of the
continuous packed column study suggest that both PV3A and PAA can increase
nZVI mobility by reducing particle size and generating negatigkbrged surfaces
of nZVI. PV3A stabilized nZVI has the best transport performancengnihe
three materials. It was found that approximately 100% of nZVI ftbtheough the
column. Retardation of nZVI is observed in all tests. Due to the Bugace area
of nZVI, large amounts of polyelectrolytes are often needed. Fanmga soy
proteins exhibited an excellent stabilization capability only aeslaver 30% of
nZVI mass. Approximately 57% of nZVI remained in the column when n¥a4
stabilized with PAA at the dosage of 50%. Results suggest that may be
prepared with tunable travel distance to form an iron reactive oortbd in situ

remediation.
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5.1Introduction

Nanoscale zero-valent iron particles (nZVI) has been studiee smd-
1990s and has increasingly been applied for environmental remediation and
hazardous waste treatment have been studied since 2000 (Wang and 2%i4ng
Zhang 2003, Li et al. 2006a). The colloidal iron nanoparticles have $anfgce
areas for rapid uptake and transformation of a large number afoemental
contaminants. Reactions of nZVI with chlorinated aliphatic compounasioing
either one or two carbon atoms have quickly become classiearobsliterature.
Numerous studies have found that nZVI can effectively degréuderirated
solvents, organochlorine pesticides, PCBs, organic dyes, and inorgdloiams
such as perchlorate, nitrate, and heavy metal ions (Elliott 20@9, Xiong et al.
2007, Lien and Zhang 2007, Song and Carraway 2005, Kanel et al. 2005, Ponder et
al. 2000, Li and Zhang 2006, Lowry and Johnson 2004, Su and Puls 2004).

In addition to its large surface area that provides abundanfitesrface
reactions, a proved advantage of nZVI is the simple implemenfatiGubsurface
injection and potential for subsurface transport, which enables t@¥¢llean up
large area of contamination. In this manner, the time, cost ancheenigig
problems associated with constructing conventional iron walls (pdrleeeactive
barriers) can be minimized. Dozens of in situ applications have repented so
far (Elliott and Zhang 2001, Wei et al. 2010, He et al. 2010, Henn amttilva
2006, Quinn et al. 2005). For successful subsurface injection, a stablassoispe
of nZVI in water is needed. That is, aggregation and sedimentation sheuld
controlled so that transport of nZVI in groundwater can be maintained b
Brownian diffusion and advection. Unfortunately, owing to the nehti high

ionic strength of groundwater favorable for colloidal aggregation taadhigh
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density of iron, bare nZVI without proper surface modification ay limited

mobility in the subsurface. Laboratory studies have shown that mypidally

exists as micron sized aggregates in water (Sun et al. 2006, Sun et al. 2007, Phenrat
et al. 2007).

Dispersion of nZVI is more a skill of art than science at pesme. It is
likely that some of the most important factors affecting dugregation and
transport of nZVI are still to be identified. For example, tHeat$ of magnetic
forces and high solution pH on nZVI aggregation and filtration have nat bee
examined. Based upon theories of colloidal aggregation in water, ibdws
generally assumed that nZVI suspension in water depends on théecétoé
attractive and repulsive forces among nZVI particles. Acogrtb DLVO theory
(named after Derjaguin and Landau, Verwey and Overbeek), the overaltgtabili
a colloidal system is determined by the sum of van der Waakctzon and
electrostatic double layer repulsion (Stumm and Morgan 1996). The Dh&@y
predicts that an energy barrier exists, which prevents the gaigne of some
colloidal particles. Compared to micro sized colloids, evidence suggleat
nanoparticles have stronger tendency to aggregation/coagulationh&hiseen
attributed to smaller particle size and reduced surface potential.

To create and maintain stable suspension of nzZVI particles, axaom
strategy is to increase the repulsive electrostatic forSeseral studies have
reported that the certain polymeric materials are ableatnlige nZVI in water. A
wide array of polymers has been investigated including poly acagid (PAA),
polyvinyl alcohol-co-vinyl acetate-co-itaconic acid (PV3A), pslartate (PAP),
Tween 20 and biopolymer such as soy proteins, starch, and carboxlymethy

cellulose (CMC) (Schrick et al. 2004, He and Zhao 2005, Phenrat 20G8,
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Tiraferri et al. 2008, Kim et al. 2009, Saleh et al. 2007, Saleh 2008). Among
them, PAA is the first polymer used to disperse nzZVI for thil fremediation
while CMC has recently been tested in the field (He et al. 20d®eneral, the
polymers consists of polar anchoring groups (e.g., -COOH, -OH, }@Gn0O a
stabilizing hydrocarbon chains. The anchoring groups can chemicadlysically
attach onto the surface of nZVI while the stabilizing chainwater can waggle
around and take up varied configurations. Overlap of these flexiblenschai
associated with the neighboring particles produces electrossaic steric
repulsions between particles and can thus stabilize the Ipsrtimder certain
conditions (Everett 1989). Our previous work has demonstrated that PV3A
provides great electro-steric stabilization for nZVI (Sunalet2006, Sun et al.
2007). As illustrated in Figure 5.1, in the absence of PV3A, bard,nzas a
particle size of about 100 nm that is apparently a loose aggrefyatemerous
primary ZVI nanoparticles with the size less than 10 nm (Suh @087). Bare
nZVI| aggregates and precipitates in a few min. With the addiid?VV3A, nZVI
with the size of about 15 nm can exist in water for months (lal.e2006b). Not

surprisingly, the PV3A stabilized nZVI moves swiftly in laboratory soil columns.
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Figure 5.1. Concepts of nZVI stability and transportability.

The electro-steric stabilization is a common method that hasuseehto
improve the mobilization of particles in solution by adding ionic pasic
molecules such as polyelectrolytes (Morrison and Ross 2002). Thegubigbftes
containing a net negative or positive charge at near ngHralot only sterically
stabilize particles but also increase surface charges dftlearthat prevent
particles from the aggregation and reduce size of particle idugtg illustrated in
Figure 5.1, the surface zeta potential of PV3A stabilized nZVikegative within a
wide range of pH (>5) while the surface of bare nZVI is neghticharged only
when pH is greater than 8. Thus, during the particle transport, ¢t ostatic

repulsive force induced by the polyelectrolyte not only stabilizasoparticles
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themselves but also prevents nanoparticles from precipitation atutfece of
porous media, which is negatively charged.

Though extensive studies have been conducted to investigate the nzZVi
stabilization and transport in porous media, the particle concemsatvere
relatively low (0.1-6 g/L) (Yang et al. 2007, Kanel et al. 200¥rRat et al. 2010,
Raychoudhury et al. 2010). The use of low particle concentrationsasseenazZVI
tends to agglomerate at high particle concentrations even in thenpee®f
polymers (Phenrat et al. 2010). However, our field experience stisgtieat the
injection concentration of nZVI should be greater than 8-10 g/L in omler t
establish an effective remediation in the aquifer. Thus, the objexftives chapter
is to develop a polymer stabilized nZVI that can be used at higltione
concentration (10 g/L). Nearly 20 polymers have been screened for the
stabilization of nZVI in aqueous solution (Table 5.1). In addition, several
biomaterials have also been examined including starch and stgingt In this
work, results on the effects of PV3A, PAA and soy proteins argepted. Bath
sedimentation experiments and continuous packed column studies were conducted
to investigate the nZVI stabilization and the transport behavidhefstabilized
nZVI particles. To the best of our knowledge, the concentration of polyme
stabilized nZVI used in this chapter to simulate the field conditi®rise highest

dose applied in column studies so far.
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Table 5.1. Commonly used polymers for sterically stabilized aqoes

dispersions.

