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Abstract

1,2-Dichloroethane (1,2-DCA) is among the most prevalent groundwater chlorinated organic
compounds (COCs) found at hazardous sites throughout the world. Given its pervasive
contamination and adverse health effects, there is considerable interest in developing novel
remediation technologies for successfully treating 1,2-DCA along with other COCs from water
sources. Chemical reduction by nano zero valent iron (monometallic (nZV1) or bimetallic (Pd-
nZV1)) has proven to be a successful field applicable technology, yet it has failed in degrading

such a recalcitrant compound as 1,2-DCA.

In this study, the development of a field applicable nano metal based technology capable of
degrading 1,2-DCA was carried out. For the first and the second studies, the feasibility of
catalyzed dechlorination of 1,2-DCA using borohydride as a Hydrogen (H2) source over nano
palladium (nPd) and nano copper (nCu) in the liquid phase at room temperature was
investigated. Complete removal of 1,2-DCA in a matter of days or hours was achieved by either
nPd or nCu particles coupled with borohydride. The novel dechlorination system produced
mainly ethane as the dechlorination byproduct, without formation of toxic chlorinated
intermediates. This phase also examined the influence of different experimental parameters
including: metal loading, 1,2-DCA loading, nanoparticle synthesis parameters and
groundwater solutes on the dechlorination kinetics. It was found that experimental parameters
affect the chemical composition as well as oxidation state of the nanoparticles, which controls
the dechlorination reaction rate. For the third study, the efficiency of the developed novel
technology, along with nZVI1, Pd-nZVI, and nZVI-dithionite in remediating a suite of COCs,
including 1,2-DCA, in a groundwater sample from an industrial site in Australia was assessed.
nZV1, Pd-nZV1, and nZVI-dithionite were able to break down COCs with the exception of 1,2-
DCA. nZVI-dithionite was able to breakdown about 20% of 1,2-DCA. nPd or nCu coupled
with borohydride degraded 55% and 94%, respectively, of 1,2-DCA along with complete
removal of all other COCs. The presence of groundwater solutes was found to adversely affect
dechlorination efficiency of the treatments.

Overall, this thesis presents a novel nano metal based remediation technology capable of

reducing 1,2-DCA. The results suggest that the developed nano metal based technology can be



an effective remediation approach for multi-COCs contaminated groundwater depending upon

site conditions.
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Chapter 1

1 Introduction

1.1 Overview

Chlorinated organic compounds (COCs) are ubiquitously utilized for a number of industrial
applications such as: pesticides, detergents, wood preservation, paint removers, dyes,
solvents, and as intermediates in the manufacture of other chemicals (O’Carroll et al., 2013;
Tobiszewski and Namie$nik, 2012). Upon release to the environment, these compounds
are persistent over relatively long periods of time due to resistance to natural degradation
processes (Lien and Zhang, 2005; Schith et al., 2004; Song and Carraway, 2005b).
Trichloromethane (TCM), dichloromethane (DCM), 1,1,2-trichloroethane (1,1,2-TCA),
1,2-dichloroethane (1,2-DCA), tetrachloroethene (PCE), trichloroethene (TCE), and vinyl
chloride (VC) are among the most prevalent COCs at the contaminated sites (Zhang et al.,
1998). Due to their preservative nature and possible carcinogenic effects, these compounds
have been classified as priority pollutants by the U.S. Environmental Protection Agency
and the Agency for Toxic Substances and Disease Registry (ATSDR, 2015; USEPA,
2015).

One of the most persistent COCs in the environment is 1,2-Dichloroethane (1,2-DCA,
C2H4Cl2) (Dewulf et al., 1995). 1,2-DCA is a dense non aqueous phase liquid (DNAPL)
chlorinated aliphatic hydrocarbon (Atisha, 2011; Barbash and Reinhard, 1989b;
Bejankiwar et al., 2005; Liu et al., 2014b). 1,2-DCA has good solubility in water (8.9 g L
1, a low sorption coefficient (log Koc = 1.28) and a low Henry’s coefficient (1.1x10 atm
m® mol™) making it very stable in the environment (Dewulf et al., 1995). The predominant
use of 1,2-DCA is in the synthesis of polyvinyl chloride (PVC), but it is also widely used
as a solvent to remove lead from gasoline or extract oil from pesticides and pharmaceuticals
(Liu et al., 2014b). 1,2-DCA causes circulatory and respiratory failure associated with
neurological disorders in human beings (Humans et al., 1999) and has been determined to
be a probable human carcinogen by the U.S. Environmental Protection Agency (EPA) and
the International Agency for Cancer Research (IARC) (Liu et al., 2014b). The maximum



contamination level (MCL) for 1,2-DCA in drinking water is set as 5 pug L™ by the U.S.
EPA and the maximum contaminant level goal (MCLG) is set as zero. Thus, there is
considerable interest in developing field applicable technologies to treat the subsurface
from 1,2-DCA.

