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_ABSTRACT

The application of nanoscale zero-valent :iron particles (nZVI) for abiotic. remediation of -

chlorinateci compounds is proving among the most viable technologies for environmental
remediation.- However, although- most polychlorinated . C2 ‘compounds .-are  easily
'déchlrorinatedw by nZVI,  1,2-dichloroethane - (1,2-DCA), . has ~shown resistance to
dechlorination by this nanomaterial. The present contribution shows how a combination of a

catalyst and nZVI together with the addition of a hydrogen:donor can be: used to achieve

dechlorination of 1,2-DCA under aqueous conditions similar to those found in the field. The

best results for dechlorination were observed using formic acid as a H, donor and Pd as ~ ~

catalyst doped onto CMC stabilized nanoscale zero-valent iron particles-at a temperature of
45°C. This leads to significant degradation (close to 18%) of 1,2-DCA at the end of seven
days. As degradation products, evolution of ethane and propane were observed from the very

first day of reaction.

Keyﬁdfdgi nZ\}I; nano-scale zero valent ironj hYdfdgéﬁ dqﬁOf, Cétalyst, 1,2-DCA. S
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CHAPTER 1.
1.0 INTRODUCTION LA e
1.1 BACKGROUND
Groundwater Contamination‘problrems caused by halogenated organic compounds; heavy
“metals and energetic materials such as-hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and
2,4,6-trinitrotoluene (TNT) are increasing in Canada. This is mainly due to the large
number of toxic compounds utilized in agriculture and industry (Zhang et al, 1998;
Environment Canada, Groundwater). Among these, “chlorinated ethylenes * such as
tetrachloroethylene (PCE), tri’chlofoethYl_ene (TCE), trans'-diChIOroethylene (t-DCE), cis-
dichloroethylene (c-DCE), 1,1-dichloroethylene (1,1-DCE), viny! chloride (VC) as well 2
as ‘chlorinated ethanes such as hexachlorﬁethane (HCA), 1.1 .2,2-tetrachloroethane
(1;1,2,2;TeCA), 1,1,1,2-tetrachloroethane (1,1,1,2-TeCA), '1,1,24tri;;116roethane (1,1,2-
"TCA), 1,1-dichloroethane (1,1-DCA) and 1,2-dichloroethane (1,2-DCA) are the most
’ prevalent contaminants in soils and aquifers and have been listed as bridﬁty‘pollutantq by
both the US Environmental Protection Agency and the Superfund National Priority List
(Zhang et al, 1998; Song and Carraway, 2005; Lien and Zhang, 2005). The\se chemicals

~ are used in dry cleaning, wood preservation, pesticide manufacturing, metal cleaning, and

paint removal. Accumulation of these chlorinated solvents in the sub-surface results from .

léakiné ‘underground ‘of above-ground storage tanks,' 'stdrage areas or buried chemical
distribution pipelines, spillage at chemical loading and off-loading facilities or even from
intentional disporsal into the sub-surface. Once these solvents are spilled in aquifers in
. sufficient quantities, they have the capacity to ﬁénetfate below the water table'and thus
serve as a long-term source of contamination.. Tﬁe length of time required to dissolve a

solvent source zone' can be hundreds of years under natural conditions. “When



groundwater is used as a source of drinking water, the presence of these compounds
becomes a serious risk to'human health. These risks include liver or kidney damage and

spontaneous abortions; moreover, some of these compounds are considered carcinogenic.

Therefore, a great deal of time and effort has been put into the development of s

remediation techniques to treat contaminated sites (Geiger et al, 2009).

Depending on the type and location of -the contaminants, both in-situ and ex-situ
remediation options are being used for their removal from soil and - groundwater.
Electroreclamation, enhanced volatilization, vitrification, bioventing, biostimulation and
natural attenuation are some of the commonly used in-situ. treatment technologies, '
whereas, chemical extraction, dehalogenation, re’dox reactions, inciﬂé;;tion and pyrolysis
can be classified as ex-situ treatment tec'hnologies‘ (Lodolo, 2007): However, the

application of some of these techniques is hampered due to specific drawbacks associated

with:their implementation such as- high costs, incomplete decontamination resulting in

formation of more. toxic' intermediates, slow outputs and complex process control

\

. (Lodolo, 2007).

One of the most promising technologies for the remediation of subsurface contamination
involves the use of zero-valent metallic materials (Zhang et al, 1998; Wang et al, 2008;
Sakulchaichareon et al, 2010), specifically zero-valent iron. In this case, groundwater

flows: through an iron rich reactive zone, resulting in chemical transformations of the

“contaminants ‘into benign compounds (Wang and Zhang, 1997;.'Zhangwet al, 1998;

Schrick® et ‘al, 2002). Equation-1.1- can be used to’ express the reactions between




chlorinated organic compounds and iron in aqueous solution. Here, iron acts as-an

electron donor (reductant) to remove chlorine. -
0 CyH,Cl + zH' + zFe® - CiHyy,+ zZFe® +2ClI' i (Equation 1.1) -+ -

Despite the promising use of iron fillings in permeable reactive barriers (PBRs), there
- still exist:some challenges. For instance, the lower reactivity of zero-valent iron powder
with lightly chlorinated compounds may produce and accumulate by-products such as,

1,2-dichloroethylene and vinyl chloride which are of even more toxicological concern

than their parent compounds (Zhang et al, 1998; Wang et al; 2008). To address the above-

. mentioned shortcomings researchers have proposed nanoscale zerovalent iron (nZVI) as
an alternative. (Zhang et al, 1998; Schrick et al, 2004, Li et al, 2006). Indeed, the use of

nZVI for the treatment of sub-surface chlorinated hydrocarbons is of signiﬁcantviﬁterest

due to its low toxicity and significant contaminant degradation capabilities (Zhang et al, "

1998; Schrick et alQ 2004; He and Zhao, 2005; Sakulchaicharoen et al, 2010) . . -
The very small dimension, high surface area to volume ratio, high surface energy as well
as high surface reactivity is the reason behind the high reactivity of nZVI particles with
" environmental contaminants ‘(Zhang: et al; 1998; Zhang, 2003)-.' ‘As opposed:to ‘PBR
technologies, instead of installing metal walls, nanoparticles, in the form of water slurry,

can be injected into the contaminated plume requiring treatment by means of pressure or

gravity or both. Their nanoscale size makes it possible to transport them to a certain

- extent'by groundwater flow (Zhang, 2003; Liet al, 2006). Furthermore, the addition of




promoters in the form of catalytic metals such as palladium (Pd), platinum (Pt), silver
(Ag) or nickel (Ni) can lead to ;accelerated;dechlorinotioh rates and therefore, lead to the
formation of benign hydrocarbons (Lien and Zhang, 2001; He and: Zhao, 2005) rather
than undesirable chlorinated byproducts. Nevertheless, these doped Fe nanopaﬁicles tend
to- react rapidly with dissolved oxygen or even water, due to their extrerhely,high
* reactivity, leading to quick loss in reactivity (He and Zhao, 2005).‘ Another consideration
is magnetic and van der ‘Waals attractive forces between nZVI particles: which cause
agglomeration and the formation of larger particles or flocs (Sakulchaicharoen et al,
2010; He and Zhao, 2007). This agglomeration decreases available nZVI surface area for
reaction (Sakulchaicharoen et al, 2010; He and Zhao, 2007). To prevent agglomeration,
stabilizers such as Carboxymethyl Cellulose (CMC), polyvinylpyfhoiidone (PVP) and
guar gum can be added with iron nanoparticles. The addition of these stabilizers enhances
dlspers1on of particles through electrostatic repulsion and/or steric hindrance
. (Sakulchalcharoen et al, 2010) Particle size reduotlon and “the resultlné galn in surfaoo

area leads to more reactlve nanoparucles for the degradatlon of chlormated solvents

\

Desplte the successful apphcatlon of nZVI part1cles for remedlatlon of chlorlnated

hydrocarbons mtroaromatlcs and polychlohnated b1pheny1s 1 2 dlchloroethane (1,2-
DCA) is found so far to be totally resistant to degradation using nZVI (Zhang et al, 1998;
' Song and éarraway, ‘2'005; De Wildeman and Verstraete, 2003; Kopinke et al, 2004). 1,2-
DCA is a chlorinated hydrocarbon that affects human liver and kidneys, neurological,
cardiovascular, and immune systems (De Wildeman and Verstraete, 2003). Metal-based

reduction has been found to be marginally successful in 1,2 DCA chemical

¥i
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dechlorination whereas catalytic hydrodechlorination and ‘bioremediation are reported to
be successful. However, the high temperature and molecular H, requirements make

catalytic hydrodechlorination inconvenient for field application, whereas the very slow

required in field applications (Ukisu et al, 1998; Klecka et al, 1998). An alternative and
effective approach for successful dechlorination of 1,2-DCA at field scale is therefore
‘required. Though to date ‘iron has been unsuccessful in dechlorinating 1,2 DCA (Larson
and Weber; De Wildeman -and Verstraete, 2003), the process is thermodynamically
possible. This' makes the remediation of 1,2-DCA by nZVI particles through the

application of an appropriate methodology of huge interest.

1.2 RESEARCH OBJECTIVES

The goal of this research work is to find a nZVI-based formulation able to degrade 1,2-
dichloroethane ‘(1,2-DCA) and to optimize degradétion conditions. As presented in the

following chapters 1,2-DCA dechlorination is a significant challenge for nZVI based

remediation technologies. Optimization of the experimental conditions and investigation

of the degradation pathways are the two other main objectives of this work.

1.3 THESIS OUTLINE

This thesis is written in “Integrated Article Format”. A brief description of each chapter

is presented below.

anaerobic bioremediation process is unsuited for the rapid dechlorination ‘rate usually o2



6

Chapter 1 introduces some general background information and states the objectives of

the study. = -

Chapter 2 reviews previous research work focused on the degrédatioh of 1,2-DéA; In
addition, nanoparticle structure, synthesis and application for remediationof chlorinated

organic compounds are also discussed. . -

Chapter 3 presents the experimental methodology as well as the results and discussion of

the experiments carried on this research work.

e,

* Chapter 4 summarizes the research conducted in this study, and presents conclusions and

recommendations for future work.
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CHAPTER 2

2.0 LITERATURE REVIEW
2 1 INTRODUCTION
Chlormated Orgamc Compounds | (COCs) have caused w1despread envrronmental
contamrnatlon in both groundwater and soil since they are persrstent in the: env1ronment
_over relatrvely longv tlme perrods and are dlfficult to drrectly degrade under most natural
or ablotrc condltlons | Conseduently, the env1ronmental englneermg Ecorfnmunlty has
devoted srgnrﬁcant efforts to the degradatron of these chlor1nated orgamc compounds
Both in- srtu and ex-situ approaches compr1s1ng of thermal blolog1cal phys1cal and
chemlcal treatments are commonly used to removke these contamrnants (Wang et al
2008). H o
Thermal treatments utilize h1gh temperature to volatilize, burn and degrade contammants
Specrfrcally, in-situ thermal treatments such as sorl Vapour extractlonﬂ vrtnﬁcauonand

“ex- srtu thermal treatments hke incineration and pyrolysrs have been used for remedratron

purposes Nevertheless 1ncomplete combustlon g1v1ng rise to dloxrns and furans and hlgh

(PSRN ? .
o N N .

cost and fugxtrve emissions such as dust and partrculates often make therr apphcatlon less
attractrve (Lodolo 2007) Blologlcal treatment requrres -‘optlmal condrtrons -and selectrve
mrcroorgamsms to decompose COCs by metabohc processes (Wang et al 2008)
~B10ventmg, brostlmulatlon, natural attenuation are some of 'the propose’d in-situ
biological treatments .‘whereas contaminants are;treatezd ex-s1tu inbioreactors (Lodolo
2007) However this is a relatlvely slow procedure and COCs often 1nh1b1t degradatron
through the1r toxic effects (Wang et al 2008) Physro chemlcal treatments are a
combmatron of physrcal and chemrcal treatments Here phase transfer of the pollutants is

1nduced and chemrcal structure is altered by chemrcal reactions to produce less toxic

i
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compounds  (Lodolo, 2007; Wang et ‘al, 2009). ‘Electror_eclamation aﬁd enhanced
volatilization are two examples of in-situ- physio-chemical treatments. Although these
techndlogies' have | been - widely” used  for vol‘latile‘ organic compound degradation,
heterdgeneities in the treated zone and high concentration of contamiﬁants heavily
influence " their activity‘ (Lodolo, 2007). On the other hand; chemical extraction,
‘deharl(;genation and redox reactions have been proposed as ex-situ treatments. Chemical
extraction is less effective for high molecular weight -compounds and - incomplete
deconfamination may form more toxic compounds (Lodolo,: 2007);;Therejfore,' a more
convenient technology is required Fhat can be used to remediate the contar;linant in-situ
with fhe maximum benefits.
1

Recer(l{tly, ‘the degradation:of COCs by direct reductioha. using :zero-valent iron«‘(ZVI)
technology ‘has received. great interest. (Zhang et.al, 1998; Wang _‘et -al - 2008;
Sakulchaichareon et al, 2010). Microscale zero-valent iron, usually appiied in permeable
reacti\‘fe bérriers (PRBs),v"re,acts;with'contaminants like chlorinated: aliphatics, aromatics
and :polychlorinated biphenyls to produce mostly benign compounds: h\ydrocarbons,
cthride and water (Zhang et al, 1998; Schrick et al, 2002). However, theixﬁ'plementation
of zero-valent metal technology in the sub-surface still faces'variousvchallé'\ng;es, such as
the low reactivity of iron particles towards less chlorinated hydrocarbons, m turn leading
to the production of.chlorinated by-products, which'are sometimes even more toxic than
the parent: compounds.: Moredver, the time required to'complete the dechlorination is
often yé_:ry;long’(Wang et al, 2008). Furthermore, the construction of walls in aquifers at

depths more than 30m poses engineering difficulties.
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Current research indicates. that nano-scale z'éro-valentjron (nZV]) can ‘beij_a- very good
alternétive to PRBs (Wang and Zhang, 1997; Zhang et al, 1998; Nurmi et al,ﬁ 2005). Their
very tiny dimensions allow theni to be injected in the form of water slurry into the
contaminated plume requiring treatrhent. The injection is done through preésure, gravity,
or both. The nZVI-\yater slurry reacts more rapidly to dechlorinate organic contaminants
in the sub-surface than the larger ZVI particles (Li et al, 2006). The ability to delivef
nanoparticles difectly_ to the contaminated zone in the sub-surface, even in areas where

many conventional methods are inaccessible (such as beneath buildings and airport

runways) make nZVI a very attractive remediation technology (Elliot and Zhang, 2001).