Anchoring Groups

Stabilizing Chains

Polystyrene

Polyvinyl acetate
Polymethyl methacrylate
Polyacrylonitrile
Polydimethylsiloxane
Polyvinyl chloride
Polyethylene
Polypropylene

Polylauryl methacrylate

Polyethylene oxide
Polyvinyl alcohol
Polyacrylic acid
Polymethacrylic acid
Polyacrylamide
Polyvinyl pyrrolidone
Polyethylene imine
Polyvinyl methyl ether

Poly(4-vinyl pyridine)

Polypropylene oxide

5.2 Materials and Methods

5.2.1 Materials

ACS grade ferric chloride (Fegl was purchased from Alfa Aesar.
Sodium borohydride (NaBH with 98% purity was obtained from Finnish
chemicals (Finland). Polyvinyl alcohol-co-vinyl acetate-co-itacceid (PV3A)
and sodium bromide (NaBr) were from Aldrich. Polyacrylic acidAR sodium
salt with molecular weight ranging from 4,300 to 4,400 g/mol and 40 wittticol
was purchased from Polysciences, Inc. Standard Ottawa sand, desapARTM
20/30 was from U.S. Silica Company. Hydrochloric acid (12.1 N) and ritict

(15.8 N) were purchased from EMD Chemicals and Fisher Chemicals,
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respectivelySoy proteins (Gold 300 soy powder, 300 mesh) with 40% protein and

20% fat were obtained from SoyLiHk lowa.

5.2.2 Synthesis of nZVI

nZVI1 used in this work was prepared with the reduction of ferric whdor
by sodium borohydride. Equal volumes of 0.94 M NaBidd 0.18 M FeGlwere
quickly mixed in a batch reactor. The borohydride was slowlyeredtinto the
ferric chloride solution stirred at ~400 rpm. The redox reaction cdorbmulated

as follows:

AF€” (aq) + 3BHy (ag) + IHO — 4F€5) + 3HBOs (ag) + 12H (aqy + 6Hyg  (5.1)

Additional 10 min were given to complete the reaction after tinatitn
was completed. The formed iron nanoparticles were harvestectbynadiltration
through 0.2 um filter papers. The iron particles were then wasivedakéimes
with DI water and ethanol before use. The average particleetéaraf nZV1 was
around 60-70 nm, as determined by scanning electron microscopy andiaesm
acoustic/electroacoustic spectrometer (Sun et al. 2007). Rieprdeedures on the
nZVI1 synthesis and characterization have been previously published {&n e
2006, Sun et al. 2007). The finished nanoparticles were washed witholetha
purged with nitrogen, and refrigerated in a sealed polyethyleneirmentander
ethanol (<5%) until use. The residual water content of the nanoparéislesed

typically varied between 60-70%.
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5.2.3 Synthesis of polymer stabilized nZVI

PV3A, PAA and soy powder were used in this work to prepare agueous
suspensions of nZVI. Figure 5.2 illustrates the molecular streictf PV3A, PAA
and soy proteins. PV3A, with molecular weights in the range of 4300-& a
food grade material, biodegradable and nontoxic, likely due to the presénce
highly biodegradable —OH, —CO-, and —COOH groups in the molecules (8un et
2007). PAA with molecular formula [GIEH(CO;Na)], contains carboxylic acid (-
COOH) groups for stabilizing nZVI. In an alkaline solution, carboeylés
assumed to be the anchors coordinating onto the iron syHiacgs et al. 2003,
Wu et al. 2004) and thus provide iron particles with additional chargasomders
of natural soy proteins have amino acid residues linked by amide bwmifidisn
polypeptide chains (Fig. 5.2) (Wool and Sun 2005). The polypeptide chains ¢
interact with each other and entangle into complicated threendional structures
by disulfide and hydrogen bonds with a molecular weight rangorg 800,000 to
600,000 Da. Soy proteins can be divided into water-soluble albumins and salt
solution-soluble globulins. Most soy proteins are globulins, containing &&6at
acidic amino acids, 20% basic amino acids, and 20% hydrophobic amino acids

(Wool and Sun 2005).
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Figure 5.2. Molecular structures of (a) polyvinyl alcohol-co-vinyl adate-co-

itaconic acid (PV3A), (b) poly acrylic acid (PAA), and (c) soy proteins.

PV3A stabilized nZVI was prepared in a 500 mL flask reacton titee

open necks. The center neck hosted a mechanical stirrer witec sgieat 60 rpm.

2 g/L of nzVI particles was added with PV3A with the mas#raf PV3A to

nZVI from 0.05 to 0.1. In other words, the dose of PV3A accounted for 5-10% of
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nZVlI mass. The solution was mixed for 2 h at pH 9.5-10 under ambient
temperature conditions (23 + 0.5 °C). Similar procedures were also teddac
synthesizing the PAA and soy protesstabilized nZVI. During each experiment,
suspended solids, suspended iron, solution pH and Eh were measured while nZVI

was characterized using transmission electron microscopy (TEM).

5.2.4 Stability test of nZVI

Batch sedimentation experiments were conducted to assesstystabili
nZV1 dispersion. A 200 mL suspension of 10 g/L nZVI and polyelectrolys
mixed for 2 h. To investigate the polyelectrolyte dose effect,nthses ratio of
polyelectrolyte to iron was set in the range of O to 1. The ssgpewas mixed at
a speed of 500 rpm at room temperature. Afterward, the solutiongrameséerred
into 100 mL cylinders to observe the sedimentation of nZVI for 180 neforB
the experiment, iron samples were taken to measure thertotatoncentration
and pH of each solution. Total solids and iron concentration in solutiters a

settling were also measured.

5.2.5 nZVI transport experiment

Figure 5.3 illustrates the setup of column experiments. Glass eslwith
30 cm in length and 2.5 cm in diameter were packed with sand donZN/|
transport experiments. Standard Ottawa sand, designated as ASI30
(American Society for Testing and Materials) was used asdhenn media. The

ASTM 20/30 sand is composed of mineral quartz (>99.8%, silicon dioxidg).SiO
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Its color is white, the specific density is 2.65 gicand the grain shape is closely
rounded. The patrticle size is in the range of 0.60-0.85 mm. Main pararoétae
column experiments are summarized in Table 5.2. A few glag$s hEa3 mm
diameter were placed at both ends of the column to prevent the kbessaind and
facilitate the flow distribution. The column was set up verticalty sealed with

screw caps at both ends.

Mixing speed
200 rpm A
Peristatic %
Pump AL
30cm. [+ |
! Sampling
Flow rate 10 Ei
mL/min ., | Sand column:
| Ottawasand
| (ASTM 20/30)
v
Stabilized-nzVI —
suspension 2.5cm.

Figure 5.3. Schematic of column experiments.
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Table 5.2. Parameters of sand columns for nZVI transport experiments.

Bare-nZVI PV3A-nZVI PAA-nZVI

Flow rate (mL/min), Q 10.0 3.0 10.0
Bed volume (mL), BV 58.9 58.9 58.9
Porosity 0) 0.4 0.4 0.4
Grain size (mm) 0.6-0.85 0.6-0.85 0.6-0.85
Column Length (cm), L 30 30 30
Column inner diameter (cm),;D 2.5 2.5 2.5
Darcy velocity (cm/s), ¥ 0.034 0.01 0.034

For the transport of PAA stabilized nzZVI, a 200 mL solution containing

PAA stabilized nZVI was pumped upward through the column as illudtnateig.
5.3. The flow rate was approximately 10 mL/min measured at theeffport of
the column. After completing the injection at 3.4 pore volumes (PV), 70@mML
water was introduced into the column to flush the remaining pariicééde the
column. To prevent the nZVI from the sedimentation, the suspension wed atix
50 rpm. The iron concentration measured in the influent was about 10 gflheFor
transport of PV3A stabilized nZVI, a concentration of 2 g/L of PV3&biized
nZV| was tested in the experiments. It should be pointed out thahjieion
concentration of PV3A-stabilized nZVI used in this work follows the cotmagon

of nZVI used in the field work (Zhang 2003). As shown in Fig. 5.3, the inflas

connected to the flask reactor where the nZVI was mixed at 5@orpmaintain the
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suspension. The flow rate (~3 mL/min) was determined at the miffpeet of the
column. The effluent stream was collected by a fraction collexit selected time
intervals. The solid content and iron concentration of effluent sampée w
determined. The transport of bare nZVI was also conducted as costsl Tae
operating conditions are listed in Table 5.2.