Many technologies have been implemented to remove 1,2-DCA from soil and
groundwater. Physical treatments such as adsorption onto activated carbon and air stripping
processes are applied. However, these physical treatments only transfer the contaminants
from water to another phase, and disposal or further contaminant treatment is required
thereafter (Crittenden et al., 2012). Biodegradation has been proven capable of degrading
1,2-DCA under both aerobic and anaerobic conditions (Alpaslan Kocamemi and Cecen,
2010; Dinglasan-Panlilio et al., 2006; Smidt and de Vos, 2004). However, biodegradation
of 1,2-DCA is often incomplete and leads to the accumulation of more hazardous
byproducts (e.g. VC) (Le and Coleman, 2011). Several studies have shown that 1,2-DCA
can be successfully degraded by chemical methods such as: reduction with hydrogen
sulfide (Barbash and Reinhard, 1989b), electrochemical degradation on stainless-steel
electrodes (Bejankiwar et al., 2005), or Fenton’s oxidation process (Vilve et al., 2010).
Nonetheless, the application of these techniques is hampered due to drawbacks associated
with their implementation, high cost, incomplete and slow degradation, as well as complex
process control, rendering them impractical. Thus, there is an immediate need to develop
effective field applicable technologies for 1,2-DCA remediation.

The reduction of chlorinated aliphatic hydrocarbons in the presence of electron donors is
thermodynamically feasible under ambient conditions (Atisha, 2011; O’Carroll et al.,
2013). Given this, the degradation of COCs by direct reduction using zero-valent iron
(nZV1) technology has received great interest (Atisha, 2011; Elliott and Zhang, 2001;
O’Carroll et al., 2013; Zhang et al., 1998). The very small dimensions of nZV1 allow them
to be injected in the form of a water slurry into the contaminated zone requiring treatment
(Elliott and Zhang, 2001; O’Carroll et al., 2013).

A wide variety of chlorinated compounds (e.g. PCE, TCE, and 1,1,2-TCA) are easily
degraded using nZV1 (Arnold et al., 1999; Atisha, 2011; VanStone et al., 2007). Thus, over



the last decade, liquid-phase chemical reduction by nZVI1 has become a very promising
subsurface remediation technology (O’Carroll et al., 2013). Nonetheless, although
thermodynamically feasible, so far 1,2-DCA has been found to be almost absolutely
resistant to reduction by nZVI (Atisha, 2011; Nunez Garcia et al., 2016b; Song and
Carraway, 2005b). 1,2-DCA degradation could be achieved only when nZV1 is coupled
with dithionite, a very strong reductant, however with relatively slow reduction rates
(Nunez Garcia et al., 2016b). Moreover, although doping nZVI with catalysts (i.e.
palladium) has been reported to enhance nZV| reactivity and increase dechlorination rates
for many chlorinated compounds, yet it has been found unable to enhance nZV1 reactivity
towards 1,2-DCA (Atisha, 2011; Song and Carraway, 2005b).

On the other hand, catalyzed reductive hydrodechlorination in the gas phase has been found
to effectively dechlorinate 1,2-DCA via activated hydrogen gas (H2) on catalyst surfaces
(Borovkov et al., 2003; Job et al., 2005; Kaminska and Srebowata, 2015; Lambert et al.,
2005; Lambert et al., 2004; Legawiec-Jarzyna et al., 2004; Li et al., 2009; Luebke et al.,
2002; Srebowata et al., 2007; Srebowata et al., 2011; Xie et al., 2008). The catalyst
activates the H into atomic hydrogen (Equation 1-1), a robust reductant, which in turn
reduces the COCs adsorbed on adjacent sites (Equation 1-2) (Alvarez-Montero et al., 2010;
Chaplin et al., 2012; Tavoularis and Keane, 1999). A wide variety of group VIII and Ib
catalysts are utilized to catalyze gas phase hydrodechlorination reactions (Bozzelli et al.,
1992; Heinrichs et al., 1997b; Sr@bowata etal., 2007; Xie et al., 2008). Group VIII catalysts
(e.g. Pd, Pt, Ni) are expensive but have strong H> activation properties with the ability to
replace adsorbed chlorine atoms by hydrogen atoms resulting in high dechlorination
efficiencies (Fung and Sinfelt, 1987; Kulkarni et al., 1999b; Urbano and Marinas, 2001).
On the other hand, group Ib catalysts (e.g. Cu, Ag, Au) are cheaper and can form strong
bonds with the chlorides of the COCs (halogens in general) facilitating the dechlorination
reaction (Bonarowska et al., 2010; Borovkov et al., 2003; Lambert et al., 2005; Luebke et
al., 2002; Meshesha et al., 2013; Pardey et al., 2005; Vadlamannati et al., 1999;
Vadlamannati et al., 2000; Xie et al., 2008). Among all utilized hydrodechlorination
catalysts, Pd is the most effective and commonly used one for hydrodechlorination
reactions (Bonarowska et al., 2010; Chen, 2003; Kulkarni et al., 1999b; Urbano and
Marinas, 2001).