2.2 NANOSCALE ZERO-VALENT IRON TECHNOLOGY “

The structure of iron nanoparticles is important for their environmental remediation
function. These nanoparticles are generally spherical in Shape, colloidal in nature and
have a strong tendency to'aggregate (Li et al, 2006) (Fig 2.1). The very smail dimensions
(~1-100 nm), relatively high specific surface area (~30 m%g) and greater density of
reactive sites are responsible :for the high intrinsic reactivity of nZVI particies (Zharig et
al, 19'98’; Elliot and”Zhang, 2001; Nﬁrmi et al, 2005). Uﬁder adﬁe;us conditions, iron
nanoparticles contain a Fe’ core, which is a moderate re.ducing' agent and is slowly
oxid‘izeq in air or water (c;quations 2.1, 2.2) (Li et al, 2006). This core is sm}rounded by a
shell of ir;n oxides, hydroxides or oxyhydroxides (Eqns 2.3, 2.4, 2.5) (F1g 2.1) with a

shell thickness approximately 5 nm (Liu et al, 2005a). It has been reported §hat oxidation

of the Fe’ core causes transportation of electrons through the iron oxide s‘he‘ll that in turn

\
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reduces organic contaminants (Yan et al, 2010). The mixed valence. iron oxide ' shell

protects the Fe? core from further oxidation (Li'et al, 2006). -

R

Fe(OH)3/FeOOH (shell)
-Fig 2.1- Core-Shell Structure of nZVI -
o Fe® #2H0 > F”'+H,+20H (Equation2.1) o e
- 2Fe® + Opt 2H,0 > 2Fe™ + 40H ~ . (Equation22)- .
4Fe* + 4H" + 0, > 4Fe*+ 2H,0 © (Equation23) -
'Fe*+30H > Fe(OH); . . . (Equation2.4)
Fe**+2H,0> FeOOH +3H* (Equation 2.5)

4

2.2._1 ‘Syn‘th'esis of Iron Nahoparﬁdéé ’
Borohyéfidé reduction of an aqueousg iron salt is the most commonly u'se’:d'méthod' to

produce nZVI in research labs (Li et al, 2006; Zhang and Elliot, 2006). 'I;‘his is a very
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simplé ‘method, which can be'carried out in aqueous phase at room temperature without
the need for highly specialized instruments. Moreover, this method requires only two
common reagents, i;e. iron precursor and sodium borohydride (NaBH,). Many studies
have utilized aqueous solutions’ of ferric’ chloride (‘F'eCl3.6H20) and ferrous sulphate
(FeS~04.7H20)‘as precursors’ to iroq'nanoparticles-(Lien and Zhang, 2001;!Zhang et al,
2063; Li et al, 2006). For instance, Lien and Zhang (2001) synthésized nZi’I by adding
‘1:1 volume ratio of 0.25M NaBHy, into d.O45M FeCl3.6H,0 (Equation 2.6). AR

’

‘4Fe™ + 3BH, + 9H,0 > 4Fe’ + 3H,BO5 + 12H" + 6H, - (Equation 2.6) -

The ekcess amount of borohydride accelerates the synthesisreactio‘r‘lwas well as ensures
uniform growth of nanoiron'(Zhang et al, 2003).- Although ferric chloride Hexahydrateis
often ﬁsed as the iron precursor, ferrous sulphate has been proposed as an alternative due
to the potentia}f health and safety concerns associated with handling the highly
hygroscopic and acidic ferric chloride salt. Zhang and Elliot (2006) prepared nZVI from

0.28M FeSO4.7H0 by reducing it with 0.5M of NaBH, solution (equation 2.7) -
. 2Fe* + BH, + 3H,0 > 2Fe’ + H,BOy + 4H'+ 2H, - (Equation 2.7) -

‘Less borohydride is required to' reduce ferrous sulphate (stoichiometfic excess of 3.6)
than the ferric chloride (sbtoichiometric excess of 7.4) (Zhang and Elliot 42'006; He and

Zhao,"2007). Moreover, the use of sulphate allows for an easier monitoring of chloride

i
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production during dechlorination reactions of chlorinated organic compound (Zhang and

Elliot 2006, He et al, 2007).

2.2.2 Reactivity of Nano Iron with Chlorinated Compounds

The c.ontaminan‘ts that can be treated with nZVI particles incIude chlorinated ethylenes,
methanes ethanes, nitroaromatics, polychlormated biphenyls, chlorophenols, heavy
metals and i morgamc anions (Zhang et al, 1998; Liu et al, 2005a Liu et al, 2005b; Song
and Carraway, 2008). The dechlorination of halogenated compounds by nZVI involves
several steps: mass transport of the contaminant from the solution to tfle surface of
nanopartlcles the. adsorptlon of the éontamlnant to the reactlve surface of nanopartlcles,
reactlons at ‘the surface,; desorptlon of products - frém the surface and ‘finally mass
transport of products to the solution (Matheson and Tratnyek, 1994; Lien and Zhang,
2007). The slowest reaction step requires the highest activation energy and controls the

kinetics of a reaction (Lien and Zhang, 2007).

When; Fe® is oxidized to Fe** (equation 2.8), it donates two electrons and \these can be
used in a variety of reactions to transform contaminants. The addition of two electrons
from the reduction of nZVI to a chlorinated ethylene may result in the releé;ie of chloride
ion \:vith the concurrent formation of a new C-H bond (equatioh 2.9) (Bylaska et al,
2008). These reactions can follow two different pathways: B-elimination (equation 2.10)
énd hydrogenolysis (equation 2.11). It Has been ‘proposed, based on mechanistic studies,

that the electron transfer to the surface- adsorbed molecule is the rate-limiting step

(Schrick et al, 2002; Bylaska et al, 2008).
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Fe® > Fe*+2¢ el . (Bquation2.8)
'CHxClyx + 2¢” + H" & C,Hx,Clax + CI' (Equation 2.9)
a a oq 1

I | [-elimination \\

c1——ic——c—c1 +2H" 426 —> C c\+ 2HCl  (Equation 2.10)
| .
c H | /

|

Cl : H

¢

b:y;jr_ogenolys II-I ]]_[ H

fl 'H H ‘
H—C—C—C] ——— H—Cll-——CI)HH— — H (Equation 2.11)

Fig 2.2 shows the possible reaction pathways for trichloroethylene (TCE) dechlorination

by Fe’.
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Fig: 2.2 Pathways of TCE dechlorination with Fe®
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Laborétory research has showed that the transformation of chlorinated ethylenes, such as-

tetrachloroethylene (PCE), trichloroethylene (TCE), cis—'dichloroethylene’(C‘-DCE), trans-
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dichloroethylene (t-DCE), and vinyl chloride (VC) using nanoscale iron particles lead to
fullyAde‘chlorinated products (e.g.ethane) with reactive intermediates like c-DCE, VC,
ethylene for a short ‘period of time: Liu et al (2005b) studied the reactivity of nZVI with
TCE at high and low iron to TCE ratibs. In both cases, only monometallic iron was used.
At lf)w‘iron/TCE ratios,(TCE =290 mg/L and Fe® = 0.035 g/L), complete dechlorination
took‘ a longer period (seve,ralv days). Ethane (70%) and C3-C6 coﬁpling' products (30%)
were identified as end products (Liu et al, 2005b). Ethylene was- found ’as a reactive
intermediate that later transformed into ethane, whereas no acetylene wash detected. At
" high iron (monometallic) to TCE rgtios (TCE = 4.4 mg/L and Fe’ = 0.194 g/L) the end
products were mainly ethanel(80%)eand,C3-C6 coupling products (20%). ahd took only
~1.5 "hours to complete the. dechlorination (Liu et al,  2005b). iflzmg- et al (1998)
invest‘igated;the dechlorination of chlorinated ethylenes (20 mg/L) with nZVI (20g/L) and
found;that TCE was completely dechlorinated within 1 hour, while PCE, cis-DCE and
VC took 2, 3 and 3 hours respectively. Ethylene, ethane, propylene, propane, butylene,
butapé and pentane were identified as end products; organic chlorinated by-products were

not observed (Zhang et al, 1998).

Chlorinated ethanes, such as hexachloroéthane (HCA), pentaéhloroethane‘(P:CA); 1,1,2,2-

tetrachloroethane - (1,1,2,2-TeCA), 1,1,1,2-tetrachloroethane .. (1,1,1,2-TeCA) 1,1,1-
| trichloroethane (1,1,1-TCA)_> and 1,1-dichloroethane (1,1-DCA) along with:chlorinated
ethylénes are another major group. of groundwater contaminants: with low reduction
potenfials, (~-0.68 to + 0.15 V) (Song and Carraway, 2005). Their structural stability

makes . them persistent in the environment.. The reactions of chlorinated ethanes with
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nZVI particles form many chlorinated by-products and generally. the reaétivity-rate is
slower than those of chlorinated ethylenes (Lien and Zhang, 2005). The degree of
chlorination of the chlorinated ethane controls their reactivity with nZVI particles (Lien
and Z'han'g,r 2005). When there are: more than four chlorine atoms the reaction rates are
high whereas, lesser chlorinated ethanes with chlorine number less than tvs}o show little
reacti\:ljty (Lien and Zhang, 2005). Reactions of chlorinated ethénes with conventional
iron ﬁowders produce mainly chlorinated by-products and no ethane (Lien and Zhang,
2001):. According to Song and Carraway (2005), HCA was one of ‘the most reactive
chlorinated ethanes and when it reaqted with 0.08g/L nZV], it formed PCEiﬁat the end of
1.4 hours. Song and Carraway (2005) also showed that 1,1,1,2-TeCA tra’n’isformed into
l;llDCE and then ethane after an 80 hours reaction with 0.08 g/L of “rllgnoirén.‘ In case of
1,1,2-TCA the same amount of nZVI resulted in a much slower rate but also formed

ethane at the end of 110 hours (Song and Carraway, 2005).

,Durin;g Fe® corrosion in aqueous system, H, is \gep¢rated‘ ‘thro’ugrh water reduction
(equat:ion 2.1). The dissociative chemisorption of this“'Hz‘»generzrités a ne\w activated
reduc{ant,atomic hydrbgen, on the nanoparticle surface in the presence of a catalyst,
which is responsible for bime‘tallic reactivity (Schrick .ety al,'.2002). In a bindetgllic nZVI
syster;l; Fe? acts as the electron donor aﬁd the catalyst functions as hydrogén dissociator
(Song and Carraway, 2008). This hydrogenh initiates "ralh)id dehalogen’étion of the
conta?rﬁnan_t forming benign hydrocarbons and inorganic chlorides (Fig 23) However, in

the absence of a catalyst, hydrogen cannot contribute directly to the dechlorination; rather

the presence of an excess amount of hydrogen on the metal surface may inhibit the iron
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corrosion (Matheson and Tratnyek, 1994). The large amount of hydrogen gas produced as
minute gas bubbles might perform as barriers inhibiting the contact of iron?particles:and
target pollutants (Wz;ng et al,- 2009). Therefore, the catalytic effects of a éecond metal
throughva‘ direct- hydrogen reduction (Schrick et al, 2002) and a galvarﬁc corrosion
leading to the increased corrosion rates (Zhang et al, 1998) are the main reasons behind
the ‘enhanced reactivity of bimetallic nZVI particles. The :use of catalysfs with nZVI
reduces the activation energy required for hydrogen dissociation over the catalyst surface
(Lien and Zhang, 2007). The lower activation energy for bimetallic nZVI particles
indicates the dechlorination reaction to be catalytic, resulting. in an increase in the
dechlorination rate and decreasing the productivon -of toxic- intermediates such - as

dichloroethylenes and vinyl chloride (Song and Carraway, 2008; Yan tc?al,f 2010). i

RCI RH + Cl-

\/

.‘)

Flg 2 3 Schematlc of reactmty of Pd/Fe nanopartlcles w1th chlormated solvents |
(Ref: Zhang et al,1998) , : o o
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Nc_)blel_ metals, such as- Pd, Pt, Ru, or Ni have been found to serve as catalyst for
dechlérination using nZVI particles (Zhang et ai, 1998; Liu et al, 2004). The differences
in the surface atomic structure and-electronic properties of Pd, Pt, Ru and Ni give them
difféjrentvcatalytic properties when used as part of bimetallic nZVI particles;(Zhang et al,
1998).: Pd/Fe shows the highest activity among bimetallic parﬁcle forrﬂulations (e.g

Pd/Fe, Ru/Fe, Pt/Fe) used for dechlorination of TCE as it has low activatién barrier for

hydrogen dissociation (2 kcal/mol) on Pd surface (Lien and Zharig, 2007):. It has been

found that metals such as Pd or Pt have low cathodic hydrogen overpotentials. On .the
other hand metals like Fe® have high‘hydrogen overpotential (Lien and Zhang, 2007). The
. much lower cathodic hydrogen overpoténtial of Pd compéred to that of Fe® causes easy
catalyzation of hydrogen dissociation on Pd surface with a slow activation barrier. (Zhou
et al, 2010). In general, activation energies for Pd/Fe bimetallic nanoparticles and bare
nZVI particles for dechlorination reactions are 31.1 and 44.9 kJ/mol respeptively (Lien

and Zhang, 2007).

Chlorinated ethylenes (PCE, TCE, 1,2-DCE, cis- and trans; DCE, ') aré\ completely
reduc"ed by Pd/Fe forming ethane (60 ~ 90%) and ethylene (3 ~ 20%) (Liejﬁ and Zhang,
2001). Zhang et al (1998) showed that the reaction times usihg bimetallic Pd/Fe (20 g/L)
for PCE, TCE, cis-DCE and VC (each with initial concentration éf 20 mg/L)
dechlorination were réducgd to 0.25, 0.25, 0.8 and 1.5 hours respectively' (i.e., about 100
times Ifaster than that with monometallic nZVI). In the presence of Pd, thc; reduction of

chlorinated ethanes also tends to be more complete leading to ethane formation. With

5g/L of bimetallic Pd/Fe, ethane was detected as the major end prOduct (~87%) when
A - . -
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HCA Wa_s the reactant (Lien and Zhang, 2005). On the other hand, 1,1,1-TCA with 5g/L

| . of Pd/Fe__formed ethane (~60%) just after 7 hours.