Bromide (Br) is commonly used as the non-adsorbing and non-retarded
tracer in column experiments (Bedient et al. 1999). In this work, biem the
form of sodium bromide (NaBr) was dissolved in DI water with a entration of
0.5 mM. The tracer was continuously pumped into the column till the efflue
concentration is equal to the influent. The effluent bromide was tedlest a
selected time interval and the concentration was determined byomn |
Chromatography (IC) (ICS-90, Dionex), which was equipped with an acslyti
column (lonPac®AS4A-SC 4x250 mm, Dionex) and a detector (Model DS5
Detection Stabilizer, Dionex) for anion analysis. The resultsewesed to

determine porosity of the sand column and retardation of nZVI transport.

5.2.6 Analytical methods

Transmission electron microscopy (TEM):Images of nZVI were recorded with

a Philips EM 400T TEM (Philips Electronics Co., Eindhoven, Netherlands)
operated at 100 kV. The TEM samples were prepared by depositing tincee
droplets of the sample suspension onto a holey carbon film (ErnestnFidie,
Latham, NY), which was completely dried in a fume hood prior to TtB&

analysis.
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Total solid concentration: Evaporation method was used to measure the solids
content of a solution. 5 mL of nZVI sample was poured into 100 mm tkame
weighing pan and dried at 1T5 for 24 h. Afterward, the weight of the sample pan

was measured and the solid concentration was determined.

Total iron concentration: Atomic absorption (AA) method was used to measure
the iron concentration in solution samples. 1 mL nZVI suspension wsts fir
transferred into a 100 mL volumetric flask and mixed with 50 mR.4fN of HCI
and 0.27 N of HN@ The solution was mixed for 1 h. DI water was then added to
make up the solution to 100 mL. The solution was then diluted for AA sinaly
Perkin Elmer AAnalyst 200 Atomic Absorption Spectrometer was usetthis

work.

pH/Standard Potential (E,) measurement:A combination pH electrode (Orion)
was used in conjunction with a Sensionl (Hach) meter to track solutiokh whis
calibrated prior to each test. A combination Ag/AgCI referesleetrode (Cole-
Parmer) was used with a Model 420A pH/ORP meter (Orion) to morathox
potential and was calibrated with fresh ZoBell solution beforé &zst. Measured
redox potential readings (mV) were converted {pthe potential relative to the
standard hydrogen electrode, as a function of solution temperatackmg +199

mV at 25C.

5.3 Results and Discussion
Figure 5.4 contains main characteristics of the polyelecadtdbilized nZVI

in the sand column. Photographs of the columns after the injectioneohB&
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are presented for comparison. For the bare nZVI in the absetice efectrolytes
(Fig 5.4a), most of nZVI deposited at the bottom section (the enteartheof the
column. No visible black iron can be seen in the effluent end. Fig. Saa(b)c)
are photos of the PV3A stabilized nzZVI. Black nzVI quickly movedinghe
column, and quickly filled up the entire column. The black color nZVI elearly
visible in the effluent with gradually increasing concentrationrduthe period of
3 pore volumes (PV) injection (Fig. 5.4(d)). After the influent was switchgulite
water, the PV3A stabilized nZVI can be completely flushed dthecolumn with

about three pore volumes of DI water, suggesting a low sticking phtpabithe

PV3A stabilized nzVI (Fig. 5.4(c)).
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Figure 5.4. Main characteristics of the polyelectrolyte stabilied nZVI in the

sand column. (a) Photograph of the column after bare nzZVI injected. (b)
Photograph of the column after the complete injection of PVA stabilized
nZVI and (c) flushed by DI water. (d) The collection of tle effluent containing
PV3A stabilized nzVI (the tube labeled R is the inital stabilized nZVI slurry

for comparison). (e) Breakthrough curves of the column experient for PV3A

stabilized nZVI and bare-nZVI.
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Figure 5.4(e) presents the breakthrough curves of column experifoents

PV3A stabilized nZVI and bare nZVI. A tracer (bromide) was dsedontrol and
baseline measurements. For the PV3A stabilized nzZVI, iron contentia the
effluent reached the same level as that in the influento(&€/Q), suggesting
completely breakthrough. The break point at £/ 0.95 is around 2 PV,
compared to 1.5 PV of the tracer. This shows that the retardatemt isfsmall for
the transport of PV3A stabilized nZVI in the column. In contrast, iative
concentration (C/g} in the effluent for the bare-nZVI is no more than 0.15 over 6
PV, suggesting most of the bare nZVI was retained in the columcogmed in
our previous work, PV3A reduces the size of nZVI and moreover, cregfey
negative-charged surfaces (Sun et al. 2007). Both the steric repdsiged by the
large PV3A molecules and electrostatic repulsion created lgigkeciation of the
carboxylic acid groups on the PV3A molecules are likely in plagy favor nZVI

particles move through the sand column.

The data presented in Fig. 5.4(e) can be further used to calculate the
dimensionless attachment efficiency facta) for nZVI transport(Tufenkji and

Elimelech 2004):

2 d, [
~Sraie) 2

where d is the diameter of single spherical collectérjs the porosity of the
medium, L is the filter medium packed length, (6)/& the normalized particle

concentration obtained from the breakthrough curve,@nd the predicted clean
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bed single-collector efficiency. Values of various parameteessummarized in
Table 5.2 andy is estimated according to the work of Tufenkji and Elimelech
(Tufenkji and Elimelech 2004). Hence, the PV3A stabilized nzZVI has the
attachment efficiency factor of about 410* at C/G = 0.99. The attachment
efficiency factor of 4.¥10% may match the low-end value of natural colloids (with
o typically less than 0.05). In other words, the stabilized nZVI is ihdgable in

water compared to naturally occurring colloidal particles.

The transport of PAA stabilized nZVI was also examined withstdrae
column experiments (Fig. 5.5). Preliminary tests showed that PAeSsseffective
than PV3A so the PAA to iron ratio was increased to 0.5. Total irosingas
through the column was measured as a function of pore volume as shéwgn
5.5. nZVI gradually moved from the bottom to the top of the column. The column
color changed from brown to black (Fig. 5.5(a), (b), (c) and (d)). The stigioa
content in the effluent was determined to be 45% of the influent ixah & 2.8
PV. After completing the injection of nZVI at 3.4 PV, DI wateasypumped into
the column to flush the nZVI deposited in the column. As the partigkre
washed out, the column gradually turned to brown (Fig. 5.5(e), (f)@hdThere
was a small peak appearing at 4.5 PV. The split peak may bmitstiito some
large nZVI that migrated slowly in the column and was fldsbet by DI water. In

other words, the particles have a range of sizes.
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Figure 5.5. The breakthrough curve of the column experiment forPAA
stabilized nzVI at the PAA dosage of 50%. Photographs of the caton
labeled from (a) to (g) were taken during the nZVI transport correspnding to
the specific sampling time shown in the breakthrough cwe. (h) The
accumulative curve of iron in the effluent during the courge of PAA stabilized
nZVI transport in the column. The PAA dosage varies from 0 to 50%.
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Unlike the PV3A stabilized nzVI, PAA stabilized nzVI exhibited
significant retardation effect. Fig. 5.5(h) depicts the accunvelaton mass in the
effluent as a function of influent PV. For the test of bare nZhé results show
that less than 1% of iron came out from the column over the exgariduration.
Similarly, at the low PAA dosage (5%), only a small amountroh iwas ever
detected in the effluent. Increase in the PAA dosage did incinaiee iron
transport out of the column. For example, about 18% of the total iron waiaeibt
in the effluent when the PAA dosage increased to 10%. The totalmess
recovered in the effluent accounted for nearly 43% of the inibal mass when
the PAA dosage was increased to 50%. Though Kanel et al. reportéd PA
stabilized nzZVI (4 g/L) can be transported like a tracer withsighificant
retardation in a two dimensional sand box (Kanel et al. 2008), thelatibn was
still observed in one dimensional packed sand column at the particlent@tion
greater than 0.5 g/L (Raychoudhury et al. 20G0)viously, PAA and PV3A have
different molecular size and charge density, which in turn affleet overall
stability of nZVI in water.