Catalyst .

H, —— 2H (Equation 1-1)
Catalyst )

RCl+ H, —— RH + HCIl (Equation 1-2)

Where RCL is a chlorinated hydrocarbon.

Gas-phase reductive hydrodechlorination is carried out at high temperatures (>200°C) and
uses a direct H> gas stream which makes it impractical for in-situ applications (Urbano and
Marinas, 2001). Thus, research was devoted into applying catalyzed reductive
dechlorination in the liquid phase. Recently, liquid-phase catalyzed reductive
hydrodechlorination on Pd and Cu catalysts emerged as a water and wastewater treatment
technology (Aramendia et al., 2002; Chaplin et al., 2012; Gomez-Sainero et al., 2002;
Kopinke et al., 2004; Kovenklioglu et al., 1992; Lowry and Reinhard, 1999; Mackenzie et
al., 2006; McNab Jr and Ruiz, 1998; Yuan and Keane, 2003; Zhang et al., 2015; Zhao et
al., 2008), using a range of alternative hydrogen sources (e.g. potassium formate, formic
acid, 2-propanol, sodium borohydride, and hydrazine) (Anwer et al., 1989; Aramendia et
al., 2000; Huang et al., 2011; Kopinke et al., 2004; Ukisu and Miyadera, 1997; Wiener et
al., 1991). The technology has been found capable of rapidly dehalogenating a variety of
common halogenated contaminants such as: chlorinated ethenes, chlorinated methanes,
chlorinated aromatic compounds, chlorinated biphenyls, chlorofluorocarbons, and even
halogenated pesticides, without the formation of substantial amounts of chlorinated
intermediate compounds (e.g. (Aramendia et al., 2002; Chaplin et al., 2012; Goémez-
Sainero et al., 2002; Kopinke et al., 2004; Kovenklioglu et al., 1992; Lowry and Reinhard,
1999; Mackenzie et al., 2006; McNab Jr and Ruiz, 1998; Yuan and Keane, 2003; Zhang et
al., 2015; Zhao et al., 2008)). Moreover, a few field application studies of the technology
were found effective (Davie et al., 2008; Mcnab et al., 2000; Schuth et al., 2004).
Nonetheless, to date limited work has been devoted to the liquid phase catalyzed reductive
hydrodechlorination of 1,2-DCA. To our knowledge, with the only exception being the
study by Huang et al., studies on the catalytic hydrodechlorination of 1,2-DCA in the liquid
phase were limited and not successful (Huang et al., 2011; Lowry and Reinhard, 1999;
McNab Jr and Ruiz, 1998).



Therefore, the main aim of this work is to study the feasibility and develop a nano metal
based catalyzed reductive dechlorination technology capable of reducing 1,2-DCA in the
liquid phase. Since borohydride is already standardly used in excess amounts for the nano
metal synthesis, this excess borohydride or freshly added borohydride is utilized as the Hy
source in this study (Equation 1-3) (Gomez-Lahoz et al., 1993; Huang et al., 2011), making

the technology more economical and feasible.

BH,; + 2H,0 — BO; + 4H, 1 (Hydrolysis) (Equation 1-3)

1.2 Research Objectives

The overall objective of this study was to develop a nano metal based field applicable
technology capable of reducing 1,2-DCA in the liquid phase.

The first objective was to develop and investigate the effectiveness of Pd nano metals (nPd)
in catalyzing the dechlorination of 1,2-DCA in the liquid phase, in the presence of residual
borohydride after particles synthesis as the H> source. Moreover, this phase also examined
the influence of different experimental parameters including: metal loading, 1,2-DCA
loading, and nPd particle synthesis parameters on the dechlorination kinetics. In addition
to that, the effect of the different particles synthesis parameters on the surface and catalytic

properties of the Pd nanoparticles was evaluated.

The second objective was to investigate the effectiveness of Cu nano (nCu) particles
compared to nPd particles in catalyzing the dechlorination of 1,2-DCA in the presence of
residual borohydride as the H source. Similar to the first objective, this phase evaluated
the effect of the different experimental parameters on the dechlorination Kkinetics.
Moreover, this study assessed the effect of the commonly encountered groundwater solutes

on the developed treatment efficiency in catalytically reducing 1,2-DCA.

The third objective was to assess the efficiency of the developed novel technology in
remediating a suite of COCs including 1,2-DCA in a groundwater sample from an
industrial site in Australia. Moreover, this phase evaluated and correlated dechlorination
efficiencies of already existing dechlorination technologies: nZVI, nZVI-Pd, nZVI-

dithionite, and dithionite in remediating the same groundwater sample.



1.3 Thesis Outline

This thesis is written in “Integrated Article” format and comprises of 6 chapters including

the current chapter. A brief description of the next five chapters is presented below:

Chapter_2 provides a survey of the existing literature on reductive dechlorination
technologies. This includes a review on nZVI technologies and both gas and liquid phase
catalytic hydrodechlorination technologies.