' Tablc 2.1 ‘g’ives a summafy of the studies 'discussed"abové fegarding the dechlorination ,(,)f

?,chlorinated"ethylenesvand éthanes with nZVI particle_s{.
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Table 2.1: Summary of dechlorination reaction of chlorinated ethylenes and ethanes

with nZVI
Research Parent nZVlI Type of | Degradation Degradation
- Group compound | concentration | Catalyst time Products .
(mg/L) (g/L) Observed
Liu et al, | TCE=290 0.035 ~none | Several days | Ethane=70%, C3-
2005b / C6 coupling
NI R A B o | ot v | products=30%
Liu et al, | TCE=4.4 0.194 none 1.5 hours - | Ethane=80%, C3-
20056 | L ' ' i | C6 coupling '
products=20%
Zhang et | TCE=20 20 ~none - | 1 hour Ethene, ethane, -
al, 1998 propene, propane,
o ‘butene, butane
‘ and pentane
Song and | HCA =24 0.08 none 14 hours: | PCE -
Carraway, '
2005 \
Song ‘and | PCA =22 0.08 none 1.3 hours PCE, TCE
Carraway, | : . :
2005 5
Song ‘and | 1,1,1,2- ©0.08 none | 80 hours 1,1-DCE, ethane
Carraway, | TeCA =16 _
Song and | 1,1,2- 0.08 none | 110 hours | Ethane
Carraway, | TCA=12- | SRR IR SRR
2005 - _
Zhang et | TCE=20 |- 20 Pd | 0.25hour - | Ethene, ethane,
al, 1998 o o | properie, propane,
EREEEREE butene, butane
, and pentane
Lien ‘and | TCE=20 -5 Pd 1.25 ‘hour Ethane =87%,
Zhang, ' Ethylene=
2001 ‘ ’ e 5.8~7.1% - ’
Lien and | PCE=20 5 Pd 1.5 hour - Ethane =89%
2001
Lien and | HCA =30 S5 Pd 2 hours " | Ethane=87%, -
Zhang, ethene'= 6%,
2001 ‘| PCE=7.5%
Lien and | 1,1,1- 5 Pd 7 hours Ethane =60%
Zhang, | TCA=30 " - ‘ | o

2001
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Therefore, it can be concluded that environmentally benign and highly efficient nZVI
parti,;cies show excellent performance in the remediation of chlorinated éthylenes and
ethanes. Monometaliic nZVI particles, when reacted with TCE, form primarily ethane
with lesser amount of ‘even numbered saturated hydrocarbons like butane’ anﬁ hexane and
inorganic chlorides. In caseof HCA, PCA, 1,1,1,2-TeCA,.1eAss‘ chlorinatea byproducts
and ethane formed at the end of the reaction. On the other hénd, the - utilisation: of
bimetallic nZVI particles such as Pd/Fe ensures a complete reduction at-a faster rate
formiﬁg mainly ethane as' end products; however a smaller amount of chlorinated

~ byproducts may be evolved during reaction which disappears instantly. - -

2\.2.3‘iStabilizati0n of Iron Nanoparticles
In an ;aqueous system, direct inter-particle interactions such as' Van der Waals forces and
magnetic . interactions cause nanoiron particles to form larger flocs and';' thus: induce
agglomeration, which in turn décreases chemical reactivity of nZVIparti"cles-(He' and
Zhao, 2007; Sakulchaicharoen et al, 2010). Supporting -nanoparticles V;/itht selected
stabilizers can diminish -agglomeration, decrease- particle‘r'size and thus \result ‘in. a
substantial gain of ,net"reactivity by either electrostatic repulsion or steric hindrance
(Schr'ilck et al, 2002; He and Zhao, 2005; He and Zhao, 2007; Sakulchaicharoen et al,
2010). Schrick et al (2002) used carbon nanoparticles and poly acrylic acid (PAA) as
supports for nZVI particles.. Saleh et al (2007).utilized triblock copolymer. (PMAA-
PMM;A-PSS) and the surfa;tant sodium dodecylbenzene sulfonate (SDBS) ‘for modifying
commercial nZVI to dechlorinate DNAPLs. Starch-stabilized bimetallic nanoparticles

were prepared for degradation of chlorinated hydrocarbons in wat'erfby He and Zhao
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(2005). . In a different study, He and Zhao (2007) successfully used carboxymethyl
cellulése (CMC), a water soluble, low-cost -and environmentally. frjiendly,polyelectrolyte
for the same purpose. The starcheéd nanoparticles in the study of He and Zhao (2005)
dis'played much less égglomeration and greater dechlorination thén bare nZVI; however a
stronger ‘interaction and higher dechlorination rate was observed when CMC is used
3 .
instead of starch with nZVI particles. (He and Zhao,:2007). CMC molecules adsorb onto
the su'rfacé of the nanoparticles forming a thin negatively charged layer thlat ‘suppresses
agglomeration and exhibits higher reactivity compared to nonstabilized nanc:)‘particles”(He
and Zhao, 2007). Sakulchaicharoen et al (2010) found that bimetalliclPd/Fe‘ (Fe=0.1g/L,
Pd=0.1 wt%) encapsulated with..0.2% (w/w) CMC700K  completely dégrade’d TCE
(nZVI/TCE=2 wt ratio). within 6 hours whereas - Pd/Fe without CMC WaS' able to
dechlorinate only 37% of TCE at the end of 24 hours. He and Zhao (2007) showed that
0.2% (w/w) CMC-stabilized Pd/Fe transformed 50 mg/L. of TCE (nZVI/T CE=1.17) into
ethané and Cl- within 40 minutes. On the other hand, in the same study non-stabilized
Pd/If‘e' took 2 hours fo; abbut 40% TCE dechlorination (He and Zhao, 2007). Thus

compared to non-stabilized nZVI partcles, supported inZVI p_articles‘ display - faster

reactivity, which enhances their efficacy for groundwater remediation.

2.3 DEGRADATION OF 1,2-DCA
The degradation of 1,2-dichloroethane (1,2-DCA) or ‘ethylene dichloridg «(EDC) is of |
| partiéﬁlar interest in this'study because'u_'nlike other halogenated alkanes, 1,2-DCA shows
no response to nZVI treatment. 1,2-DCA is a chlorinated hydrocarbop, highly flammable

and colorless liquid with a chloroform like odor. It is used in chemical manufacturing as -
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an intermediate in the synthesis of polyvinyl chloride and as a solvent in pfiarrnaceutical
prodﬁcts synthesis (Klecka et al, 1998; Marzorati et al, 2005). The health risks associated
with 1,2-DCA are linked to acute’ and lontherm,toxic effects affecting -human- liver,
kidne'j'ls; ~ neurological, . cardiovascular, and immune systems. Chloroacetaldehyde,
produéed in vivo due to oxidative conversion of 1,2-DCA, has 'establishéd.carcinogen
effects. (De Wildeman and:Verstraete, 2003). The drinking water standard of 1,2-DCA in
Canada is 0.005 mg/L (Health Canada). Because of its relatively high: water solubility
(8,7()6 mg/L), high density (1.253 g/cc), its potential for migration in soil .and high
resistance to reduction reactions, the residence time of 1,2-DCA in the envfironment can
range from months to decades depending on environmental conditions' ‘(el;';g. oxidation-
reduction potential, pH, dissolved oxygen‘, temperature, conductivit)‘l.\‘ne}c.) I?(Marzorati et
al,"2605).:F0r these reasons,: the ‘development and implementation of" reliable and

effective remediation strategies for 1,2-DCA is a matter of great importance.

‘ }2.3.1;'1.)egfadation Pathways of i,z-D'CA

‘ ‘In the subSurface, under :b(j)th aefobic ‘énd aﬁaerdbic conditions;;_:speéiﬁc micr\oorganisms
. are af;le to transform Y1,2-DC1;; intoknon-toxic end products (Zaan et al, 2009; De
Wildeman and Verstraete 2003; Dyer et al, 2000; Klecka et »aI, 1998). Fig 2.4 describes
dechiorinat‘ion reactions of 1,2-DCA following different pathways depeéding on the
" prevailing” reductive-oxidative “C'o,riditio‘r'ls of a"r:f’:équifer. Under aerobi;i"ébnditibns,
throu.gyh the oxidation procéss, 1,2QDCA is coﬁipletely mineralized into COZ," H,0 and CI
forming 2-chloroethanol and 2-chloroacetate as intermediates but these are not easily

detectable in the field (the left hand pathWay of Fig 2.4) (Zaan et al,A 2009, Nobr_e et al,
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2004; Klecka et al, 1998). Under anaeroblc conditions, 1,2- DCA may also be oxidized
under denitrifying condltlons with nitrate as the electron acceptor, formmg CO,, H,O
and CI” (the middle pathway in F1g 2 4) (Dyer et al, 2000; Nobre et al, 2004) Anaerobic
degradation can take place through both biotic and abiotic processes (the right hand
pathways of Flg 2. 4) Reducuons such as reductive dechlormatlon (equatlon 2.12) and
dlhaloehmmatlon (equation 2.13) are 1nvolvedk in b1kbot1c process: ‘whereas hydrolysis
(eqaation .2.14) takes place under abiotic 'cohditiyonsp.’ Vinyl chlopide, formed as an
ihtérhiediate during the abiotic process of hydrolysis Vu:rllde“r alkalineécondition, {needs to
‘ undergo Eanaerobic oxidation to form CO; because of its:’ low oxidation v.state (Dyer et al,
2000) Although anaerobic biological remediation can‘}ead to successfal'dechlprinafion
Qf ’1.’“,2-'].)CA, 1t is a very slow process and may take years to deca&é; to ‘complete the

dechlorination reaction in the sub-surface environment. -

. 1]

: Cl. 1
H_ C—j_H Reductivé H
| cl

Dechlorination - 2

H—S> —C—H  (Equation 2.12)
Dechlorination T B

T—Q—0

T —T

LR

H— C—C—J1+2¢

DlhalOCllmlnall( C
LTS

(Equation 2.13)

" RX+OH  pgmpee> R-OH + X- 7 (Equation 2.14)

=
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l J uOH : . : —C-C- ‘ ‘ .‘: . |
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Ethane Oxidation
glycolate ‘ ' (Iron reducers)
co,H.0,Cl o,

an-2 4- 1, 2-DCA Transformatlon Pathways under leferent Condltlons (Nobre et al
2004) o _ , PR

2.3.2 Degradation of 1,2-DCA with metals

1 2-DCA has shown slight dechlorination in abiotic systems by metals due'to its extreme
reca101trance to reduct1on whereas other halogenated alkanes were successfully

‘ remedlated through this method (Ferrey et al 2004, Zhang et al 1998; Song and Carraway

2005; De Wildeman and Verstraete 2003). While a variety of chlorinated vethanes (e.g.

AY
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HCA, PCA, 1,1,1,2-TeCA, 1,1,2,2-TeCA and41‘,1,2-TCA) have been degraded easily
| "usmg Fe®, Zn° as well as bimetallic nZVI particles, attempts to degrade 1,2-DCA have
“been on]y marginally successful (Arnold et al, 1999; Vanstone et al, 2008). Zn is known
to be a highly reactive zerovalent metal with a standard reductlon potentlal of -0.76V,
faéllltating experiments with slowly neactlng chlorinated cnmpounds (e.g. 1 1 DCA ’1 2-

DCA) (Vanstone et al, 2008). However, even when a very large amount of Zn° (Zno/ 1,2-

§

DCA: = 8000 wt ratio) reacted with 1,2-DCA, it degraded very slowly. About 30% of
- total '1,2-DCA was degraded at the end of 12 days, forming ethylene as thé degradation
product; though chloride evolution test was not carried at (Vanstone et\al,‘2‘008). On the
other hand, 1,2-DCA has been found so far to be absolutely resistant to reduction by iron
(Ferrey et al. 2004; ‘Zhang et al 1998; Song and Carraway'v2005;“5ez Wildeman and

Verstraete 2003, Kopinke et al 2004). For instance, Song and Carraway (2005) failed to

show any measurable reduction (<5%) of 1,2-DCA with nZVI within 40 day's.

It has been proposed that:the average oxidation state of the carbon atoms' that bear
. N - - \

chlorine atoms aids to analyse the recalcitrance of C2-C4.chloroalkanes in reductive: or

oxidative environmerts (De Wildeman and Verstraete, 2003). The lower the oxidation

state of the carbon atoms,:the less' susceptible they are to reduction (De Wildeman and

Verstraete, 2003). :

Table 2.2 presents the nominal oxidation states for several chlorinated hydrocarbons and

their Qechlorinated products.: .

f
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Table 2.2- Redox Table (Ref: De Wildeman and. Verstraete, 2003)

42+ “ 0 -1 i -2

Ethylenes PCE > TCE= cis-1,2-DCE > vC-> Ethylene |

Bthanes .. LLZTCAS> 12DCA> Ethylene

Table22 reflects a zone, moving to the right from oxidation statelvOtllsatbere Vre‘dncjt;'(ve
deohlorination 1s u.neommon For instance, earbon atoms associated With PCE ha\te an
ox1datlon state of +2 that makes reductlon very easy but ox1dat10n -dlfﬁcult On the,other
hand cis-1,2- DCE and VC w1th oxxdauon state of 0 and —1 respectlvely show
comparatlvely slower reductlon than PCE (De Wlldeman and Verstraete 2003)
Althongh VC, with an oxidation state of -1, is susceptible to slow reduction, 1,2-DCA
despite having the same oxidation ‘number (-1) exhibits stability to reduetive
dechlor1nat1on (De Wlldeman and Verstraete 2003) Almost no degradatlon in the
~reduct1ve COl‘ldlthIlS has been d1scussed for lower chlormated alkanes contammg 2- 4
chlorlne atoms (De Wlldeman and Verstraete, 2003). The role of halogenated compounds
as electron acceptors in anaerobic environments has also been rationalized by the Gibb’s
free energy (AG") of reactions. Table 2.3 reflects the half reaction Gibb’s free energies
for reductive dechlorination. Here PCE, having a AG® -55.4 kJ/electron, reduces more
“easily than TCE (AG®-53.1 to -50.9 kJ/electron) and 1,2-DCA is placed at t'he bottom of
the table. with AG® = -36.2 k]/electron- acting as the weakest'electron’lia:cceptor that

supports the data provided in Table 2.2. Although 1,1-DCA being just abOVégl,Z'DCA in

table 2.3 with a AG® value of -38.3 is transformed at a very slow rate by 'reac_tingwith
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nZVI producing ethane as end product (Song and Carraway, 2005), .1,2-DCA has so far

failed to breakdown by reacting with nZVL. . -

Table 2.3: Hélf Reactions Gibb’s Free Ehergles' of vRédu‘ctl\"e Dechl-orlnatldns‘ The
AG? electron values are calculated at standard conditions partial pressures 1 atm, pH=7.0

and [Cl]'=1mM. (Ref Dolfing and Mueller)

Electron - ¢

Half-reaction of reductive transformation ' '

AG®

Acceptor | (kJ/electron) ‘ (mY) \
'de2+ ] Pd2++2ef > Pd"» » l-883 e 915
PCE  GOL+H'+2¢ > GHOW+CI 554 51
111TCA CClL-CH; +H' +2¢" = > CHCL-CH;+CI' 541 561
TCE :' kl(ﬁszC13+H++?.e' > CHClL +CI'  -53.1t0-50.9 A550‘,tofj
- AR ' PR ~ e i 527 :
1,1,2-TCA CHCIZ-"CH2'C1+H++2e;/ > C§H4Clz +CI' -519t0-49.8 538 to

© 516

ve }‘C2H3C1+H++2eyﬂ > C2H4+C1 ?'/”-434 450

12DCE C2H2C12+H++2e N C2H3Cl eCr 40610 -383 420 1o

oy, - : 397

‘1,1-DCA CHCl, + H +2¢ >  GHCl +CI ’ 383 397

12-DCA ~ CHoCl- CH,Cl+ H'+2¢° >  GoHsCl +CI -36.2 375

Fe?* f fFe2+,+2e" 5> R +42.5 -440

Zn® Zn** +2¢ >  7n° +73.6 -763

Moreover, the dechlorination reactivity of chlorinated hydrocarbons is expected to be

affected by the bond strength of the carbon-chlorine bond, the electron affinity of the

carbon chlorine bond and the stability of the carbon-radical speciés resul_tihg, from an

AY
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initial:‘electron transfer pathway (Larson and Weber, 1994). Table 2.4 illustrates the

dependence of reactivity on structures of chlorinated ethanes where the order of reactivity

of HCA, 1,1,2,2-TeCA and 1,2-DCA is linked to differences in the dissociation energy of

the C-Cl bond. (Larson and Weber)

N

Table 2 4 Relatlve Rates for the Vlcmal Dechlormatmn of Chlormated Ethanes in
Reducmg Sediment-Water Slurry (Larson and Weber, 1994)

' Compound kS (mln D | .tz | Bond dissociation - | Electron Affinity
energy (C-Cl; of Associated
T L S : kcal/mol) - .| chlorine(kcal/mol)
.Hexachloroethane 1.9x 10 | 36 min 72 © 83
1,1,2,2- 73x10° | 6.64d 69.8 T 715
Tetrachloroethane ER cu P
1,2-Dichloroethane | <1.4x10° | 735d <47 705

Under the experimental conditions ‘of the study by Larson and Weber, alkenes were

formed ‘at the end of reactions through the pathway of vicinal dechlorination (equation

2.15).