Transportability of nanoparticles in the porous media is mainlgrdgmnt
on the particle size, stability of the suspension and particigehB&arlier studies
on turbidity penetration in the aquifer have indicated that natural dallparticles
particularly those about 0.1 —n in diameter can penetrate in the porous media
for an appreciable distance (Kanti Sen and Khilar 2006). As showigirb,
bare nZVI without stabilizers aggregates and forms chain-likgars, though the
primary iron nanoparticles may have the size of 1-10 nm in diamaftih the
addition of polyelectrolyte stabilizers, a more stable suspensioZ\éf can be

attained. Figure 5.6 also shows the TEM images of nZVI pastatkebilized with
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various dosage of PAA. For the PAA dosage of 20 and 50%, the TEM images
show that PAA serves an agent preventing nZVI from the aggoag#&ig. 5.6(b)

and (c)). However, with the PAA dosage at 100%, the chain-likeectust nZVI

were reemerged. The clusters formed at high PAA dose show kiaseture than

bare nZVI cluster structures. The chain-like clusters thataaconsequence of
weak attractive forces have been reported in extensive studibsrefnzVi
(e.g.,(Lien et al. 2007)). The gel-like network of PAA bridge¥harticles when

excessive amount of PAA is used (Lin et al. 2010).

(c)

0.5 ym 4 50% PAA

Figure 5.6. TEM images of nZVI stabilized with various PAA dosage(a) 0%,

(b) 20% (c) 50% and (d) 100%.
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Stability of nZVI suspensions was further tested by sedimentat
experiments. Without polyelectrolytes, bare nZVI settled iava hin. Figure 5.7
shows the total solid concentration of stabilized nZVI solution after setdmtS0
min. At the low PAA dosage (<5%), the solutions have low solid coatethithe
upper liquid is clear because most of nZVI was aggregated afetis@the solid
content accounted for less than 5% of the total iron mass. The dolid
concentration and the total iron concentration analyzed by AA dteoreslated
because the nzZVI is the only solid in the system. The solid caoatent in
solution rapidly increased to 22% at PAA dosage of 10% and continuously
increased to 43% at PAA dosage of 50%. A slow increase in the saolient to
45% was observed at the PAA dosage of 100%. It is apparent that ¥He nZ
stability is a function of the PAA dosage. Increase in the PAAgmsesulted in
the enhancement of the nZVI stability. However, an excessinoeiat of PAA was
not beneficial to the suspension of nZVI. This is consistent witil B analysis
shown in Fig. 6. Similar to the PAA, the soy proteins are also capable ofztapili
nZVI in the solution. As depicted in Fig. 5.7, nearly 100% of nZVI wapesuged
in the solution at the soy protein dosage at 30%. However, the staedtgased
when the soy protein dosage exceeded 30% of the total iron masssteuptiee

overdose undermined nZVI stabilization.
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Figure 5.7. Effect of the dosage of PAA and soy protein on thesgpiersion of

nZVI| after settling for 180 min.
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In general, aquifer materials are negatively charged;, tausegatively
charged surface of particles would be favorable for particlespi@t. The zero-
point of charge (pko has been determined to be 8.1 for bare nZVI (Sun et al.
2006, Sun et al. 2007). In other words, the nZVI surface is negativaigexh at
pH greater than 8.1. At near neutral pH, bare nZVI has positivgehawhich are
detrimental to nZVI transport due to the rapid attachment to aqudégrials. On
the other hand, both PAA and PV3A stabilized nZVI showed a relatively low value
of pH,c For example, the addition of PV3A significantly converted nZVhto
negatively charge over a wide pH range. Thepblf PV3A stabilized nZVI was
measured to be about 4.7. Consequently, the polyelectrolyte stabilaéd n
possesses strong electrostatic repulsion against the attadonagpiifer materials
under neutral pH conditions.

In this chapter, polyelectrolytes such as PV3A and PAA wdemsonstrated
to enhance nZVI mobility and dispersion. PV3A has been used as a digpers
generating nZVI with substantially better subsurface nighjlotential (Sun et al.
2007). Previous work by Mallouk and coworkers has confirmed that PAA binding
to nZVI creating highly negative surfaces effectively reddbediltration removal
by aquifer materials (Schrick et al. 2004). Based upon this workyedts
confirmed that the transport efficiency of nZVI in porous medialEenhanced
by the increase of the PAA dosage. Figure 5.8 shows the ratio ofemwained
within the column to that in the effluent as a function of the PAZA dosthe PAA
stabilized nzVI. Even though adding small amounts of PAA (<5%) was not
enough to produce sufficient repulsive forces for effective trans@Mt through
the sand media, the increase in the PAA dosage (>20%) improvetbthity of

the particles. Accordingly, more iron content was determinedheneffluent as
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increasing in the PAA dosage. Nonetheless there was still 57fénofrapped in
the column even at the PAA dosage of 50%. The nZVI stabilized with fRay
has lower transport efficiency than that with PV3A, the reslltavn here imply
that a travel-distance-tunable nZVI may be designed to form aan rgactive

barrier for the field remediation based upon the use of the PAA as the stabilizer.

100
80 r
<) —@— Effluent
S 60 |
‘GEJ - Column
1S
o
(&]
[
o

0 10 20 30 40 50

PAA dosage (%)

Figure 5.8. Iron content distribution between the column andthe effluent

from the column test with PAA stabilized nZVI at the various PAA dosage.

5.4 Conclusions

Because of the large specific surface area and potent reducieg, pa@v|
has found increasing environmental applications. However, both laboratdry a
field data show that mobility of nZVI under the natural groundwdkew

conditions is very limited. We have examined PV3A and PAA as mtatslfor
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enhanced transport of nZVI in continuous packed columns. Effects of nzZVI
stabilization by soy proteins were also tested using batchmeathtion
experiments. Because it is an essential for field applicatmmse high injection
concentrations of nZVI, to the best of our knowledge, this study isr8teofie to
investigate nZVI stabilization and transport at high concentratithg/L). Based

upon our experimental results, the following conclusions can be drawn:

® PV3A and PAA promote dispersion and improve the transport
efficiency of nZVI in the sand column experiments. PV3A has the best
performance. PV3A stabilized nZVI readily passes through theysa
column without noteworthy retardation.

® Experiments with PAA stabilized nZVI demonstrate the conceaotrat
effect of PAA. Increasing the PAA dosage leads to higher niploii
nZVI; however, there is no additional benefit to the nZVI stahbilit
when the PAA dosage is higher than 50%.

® The column experiments show that the PAA stabilized nZVI can
transport through the column; however, a retardation effect was
observed. At the PAA dose of 50%, approximately 57% of nZVI still
remained in the column.

® Soy proteins, which are less expensive, work well at the dosage of
30%. Column tests are still needed in order to better understand the

transport behavior of the soy protein stabilized nZVI.
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CHAPTER 6
Nanoscale Calcium Peroxide Particles (Nano-peroxide) for Rapi@xidation

of Hydrocarbon

6.0 Abstract

The new nano size particles of calcium peroxide (nano-perowded
systhesized by the mechanical milling method in this paper. pHncle size
diameter (gy) is around 120 nm with the large specific surface area at@p Tihe
dissolution and reaction rate of nano-peroxide is faster than ltypiceo powder
calcium peroxide by about 1.5 times. With metal catalyseS)(Reano-peroxide
promotes modified Fenton’s chemistry (MF) and shows the excelgfdarmance
for oxidizing hydrocarbon. Benzene solutions are completely oxidizéuighsas
800 mg/L of benzene and gasoline in contaminated solution is sign¥icantl
decreased within 24 hours. pH is a major factor to increase theiogidiffect of
nano-peroxide. This chapter also reports the synthesis method, iraades

composition of nano-peroxide.
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6.1Introduction

Unintended release of petroleum products is a serious and widespread
environmental problem. Each year, over 1.3 trillion gallons of petroleum is
consumed globally. An inevitable issue arising from handling such avaohgse
of petroleum and its derivative products is accidental oil spilbadgeakage during
transportation and storage processes. According to recent ctdtisth US EPA,
there are over 500,000 Leaking Underground Storage Tanks (LUSTS) in the U.S
(EPA 2009). The costs of complete remediation of these sitesaduhyp to over
$250 billion dollars. Contamination of groundwater by Nonaqueous-phase liquids
(NAPLs) leaking from USTs is a serious issue because soiMARIEs have been
found to be toxic to both human beings and animals (Lough 1996).