Chapter 3 presents the development of nPd particles coupled with borohydride treatment.
This includes the effect of the different experimental parameters on 1,2-DCA

dechlorination kinetics.

Chapter 4 evaluates nCu particles coupled with borohydride treatment efficiency in
catalytically reducing 1,2-DCA under different experimental conditions and examines the

impact of different groundwater solutes on the dechlorination kinetics.

Chapter 5 assesses the effectiveness of the developed treatments from chapter 3 and 4 in
degrading a suite of COCs in a groundwater sample from an industrial site in Australia.
Moreover, this phase investigates the efficiency of other reductive dechlorination

technologies in remediating the same groundwater sample.

Chapter 6 briefly summarizes the main conclusions drawn from this thesis as well as the
thesis implications and discusses the limitations requiring future research.



1.4 References

Alpaslan Kocamemi, B. and Cecen, F., 2010. Cometabolic degradation and inhibition
kinetics of 1, 2-dichloroethane (1, 2-DCA) in suspended-growth nitrifying systems.
Environmental technology, 31(3): 295-305.

Alvarez-Montero, M., Gomez-Sainero, L., Juan-Juan, J., Linares-Solano, A. and
Rodriguez, J., 2010. Gas-phase hydrodechlorination of dichloromethane with
activated carbon-supported metallic catalysts. Chemical Engineering Journal,
162(2): 599-608.

Anwer, M.K., Sherman, D., Roney, J.G. and Spatola, A.F., 1989. Applications of
ammonium formate catalytic transfer hydrogenation. 6. Analysis of catalyst, donor
quantity, and solvent effects upon the efficacy of dechlorination. The Journal of
Organic Chemistry, 54(6): 1284-1289.

Aramendia, M. et al., 2002. Liquid-phase hydrodechlorination of chlorobenzene over
palladium-supported catalysts: Influence of HCI formation and NaOH addition.
Journal of Molecular Catalysis A: Chemical, 184(1): 237-245.

Aramendia, M. et al., 2000. Hydrodehalogenation of aryl halides by hydrogen gas and
hydrogen transfer in the presence of palladium catalysts. Studies in Surface Science
and Catalysis, 130: 2003-2008.

Arnold, W.A., Ball, W.P. and Roberts, A.L., 1999. Polychlorinated ethane reaction with
zero-valent zinc: pathways and rate control. Journal of Contaminant Hydrology,
40(2): 183-200.

Atisha, A., 2011. Degradation of 1,2-Dichloroethane With Nano-Scale Zero Valent Iron
Particles, Western Ontario, 111 pp.

ATSDR, 2015. Detailed data table for the 2015 priority list of hazardous substances that
will be the subject of toxicological profiles. Agency for Toxic Substances and
Disease Registry, Atlanta, GA.
https://www.atsdr.cdc.gov/spl/resources/atsdr 2015 spl_detailed data_table.pdf.
Accessed 19 May, 2016.

Barbash, J.E. and Reinhard, M., 1989b. Abiotic dehalogenation of 1,2-dichloroethane and
1,2-dibromoethane in aqueous solution containing hydrogen sulfide.
Environmental Science & Technology, 23(11): 1349-1358.

Bejankiwar, R., Lalman, J.A., Seth, R. and Biswas, N., 2005. Electrochemical degradation
of 1,2-dichloroethane (DCA) in a synthetic groundwater medium using stainless-
steel electrodes. Water Research, 39(19): 4715-4724.

Bonarowska, M., Sr@bowata, A. and Karpinski, Z., 2010. Synergistic effects in
hydrodechlorination of organic compounds catalyzed by metals. Annales UMCS,
Chemistry, 65(1): 1-8.


https://www.atsdr.cdc.gov/spl/resources/atsdr_2015_spl_detailed_data_table.pdf

Borovkov, V.Y., Luebke, D.R., Kovalchuk, V.I. and d'ltri, J.L., 2003. Hydrogen-assisted
1, 2-dichloroethane dechlorination catalyzed by Pt-Cu/SiO2: Evidence for different
functions of Pt and Cu sites. The Journal of Physical Chemistry B, 107(23): 5568-
5574,

Bozzelli, JW., Chen, Y.-M. and Chuang, S.S., 1992. CATALYTIC
HYDRODECHLORINATION OF 1, 2-DICHLOROETHANE AND
TRICHLOROETHYLENE OVER Rh/Si0 2 CATALYSTS. Chemical Engineering
Communications, 115(1): 1-11.

Chaplin, B.P. et al., 2012. Critical Review of Pd-Based Catalytic Treatment of Priority
Contaminants in Water. Environmental Science & Technology, 46(7): 3655-3670.

Chen, N., 2003. Kinetics of the hydrodechlorination reaction of chlorinated compounds on
palladium catalysts, Worcester Polytechnic Institute.