Vicinal Dechlorination )

(Equation 2.15)
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2.3.3 Degradation of 1,2-DCA with hydregen and a catalyst -

-Although metal-based reduction has been found to be marginally successfluylti‘n 1,2 DCA
chemical dechlorination, catalytic hydrodechlorination (a dechlorination reaction in the
presertce of H, gas and a catalyst where chlorinated organic compounds are dechlorinated
"into benign “compounds) has been reported to be successful in this respect (Vadlamannati
» let al 1999; Choi and Lee, 2000; Kovalchuk et al 2004; Orellana vet al 2005). Here, the
dechlerination reaction occurs between an organic molecule containing a C-Cl bond and
gaseous Hj in the presence-of a highly selective metal catalyst, leading to the formation
of HCI and a new C-H bond (Orellana et al 2005). It has been found that, fer the process

to-be successful, the metal must be/able to catalyze the dissociation of hydrogen

(Kevalchuketal 2004). Aeeording to Vadtamannati et al (1999), the 'eiatelyst participates
Z‘ in a catalytrc cycle where the chlormated molecules cover the metal surface The’}.
rerluctron of highly reactive hydro’gen adatoms remeve the chlorine atoms and eventually \
;' form ethane (Vadlamannat1 et al, 1999) Group VIII-B metals (e.g. platmum palladrum v
? rhodlum- etc.) satlsfy thrs. COIldlthIl and have shown good performance in’ the v
hydrodechlormatlon of 1 2-DCA formmg ethane as end product (Flg 2. 4) (Kovalchuk et

| a1 2004 Vadlamannati et al 1999; Orellana et al 2005) when the temperature lies w1th1n";

the range of 200- 250°C at a pressure of 101.325kPa. .~ Y Cln

CHC-CHCl\ . - . . '

CH;-CH; H, CHp=CH,

Fig 2.5: Reaction Scheme for Catalytic Hydrodechlorination‘of“A1,2-DCA (Ref:

Kovalchuk et al, 2004)
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Monochlorinated  aliphatic ~hydrocarbons ‘are ' also  susceptible - to ¢ catalytic
hydrodechlorination; for example, methyl chloride dechlorination«catalyied by silica
supported Ru, Rh, Pd, Pt, Ag leéad to methane and hydrochloric -acid (HCI) in the
presence of H; (equation 2.16) (Fung and Sinfelt, 1987). Although Pd, Pt, Rh, Ni, Ru, Cu
can effectively dechlorinate' 1,2-DCA to ‘ethane; the best perfcjrmance of catalysts in

terms of conversion of 1,2-DCA: (~30%) has been found with Pd (Table 2.5).:
 CHjCl+H,-> CH4+HCl ~ © . ' (Equation2.16)

Table 2.5: Summary of Catalytic Hydrodechlorination of 1,2-DCA - -

Research - - | Temp (°C) | Catalyst Conversion | Final Product:-
Group ‘
Heinrichsetal | 350 | - Pd/SiO; " -30% - | 90% Ethane
(1997) ;
Vadlamannati - 200 PY/C v 4% | 92% Ethane, 2%
et al (1999) Monochloroethane
Vadlamannati |~ 200 - Cu/C - 0.6% - | 100% Ethylene
et al (1999) o -

Srebowataetal |  230-250 Ni/Si0, 4% 70% Ethylene,
(2007) - - 30% Ethane
Srebowataetal |- 230-250- |  Ru/SiO, 2% ‘ 25% Ethylene,
(2007) - 55% Ethane

Therefore, it can be found that although the reductive treatment with nZVI particles failed
to dechlorinate 1,2-DCA, catalytic hydrodechlorination in the laboratory ét’\}éry"high
temperature, in the presence of a catalyst and gaseous hydrogen could }ranéfdrm 1,2-

DCA into ethane and ethylene.

AY
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234 Modified Approach to Degrade 1,2-DCA with nZVI, Catalyst and Hydrogen

So far;' the beneficial application of zero-valent iron nanoparticles in aqueous phase for
remediation of chlorlnated hydrocarbons has been discoursed. However, 1,2-DCA has
been found to be an exception in this respect due to its recalcitrance to redd’ction. On the
other hand, gas-phase catalytic hydrodechlorination at an elevated'temperature using an
adequate catalyst could dechlorinate this compound. Nonetheless, the requlrement of high
temperature and gaseous Hz makes this approach 1mpract1cal for field remediation.
Therefore, the study of an alternate methodology for in-situ 1 2 DCA degradatlon in
contayminated aquifers . is a ~worthwhile task. - Since = the main concept " of
hydrodechlorlnation to remediate 1,2-DCA lies in replacing the chlorine atoms by
hydrogen, liquid phase reduction using an - alternate source of ‘hydfogen presents an
interesting alternative to gas phase reduction of 1,2-DCA. This type of reduetion has been
favourably applied for dechloritation of polychlorinated biph'enyles,'chlorobenzenes and
chlorotoluenes (Ukisu et al, 1997; 1998). In this case, relatively mild cohditions with
reaction . temperatures ‘rarely ‘exceeding 100°C have been: proved . adednate for the
dechlorination to take nlace. Moreover, instead of H, gas, yarioussources "\of hydrogen,
like formic acid and formates, phosphinic acid and phosphinates, phosphorous acids and
phosphates, alcohols, hydrazine or borohydrides, can be nsed (Ukisu et al ’l998, Urbano
and Marinas, 2001). The use of hydrogen donors has potential advantages‘on hydrogen
transfer reduction compared with catalytic reduction with molecular H,. The H; released
from the hydrogen donors is transformed into atomic hydrogen (H) onto the catalyst

surface through catalyzed decomposition of H, (Zhou and Lim, 2010). This H reacts

with chlorinated compounds, releases Cl- and forms hydrocarbons (Fi'gr 2.6) (Urbano et

!
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t

al, 2001). According to Urbano et al. (2001), the hydrogen transfer mechanism may take
place in various ways: the H, rn_éy serve as a proton, atom or hydride during its transfer

from donor depending on the reagents and conditions.

RH + CI-

Hyd}o gen source |

Fig: 2.6 Schematic of Proposed Hydrogen Transfer Mechanism on Pd (Ref Zhou
and L1m 2010)

When formic acid is used as the Hy donor and Pd i‘skused as catalyst"fo“decolorinate RCl,
Kopiﬁke et al (2004) proposed that, in the presence of Pd, RCI ufilisos directly the
hydride hydrogen from the chemisorbed formate and breaks into RH and cr (Fig 2.7a).
In fact under alkaline COIldltIOHS it is found that the relatlvely slow hydr1de mechamsm‘
dommates (Fig 2. 7a), whlle at lower pH \}alues the fast. radlcal mechamsm through H

atoms is favoured under acidic or neutral conditions (Fig 2. 7b) (Kopmke et al 2004)
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'RCl  RH+CI'+CO;

HCOOH

Fig 2.7: Possible mechanism of Pd-catalyzed hydroechlorination in the presence of
formic acid a) hydride mechanism b) radical mechanism (Kopinke et al, 2004)

\

Litera:turc reports indicéfe the combination of HCOOH, use(i_ as a‘Hz donor, with Pd, is a
powerjful reductant. Under acidic or neutral conditions, formic acid-was found to be as
reacgi\j/ea's H,. Kopinke et al (2004) observed that at 23°C and a pH = 3.5? 0.05mM
chlorobenzene . was completely dechlorinated: using.5.5mM . HCOOH . aﬁd 250 mg/L
Pd/Al‘203, forming benzene and chloride at the end of 20 hours. When isopropanol was
used as-hydrogen sdurce, only 15% of chlorobenzene was converted to behzene after 2

weeks. The activity of the catalyst was tested and found to be reactive even after 2 weeks.

Therefore, . the partial dechlorination might be because  the combiﬁétién, of ‘Pd and




37

isc‘)p_ro‘panol was not an appropriate reductant under the applied mild conditions due to its
kinetic nature and not because . of the thermodynamic nature (the driving force for
isoprépar;ol reaction‘mechanism,’- AG® = -212 kJ/ mol) (Kopinke et al, 2004.). In another
study, Ukisu et al (1997) used 2-propanol as hydrogen donor, for hydrogen transfer from
erroi)anol to p-chlorotoluene in' the presence of Rh/C, Pd/C and'Pt/C at temperatures
below 82°C. Although Pd has been proven to show the best ;:atalytic?'properties in
catalygic hydrodechlorination, Ukisu et al (1997) showed that, in.this case, Rh exhibits
better performance than Pd and the reaction was completed within 180 min{Jtes while Pd
showe:d only 20% degradation in that time period (Ukisu et al, 1998). Ukisu:et al (1998)
expla_ihed this differencé in: the dechlorination -activity as:a: result of efficiency of

N

hydrogen transfer process from 2-propanol on the catalyst surface... = .

Alth01.1gh nZVl itself performs as a source of hydrogen in aqueous phase fo'rl; reduction of
chlorinated solvg:nts, it was. completély unsuccessful to dechlorinate 1,2;DCA. ‘Being
encouiraged by the idea'of liQuid phase reduction, along - with nZVI, a suitable hydrogen
donor-and catalyst »havé been used in this researéh work to céeate a feducihgf e\:nvironment
thatb éould degrade 1,2-DCA to a certain extent. The choice. of ‘hydrogen donor and

_catalysts were selected by-analyzing the literature. Details of this selection to formulate

different experimental conditions for 1,2-DCA has been resolved in the next chapter. " -

2.4 SUMMARY
Nanoscale zero valent iron particles have been proposed as a preferréa option for

remediation of chlorinated solvents, such as chlorinated ethylenes a;id ethanes. The high
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surface area, nanoscale dimensions and high density of reactive sites on the surface
enable nZV1 particles to degrade contaminants at a faster and more complete«manner than
mlcrol or macroscale 1ron systems In aqueous env1ronments, Fe 1.s OdelZCd and thts
causes reductlon of H,O ‘mto Hz Addrtron of noble metals to nZVI partrcles enhances the
react1v1ty, the noble metals servmg as catalysts Ina brmetallrc nZVI system the catalyst
performs as the drssocrator of Hz, absorbmg and d1ssoc1at1ng it into atomic H ThlS hlghly
reactrve form of hydrogen then attacks the adsorbed contarnmants on the iron surface
replacmg chlorme leadmg to the formation of benign products. However, in the absence
of a catalyst, szcannot contribute directly to the dechlorination.‘,‘»I\)loreover:r.’ the’ presence
of a catalyst onk the iron surface preserves the Feo core from being'.oxidized and thus
mamtams its reactlvrty for dechlorrnauon Both mono and blmetalhc nZVI partlcles
showed excellent performance in remedtatmg chlorrnated cornpounds hke PCE TCE,
cis-DCE and VC The flnal products were mainly saturated hydrocarbons Although a
number of chlorrnated ethanes responded to the treatment w1th nZVI partrcles 1 2 DCA
was an except1on because its chemical- -physical propertles d1d not allow 1t to respond
posxtrvely towards the treatrnent mvolvrng nZVI However catalytrc hydrodechlormatlon
could successfully remedlate this compound. The main strategy of this study is to create a
nzZVvl based formulatlon comblng the concept of catalytlc hydrodechlormatron and hqurd-
| phase reductron that wrll provrde a posrtlve methodology to dechlorrnate 1,2- DCA

successfully
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CHAPTER 3

3.0 DEGRADATION OF 1,2-DCA WITH NZVI PARTICLES

3 1 INTRODUCTION

Chlormated Organlc Cornbonnds (COCs) are d1fﬁcnlt to remedlate drrectly underv’most
natural or ablotrc COIldlthHS and are persrstent in the envrronment for decades to
centu‘rresv cansmg wrdespread contamination in both groundwater and s011 The
apbhcauon of nanoscale zero-valent iron partrcles (nZVI) for ablotlc rehledratlon of
chlormated aliphatics, aromatlcs and polychlormated blphenyls isa promlsmg technology
(Zhang et al, 1998; He and Zhao 2005; Li. et al 2006 Wang et al 2008
Sakulcharchareon et al 2010) Nanoscale zZero- valent iron partrcles~are very effectlve
electron donors possessmg a standard reductron potent1a1 (Eo) of - 0. 44 VH 4In an aqneous
solutlon Fe® is ox1dlzed to Fe and forms H, by reductron of H,O (equatlons 3.1 and
3. 2) When iron partlcles are doped w1th a catalytlc rnetal (e g Pd Pt, N1 or Ag) the
catalyst adsorbs the H2 and dlssocrates it into atomrc H (equatron 3. 3) whrch then attacks

the adsorbed chlormated contamrnant (RCl in equatlon 3 4) on the iron surface leadmg to

dehalogenatron of the orgamc substrate (equatlon 3. 4)

X +2H20 > Fe2++H2+20H ) - (Equation3.D)
2P + Ot 2H20 > 2Fe2++ o8 | (Equaion32)
' H catalyst ZH’ .‘ 7 - .> x | ’ a o (Equatlon 33)

. Fe + HZO + HO + RCl ——) RH + HCI + FeO o (Equation 3.4)
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Many -COCs of concern. (e.g., tetrachloroethylene PCE, trichloroethylel;e TCE, cis-
dichloréethylene cis-DCE) . are: rapidly and completely dechlorinated . without " the
formation of toxic by-products (é:g.‘, vinyl chloride) using'nZVI doped with a catalytic
metal known as ‘bimetallic nZVI systems (He and Zhao, 2005; Lien and ihahg, 2001).
Both mono and bimetallic nZVI particles exhibited a good performance in cicgra’daticin of

chlorinated ethanes- like hexachloroethane (HCA), pentachloroethane (PCA), 1,1,2,2-

tetras’chloroethane1(1,1,2,2-TeCA)’and 1,1-dichloroethane (1,1-DCA) forming ethane at

the end of the reaction (Lien and Zhang, 2005; Song and Carraway, 2005). .