Several remediation processes such as pump-and-treat, contaimnsot, |
biodegradation, phytoremediation, soil washing, surfactant and cosolvdnhdus
air stripping, and thermal processes have been applied for the rearedih
NAPL-contaminated sites (Udell 1995, Reible 2002, Khaitan et al. 2006, &baba
al. 2001). These methods often require prolonged and intensive operations and ar
highly costly. For example, in-situ bioremediation utilizes localiynulated or
augmented microorganisms to decompose hydrocarbon contaminants to harmless
substances, such as water and carbon dioxide. A bioremediation opeataftiyty
takes years to meet the clean-up goals due to lengthy periodsargc® establish
optimal remediation conditions and for the microbes to adapt to thegriorei
contaminants. Repeated injections of oxygen and nutrients are typeatied.
Chemical oxidation method requires high concentrations of strong oxigagts
permanganate, or hydrogen peroxide as Fenton’s reagent), which caseaeree

damages to the local geochemistry and microbiology. The water-sauldants

116



readily dissipate in soil and water and therefore have rehatslart life-times in

the subsurface.

A novel method using solid peroxide nanoparticles for hydrocarbon
oxidation and remediation has been investigated at Lehigh Univeidity.
peroxide nanoparticles (nano-peroxide), solid or porous particles oiurnalc
peroxide or magnesium peroxide with average size in the rdng@to 100 nm,
are formulated for optimal subsurface transport and for enhancetivitgato

achieve accelerated oxidation of hydrocarbon compounds.

Calcium peroxide (Cag) is well-known solid peroxide and has been

traditionally used as an oxygen release compound (ORC) as followingneact

2CaQ + 2H,0 — 2Ca(OH) + G, (6.1)

Oxygen released is dispersed with the flow of water and progldeson acceptor
(O,) for aerobic biodegradation of petroleum hydrocarbons (Schmidtke et al.
1999). Due to its small surface area, commercial calcium perpeadeles have
limited oxidation power and are hardly exploited for chemical dxdgpurpose.
Therefore, the major use of calcium peroxide was for the enthdmodegradation

of pollutants in soil and groundwater such as petrochemical smds o#her
aerobically biodegradable compounds. Recent studies suggest thatmcalc
peroxide (Ca® is a more effective source of,®&, than liquid HO, (Ndjou'ou

and Cassidy 2006, Bogan et al. 2003). &didsolves to form kD, and Ca(OH)

via reaction 2, liberating a maximum of 0.47 ghg CaQ and heatAG° = -20.7
kJ/mol) (Northup and Cassidy 2007, Northup and Cassidy 2008, Konigstein and

Catlow 1998).
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C&Q(g) + 2H,0 — H,O, + Ca(OH)(s) (6.2)

The reaction of Cain water to create #D, depends on the rate of CaO
dissolution and the stability of J@, increases with decreasing pH (Northup and
Cassidy 2007, Northup and Cassidy 2008). In the presence of ferrous n (Fe
and other promoters, reactive oxygen species (ROS) including hgdr{®iHe)

radicals are readily formed due to Fenton chemistry (Walling 1975).
F&" + H,0, — FE" + OH + OHe (6.3)

Fenton reaction is a powerful chemical oxidation for the desbruatf
many contaminants (Parsons 2004). The- @kydroxyl radical) is a strong
oxidant, reacting with most contaminants at near diffusion-limaezl (18 M s
) (Northup and Cassidy 2007). Conventional Fenton chemistry actuaihtaims
a pH below 3, which is unrealistic for the field work. Many remtaiia
applications use a Fenton-like or modified Fenton’s (MF) treatnvemth
produces hydroxyl radicals at a pH near neutral. Liqui@.tind F&" in reaction 3
are used as MF. However, liquid®} is instability and its half-life is only minutes
to hours (Northup and Cassidy 2008, ESTCP 1999). Exc&3sdtioduces oxygen

as shown in reaction (6.4):
2H,O0; — H,O0 + O (6.4)

Without or disproportionation metal catalysts, the reaction (6.4)nsidered to be
the major loss of bD, at neutral pH (Buda et al. 2003, Watts et al. 1999, Watts
and Stanton 1999). A lot of oxygen released from reaction (6.4) clogs asyund
injection wells and promotes contaminant volatilization (Xu et al. 2006n et al.

2001). On the other hands, calcium peroxide (£$a® suggested to be more
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effective source of D, than liquid HO, (Ndjou'ou and Cassidy 2006, Northup

and Cassidy 2007, Northup and Cassidy 2008).

Even though hydroxyl radical is a very strong oxidizing agentetlaee
some reports that show sometimes, the rate of contaminant oxidaticeal
treatment systems, soils, and groundwater, is effective ashitiie oxidation rate
in the controlled experiments in laboratory. The oxidation reactioneal r
situations is affected by scavengers that deactivate hydradigal. Scavenging of
hydroxyl radical can be the result of: 1) the chemicals addgzhrasof Fenton’s
reagent and 2) naturally occurring species in the system &igns and organic
matter) (Watts and Teel 2005). For example, carbonates’jG®e most likely to
scavenge hydroxyl radical and lower the effectiveness hybroadical.
Carbonates can react with hydroxyl radical and from @&t is a low oxidation
reactivity agent (Hoigne and Bader 1978). Moreover, the naturatiorgeatters in
contaminated environment may act like competitors with the oxidative tretatihe
contaminants and lower the oxidation rate of hydroxyl radical (Watts Teel

2005).

Most soils, groundwater, and treatment systems contain high corticantra
of carbonates, so high concentration hydroxyl radical is needed iretiie
applications. However, bicarbonate (H&has much lower reaction rate constant
than the rate of carbonate and it is not considered to be a competitgaroxyl
radical reaction (Hoigne and Bader 1978, Watts and Teel 2005). Therefore
maintain high efficiency of hydroxyl radical reaction, controllipg at neutral
(below 9) can reduce the effect of carbonate in treatmentnsyst€alcium

peroxide has been reported about its working condition at neutralquicdai7-8
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(Northup and Cassidy 2008), so it is an effective hydrogen per@xamhiicing

agent to be used in contaminant treatment.

The first discovery of nano-scale particles of calcium peroXidao-
peroxide) is reported in this chapter. The mechanical groundinigocheused to
systhesize the nano particles, is explained. The physical andadi properties of
nano-peroxide were observed and compared with conventional calcium peroxide
powder. Finally, the performance of nano-peroxide on oxidizing some petrole

hydrocarbons including gasoline contaminated wastewater is presented.