Crittenden, J.C., Trussell, R.R., Hand, D.W., Howe, K.J. and Tchobanoglous, G., 2012.
MWH's Water Treatment: Principles and Design: Principles and Design. John
Wiley & Sons.

Davie, M.G., Cheng, H., Hopkins, G.D., LeBron, C.A. and Reinhard, M., 2008.
Implementing heterogeneous catalytic dechlorination technology for remediating
TCE-contaminated groundwater. Environmental science & technology, 42(23):
8908-8915.

Dewulf, J., Drijvers, D. and Van Langenhove, H., 1995. Measurement of Henry's law
constant as function of temperature and salinity for the low temperature range.
Atmospheric Environment, 29(3): 323-331.

Dinglasan-Panlilio, M.J., Dworatzek, S., Mabury, S. and Edwards, E., 2006. Microbial
oxidation of 1,2-dichloroethane under anoxic conditions with nitrate as electron
acceptor in mixed and pure cultures. FEMS Microbiology Ecology, 56(3): 355-364.

Elliott, D.W. and Zhang, W.-X., 2001. Field assessment of nanoscale bimetallic particles
for groundwater treatment. Environmental Science & Technology, 35(24): 4922-
4926.

Fung, S.C. and Sinfelt, J.H., 1987. Hydrogenolysis of methyl chloride on metals. Journal
of Catalysis, 103(1): 220-223.

Gomez-Lahoz, C., Garcia-Herruzo, F., Rodriguez-Maroto, J.M. and Rodriguez, J.J., 1993.
Cobalt(Il) removal from water by chemical reduction with sodium borohydride.
Water Research, 27(6): 985-992.

Gbémez-Sainero, L.M., Seoane, X.L., Fierro, J.L. and Arcoya, A., 2002. Liquid-phase
hydrodechlorination of CCl 4 to CHCI 3 on Pd/carbon catalysts: nature and role of
Pd active species. Journal of Catalysis, 209(2): 279-288.



Heinrichs, B.t., Delhez, P., Schoebrechts, J.-P. and Pirard, J.-P., 1997b. Palladium-silver
sol-gel catalysts for selective hydrodechlorination of 1, 2-dichloroethane into
ethylene. Journal of Catalysis, 172(2): 322-335.

Huang, C.-C., Lo, S.-L., Tsai, S.-M. and Lien, H.-L., 2011. Catalytic hydrodechlorination
of 1, 2-dichloroethane using copper nanoparticles under reduction conditions of
sodium borohydride. Journal of Environmental Monitoring, 13(9): 2406-2412.

Humans, LW.G.o.t.E.0.C.R.t,, Cancer, l.A.f.R.0. and Organization, W.H., 1999. Re-
evaluation of some organic chemicals, hydrazine and hydrogen peroxide. IARC,
International Agency for Research on Cancer.

Job, N. et al., 2005. Hydrodechlorination of 1, 2-dichloroethane on Pd-Ag catalysts
supported on tailored texture carbon xerogels. Catalysis today, 102: 234-241.

Kaminska, I.I. and Srebowata, A., 2015. Active carbon-supported nickel-palladium
catalysts for hydrodechlorination of 1,2-dichloroethane and 1,1,2-trichloroethane.
Research on Chemical Intermediates, 41: 9267-9280.

Kopinke, F.-D., Mackenzie, K., Koehler, R. and Georgi, A., 2004. Alternative sources of
hydrogen for hydrodechlorination of chlorinated organic compounds in water on
Pd catalysts. Applied Catalysis A: General, 271(1): 119-128.

Kovenklioglu, S., Cao, Z., Shah, D., Farrauto, R.J. and Balko, E.N., 1992. Direct catalytic
hydrodechlorination of toxic organics in wastewater. AIChE Journal, 38(7): 1003-
1012.

Kulkarni, P.P., Deshmukh, S.S., Kovalchuk, V.I. and d'tri, J.L., 1999b.
Hydrodechlorination of dichlorodifluoromethane on carbon-supported Group VIII
noble metal catalysts. Catalysis letters, 61(3-4): 161-166.

Lambert, S., Ferauche, F., Brasseur, A., Pirard, J.-P. and Heinrichs, B., 2005. Pd-Ag/SiO
2 and Pd—Cu/SiO 2 cogelled xerogel catalysts for selective hydrodechlorination of
1, 2-dichloroethane into ethylene. Catalysis today, 100(3): 283-289.

Lambert, S., Polard, J.-F., Pirard, J.-P. and Heinrichs, B.t., 2004. Improvement of metal
dispersion in Pd/SiO 2 cogelled xerogel catalysts for 1, 2-dichloroethane
hydrodechlorination. Applied Catalysis B: Environmental, 50(2): 127-140.

Le, N. and Coleman, N., 2011. Biodegradation of vinyl chloride, cis-dichloroethene and
1,2-dichloroethane in the alkene/alkane-oxidising Mycobacterium strain NBB4.
Biodegradation, 22(6): 1095-1108.