Although chlorinated ethanes like HCA, PCA, 1,1,2,2-TeCA and lJ.—]jCA showed
response to nZVI dechlorination, 1,2—dichlordethane (1,2-DCA) has~ 'be¢n'.resistant to
degradation using nZVI technology (Ferrey et al. 2004, Zhang et al 1998; Song and
Carraway 2005; De Wildeman and Verstraete 2003, Kopinke et al' 2004). For instance,
Song and Carraway (2005).found no measurable reduction: of 1,2-DCA;V(conversion
below 5%) even aftef_40'days of reaction (nZVI/l,?_-DC_A=83 wt ratio).'\ ‘The limited
' reactiVity 6f nZVI to 1,2-DCA has been ascribed to factors such as bond strength of the:’
carbon-chlorine bond, '-the low eleétron affinity of the carbon-chlorine bond and the low

stability of the carbon-radical species resulting from the initial electron transfer step

‘required  for dechlorination (Larson and Weber, 1994). Generally, the higher the

oxidation state of the carbon atom, the more responsive it is to reduction and the more

resistant to oxidation (De Wildeman and Verstraete, 2003). 1,2-DCA with an oxidation

state of -1 exhibits a low tendency to reduction under conventional condit_iorfs, LT
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13

As discussed earlier, in the nZVI system the source of H, is water. ‘Hydrogén generation

occurs through Feoc_ corrosion and this hydrogen is used during the transformation. of the

—

chlorinated compounds into b'enig;ri products. Therefore, introducing a more-efficient Hj
source in: _thé dechlorination:: system - .could : potentially enable. a 'more effective
dechlorination process. Previous studies have:shown that a H, source coﬁpled with. an

active hydrogenation catalyst (such as, Pd, Rh, Ni or Pt) can reduce reticent organic

halides such as- chlorotoluene, chlorobenzene, and polychlorinated biphenyls. (Johnstone - -

and Wilby, 1985, Ukisu et al 1998; Kopinke et al 2004). The adsorption of hydrogen
released:from the hydrogen donors onto the catalyst Surface influences the dechlorination
rate (Urbano et al, 2001). Formic-acid has been found as an effective. hyd'rogen;source
and a combination of formic acid and Pd acts as a powerful redlil‘c-:-t*ant,_to; dechlorinate
compounds ‘like chlorobenzene (Kopinke ‘et al, 2004). Alcohols have bceni proposed as -
hydrogen sources as well. In this case, the alcohol acts both as a hydrogen source and
solvent for the dechlorination reaction. However, in this case, the addition of a base (e.g.
NaOH, KOH, NH,OH) ':is‘ ‘necessary to neutralize the HCl formed becéﬁse HCI can
deactivate thefcaitalysts.ﬁ (Urbano and Marinas, 2001; Ukisu et al, 1998). The use of
alcohols as hydrogen aonors coupled with a hydrogenation catalysts such ‘Rh, Pd and Pt
has been proved successful in the dechlorination of contaminants-like p-chlorotoluene

(Ukisu et al '1998). Nonetheless, the literature lacks reporté on the use of these systems

for the dechlorination of 1,2 DCA. .. .~ o o0

The studies discussed in Chapter 2 .and briefly discussed in. this sectioh _irvldi(‘:ate« that,

while thermodynami‘cally feasible, the right conditions for dechlorination.of 1,2 DCA are
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yet to’be found. Based on results obs'erv'ed on -the dechlorination of other organic species,
it canbe hypothesized that a combinafion of liquid-phase reduction using hydrogen
‘ donors, a catalyst and nZVI should be‘able to initiate the degradation of '1,2-DCA under
the right experimental conditions. In our study formic acid and isopropanol (IPA) were
selected as hydrogen donors while Rh and Pt along with Pd were used as catalysts. The

selection of these specific systems were based on reports indicating that both Rh and Rh-

Pt catalysts showed. significant . performance in dechlorinating chlorotoluene in- the

presence of 2-propanol and NaOH (Ukisu et al, 1998) whereas HCOOH catalyzed by Pd

was as reactive as ‘gaseous Hj to completely degrade .chlorobenzene (Kopinke et al,

2004). The objectives of this study are i) to find the nZVI-based. formulation to |

.

dechlorinate 1,2-DCA under aqueous conditions similar to those in the field. ii) to
optimize ' the experimental conditions for this process and iii) to investigate the

degfa_dation pathways under which 1,2-DCA dechlorination takes place.

3.2 MATERIALS AND METHODS
© 3.2.1 Chemicals

The following chemicals were used for experiments as received: 1,2-DCA(>99%, A.C.S.

Reagent, Sigma-Aldrich), TCE (99+%, extra pure, stabilized, ACROS Organics), n-

hexane (>95% GC, Fluka Analytical), formic acid (98%, GR ACS, EMD Chemicals Inc),

isopropyl alcohol (for GC, HPLC, Residue Analysis, Spectophotometry; EMD Chemicals

Inc ), FeSOg4. 7H20 (99+%,AA CS. ‘Reagent, Sigma-Aldrich), NaBHs (98+%, ACROS),

KdeCl6 (99%, ACROS Organics), Pd-acetate (99.98%, trlmer Pd min 47%, Alfa Aesar),

Rh-acetate (dimmer, 99.99%; Alfa Aesar), PtBr; (99. 9%, Pt m1n 54 5%, Alfa ‘Aesar),

A
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sodium carboxymethyl cellulose (9OK Slgma~AIdr1ch) so'dlium*‘chlor’ide'f(E‘MD

Chem1cals Inc), Scotty Analyse Gases Nz (ultra hlgh purlty, PRAXAIR) Gas M1x (5%

| Hz balance Ar, PRAXAIR) He (PRAXAIR) Compressed air. (PRAXAIR) 5% CHy

balance Ar (PRAXAIR). :

A

3.2.2 Synthesis of non-stabilized nZVI Particles

' The non- stablhzed nZVI partlcles were synthe51zed usmg NaBH4 to reduce an aqueous

solution of FeS04.7H,0 following the protocol of Schrick et al (2002). 'The 'synthesis
procedure was carried out-in an anaerobic chamber to ‘avoi'd Fe oxidation. In order to

remove. drssolved 02 delonlzed (DI) water used for the experlments was purged w1thl‘ ',

.

\purlﬁed Nz for at least 2 hours before synthes1s FeSO4 7H20 was added to DI water to‘
achleve 0. 161M 1ron The reactlon mixture was - homogemzed using a magnetic: stlrrer E
operatm’g;at. .600'_‘?P‘?1~ After complete dissolution of “therrorr_:salt,v an equal volume_‘of
Q.32‘2M adueous solution of NaBH, waswadded drop wise-(ldrop/ sec) to the lroh.solutiOn

il

to reduce f_e_rrous iron to its zero-valent form (Equation 3.5): -~ -

. 2Fe?* +BHs + 3H0 > 2Fc® + H,BOy + 4H' +2H, - (Equation 3.5)

Upon addltlon of the NaBH4 solutron the clear yellow1sh solutlon rap1dly changed to a

- - o g 2
<

dark black suspensron, mdlcatmg the formauon of Fe nanopart1cles After complete_.

R e

addmon of NaBH4, the solutlon was mrxed for about 30 mrnutes until Hz gas evolutlon

) ceased The resultmg nZVI particles Were thoroughly rinsed with DI water (100 mL/g)

[
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In order to prepare Pd/Fe blmetalhc nanopartlcles an aqueous slurry of Fe nanopartlcles

was equ111brated w1th an 3.38 x 10 M ethanohc solutron of [Pd(C2H302)2]3 ThlS mlxture
was stirred for 30 minutes. Thls resulted in the reductron and subsequent deposition of Pd

on the iron surface (equation 3.6):
O _Pd2+,.+ Fe’ > Pd’+ Fe** | ’v (Equation 3.6)

" The palladlum doped nanoiron partlcles were then washed w1th DI water collected in

120 mL reaction vials and capped with ‘Teﬂon Mlmnert Valves. -

.~

- Transmission Electron Microscopy (TEM) images ‘give information about the shape size-

_' and size drstrlbutlon of partlcles A very dilute solutlon of Pd/Fe nZVI partrcles was
prepared in acetone or IPA in order to take their TEM 1mages Th1s solution was, then
dlspersed for 20 ~ 30 mmutes On a. copper lacey carbon grrd a few drops of nZVI

so[lutlon,was_deposrted,Asto_redr in the fume hood until the acetone or IPA i is completely

' evaporated from the grid and then it was .analyzed .by the TEM. vTEM analysis was

performed usrng a FEI Trtan 80 300 Cryo-m s1tu Transmrssron Electron Mlcroscopes F1g 3 o

E—

'3 1 shows the TEM i image of Pd/Fe blmetalhc particles. . ..
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Fig 3.1 TEM image of Pd/Fe bimetallic nZV1 particles with scale bar 100 nm.

(Fig Courtesy: Nataphan Sakulchaicharoen)

For the preparation of Rh/Fe bimetallic particles, Rh-acetate (CgHieOsRI") dissolved in
DI water (4.82 x 104 M) was added to the aqueous slurry of Fe particles and then
equilibrated for 30 minutes. In some experiments, a mixture of catalyst precursors (Rh-Pt
and Pd-Rh-Pt) was used following a co impregnation protocol. PtBr? served as the
precursor of Pt. However, since this compound is insoluble in pure water, it was first
dissolved in a 1M NaBr solution (through comlexation by Br' ions) and then mixed with
the aqueous solution of Rh-acetate (Rh-Pt/Fe) and/ or Pd-Rh-acetate (Pd-Rh-Pt/Fe). This
mixture was then added to slurry of Fe nanoparticles and then collected following the

same procedure described above for the Pd-Fe material.
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3.2.3 Synthesis of CMC-stabilized nZVI Particles

The synthesis procedure was carried in an anaerobic chamber. CMC was added to the

SOlllthIl mixture before the reduction step w;th borohydrtde Before synthe51s both DI

water and 3% CMC (90K) stock aqueous solution were purged w1th pur1ﬁed N, for at
_ leas‘t 2 houts to'rernove d1ssolved Og. .
‘ A volume of 50mL of an adueous solution of FeSO4.7H,0O (0.161M) prepared in DI
water was added to'125 mL of 3% aqueous solution of CMC to give a final concentration

of 1.5% of CMC. This mixture was stirred continuously’with a mixer for about 15

" minutes to complete the formation of the Fe-CMC complex where the carboxylic groups |

' of CMC after bemg almost fully dlsassomated mteracted With the Fe catlons After this

' period S0mL of an aqueous NaBHj, solution (0. 322M) was added drop wise (1drop/ sec) :

to thef CMC—Fe2+ SOlllthIl. After addition of the total volume NaBH,, the mixture was .

allowed to homogemze for about 30 more minutes and then 25 mL of 2 35 X 10 M of
KdeC16 dissolved in a 0 OOSM NaCl solution was added to the CMC nZVI solution in

e order to prepare bimetalhc nanopartlcles. Pd was “deposited on the nZVI surface

according to equation 3.7: T C N

E

PACle* +2Fe® > Pd’+ 2Fe® +6CI°  (Equation 3.7)

The syathes'ized iron particles were collected in a" 120 mL reaction vial “aridi-'W’ere
1mmed1ately capped Wlth Teflon Mininert Valves Frg 3 2|shows the TEM 1mage of CMC

'(90K) stabihzed Pd/Fe nZVI partlcles

iN
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Fig 3.2 TEM image of CMC (90K) stabilized Pd/Fe bimetallic nZV1 particles with
scale bar 5 nm (Fig Courtesy: Nataphan Sakulchaicharoen)

3.3 BATCH EXPERIMENTS

Batch experiments were carried out in 120 mL amber bottles to test the reactivity of the
laboratory synthesized nanosized zero-valent iron particles for the dechlorination of 1,2-
DCA and TCE. The purpose of using amber bottles was to restrict any kind of
photodegradation of the chlorinated solvents. Along with the reaction vials, blank
experiments were conducted without metal particles. Stock solutions of both 1,2-DCA
and TCE were prepared in isopropanol and appropriate volumes of the stock solutions
were spiked through gas-tight syringes in both vials to achieve the desired concentration
of the chlorinated solvents. In those experiments requiring formic acid, an appropriate
amount of this chemical was added to the vials before 1,2-DCA spiking. About 25-50%

of inert headspace was maintained in the vials to allow for good homogenization of the



reaction mixture. The vials were shaken eithe_r"byj;\'vrist action shaker at rooni te

- or in a temperature controlled orbital shaker at 165 rpm. - . ..

i . | | 52

v
[y .

mperature

¥

- dechlorination teétir‘lg., -

¢
i
. .
iy
'
e .
A v
[
¥
N
-
N
.
¥
i

: i"I‘able 31 .'indicates"the - différént- experimental conditions for 1,2—DCA* and TCE
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Exp #. | - Chlorinated . | Fe’ conc Catalyst Temp H; donor / Degradation
. Compound (g/L) (wt % of FeO) (°O) Stabilizer added | .after 7 days
(mg/L) | | o e
1. TCE=100 &5 none 25 none 25% after 6
R RN R SO N R : days
D2, TCE= 100 1.5 Pd=0.1% 25 none 100% after
dLow e SRS (N EER : : Pl s 3 hours
3. 1,2-DCA= 50 1S5 Pd=0.5% 25 none none -
4. 1,2-DCA=5 | 20 Pd=0.2% 25 none 7%
5. . 1,2-DCA=10 20 - Pd=0.2% 25 none 8%
6. 1,2-DCA=5 25 Pd=0.2% 25 HCOOH= 7%
- I R AR . 250 mg/L
7. . 1,2-DCA= 10 5 Pd=0.2% 35 ~ 'HCOOH= 11%
8. 1,2-DCA=10 | 10 'Rh=0.5% 35 IPA'and NaOH ‘| . none
9. '1,2-DCA=10 10 Rh=0.2%, Pt 35 IPA and NaOH | . none
R T SRS SRS v ',.=,0.1% : G SRR TR AR
- 10.- ] 1,2-DCA=10 10 " Rh=0.7%, | 35 IPA and NaOH none
Pt=0.35%
11. | 1,2-DCA=10. 10 Rh=1.42% - 35 | TPA and NaOH none
o : s - Pt=1.42% L ‘ . )
12. 1,2-DCA= 10 10 Rh=0.2% 35 HCOOH= 12%
o " 1 Pd=02% | 500mg/L )
Pt=0.1% - : :
13.7 1,2-DCA=10 5 Pd=0.5% 25 HCOOH= 9%
- | TCE= 10 (after ' : : . 500 mg/L.
: 7 days) CMC=1.5%
14, TCE=10 5 Pd=0.5% | . 25 HCOOH= | not detected
‘ R i 0 soomgL |
L e : _ A CMC=1.5%
15.° | 1,2-DCA=10 5 Pd=0.5% 45 HCOOH= 17%
‘ : / 500 mg/L
_ - CMC=1.5%
16. 1,2-DCA=10 10 Pd=0.2% 35 HCOOH= 12%
| - 500mg/L

A PN
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34 ANAL.YTICAL'METHODS

3.4.1 Solvent Extraction Analysis

The cioncentrations:'of '1,2-DCA’ and TCE were analyzéd using the Solvent Extraction
method. n-Hexane was used as the extracting solvent. At selected time intervals, 0.25~1

mLsof an ‘aqueous aliquot was collected from both' the reaction and blank vials and

transferred to a 2-mL GC vial containing 1 mL of n-Hexane. This GC vial was shaken for

a.biout‘ 10 seconds and then kept undisturbed for about 2 hours,‘. tofltl_lgy;‘fl(_):r‘ ‘cf:qt‘l_i_l_i»pratilon.