6.2 Materials and Methods

6.2.1 Chemical reagents

Hydrochloric acid (12.1 N) was purchased from EMD Chemicals and
Fisher Chemicals, respectively. Pentaned9%, spectrophotometric grade and
benzene were obtained from Sigma-Aldrich. 87 octane gasoline was gmdcha
from gas station. Hydrogen peroxide liquid.@®d) % used to producing nano-
peroxide was provided by Sigma-Aldrich. 75% calcium peroxide powder was
obtained from Sigma-Aldrich. Calcium hydroxide (Ca(@Hyas purchased from

Fisher Chemicals. Ferrous Sulfate (FeB@as obtained from Fisher Chemicals.
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6.2.2 Scanning electron microscope (SEM), surface area, and x-ray

diffraction (XRD)

SEM imaging was performed using a field-emission SEM (Hit&-4300)
operating at 5.0 kV. Specific surface area of the nano-peroxidelgartvas
measured using a Micrometrics Flowsorb 2305 following the claBainauer-
Emmett-Teller (BET) method. Dried samples were first degd at 170 °C for 40
minutes. Adsorption of pure nitrogen by nano-peroxide sample was doae in
sample tube at prescribed conditions followed by desorption of nitragethe
temperature ramps us to room conditions. The amounts of nitrogen adsodoed a
desorbed by the particles were measured and were used to eakhdatotal
surface area and the mass-normalized specific surface Tdreanano-peroxide
particle samples were analyzed by x-ray diffraction (XR®)determine their
surface chemistry and crystal phase compositions. A Rigakuaaiffneter
(Rigaku, Japan ) with CudKradiation generated at 40 kV and 30 mA was used to

perform XRD analysis.

6.2.3 Water chemistry

Water chemistry of nano-peroxide particles was conducted biytridugon
method. 400 mL samples of various amounts of Nano-peroxide and micro powder
calcium peroxide solutions were mixed by magnetic stirreB0& rpm and the
temperature was controlled to be at room temperature (22 + TTR€)solution

samples were titrated by HCI 12.1 N. pH and ORP of the samples were monitored.
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6.2.4 Batch experiments

Benzene:Saturated benzene solution concentration was measured by GC
as described in analytical methods section. Various benzene coticargeanples
were prepared by diluting the saturated benzene solution. Reactich ba
experiments were conducted in 100 mL glass bottle with sealed aluminum cap. The
samples were shaken at 250 rpm. Various times of reaction exptyinvere
tested with 100 mg/L benzene mixing with 1.6 g/L nano-peroxide ssmpl
Oxidation reaction of nano-peroxide was examined by controllingpwspH of

the samples. pH of each sample was controlled by adding 12.1 N HCI.

Gasoline: Gasoline (87 octane) contaminated samples were prepared by
mixing of pure 20 mL of pure gasoline with 1 L of water for 24 hr. Gkielation
of gasoline contaminated samples was conducted in 100 mL glass \eiitle
sealed aluminum cap. The samples were shaken at 250 rpm for 24 hopks @ind

each sample was controlled at 7 by adding 12.1 N HCI.

6.2.5 Analytical methods

Gas chromatograph (GC): Aqueous benzene and gasoline contaminated
samples from batch experiments were measured by using n-Perteaticn.
Aqueous benzene samples were analyzed by a gas chromatograph (6H&€adz
17A) equipped with a flame ionization detector (FID) and Supelco SPB-624
capillary column (30m x 0.53mm). Temperature conditions are programsed a

follows: oven temperature at 40 °C for 5 minute and temperatureresaged at
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rate of 10°C/min until oven temperature reaches to 200 °C for 5 mintite\split
ratio of 10; injection port temperature at 250 °C; and detector tetupeiat 300

°C. The carrier gas was ultra-pure helium at a flow rate of 30 cft.min

Gas chromatograph mass spectrometer (GC/MS): Gasoline
contaminated sample compositions were monitored by suing GC/MS and the

samples were sent to outside laboratory.

pH/ORP measurement:A combination pH electrode (Orion) was used in
conjunction with a Sensionl (Hach) meter to track solution pH. It &Bisrated
prior to each test. A combination Ag/AgCI reference electroadde(@armer) was
used with a Model 420A pH/ORP meter (Orion) to monitor redox potegtic
was calibrated with fresh ZoBell solution before each test.shted redox
potential readings (mV) were converted iy e potential relative to the standard
hydrogen electrode, as a function of solution temperature by add®@ mV at

25°C.

6.3 Synthesis of nano-peroxide

A Laboratory-use ball mill (Labst8y from Netzsch (Exton, PA, USA) was
used to produce nano particles of calcium peroxide. The machine cotains-
systems: (1) the milling system consisting of a motor, a grin@ghamber, an
agitator and beads, and (2) a particle circulation and cooling systetaining a
pump and a holding tank to control the temperature of the particle sispéns
the tank and inside the mill as described in (Li et al. 2009 typical milling

cycle, 1-2 kg of particles can be processed per batch. The sattagand the
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results achieved (e.g. power input, milling time, and product yerdhis mill are
linearly scalable for large-scale production-sized mills Wwhian process over

1000 kg of particles each batch (Li et al. 2009).

The steel beads (dia. 250 um) were loaed into the milling chamslibea
milling medium. The milling speed was 2000-2500 rpm to stir up tHengi
medium (beads). Calcium hydroxide (Ca(@H)owder was added and smashed
by the moving beads, and the impact energy fractures the nocade gowder into
smaller particles. Ligiud D, (30%) was added and the temperature of the milling
chamber was controlled less than 35 °C. The nano scale calciundpgrarticles
were produced via the reaction of Ca(@lhd HO,. A stainless steel cylinder
screen with laser-cut slots fits in at the open end of thatagitwhich functions as
a filter to retain the milling beads but allows the processatgmal to pass through
and go into the holding tank. From the holding tank, the particles reeyeled
back to the milling system by circulation pump. The milling procedised here
begins with mixing 1000 grams of the feed particles in the holdink fiar 30
minutes before the circulation pump and the motor were turned on. Tindepa
samples can be collected at the outlet of the grinding chamlzsséss the size

reduction.

6.4 Results and Discussions

6.4.1 Characterization

Figure 6.1 shows scanning electron microscopy (SEM) images of namoscal
calcium peroxide. Individual particles remain dispersed or formelpagtached

aggregates. The nano-peroxide particles have average;setel@0 nm. Close up
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view of the image on the right reveals many culoid Enombohedra structures-

ray diffraction analysis (XRDis present in Figure 6.2, confirmi that nano-
peroxideparticles contain Ca; as the predominant phase, with small amoun
Ca(OH) and CaC( and trace levels of Ca and Cghlesent as we (Fig 6.2. (a)),

but calcium peroxide powder contaCaCQ as major compone.

Figure 6.1.Scanning electron microscopic (SEM) images of nancale calcium

peroxide (nano-peroxide) particles.
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Figure 6.2. X-ray diffraction analysis (XRD) of nanoscale calcium peroxide
(nano-peroxide) particles. a) nano-peroxide particles contain &, as the
predominant phase, with small amounts of Ca(OH)and CaCGQO; and trace
levels of Ca and CaH. b) Calcium peroxide powder has CaC@ as major

component.
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Nano-peroxide is 1,000 times smaller than the commercial micro powde
calcium peroxide products (e.g., PermeOx and ORC). As reactienscales
proportionally with particle surface area, nano-peroxide has & mgber oxidant
release rate. In addition to oxygen, hydrogen peroxig®{Hs formed on the
surface of calcium peroxide. Table 6.1 shows specifications of naogrige The
peroxide nanoparticles feature specific surface area over’80 fine extremely
large surface leads to rapid reaction rate including oxygen eeleg®, forming
reaction, modified Fenton reaction (MF), and hydrocarbon oxidation, dueeto t
higher rate of dissolution (Northup and Cassidy 2008) and consequenttiokay
requirement for site remediation, rendering it as an effecdwdant for rapid

oxidation of hydrocarbons.

Table 6.1. Specifications of nanoscale ZVI and CaO2 patrticles.

NANO-Ox
Molecular Formula CaO(H,0),
Appearance White to yellow slurry
Solid Content 33%
Apparent Density 0.85-1.05 kg/L
True Density 2.9 kg/L
Size (dy) 120 nm
Specific Surface Area 30 — 100 g
Target pollutant compounds Gasoline

Diesel

BTEX

Naphthalene

PAHs

MTBE
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A common problem arising from using conventional micro powder
peroxides in soil and groundwater treatment is the difficulty in handling, disger
and subsurface injection of peroxide materials. Dry powders a pelioxides
have limited solubility in water, tend to clog in the equipment andh@ipystem,
and do not disperse well beyond the injection point. Nano-peroxides, on the othe
hand, are produced in the form of liquid slurry (10-50% solids) ready to be thjecte
into contaminant sites. The nanoscale size minimizes the problegnawaty-
induced sedimentation and allows better dispersion and mobility in therfades

environment.