Legawiec-Jarzyna, M., Srebowata, A., Juszczyk, W. and Karpinski, Z., 2004.
Hydrodechlorination over Pd-Pt/Al 2 O 3 catalysts: A comparative study of
chlorine removal from dichlorodifluoromethane, carbon tetrachloride and 1, 2-
dichloroethane. Applied Catalysis A: General, 271(1): 61-68.



10

Li, L., Wang, X., Wang, A., Shen, J. and Zhang, T., 2009. Relationship between adsorption
properties of Pt—Cu/SiO 2 catalysts and their catalytic performance for selective
hydrodechlorination of 1, 2-dichloroethane to ethylene. Thermochimica Acta,
494(1): 99-103.

Lien, H.-L. and Zhang, W.-X., 2005. Hydrodechlorination of chlorinated ethanes by
nanoscale Pd/Fe bimetallic particles. Journal of environmental engineering, 131(1):
4-10.

Liu, X., Vellanki, B.P., Batchelor, B. and Abdel-Wahab, A., 2014b. Degradation of 1,2-
dichloroethane with advanced reduction processes (ARPs): Effects of process
variables and mechanisms. Chemical Engineering Journal, 237(0): 300-307.

Lowry, G.V. and Reinhard, M., 1999. Hydrodehalogenation of 1-to 3-carbon halogenated
organic compounds in water using a palladium catalyst and hydrogen gas.
Environmental science & technology, 33(11): 1905-1910.

Luebke, D.R., Vadlamannati, L.S., Kovalchuk, V.. and d’Itri, J.L., 2002.
Hydrodechlorination of 1,2-dichloroethane catalyzed by Pt—Cu/C: effect of catalyst
pretreatment. Applied Catalysis B: Environmental, 35(3): 211-217.

Mackenzie, K., Frenzel, H. and Kopinke, F.-D., 2006. Hydrodehalogenation of
halogenated hydrocarbons in water with Pd catalysts: Reaction rates and surface
competition. Applied Catalysis B: Environmental, 63(3): 161-167.

McNab Jr, W.W. and Ruiz, R., 1998. Palladium-catalyzed reductive dehalogenation of
dissolved chlorinated aliphatics using electrolytically-generated hydrogen.
Chemosphere, 37(5): 925-936.

Mcnab, W.W., Ruiz, R. and Reinhard, M., 2000. In-situ destruction of chlorinated
hydrocarbons in groundwater using catalytic reductive dehalogenation in a reactive
well: Testing and operational experiences. Environmental Science & Technology,
34(1): 149-153.

Meshesha, B.T. et al., 2013. PdCu alloy nanoparticles on alumina as selective catalysts for
trichloroethylene hydrodechlorination to ethylene. Applied Catalysis A: General,
453(0): 130-141.

Nunez Garcia, A., Boparai, H.K. and O’Carroll, D.M., 2016b. Enhanced Dechlorination of
1,2-Dichloroethane by Coupled Nano Iron-Dithionite Treatment. Environmental
Science & Technology, 50(10): 5243-5251.

O’Carroll, D., Sleep, B., Krol, M., Boparai, H. and Kocur, C., 2013. Nanoscale zero valent
iron and bimetallic particles for contaminated site remediation. Advances in Water
Resources, 51: 104-122.

Pardey, A. et al., 2005. Kinetics study of the hydrodechlorination of chlorobenzene
catalyzed by immobilized copper complexes. Catalysis letters, 104(3-4): 141-150.

10



11

Schith, C., Kummer, N.-A., Weidenthaler, C. and Schad, H., 2004. Field application of a
tailored catalyst for hydrodechlorinating chlorinated hydrocarbon contaminants in
groundwater. Applied Catalysis B: Environmental, 52(3): 197-203.

Smidt, H. and de Vos, W.M., 2004. Anaerobic microbial dehalogenation. Annu. Rev.
Microbiol., 58: 43-73.

Song, H. and Carraway, E.R., 2005b. Reduction of Chlorinated Ethanes by Nanosized
Zero-Valent Iron: Kinetics, Pathways, and Effects of Reaction Conditions.
Environmental Science & Technology, 39(16): 6237-6245.

Srqbowata, A., Juszczyk, W., Kaszkur, Z. and Karpinski, Z., 2007. Hydrodechlorination of
1,2-dichloroethane on active carbon supported palladium-nickel catalysts.
Catalysis Today, 124(1-2): 28-35.

Srebowata, A., Lisowski, W., Sobczak, J.W. and Karpinski, Z., 2011. Hydrogen-assisted
dechlorination of 1,2-dichloroethane on active carbon supported palladium—copper
catalysts. Catalysis Today, 175(1): 576-584.

Tavoularis, G. and Keane, M.A., 1999. Gas phase catalytic dehydrochlorination and
hydrodechlorination of aliphatic and aromatic systems. Journal of Molecular
Catalysis A: Chemical, 142(2): 187-199.