éfte‘r‘thisvtime,-the Orgahic phase was removed for GC ?analsfsis.’ A-1 uL of extract was
“withdrawn by the autosampler for GC analysis. |

The sample was analyzed for the determination of thgconcentf‘atioh”of 1,2-DCA and

’I:CE-"usi.ng an Agilent 7890 Gas Chromatograph equipped with a' DB-624 ‘capillary

column (75m X 0.45 mm x 2.55 um) and an’Electron Capture Detector (ECD). The -

temperature program uséd for the analysis was: 35°C for 12 min, then 5°C/ min to 60°C
held for' 1 min; 17°C/ min to 200°C held f;jr 5 min. ‘A sample volume of 1 uL was
in_je‘cited in split less 'rno,dé‘. »'§_tan’dard calibra;iop:gurvcs_fo"'rf-1,2-'D’CA 'and-T\CE were used
to calculate the ‘aqueous Hconc'entr'ation ‘of the solvents in the reaction mixture. The
sténdafds were preﬁéfed' usiﬁg iSopropénol and DI water and were analyzedusmgthe
same method as the .sample's.ﬁThe retention time of 1,2-DCA and TCE found ‘were about
15.77 'rhin arid-18.21u min respectively for this temperature program. Along with 1,2{DCA
alna TCE, 1,2-DCE was also quantified during the analysis ’fc_)r identification of the

formation of chlorinated intermediates during the dechlorination reaction.

g\r ﬁv,‘rf';'.!,u c{
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3.4.2 Headspace Analysis -

Static headspace /Aanalysig, ‘was done to detect the hydrocarbons produced during
dechlorination reactions on an '»A‘gilent 7890 GC equipped with a 7693 Auto Sampler, a
Mass detéctor (5975C MSD) and Flame Ionization Detector (FID). A GS-Gas Pro k
C_olun;m (3.0m x 320 pm) was used for this analysis. The temperature program used

under this program was 35°C for 5 min, then 10°C / min to 220°C ,held‘-for 7 min. Sample

injectfon was carried ouf using both manual injection and auto-sampling. For the case of

manual injection, a 250uL gas-tight syringe was.used to take the gaseous sample from the

head‘spaceyoff the reaction and blank vial. For the case of auto sampling, two different

methods were used. In the fifst' case, 1 mL of aqueous sample withdrai)vn from the
reactioﬁkmixture was put into a 2mL GC vial. This samprlei was he;_;d at 50°C for 1 min

and stirred at a speed of 1000 rpm before a‘ZSOuL headspace sample_iﬁjeétion into the -
GC._The-second case involved 2 mL of liquid sampling from the reaction qiixture into a
10 mL autosampler ((JfC -glass vial. This was followed byheating the vial th 85°C for 28
min arrld_stirring at IS0,0}'rp’m followed by injection of a 2.5‘01_mL headspace sample to the
GC. ‘The hydroc‘arboné were identified based on their mass spectra. Quarifification was
carried out by perfofrning a calibration using a gaseous mixture of ethane, propane,
) butane, pentane, hexane, ethylene, propylene, l-butylene; 2-butylene, pentylene and 1-

hexylene of known concentration in nitrogen. . -

343 Chloride Amalysis . ... b
The production of. c.hlqrvide‘ from the dechlorination reaction of 1,2-DCA ahd,TCE was

monitored for selected experiments. For this purpose, the aqueous phase left in the2 mL

4
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G_C vial after n-Hexane extraction was used. The evolution of chloride was irronitored
using'a‘\Yaters 717 plus ‘Autosampler High Performance Liquid Chromatograph (HPLC)
e_crurppedwrth a conduetiyity‘detector and an IC pak™ ’anio’n"column (4.6m‘)r5’05rnrn)'.’
An isolcratlciiprOgram was used. The eluant used was 'a‘-mixture \of 12% dcetonitrile in ‘

deronrzed water and the flow rate was' set to 1.2 mL/mm at'a: pressure of 595 ‘psi. The

1nject10n volume was lOO uL. The calibration for chloride evolutlon was done using

different standards of NaCl solution (0.01,0.05,0.5, 1 and 5 mM) -

3.5 RESULTS AND DISCUSSION

* 3.5.1 The Formulation for 1,2-DCA Dechlorination |

Before attempting 1,2-DCA dechlorination, a number of experiments were carried out to
conflrm the general appropriateness of the nZVI synthesis procedure for dechlorinatlon :
of chlormated hydrocarbons and to compare results te those reported in the hterature.
TCE was selected as the representatrve contaminant since it is well known that T CE ean

be readrly reduced by nZVI (Zhang et al, 1998; Kim and Carraway, 2002‘ SChI‘le et al

‘ 2002 Liu et al 2005; Lien and Zhang, 2007). In these- 1n1t1al experlments TCE was

dechlormated with both mono and bimetallic nZVI. In the case of monometallic nZYI
g‘SE =100 mg/L,;nZVI/TCE_:lS wt. ratio,: Exp # l,;Table 3.1), about 25%;of TCE Was
degraded at the end of 6 days (results not shown) whereas with bimetallionZVI (TCE =
MthO rng/L nZVI/TCE 15 wt. ratro Pd—Ol wt%, Exp # 2 Table 3 1) TCE was
completely dechlormated in one hour (Frg 3 3) Observed degradatlon products ‘were

mamly ethane with a s1gmficant amount of ethylene This is in agreement wrth the results

\
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0.05wt% Pd and obtarned ~50% TCE degradation at the end of 12 minutes whlle in this

.study, (nZVI/TCE-IS Pd-O lwt%) 1t took ~30 mlnutes to achieve the same- % of _- '

degradation. This dlfference 1n;rate ‘of reaction is mamly due to the different nZVI/TCE -

ratio. A small amount of l-but'erne and 2-buty1ene also appeared as coupling products’as |

the reactlon proceeded further in this study; these products have been prevrously

observed by others (L1u et al 2005) Unfortunately, due to analytical error’ only 32% of

carbon mass balance was recovered in the experlment The total recovery of chloride ions
Was 86‘.5% of the total expected chloride based on the disappearance of TCE '(Fig 3.4)‘.

Though some TCE could be lost due to volatrhzatlon it is more hkely that chlorrde is

[ _

adsorbed onto the nZVI surface (Barnes et al, 2010)
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Fig 3.4: Evolution of Chloride due to degradation of 100 mg/L of TCE with 1.5g/L -

of nZVI and 0.1 wt% Pd at 25°C (Exp #2)

The initial set of 12-’DCA” experiments were designed based on the successful. TCE
dechlorination experrments with Pd/Fe bimetallic particles. Experrments were carried out
for the degradation ‘of 50 mg/L of 1,2-DCA (nZVY/ 1;2-DCA = 30 wt. ratlo, Pd =0.5
Wt%, Exp # 3, Table 3.1). Pd loading was increased to 0.5 wt% based on the work of
Orellana et al (2005) using 0.5 wt% Pd supported on' SiO, to catalytically dehydrogenate
1 2-DCA at 300°C in the presence of gaseous.Hz. After 3 days, no 1,2-DCA degradation
was observed in this’ experlment This" unsuccessful result might be due to a lower
nZVI/ 1,2-DCA ratio, compared to Lren and Zhang (2005) (where nZVI/l 2 DCA 250
wt. ratio, though this high ratio was unable to degrade 1 2 DCA) It should also be noted

that the temperature used here was much lower than. Orellana et al (2005) used As such
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’f( ‘
the kinetic barrier needed for dechlorination under these specific conditions may not have

been achieved. To address these two issues, a new set of experimental conditions were
developed; these include the u‘se of ‘a higher nZVI/1,2-DCA ratio and - increased

\\

temperature to decrease the reaction time and cut experiment time down.

o As dlscussed in Chapter 2 Vanstone et al (2008) degraded about 30% of 15 mg/L of 1,2- '
‘ DEIA at room temperature in 12 days using large quantities of Zn® (Zn/1,2-DCA = 80, 000
wt. ratlo).‘ They selected Zn® for this experrrnent because it is known as a highly reactlve
zero—valeht metal with a standard reduction potential of -0.76V, which facilitates
experlrnents with slowly reacting chlorinated compounds (e.g. ‘l;l—'DCA, 1,2-DCA) |
(VanStone et al, 2008). The one electron reduction potential for ‘Zn;When _reacting yvith
1 2'-D‘C‘A.is -0.558V at {Cl-} =lmM in the presence of all other species at unit actiyity '
(Arnold et al, 1999) However, Zn° becomes easily ox1d1zed in the sub- surface affectmg
its dechlorination capacrty (Wang et al, 2010). Moreover, the use of Zn" 1n the field is
lrmtted as rt releases Zn , a harmful metal ion (Vanstone et al, 2008) On the other hand
the appl1cat10n of nZVI to dechlormate COCs is a preferred optron due to its hlgh
efﬁmency and envrronmentally bemgn nature though the reductron potentlal for the
reactron between 1 2 DCA and nZVI was not quant1ﬁed because of its res1stance to nZVl
reactrvrty WPd doped nZVI corrodes at a lower rate than Zn (Wang et' al,
2010)'“T'he use of Pd together W1th Fe’ reduces the‘ ’actlva‘tron energy for dechlormatron |
For 1nstance for dechlorlnatron of PCE vyrth nZVI‘ the activation energy is 44 9 kJ/rnol

Whereas the use of Pd/Fe reduces the actlvatron energy to 31 1 kJ/mol (Lren and Zhang,

2007) Therefore mstead of Zn in thlS study Pd/Fe b1metall1c nZVI has been selected
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Since Vanstone s results indicate that a very large excess of reductant is required to carry
1,2 DCA dechlonnatlon a'set of experiments were designed using a high concentration
of hlghly active bimetallic Pd/Fe partlcles (1,2-DCA= 5 mg/L, Fe’/1,2- DCA = 4000 wt

ratio, Pd = 0.2 wt%, Exp #4, Table 3.1), The result of this experiment is shown in Fig 3.5.
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Fig 3.5: Degradatlon of 5. mg/L of 1 2-DCA with 20g/L of nZVI and 0 2 wt% Pd at
' 5°C (Exp # 4) ‘
Comparison of 1,2-DCA in the reaction and blank viaié suggests disappeara;nce of 7% of
the 1,2-DCA after 7 déys; ‘however no chioride was detected in the réactibn "'vialsﬂ.: The
amount of chloride that would have been evolved due to 7% of 1,2-DCA dechlorination
is 0.125 mg/L; which is lower than the detection limit of the chloride analysis method
used (0.5 mg/L). Hydrocarbons were not measured in this expérimehrt'.‘f ’_I'd‘c’onﬁrm
Whé%her’ ‘degradation was indeed taking place | a. second experimcdt under similar

conditions ‘was carried out; however, in-this case, the 1,2-DCA concc;')ntfat‘i’on was
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; doubléd (1,2-DCA = 10 mg/L, Fe%1,2-DCA= 2000 wt ratio, Pd = 0.2 wt% Exp #5, Table
3.1). Here, 8% of the initial 1,2-DCA disappeared after 7 days (Fig 3.6) ar_id ethane and
propane were detected in the reaction vial as degradation products. This indicates that

1,2-DCA degradation was taking place, though at a relatively slow pace.
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. Fig 3.6: Degradation’.(;-f 10 mg/L of 1,2-DCA with 20g/L ;)f ’nZV'I and O.Z?wt% Pd at
25°C (Exp #5) = ' ' oo :

These fesults indicate that 12-DCA degradation can be achieved using Pd doped nZV1

particles at relatively high loadings (e.g., nZV1/1,2-DCA= 2000 wt. ratio, nZVI= 20g/L),

which is"‘rather high' compared toi typical fieldyapblicatibn's‘ that can go as high as 10g/L

Given this, alternate nanometal ‘formulations that include the addition of different

hydrogen donors and catalysts were exp!lé)red to lower nZVI loadings while increasing

dechlorination rates.
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3.5.2 Formic Acid és H; Source

Prévibus reports indicate that formic acid (HCOOR) is an efficient H, donor under acidic
and neqtrai c~oknditi‘or_1‘s‘ (deiﬁké eg 51, 2004)When fofmic ac‘i‘d is used tdgéthér w1tth
for’ déchlc;rination it haé been observed that the relativél; slow hydride mechanisréh :
domin:ates" while under acidic or neutral conditions the fast radical mechanism through H
atQ:rnsi is _favoured (Kopinke et al, 2004) Indeed, it is reported that a combination ojf '
fo}fnig acid and Pd is very active for chlorobenzene dechlorinationj‘ (KOpinke et-al, 2004/);.
Based on the results reported in the literature, a suite of expefirvnentsr\&ag désigned té)
decreas;: ifon loadings and achieve dechlorination of 1,2-DCA using H, doﬁors. The first |
system.évaluated wés formic_>acid>/Pd. Thus; tﬂe next sét of ‘e;xperimer‘l‘ts wére carried to
dechlbrinate 5 mg/L of 1,2-DCA in the presence of HCOOH as a H, source (nZVI/1,2-
D;C,A?SPQ wt. rgtiq, Pd;O.Z yvt%, HCOOH/I.,Z-D:CA = SQ wt ratio, Exp #6 :ir‘lATable 3,1)
Thései c;)nditions were selected based on a rep§rt by ‘Kc‘)pinke'e.t al (2004) (HCOOH/
Chlqr9b¢nzene = 45. wt ratio, | Pd{Ang3= 0.5 wt.%, 239(;). Qur result\s using this
" f’QrI‘rjluilation‘ (Fig 3.7) show ‘th‘atvat the e;nd of 7 days, _arc‘)und‘_"/',% ,‘dec_:hlqrrirjxatic‘)n of 1,2—
DCA Qés achieved in the i)resence qf HCOOH This is s‘i;rnila}‘rkto the results obtained in
Exp%_#jS which_ requi;ed .large ratios of nZVI/1,2-DCA (2000 ~wt. \ratiQ) and definitély
offers.a Better an& more econoﬁﬁc met};odolbgy; The presencé of éthane ar'éd propéhe in
the headspace analysis of reaction vial confirmed the degradation as no hydrocarbons

were detected in the blank vials. A chloride analysis was unsuccessful because of

interference by formate ions.



63

- e
2 ;
E :
O
m .
£ 1l
!Cl:o ‘ . . : b o Y
T . u
@ n
£ 08 - |
< B
O
o
[o\] :
o 0.6:—
% <
o . R
2 !
c 0.4 1 B Reaction Vial
© i ‘ ’
wo @& Blank

0.2 -

0 1] ) i ] 1 ] 1 i

o0 1 2 3. 4. 5. U6 7. 8
T — Time (Days) '

Fig 3.7: Degradatlon of 5 mg/L of 1, 2 DCA w1th 2, Sg/L of nZVI, 0.2 wt% Pd and
250 mg/L HCOOH at 25°C (Exp #6) ‘

To get a faster rate of dechlormatlon the react1on temperature was 1ncreased to 35°C.

(1,2- DCA—IO mg/L nZVI/l 2- DCA—SOO wt ratlo, Pd—O 2 wt%, HCOOH/l 2- DCA—-SO
wt ratro, Exp #7 in Table 3.1 and Fig 3. 8) At the end of 7 days, 11% degradauon was

observed (compared to 7% observed when runnmg the same experrment at 25°C)
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Flg 3. 8: Degradatlon of 10 mg/L of 1 2-DCA with 5g/L of nZVvI, 0.2 wt% Pd and 500
mg/L HCOOH at 35°C (Exp # 7)

353 Op‘t‘ilmiza‘tio‘n _of Experimental Conditions

The experiments done so far showed that when HCOOH was used as a hydrogen source
and Pd as'a catalyst w1th nZVI at a temperature of 35°C 1t was p0351b1e to, degrade 1,2-
DCA up to 1 1% at the end of 7 days. The next objective was S to o'ptlmlze the experlrnental
conditions to 'get even better res{ll\ts'.‘For that purpose, instead of HCOOH, isopropanol
was selected as hydrbgien source. This selection was based on a study doﬁe"by Ukisu et al
(1997) where 2-propanol was used as a hydrogen donor in the presence of NaOH and Rh
as catalysts to dechlorinate chlorobenzene. This system displayed'the’a'lbility to fully
degrade chlorobenzene within 3 hours. Based on this specific results we attempted to use
Rb- doped Fe nanopartlcles for 1,2-DCA degradation (1,2- DCA—lO mg/L nZVI/l 2-

_DCA- 1000 wt ratio, Rh=0.5 wt%, reaction medium 1sopropanol (IPA), NaOH/Cl =3
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molar ratio, Exp # 8 in Table 3.1). The reaction temperafure was kept at 35°C. However,

at the end of 5 days, no 1,2-DCA degradation was observed in the reaction vial.