Another unique advantage of nano-peroxide is having an apparent density
close to that of water. Tiny oxygen bubbles released continuously hy- na
peroxide form a gas film adhering to the nanoparticle surface Asult, nano-
peroxide has an apparent density of 0.85 — 1.05 kg/L, allowing the eartcl
remain suspended or float on the surface of groundwater - tke padsents a
promising solution to the remediation of lighter-than-water hydbmra phases

(LNAPLS).

6.4.2 Water chemistry

6.4.2.1Chemical properties

Nano-peroxide with various amounts at 0.4, 0.8, and 1.2 g in 400 mL water
was titrated with HCI acid. pH and ORP of nanosclae calciuroxmhr were
measured and illustrated in Figure 6.3. Typical titration curveg wepected to

show the effect of HCI acid on nano-peroxide. pH of all mixturesestaround 12
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and continuously decreased to around 9 — 10; then immediately dropped to around
2- 3 after adding little amount of acid, and finally ended at pH aroun? (Fig.

6.3a). The inverse increasing curves were observed for ORP6(BIy). Average
alkalinity of nano-peroxide was calculated at 4,724 mg/L as G&d@MCaQ and

the amount of HCI acid needed to adjust pH of the mixture to 7 was 36dbem
HCl/gnCaQ. There was no change in titration result when preparing the mixture of

nano-peroxide with ferrous ion, catalyze for MF (data not shown).

—0—0.4gnCa02 -—@—0.8gnCa02 1.2 g nCa02

14
13
12 ,Jr a

0 5 10 15 20 30 35 40 45 50 55 60
Hﬁ(mmolge)

—40—0.4 g nCa02 —=#-0.8 g nCa02

0 5 10 15 20 30 35,40 45 50 55 60
Hﬁ(mmo?e)

Figure 6.3. Titration properties of nano-peroxide a) pH and b) ORP.
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0.8 g nano-peroxide and 0.8 g micro powder calcium peroxide (1.07 g of
75% CaQ powder) in 400 mL samples were titrated with HCI acid and the
titration results were shown in Figure 6.4. The very identicaltiiin graphs in pH
and ORP were presented in both nano-peroxide and micro powder calcium
peroxide suggesting that nanoscale particles have similar cepnaperties to
those of micro powder calcium peroxide. However, the titration t@gveen
nanoscale and micro powder calcium peroxide mixtures was diff@sesttiown in
Figure 6.5. The time of titration was measured when steady gbbdth pH and
ORP meters shows up after adding acid. Nano-peroxide reactiomeiudt took 54
minutes but micro powder calcium peroxide used 74 minutes to reach $@2pH
which was the last point before pH of both nanoscale and micro p@abbaum
peroxide was immediately dropped. At the end of both reactions at pi Rel
micro powder calcium peroxide took longer time around 1.5 times than nano
peroxide did (Fig. 6.5a). Moreover, during titration ORP of nano-peroxigiei e
was slightly higher than ORP of micro powder mixture at theesitime as shown
Figure 6.5b, indicating the high oxidation power of nano-peroxide. Without
catalysts, the oxidation power of calcium peroxide only comes fky@,
production as reaction 6.2. The rate efOxforming was depended on the rate of
Ca(Q dissolution, (Ndjou'ou and Cassidy 2006, Bogan et al. 2003). The rate of
CaQ, dissolution was increased when pH was decreased (Northup andyCass
2008). The concentration of,8, in a 0.2% slurry of Cafincreased from 380
mg/L to 1,200 mg/L as the pH was decreased from 11 to 3 (Arienzo Z089).
small size of particles increased the surface areas amttecksn increasing

dissolution of Ca@ In consequence, thex®, production was increased.
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Figure 6.4. Comparison of propertis between nano-peroxide and ioro

powder calcium peroxide: a) ph and b) ORP.
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Figure 6.5. Titration time comparing between nano-peroxide andmicro

powder calcium peroxide: a) pH and b) ORP.
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6.4.2.20xygen release

Dissolved oxygen (DO) of 0.4 g of nanoscale and micro powder calcium
peroxide in 400 mL samples was measured and presented in Figuss fI8.
above 10 (10 — 12), DO of micro powder calcium peroxide was sligigher, but
after pH is below 10, the DO of nano-peroxide was higher the averagind 3
mg/L than DO of micro powder (18 mg/L for nanoscale and 15 mg/lmicro
powder). Calcium peroxide (Cap has been traditionally used for oxygen
releasing compound (ORC). At high pH (above 10), C&®ms Q through
reaction 1. Decreasing pH of the solution increases dissolutiddaG¥, so it
produces HO, through reaction 6.2. Without heavy metal catalysts such ,as Fe
H,O, forms oxygen as following reaction 6.4. At pH lower than 9OHis the
major source for producing oxygen in the solution (Buda et al. 2003s \&taal.
1999). The production rate of,8, is depended upon the dissolution rate of £aO
therefore, dissolved oxygen results show higher dissolution rate ofpeaoxide

than that of micro powder calcium peroxide in all pH below 10.
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0.4gnCa02 —9—0.4gmCa02

pH
Figure 6.6. Dissolved oxygen concentration with pH of nano-peroxedand

micro powder calcium peroxide.

6.4.3 Hydrocarbon oxidation

6.4.3.1Benzene degradation

Figure 6.7 shows the reaction of 1.6 g/L nanoscale calcium peroxide w
20% /w of FeS® mixed with 100 mg/L benzene with variation of pH from its
original pH around 12 to 2, at 24 hr reaction time. Benzene was edidiound
20% (C/Co = 0.8) after 24 hours reaction time at pH = 12. Thezmxglpower of
CaQ is created by kD, production to from modified Fenton (MF) in reactions
6.2, 6.3, and 6.4, and Ca&tarts to form KO, when pH is decreased (Northup and

Cassidy 2008, Ndjou'ou and Cassidy 2006, Bogan et al. 2003). The caticant
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content of benzene (C/Co) was decreased when the pH of the sawgle
decreased. After pH lower than 8.5, the concentration content was droped to
(or below detection limit) indicating that complete reactiors wacurred. Figure
6.8 shows the oxidation of 800 mg/L benzene (almost half of benzene $gjubili
with 1.6 g/L nano-peroxide and 20% /w of FeS&nhd pH of the sample was
controlled at 7. Complete removal of benzene was still performe#t ihours

reaction time.

0.90

0.80
0.70
0.60
0.50
0.40

C/Co

0.30
0.20
0.10

o.oo"o"""l"'
0o 1 2 3 4 5 6 7 8 9 10 11 12

Figure 6. 7. The oxidation of 100 mg/L benzene with nano-peroxide ar0%

/w of FeSQ in various pH at 24 hours reaction time.
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Figure 6.8. the oxidation of 800 mg/L benzene (almost half of dnzene

solubility) with 1.6 g/L nanc-peroxide and 20% /w of FeSQand pH = 7.

The oxidation power of calcium peroxide comes fritR chemistry by
conversion of HO, to OH. At pH=12, typical micro calciu peroxide does not
form H,O, and does not show any oxidation reaci(Northup aid Cassidy 2008).
Instead of creating ,0O,, calcium peroxide tries to form oxygen at high |
(reaction 6.1). KO, formed by calcium peroxide starts when decreaski@upd is
depended on dissolution rate of (.. With F&* catalyst, OH very high oxidizing
agent (reaction 6.2, 6.3), is formed and hydrocarbaxidized. Interestingly, ot
results showed that there was benzene removal &vieigh pH like 12 (Fig. 6.7
suggesting that the benzene oxidation reaction aecurred and nar-peroxide
can form HO; at high pH. These results confirm that there isaligion of nan-
peroxide even at pH 12, though the dissolution ratelow. Benzene oxidatic

reaction was increased by decreasing pH of thetisoluThis results consistent
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with Northup and Cassiday (2008) report. Moreover, the result in Figal§o8
shows high oxidation power of our nano-peroxide that can remove 800 mg/L

benzene in one day.