Tobiszewski, M. and Namies$nik, J., 2012. Abiotic degradation of chlorinated ethanes and
ethenes in water. Environmental Science and Pollution Research, 19(6): 1994-
2006.

Ukisu, Y. and Miyadera, T., 1997. Hydrogen-transfer hydrodehalogenation of aromatic
halides with alcohols in the presence of noble metal catalysts. Journal of Molecular
Catalysis A: Chemical, 125(2): 135-142.

Urbano, F. and Marinas, J., 2001. Hydrogenolysis of organohalogen compounds over
palladium supported catalysts. Journal of Molecular Catalysis A: Chemical, 173(1):
329-345.

USEPA, 2015. Priority pollutant list. United States Environmental Protection Agency.
https://www.epa.gov/sites/production/files/2015-09/documents/priority-pollutant-
list-epa.pdf. Accessed 19 May, 2016.

Vadlamannati, L.S., Kovalchuk, V.I. and d'Itri, J.L., 1999. Dechlorination of 1, 2-
dichloroethane catalyzed by Pt—Cu/C: unraveling the role of each metal. Catalysis
letters, 58(4): 173-178.

Vadlamannati, L.S., Luebke, D.R., Kovalchuk, V.I. and d'ltri, J.L., 2000. Olefins from
chlorocarbons: Reactions of 1,2-dichloroethane catalyzed by Pt-Cu. In:
F.V.M.S.M. Avelino Corma and G.F. José Luis (Editors), Studies in Surface
Science and Catalysis. Elsevier, pp. 233-238.

11


https://www.epa.gov/sites/production/files/2015-09/documents/priority-pollutant-list-epa.pdf
https://www.epa.gov/sites/production/files/2015-09/documents/priority-pollutant-list-epa.pdf

12

VanStone, N., Elsner, M., Lacrampe-Couloume, G., Mabury, S. and Sherwood Lollar, B.,
2007. Potential for Identifying Abiotic Chloroalkane Degradation Mechanisms
using Carbon Isotopic Fractionation. Environmental Science & Technology, 42(1):
126-132.

Vilve, M. et al., 2010. Degradation of 1,2-dichloroethane from wash water of ion-exchange

resin using Fenton’s oxidation. Environmental Science and Pollution Research,
17(4): 875-884.

Wiener, H., Blum, J. and Sasson, Y., 1991. Transfer hydrogenolysis of aryl halides and
other hydrogen acceptors by formate salts in the presence of palladium/carbon
catalyst. The Journal of Organic Chemistry, 56(21): 6145-6148.

Xie, H. et al., 2008. Hydrodechlorination of 1,2-dichloroethane catalyzed by dendrimer-
derived Pt—Cu/SiO2 catalysts. Journal of Catalysis, 259(1): 111-122.

Yuan, G. and Keane, M.A., 2003. Liquid phase catalytic hydrodechlorination of 2,4-
dichlorophenol over carbon supported palladium: an evaluation of transport
limitations. Chemical Engineering Science, 58(2): 257-267.

Zhang, M., He, F. and Zhao, D., 2015. Catalytic activity of noble metal nanoparticles
toward hydrodechlorination: influence of catalyst electronic structure and nature of
adsorption. Front. Environ. Sci. Eng., 9(5): 888-896.

Zhang, W.X., Wang, C.B. and Lien, H.L., 1998. Treatment of chlorinated organic
contaminants with nanoscale bimetallic particles. Catalysis Today, 40(4): 387-395.

Zhao, Z.-F. et al., 2008. Synthesis of a nano-nickel catalyst modified by ruthenium for
hydrogenation and hydrodechlorination. Catalysis Communications, 9(13): 2191-
2194,

12



13

Chapter 2

2  Literature Review

2.1 Introduction

Chlorinated organic compounds (COCs) are a recalcitrant type of dense non aqueous phase
liquids (DNAPL). Due to their intensive use in industrial applications, they are commonly
found at brownfield and industrial sites (O’Carroll et al., 2013; Tobiszewski and
Namiesnik, 2012). COCs include chlorinated methanes such as: trichloromethane (TCM),
dichloromethane (DCM), chlorinated ethanes such as: 1,1,2-trichloroethane (1,1,2-TCA),
1,2-dichloroethane (1,2-DCA), and chlorinated ethenes such as: tetrachloroethene (PCE),
trichloroethene (TCE), and vinyl chloride (VC) (Barnes et al., 2010; O’Carroll et al., 2013;
Tobiszewski and Namies$nik, 2012; Zhang et al., 1998). These chemicals have been
classified as priority pollutants with low drinking water allowable limits (i.e. ppb) by the
U.S. Environmental Protection Agency and the Agency for Toxic Substances and Disease
Registry due to their severe adverse health effects (ATSDR, 2015; USEPA, 2015). Due to
their mobility in subsurface systems, possible carcinogenic effects and resistance to natural
degradation processes, intensive research efforts are devoted into developing field

applicable technologies for in-situ removal of these compounds.