Previous reports indicate that the mixture of Rh-Pt as a catalyst (Rh=2 wt%, Pt=1 wt%)
leéds to successful dechlorination for the specific case of p-chlorotoluene at 27°C (Ukisu
et ai, 1998). The activity of the catalyst was shown to increase at higher Rh loadingsv(l -

3 Wt.%) (Ukisu et al, 1998). Thus, different amounts of Rh and Pt (Rh=0.2%, Pt=0.1%;

Rh¥O.7%, Pt=0.35% and Rh=1.42%, Pt=1.42%) were used to prepare several doped-

nZVIlformulations (Exp #9, 10 and 11 respectively in Table 3.1) in the presence of IPA’

aﬁd 0.61M NaOH but neither of these formulations could successfully dechlorinate :1,2-
DCA (Aependix A). Ukisu etﬂal (199E‘§)‘“‘v‘have' proposed - that dechie;nation activity is
intimétel? linked to Hy fransfer ;x'nd adsorbtion efficieﬁcies Tﬁerefore it cen be proposed
that the activation of Hy by Rh and Pt mlght not be as efficient as that of Pd leading to

poor results in 1, 2-DCA dechlonnatlon

A»not_k}ier»‘ﬁZVIi fqrmuiatienieontaining 0.2 wt% Pd, 0.2 wt% Rh and 0.1 wt% Pt was
t_este:‘_d/_ as well. In this particular case HCOOH was _us_edj as hydrogen donor for the
catalytic hydrodechlorination of 10 mg/L of 1,2-DCA aty3'5“°\C5(nZV’I/,1,2-D(‘}ZA= 1000 wt
ratio, Exp #12 in Table 3.1) instead of IPA. This particular formulation fyielded?,HIZ‘%
degradation of 1,2 DCA at the end of 7 days (Fig 3.9). This result is very similar to Exp#
7 suggesting that dechlorination takes places due to the presence of HCOOH and Pd
rather than due to the use of Pt and Rh in this formulatlon To conﬁrm this, Exp#16

(nZVI/l 2-DCA= 1000 wt ratio, 0.2 wt% Pd HCOOH- 500 mg/L Table 3 1) was done
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and 12% degradation was found after 7 days supporting the'result of Exp # 12 (Appendix

A).
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Fig 3.9: Degradation of 10 mg/L of 1,2-DCA with 10g/L of nZVL, 0.2 wt% Pd, 0.2
wt% Rh, 0.1 wt% Pt in 500 mg/L HCOOH at 35°C (Exp # 12) -

- Thus, up to thrs pomtnour results 1nd1cate that the most actlve formulation 1s nZVI/l 2-
DCA 500 wt. ratio Pd—O 2 Wt% and HCOOH/I 2- DCA-SO wt ratio (Exp# 7, Table 3 l)
Our next step was to improve the observed rea‘ctron’ rates'throngh stabrlizatlon of the i iron
nanoparticles. Itis well known that nZVI particles have tendency to form larger ﬂocsvand
induce agglomeration which in turn, decreases reactivity. Several stahiliiers; have been -
used rvith nZVI to diminish agglomeration decrease particle size and therefore increase
react1v1ty (Ponder et al 2001 He and Zhao 2005; Saleh et al, 2007; He and Zhao 2007)

Among different stabilizers, carboxymethyl cellulose (CMC) has been proved to be the

most effective (He and Zhao, 2007). As a result, the next set ,of experiments for this
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project was conducted using CMC stabilized Pd/Fe bimetallic particles in the presence of
HCOOH along with increasing the Pd content to 0.5%.(1,2-DCA=10 mg)L, nZVI/lf,'2-'
DCA:_SOAO':wt ratio, Pd=0.5 wt% HCOOH/1,2-DCA=50 wt ratio, CMC (901&) 1.5 wt% of
nZVI, 'Exp_: # 13 in Table 3..1) It is expected that the addition of the stabilizer during_
synfhesis Would lead to smaller ifon particle size, in turn increasing the available surfelce
area of’ the nZVI formuiation (Schrick et al, 2002; He and Zhao, 2‘005;’ He and Zhao,
20,0.7;\_ Sakelchaicharoen et al, 2010), leading to a higher 1,2-DCA'degrz.1datiorv1 rates.
" Under these conditions, around 9% of 1,2- DCA degradation was observed after 7 days
(Fig 3.10).i Though it was expected that inclusion of CMC will make the particle size
much ismalier which will increase reactivitgf' (Sal;ﬁ_leheicharoen et al, 2010) and a higvl.ller "
ddse of Pd would gi\{e a 'fastie_r, reactivity Jof”' 1"2"DCA‘"it, was ’ebse;ed that the rate of
degreeletion was lo‘wer‘than tﬂat achieved 1n E‘xp #1 (.1.1% dechlorinatien after 7 days)
where no CMC was added. The failure of CMC to increase re'ai(i:tivit‘yt can be rationalized
using-the explanation by Phenrat et al“(2009~)?=wh0 proposed that when 'eiabiliZers ‘are
/édsorbed on nZVI sur_faces,‘ reactivity is decreased prima'ril’y‘.due to blocking of the iron
- active sites. On the other hand, according to\_Wang et al (2009;t’hough ah increase in Pd
loading increases the eate of dechlorination, tﬁis is erue c;nly at loadings below 0.2% Pd
weighit. A further increase in Pd content might hindef Fe? ~corrosion and thus hydrogen
formation byvcovering the active reactive sites of nZVI particl(\es (Wang et al, 2'009)'.‘
Unforeunately no exberiments were done without CMC and wieh Pd;0.2% at 45°C

keeping all other experimental conditions same to confirm the role of temperature on

increase in reactivity.



68

1.2

5
=N ° ®
ERREEY | . .
a . A A A A
£. A
2 08
£ ‘
m - P
g
8" 0‘6 1
< ,
=% : A Reaction Vial
~N. 047
- ® Blank -
"‘5.
S 02
L
S
o . .
O . - - B ] . . ' - . - l - 3 uan e . . IR, ,.~

Fig 3. 10 Degradatlon of 10 mg/L of 1, 2-DCA with 1.5 % CMC stablllzed Sg/L of
nZVl, 0.5 wt% Pd in 500 mg/L HCOOH at 25°C (Exp #13) ,

The next set of experiments was carried out at 45°C, while keeping all other experimental
ééndiktion's:unchanged (Expk #1‘5,"Ta‘blel 3.1), to check if incréése in temperatliré Could

improi/e the rate of degfadation;
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Flg 3 11 Degradatlon of 10 mg/L of 1,2- DCA w1th 1 5% CMC stabrhzed Sg/L of
nZVvI, 0.5 wt% Pd, in 500 mg/LL HCOOH at 45°C (Exp # 15) - "

Flg 3. 11 shows the results of this experrment 17% of 1 2 DCA degradatlon was observed

% :

at the end of 7 days A rephcate of thrs experrrnent was done at the same t1me which also~

gave 17% degradatron (Appendlx F) To the best of our knowledge th1s is the f1rst tnne

in Wthh srgmﬁcant degradatron of 12 DCA usmg nZVI has been achleved The
dechlormatron reaction lead to the formatlon of ethane and propane as degradatron
products from the very first day of reactron the amount of these gases mcreased as

dechlormatlon progressed (F1g 3. 11) However, no v1nyl chlonde was present in the

Since the experrments contmued up to 10~12 days 1t was necessary to check the

reactrvrty of nanoscale iron partlcles towards the end For that purpose about 10 mg/L of

UOIIN[OAT UOQIB20IPAH JO %

I
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TGé was spiked in the reaction vial (1,2-DCA=10 mg/L, nZVI/1,2-DCA=500 wt. ratio,
Pd=0.5 wt%, CMC=1.5%, HCOOH/1,2-DCA=50 wt. ratio) after 7 days (E){(p:#13,nTablé
3,1). GC analysis demonstrated instant dechlorination of TCE just after its spiking in the
reaction vial, which confirmed the reactivity of nZVI particles even- after. 7 days. That
means, bimetallic nZVI particles stabilized with CMC stay. active even.after 7 days of
reactivity with 1,2-DCA. However, despite being highly reactive towards TCE, the nZVI
particles could not do any further degradation of 1,2-DCA after 10~12 days. This might
be explained by proposing é tendency for utilization of specific nZVI reactive sites by

1,2-DCA.

——

3.5.4 Degradation pathways during the dechlorination of 1,2-DCA: ‘
According to our results it can be concluded that the combination of nZVI, Pd as catalyst,
HCOOH as hydrogen source, CMC as étabilizer at a temperature of 45°C (1 ,2-DCA=10
mg/L, nZVI/1,2-DCA=500 wt. ratio, Pd=0.5 wt%, CMC=1.5%, HCOOH/1,2-DCA=50
wt. ratio Exp #15, Table 31) produced the best performa‘nc{e,of all experiments done to
" dechlorinate 1,2-DCA. The dechlorination of 1,2-DCA evolved abo'ut 44% o;f ethane and
56% of propane (Fig:3;11).‘ After 7 days, a very small amount of ethylené, propylene,
butané and butylene were also observed as coupling produCtg.' The observed formation of
ethane is consistent with previous reports where it'has been demonstrated that the use:of
Pd’ with nZVI as a catalyst for dechlorination of C2 halocarbons yields ethﬂanc (Lien and

Zhang, 2005) Moreover, catalytic hydrodechlorination of 1;2-DCA also forms ethane as

an end product when only Pd is used as catalyst (Kovalchuk et al, 2004;'(3rellana,etlal,

2005). Arnold et al (1999) have propdéed a scheme for the ‘c,_lechl’olr‘inétionlof yi?inal'(a_;

\
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term used to describe the location of ‘two'identical atoms which are bondéd to adjavc’ent
carbon. atoms) chloroethanes and chl\orinated ethylenes with Zn®. According to their
hypothesis, reductive B-eliminatiori is the only pathway through which species containing
the requisite @, P pair of chlorine atoms react with Zn°, Therefore, the paﬁhWay of 1,2-
DCA degradation on highly’reéctive Zn° is reductive B-elimination'(vicinai elimination)
im?olvihg net transfer of two electrons to the organohalides and the net loss of two

nucleophiles (CI') from neighbouring atoms (Fig 3.12).

"H H 2¢ 2CI H H

c1-;-+ ----- 1 ----- cl % | \—
; H H H H -
. 1,2-DCA Ethylene

Fig 3.12: Dechlorination of 1,2-DCA (Ref: Vanstone et al, 2008),:5

However, ethylene was,ﬁot observed during the first 6~7 giays in our éxpé:riment. This
* can be explained based on the fact that Arnofd ef al (1'9-9_9) used Zn° \.vithout;:\any catalyst,
while in our case Pd, 2; very powerful hjldrogenation catélyst was used. It is plausible to
hypothesize that though ethylene was formed' through B-elil;lination, it was immediately
hydrogenated by the Pd catalyst. However, the pathway for the formation of propané has
‘not been explained in the literature. In case of one molecule of ethane production, 2
hydrogen repiaces 2 chloride ions from one molecule of 1,2-DCA. Whereas, it might be
propo;ed that, when the degradation product is propane, 4 hydrogen reglaceé 4 chloride

ions*from 3 molecules of 1,2-DCA and forms 2 molecules of propane.. Sinée both ethane .
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and propane are evolved from the very ﬁfst day of degradation, it plausible to assume that

propane is not coming from ethane.

Figure 3.13 shows a propbsed reaction scheme that can be used to rationalize the
observed results we obtained fof dechlorination of 1,2-DCA with Pd/Fe in the presence of

HCOOH:
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a
o
-

_H"

e

C=..C ng ;l H-

o

—_—

I
a

‘Ethylenie ' '+ Ethane

H H
e ek
/N ] ‘Propylene .
2H; .
H H H
e
H H H Propane

Fig. 3.13: Proposed 1,2-DCA transformation pathway while reacting with bimetallic
Pd/Fe and HCOOH.

A
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In" order to compare the degradation pfoducts from dechlorination of ‘both TCE and 1;2-
DC;X,' the hydrocarbon evolved during TCE degradation were monitored along with that
for 1,2-DCA. When TCE reacted With bimetallic Pd)Fe nanoparticles, (E_‘Xp#14, Table
3.1), the degradation products formed were 97% ethane, 1.17% propane and 1.19%
butane. Due to the relatively high Pd concentration if some amount of ,_ethylenewas
forrhed; it would rapidly be hydrogenated to ethane. No chlorinated byproducts like VC
were observed during the reaction period. This hcontre&lsts with the results obtained by Lien
anthang (2001) where with bimetallic Pd/Fe nanooparticleé,‘ TCE formed ~87% of
ethane and 5.8~7.1% of ethylene within two hours (Lien and Zhang, 2001). | On the other
hand, 'Liu et al (2005) found 80% ethane and 20% C3-C6 coupling produ’cts due to TCE

dechlorinatioin with nZ V1.

One main drawback in this project during - hydrocarbon analysis was that it was not
possible to get a.100% carbon mass balance due to analytical error. Instead of 100%, only

~33% of carbon mass balance was possible to.calculate. This ‘might be explained as the

fact, during:calculétion‘of amount of hydrocarbons, PV=nRT has been used were P='1

atm pressure has been considered.: But:in reality, in,the"rcgction vial ‘with  sample the
pressﬁre of hydrocarbons evolved after reactivity is likely to be more than-1 and that
changes the hydrocarbon quantity-affecting the carbon mass balance.' In our case fof.-1,2:
DCA'dechlorination‘ ethane 'compriséd ~44% of the observed degradation. products
whegéas for TCE, ethane was the main product covering (97% of total the hydrocarbons

generated at the end of reaction). On the other hand, for the case of 1,2-DCA degradation
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 propane was the main end product (~56%). However, only 1.17% of TCE converted to

propaﬁe; :

3.6 SUMMARY AND CONCLUSIONS SR S

The lower C-Cl bond dissociation energy (<47 Kcal/mole) of '1,2-DCA ‘makes - its

dechlorination difficult in reductive environments. Nonetheless the thermodynamic free

energy dechlorination value (-36.2 KJ/electroné) indicates that 1,2-DCA dechlorination is

thermodynamically possible. Though different researchers report the inability of nZVI

particles to dechlorinate 1,2 DCA, by exploring and adopting proper -experimental

condiﬁons, 1,2-DCA can successfully be dechlorinated using nZVI formulations.

A VGI‘S’ high concentration 'of nZVI (20g/L) catalyzed by 0.2 wt% Pd degréded 1,2-DCA

by ~8% after 7 days of time. But this amount of nZVI is very high for field application. |
Therefore, to find a more convenient methodology, the combination of a hydrogen donor,

nZVI and a catalyst was ’ﬁséd. The use of formic acid as hydrogen donor Ji'with a lower

* concentration of nZVI (Sg/L) and 0.2% Pd at 35°C was mildly SUCCCSqul in degrading

1,2- DCA (1 1% after 7 days ). The reactivity was even hlgher (~18% after 7 days), when

both the temperature and the Pd content were increased to 45°C and 0.5 wt% respectively

and nZVI was stabilized using 1.5% CMC. It can be postulated that 1,2-DCA is breaking

folloWing dihaloelimination into ethylene and propylene; but due to the utilization of a-
high concentration of Pd, the ethylene and propylene get ins.tantly hydrogenated into

.ethane and propane. ‘Both ethane and propane evolve from the very,first; day of reaction

and increase progressively.