6.4.3.2Gasoline degradation

Gasoline contaminated water sample was mixed with 1.6 g/L nano-
peroxide and 20% /w of FeS@t pH 7 and the GC result is shown in Figure 6.9.
Significant decrease of all peaks was observed in one dayoreaeigure 6.10
presents the GC-MS result of a gasoline sample reacted withpsaoxide with
FeSQ. All peaks were identified and are shown in Fig. 10b. After 24 hours
reaction, the significant decrease of all peaks was found in botanr@@GC-MS
results.

Calcium peroxide has been reported to be an excellent chemidalintsi
for treating petroleum hydrocarbons (Gryzenia et al. 2009). Maze 80%
removal of contaminated PAH and hydrocarbon up psBucture waste and >
80% removal of contaminated hydrocarbon >, Gtructure were reported
(Gryzenia et al. 2009, Northup and Cassidy 2007). The beneficial effeising
calcium peroxide MF reaction has been reported as surfactant pooddaring
the PAH degradation process (Gryzenia et al. 2009, Northup and Yasfid).
Very high concentration (higher than persulfate did) of sunfadialps emulsify
high MW PAH and gain availability to be chemically oxidized anthodegraded
(Gryzenia et al. 2009). However, the degradation process by typadaium
proxide takes several days to removal the hydrocarbon. Theref@rehigher

dissolution rate of nano-peroxide in this report can be expecteddtie tretter MF
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compared to typical micro particle calcium peroxatel shorten the reaction tir

for hydrocarbommremediaion.

Figure 6.9. GC analysis of Gasoline contaminated water sample mixed wit

1.6 g/L nanoperoxide and 20% /w of FeS(;, at pH = 7.

138



(x1,000,000)

a) 100
] n after

075 x ]

050

025 Jk before

R l -
L T (O DAL TR L L R T B L
4.0 5.0 6.0 70 8.0 9.0 10.0 11.0
b)

IDR| MName Conc Area Ret.Time | Type ‘miz Height
1 befizeéns 1130432 26226 BEID Target FE:00 =957
2 |Fluorobenzen 1.000000 304058 5,701 ISTD oo 112802
3 | Tolene 17.5EE283 117 & FE93 T arget A91.00 48375
4 |Ethvlbenzens| 13.E3EETH 10216 7,998 Target 51,00 A544
E  |#lene- 12873778 29285 8.073 T arget A1.00 12832
B |avlere-2 13102571 14633 | a39 Tanget 91,00 B4
¥ |propylbenzen 430242 1096 §.969 Tamget 91.80 475
a8 |3 10554353 AH57 203 T arget 0500 1633
5. |3 e 0] Ba57 303 T arael T0a00 1E33
n |33 5065467 Th3E 9,265 T arget 10E 00 £33
11 ]34 6.326833 348 9,393 T arget 10500 1357
12 |56 B 350708 B4 9,733 | Target T0&ED 297

Figure 6.10. GC-MS analysis of Gasoline contaminated water sangpmixed

with nano-peroxide and 20% /w of FeS@ a) GC-MS analysis and b) peaks

identification.

6.5 Conclusions

The nano particles of calcium peroxide (nano-peroxide) were Syn¢ioe

and firstly presented in this report. Specifications of solid peroxa®particles

are summarized in Table 6.1. The dissolution rate of nano-peroxiddiglaer

than that of typical micro powder calcium peroxide, helping to createer MF

and better releasing oxygen. The oxidation reaction of benzene andngasol
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contaminated wastewater by nano-peroxide was fast (within 24 hbigsje 6.11
summarizes the expected major reaction mechanisms of nano-perdkiee.

technology in this report is applicable to the following categories of contataina

1) Petroleum products including gasoline, kerosene, diesel, jet fuel and
other fuel oils;

2) Petroleum additives (MTBE);

3) Benzene, toluene, ethyl benzene, xylene and other VOC compounds;

4) Poly-aromatic compounds such as naphthalene and PAHSs.

e o Oxygenrelease:
o®®
® o0 2Ca0, + 2H,0 — 2Ca(OH), + O,
o o
o
o ©®
CaOH)as Surface oxidation (Modified Fenton’s

Reaction: OH-):
C3.02(S) + 2H20 — H202 + Ca(OH)z(S)

Fe2* + H,0, — Fe3* + OH- + OHe

H202
Ca(OH)ys, \\) : . OHe
@

Figure 6.11. Mechanisms of nano-Ox for treatment of hydrocarbon

compounds.
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CHAPTER 7

CONCLUSIONS

Nano scale particles have been created for more than a dBcad@ their
special abilities such as high specific areas and highiviégcnano particles have
been a new promising method to clean up the environmental contamination
problems which used to be challenging in the past. Nano ZVI, oege cfanano
particles, have been studied and applied to remediate many contaninant
especially chlorinated organic compounds. Even though there are egtsnglies
conducted on nZVI abilities to reduce chlorinated hydrocarbon, edyecial
trichloroethylene (TCE), few reports have mentioned about pure dense
nonagueous-phase liquids (DNAPLs). To improve the remediation of TCE in
underground environment, nZVI was tested to directly attack the pureesobr
TCE in this work. One of the major problems of using nZVI in grounervat
remediation is its mobility in subsurface environment. In this remeveral
biodegradable polymers and natural products were applied to enham@nfpert
of nZVI through the porous media.

New type of nano scale particles was synthesized in this waako N
particles of solid peroxide such as calcium peroxide with higdizirg power
were preliminarily characterized and tested. Experiments wet up to test their

abilities to oxidize hydrocarbon such as petroleum hydrocarbon.

141



The summary of experimental results and implication of both nanticles

types, nZVI and nano-peroxide, are as following:

1. nzZVI has good capability to remove TCE pure phase, and the reaction
product (ethane) in head space gas confirms the TCE chlorination by nZV
Not only TCE dechlorination reaction is conducted by nzZVI, but also TCE
liquids are absorbed in nZVI sludge. These absorption of TCE in nzZVI

helps enhance the TCE removal efficiency.

2. nzZVI surface may be the important factor in the TCE removal psoce
High amount of nzZVI in very limited space such as in subsurface
environment, decreases the available exposed surface area of nZVi,
resulting in lower removal efficiency. The experimental residicate that
continuously injecting small amount of nZVI has better removatieffcy
than that of introducing high amount of nZVI at the beginning of the

process.

3. PV3A and PAA promote dispersion and improve the transport efficiehcy
nZVI in the sand column experiments. PV3A has the best performiance;
stabilized nzVI to readily pass through the sandy column without

noticeable retardation.

4. Experiments with PAA stabilized nZVI demonstrated that incnegBIAA
dosage leads to higher mobility of nZVI. However, there was no additiona

benefit to nZVI stability when the PAA dosage was raised to hitien
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50% by weight of nZVI. The column experiments show that the PAA
stabilized nzZVI can transport through the column; however, a retandati
effect was observed. At the PAA dose of 50% by weight of nzVI,

approximately 57% of nZVI still remained in the column.

. Soy protein, which is less expensive, work well at the dosage ofl80%
weight of nZVI. Column tests are still needed in order to bettderstand

the transport behavior of the soy protein stabilized nZVI.

. The nano particles of calcium peroxide (nano-peroxide) were Syrdae

and presented in this report for the first time. The dissoluateaf nano-
peroxide was higher than that of typical micro powder calcium pagoxi
helping to create better spell out MF and better releasing yafeox The
oxidation reaction of benzene and gasoline contaminated wastewater b
nano-peroxide was fast (within 24 hours). The new nano particles
technology in this report is applicable to the following categooés
contaminants: 1) petroleum products including gasoline, kerosene, diesel,
jet fuel and other fuel oils; 2) petroleum additives (MTBE);b8nhzene,
toluene, ethyl benzene, xylene and other VOC compounds; and 4) poly-

aromatic compounds such as naphthalene and PAHS.
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