!
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In-this study, the present nZVI based dechlorination methodology offers a 1,2-DCA

degradation of about 17%. Therefore the future step of this study should be to imp.;ovje

the rate 'of: degradation by modifying thé'c‘kurrehtﬂexperviméhita'l approach. Through an -

improvement in the experimental kcoyndi»tions such using';diffe‘renthydrolgén!di.)‘ndfs (e.g.
formates_instead of formic acid), maintaining a lower pH during the reaction period as

well as raising the’teniperafhfé ‘might develop a better de¢hquination_méthﬁdolong o
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) | CHAPTER 4

4.0 SUMMARY AND RECOMMENDATIONS

4.1 SUMMARY AND CONCLUSIONS

Through a combmat1on of nZVI a hydrogen source, a hydrogenat1on catalyst | and la

nZVI suspenswn stablhzer a sultable reductlve env1ronment to dechlorlnate 1 2-DCA has

been created Th1s part1cular approach can be apphed in the ﬁeld relatlvelyeasﬂy smce lt

requrres ne1ther hlgh temperature nor | gaseous hydrogen unhke catalytlc
\ hydrodechlorrnauon In add1t1on reactlon times are fast meamng it w1ll not take decades

~ to centuries to breakdown 1,2-DCA, as required for subsurface microorganisms.

The results from this study indiycate that:
e nZVI by itself cannot initiate 1,2 DCA dechlorination, even at unusually high
Fe¥/1,2 DCA ratios. The presence of a hydrogenation catalyst is required in order

- to proyide highly active hydrogen species able to carry out 1,2 DCA degradation..

o A hydrogen donorland a noble metal catalyst 1s re'qurred to decrease the amount of |
| nZVI requ1red to degrade 1,2- DCA ThlS is because in the nZVI system
hydrogen generatlon occurs through Fe corrosion that is used durlng the
transformatlon of the chlormated compounds 1nto bemgn products Introducmg

kan efﬁment Hz source along wlth an actlye hydrogenatlon catalyst can substrtute a

part of the hydrogen required from nZVI and reduce reticent"organic halides
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through reaction with the active form of hydrogen adsorbed in the catalyst. This

will need less excess iron making the process more economical.

e As demonstrated in this work when compared to the other catalysts (e.g., Rh and

Pt) Pd is the most effective, eremovir‘lg chlorines from 1,2-DCA thus yielding

ethane. Rh and Pt were unable to catalyze 1,2-DCA degradation despite the
presence of another hydrogen source (i.e., isopropanol). This might be due to the

inadequate activation of hydrogen by Rh and Pt for 1,2-DCA dechlorination.

e The degradation pathway observed for 1,2-DCA :followed a B-elimination
mechanism followed by a very rapid hydrogenation of the dh;atmated products
formed (e.g. ethylene and propylene) leading to the formation of ethane and

propane.

4.2 RECOMMENDATIONS

\

- This work found an apprec1ab1e amdunt of 1,2- DéA dkeckhlorlnatlkony usmg nanoscale zero-
_ valent 1ron} part1cles wh1ch was, to date almdst impdss1ble After 7 days ;17% of the
1,2- DCA was dechlormated and 11ttle additional was degraded up to 12 days. Under the
existing experimental conditions this was the highest observed conversion. However, it
can be proposed that by optimizing the experimental conditions, 1,2-DCA conversion can

be increased even more. For that purpose, a number of steps can be taken for future work.
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- Since hydrogen donor plays a vital role in the dechlorination of 1,2-DCA, a more
appropriate hydrogen source could be examined. Some reports indicate that

formate salts are superior to formic acid as hydrogen donors (Rajagopal and

Spatola (1995). Therefore, a next step in improving 1,2 DCA dechlorination:

 efficiency is to carry out the experiments using formate salts instead of formic

' acid (e.g., Cs and K)..

~ Since the rate of chemical reaction increases with an increase in temperature; the§
- next step of the experiments in the lab can be carried over at higher reaction

- temperatures. This will help in reducing the duration of the experiments v;vhen:

R

~ evaluating different nzZvl formulations.

Another important factor controlling the reactivity is the pH. At low pH, Fe’

corrosion is faster leading to the production of more hydrogen through reduction

of water which can potentially increase the dechlorination rates. Therefore, if the o

o pH can b‘e'controlvled throughout the duration of the reactivity, that might help to

improve the dechlorination rate.

2

AN
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APPENDIX A

Comparison of reactivity between 1,2-DCA and different catalysts

"  Comparison of Different Catalysts
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APPENDIX B

' Chromatogram from GC/MS during dechlorination of 1,2-DCA

Abpndaace
ek 1al kR S L)

405000

20000
T atomon

1@3{:@5
77

273

! gy ¥ gy gy :’L Pt gy TR (i vr'«rw ”WW!Q'!"‘!W’“!’""?”’Y”"Y”’&"‘ '2
Tiea3 204 460 - &40 BLO OO0 1200 1400 1840 1800 *am ﬁfﬁ 24{?3 2BIG BG
@W@}%Cﬁ S . : : . -

1000
300001 -
20000

et

344 TES o)

)
Tma-r 203 400 800 800 1000 1200 1480 1360 sm’ AW 2O 6O KO B
Awdaace , ; »

-]
<a
uey

-
100605 2Lt

0000

-1
tacat

A000C

S {_w‘ SR— "M

300 800 1090 1207 1400 1850 1803 2000 2200 2400 00 2300

l !W“r
Muﬁ&ﬂ&a

Fig B: Chromatogram for degradatlon products of 1,2-DCA:- retentlon tlme for 1)
“ethane = 3.15 min ii) propane = 7.6 min, iii) 1,2-DCA



85

APPENDIX C

( Calibration Curves for TCE and 1,2-DCE

Calibration Curve for TCE
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160‘ :
140 -
120 -
100 -

80 -

Concentration (mg/L)

40 -

20 -

o - , :

*

¥ = 0.0018x + 10.607
R? = 0.9945

¢ 1,2-DCE

0 10000 20000 30000

40000

Area

b

50000

¥

60000 70000 80000

Fig C-2: Calibration Curve for 1,2-DCE N



86

APPENDIX D

Calibration Curves for 1,2-DCA

Calibration for 1,2-DCA (Headspace)
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APPENDIX E

Calibration Curves for Hydrocarbons
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APPENDIX G
Comparison of Experiment # 8 and 11
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APPENDIX H
Comparison of Experiment # 10 and 13
12
N-B , |
5] . e
g TR l " . A
2 A n
2 8
£
g
5061 |
4 -
1)
Q ]
e 0.4 1
J i ‘ e “, - g ‘ "
% A Reaction Vial-Exp # 10
=
& ‘ . . a
¥ 0.2 | MReaction Vial-Exp # [3
- :
ol | ®Blank
) . 0 T T Y T T - T T
0 1 3 4 5 6 T8
Time(l)nys) ’ ' o

Flg H: Degradatlon of 10 mgIL of 1 2-DCA w1th 5g/L of nZVI 0. 2 wt% Pd at 25°C

(Results of Exp#10 & 13)



91

APPENDIX I-1

Table I-1: Experiments with 1,2-DCA

c }?12?1; otf(; ; Cone | % - Conc of .Tem‘ | % of Degradation Prqducts‘\
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4 | 12 s0) 15 05| x « |eo |, ™ notdone | 0% ,
| DCA= =/ "~ : " | degradation | o i ? 2
' | below
s | L2251 90 lo2] x x | 25 | gy | FEthaneand | i
: DCA— i : S : propane . _i,_,a SR
A \ , 1mit
' , ' below
6 | L2 5125 loa| x | 250 | 25 79 | Ethaneand | 40 ion
= | DCA= : : propane limit
. 1mmit
7 12- 5 20‘ | YO 2 X X 25 6% not done | not done
K DCA= : .‘ ) ' g i : R 3 TR
g | 12 10| 20 02| x x 25 gop | Pthaneand | one
DCA= , propane
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APPENDIX 1-2

‘Table I-2: Experiments with 1,2-DCA (contd)

« o R
Concof | o : 1 o/ Degradation
‘ Chlorinated Conci) %of | Y%oof | Cone of, Temp | % Of. Products
No. | ofFe HCOOH | "o Degradation
Solvent (em/L) Pd | CMC (mg/L) O | after 7 days |
(mg/L) | . | CH Cl-
| o | L2 0| s 02 | x Soo” “ 4255‘ 9% | notdone | not dofie
1,2- | ' - 0 R R 8 times
10 DCA= 10 5 0.2 X 500 25 8% _r}o_t_done ‘more
- . T Ethane .
1,2- g : or 2.6 times
11 DCA= 10 20 102 | x X 25 8% | and more -|-<.
_ .| propane < _
'1 5. ‘ j ’ L - | Ethane o
12 -DéA= 10‘ 10 02 | x 500 35 12% _-:"and‘ | ’60%
; : propane |-
. e ] _— . . N - :. - - o - . " e b 0 - - N . w . *
1? DCA= 10 5 _ 0.2 X 500 | 25 8% and not done
‘ propane
0
4| 2 10 20 |02 x X 25 delczeﬁse | Etal:l?e not don
| DCA= A ' | after2s | o ne
days prop
TCE= 10 100% »
15 12 5 0.5 X 500 25 not done | not done
9™ 0, _'
DCA= ° 9% i
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APPENDIX 1-3
Table I-3: E)fperiments with 1,2-DCA (contd)
- Concof 1 - | , Degradation
Chlorinated | 7S | %0 | oo | COnCOf hpon ] %of | Products
. of Fe of HCOOH | "6~y | . .
Solvent wL) | Pd CMC v (CC) | Degradation |
(mgry |EWD) P (mg/L). | CH | Cl
40%
DéA= 10| 5 05| 15 500 25 C12% 60% done
f S | SN R .| propane |
44%
19 S , 1 , ethane, ndt
DCA= 10 5 105) 15 | 500 | 45 | 17% | 56% |,
_ - .. ~—| propane {
AR | ‘ 49%
1,2- o | , i gz0 ethane, | not
DCA= 10 | 5 0.5 15 500 | 45 | 15% 51% done
S - 1 propane
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APPENDIX 1-4

Table I-4: Experiments with 1,2-DCA (contd)

; Degradation-
Conc of Conc o L - Products = *
N Chlorinated of Fe® %of | Y%oof | %of | Temp % of
° | Solvent ry| Pd | Pt | Rh | (C) |Degradation i o
gy | @D ' | ocH |
1,2- ' o no o not
1 DCA= 5 5 X X 0.5 35 degradation not done done
2 1,2- 10 10 X 01 | -02 J 35 .. no not done not -
- DCA= .~ o S ' : degradaﬁion‘ L - | done
3 112 0l 10 | x | 142 142 | 35 |, ™ | notdone | PO |
- | DCA= : v ) e degradation | ~done
e |32 0l 10 | x oss| 07 | 35 | ™ | otdone | M
DCA= - ' : degradation | ° done
5 12 10 ~':1o‘* 02 01 | 02 35 12(/ . Egﬁle' not
DCA= i e ' « 7 | done
P ' ‘ ~‘Propane o
.
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APPENDIX J-1 <
Table J-1: Experiments with TCE
Conc of Conc Degradation Products
N Chlorinated of Fe %of | %of | HCOOH % of :
o Solvent ( m/L) Pd | CMC | (mg/L) | Degradation
mgL) | | o | C-H Cl-
-1 [TCE= 700 10 X X X 32% not done - |- not done
‘ . ’\ o ST 33%_of
2 |TCE= 700| 10 X X X 26% - not done expected
' Cl-
3 |TCE= 100| 15 | x | x x 61% notdone | nctlone
4 |TCE= 100] 15 | x | x X 37 | Bthaneand |0 done
. ~ . Ethene
5 |TCE= 100| 15 | x | «x X 319 | Phaneand | o pected
-6 |TCE= 44 1.9 X X X 31% ’, not done not done
7 |TCE= 100| 15 |.01 | «x X 100% | notdone | notdone
| SRR B 50% of
8 |TCE= 100 . 1.5 0.1 X X 100% . not done expected
. ol
9 |TCE= 100| 15 | 01 | x x 100% | notdone | notdone
10 [TCE= 10| 5 | 02 | «x 500 100% | ‘notdome | notdone
11 |TCE= 100| 15 | 01 | x X 100% | notdone | notdone
-12 | TCE= 100 5 0.2 X 500 - 100% “notdone | notdone
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APPENDIX J-2

Table J-2: Experiments with TCE (contd)

Conc of

Degradation Proficts

e Buterje

No. | Chlorinated | SO | %of | %of | HCOOH |  %of
' Solvent (@m/L) Pd | CMC | (mg/L) | Degradation ‘ o
~ (mg/L) g C-H Cl-
Ethane, 11’L/% of
13 |TCE= 100| 1.5 [ 01 | «x X 100% gﬁi:z ;: ~ expected
| | Butene ‘Cl‘-
| Ethane, 118%of
14 {TCE= 100| 1.5 | 0. X X 100% gﬁ‘;ﬁz é | expected
y | Butene Cl-
‘ | Ethane,' - 98% ofA
15 |TCE= 100| 15 | 01 | x X 100% gﬁiﬁi ;‘_  expected
| - | Butene o .Cl-
I D o Ethane, | g0 o
16 |TCE= 100| 15 | 0.1 | x x 100% || expected
e ( | Butene B Cl_ o
Ethane, | ,
oo o L ... | Ethene, 1- . 126% cf
17 | TCE= 100 1.5 | 0.1 X X 100% Butene, 2- . expected
" ' Butene Cl-
| ‘ Ethané, ‘
18 |TCE= 100 15 | 0.1 | x | x 100% | S80S 1o not done
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APPENDIX J-3

Table J-3: Experiments with TCE (contd)

No.

Conc of
Chlorinated
Solvent

(mg/L)

Conc
of Fe0
(gm/L)

%of | % of | HCOOH % of
Pd | CMC | (mg/L) | Degradation

Degradation Products

C-H

Cl- °

19

TCE

100

5 o2 ] x | 500 100%

Total =31.26%
(Ethane =
31.11%, Propane
=(0.073% Butane
=0.307)

not
GG
[KVA (S

20

TCE= 10

5 |05 | 15 500 100%

Total = 31.26%
(Ethane =
31.11%, Propane
=(.073% Butane
=0.307%)

not

done .

21

TCE= 10

5 | 05| 15 | s00 | 100%

.. (Ethane=

Total = 30.44%

30.33%, Propane
=(.089% Butane
=0.023%)

not

done

22

TCE= 10

5 0.5 1.5 500 100%

Total =25.34%
(Ethane =
24.26%, Propane
= (.199% Butane
=1.073%)

not
ﬁ" Je

23

TCE= 10

5 05 | 1.5 500 100%

34.41%, Propane

Total = 34.79%
(Ethane =

= (.144% Butane
"=0.232%)

not
done

24

TCE= 10

5 0.5 1.5 500 100%

Total = 54.81%
(Ethane =
54.37%, Propane
= (.403% Butane
= 0.44% )

not

done -

25

TCE= 10

5 0.5 1.5 500 100%

Total =31.197%
(Ethane =
31.06%, Propane
= 1.512% Butane

=0.136%)

!\




	DEGRADATION OF 1,2-DICHLOROETHANE WITH NANO-SCALE ZERO VALENT IRON PARTICLES
	Recommended Citation

	tmp.1620932392.pdf.rpfxy