Conventional groundwater treatment methods, such as sorption onto granular activated
carbon (GAC), bioremediation, physio-chemical, and electrochemical degradation are in
many cases not very effective. High costs, incomplete or slow degradation, as well as
complex process control is what renders them impractical (Alpaslan Kocamemi and Cecen,
2010; Barbash and Reinhard, 1989b; Bejankiwar et al., 2005; Crittenden et al., 2012;
Dinglasan-Panlilio et al., 2006; Le and Coleman, 2011; Smidt and de Vos, 2004; Vilve et
al., 2010).

Reductive dechlorination of COCs by electron donors is thermodynamically feasible under
ambient conditions (Atisha, 2011; O’Carroll et al., 2013). Thus, liquid phase nano metal
based direct reduction technologies has received great interest (Atisha, 2011; Barnes et al.,
2010; Lien and Zhang, 2005; O’Carroll et al., 2013; Song and Carraway, 2005b;
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Tobiszewski and Namiesnik, 2012; Zhang et al., 1998). The dechlorination mechanism
includes breakage of one or more carbon-chlorine bonds of a COC molecule where the
chlorine atom is eliminated as a chloride ion (O’Carroll et al., 2013; Zhang et al., 1998).
This cleavage requires an electron donor (i.e. zero valent iron or activated hydrogen gas)
and possibly a proton donor depending on the reaction pathways (hydrogenolysis or
dichloroelimination) (Arnold and Roberts, 2000a; Tobiszewski and Namie$nik, 2012; Yu,
2013). In the hydrogenolysis pathway, chlorine is replaced by hydrogen with simultaneous
addition of two electrons to the molecule (Equation 2-1). In the dichloroelimination
pathway, two electrons are transferred to the COC molecule and two chlorine atoms are
released resulting in less saturated reaction products (Equation 2-2). Another reaction that
usually takes place after the elimination step is called hydrogenation and it involves the
addition of hydrogen to a double or triple C-C bond (Arnold et al., 1999; Arnold and
Roberts, 2000a; O’Carroll et al., 2013; Tobiszewski and Namiesnik, 2012).

RCl+ H* 4+ 2e- - RH+ Cl” (Equation 2-1)
RCCl—CCIR+ 2e~ - RC=CR+ 2ClI” (Equation 2-2)
Where RCL is a chlorinated hydrocarbon.

The reductive dechlorination reaction is a surface mediated reaction where chemical and
physical steps take place for the dechlorination reaction to occur. Firstly, reaction
molecules diffuse within the interfacial region (active site). As soon as the molecule is
adsorbed on the reactive site, the surface reaction can take place. Lastly, the product
molecule desorbs from the active site and diffuses back to the solution (Deng et al., 1999;
Wang et al., 2008).

Reductive dechlorination technologies includes: liquid phase reductive dechlorination by
nano zero valent iron (nZV1) technology, gas phase catalyzed reductive dechlorination, and
liquid phase catalyzed reductive dechlorination. nZV1 is one of the most promising
reductive dechlorination technologies proven capable of degrading a wide variety of COCs
(O’Carroll et al., 2013). The very small dimensions of nZVI particles allow them to be

injected in the form of a water slurry into the contaminated zone requiring treatment, which
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makes it a very attractive remediation technology (Elliott and Zhang, 2001; O’Carroll et
al., 2013). Nonetheless, so far 1,2-DCA has been found to be almost absolutely resistant to
reduction by nZVI and palladized nZVI (Pd-nZV1) (Atisha, 2011; Nunez Garcia et al.,
2016b; Song and Carraway, 2005b). Additionally, slow 1,2-DCA degradation rates have
been observed when nZV1 is coupled with strong reductants such as dithionite (Nunez
Garcia et al., 2016b). On the other hand, gas phase reductive dechlorination technology has
been proven capable of dechlorinating many COCs including 1,2-DCA (Borovkov et al.,
2003; Job et al., 2005; Kaminska and Srebowata, 2015; Lambert et al., 2005; Lambert et
al., 2004; Legawiec-Jarzyna et al., 2004; Li et al., 2009; Luebke et al., 2002; Srebowata et
al., 2007; Srebowata et al., 2011; Xie et al., 2008). Nonetheless, gas-phase reductive
dechlorination is carried out at high temperatures (>200°C) and uses a direct hydrogen gas
(H2) stream which makes it impractical for in-situ applications (Urbano and Marinas,
2001). Liquid-phase catalyzed dechlorination has been found to rapidly dechlorinate a
variety of COCs without the formation of substantial amounts of chlorinated intermediate
compounds (Aramendia et al., 2002; Chaplin et al., 2012; Kovenklioglu et al., 1992; Lowry
and Reinhard, 1999; Mackenzie et al., 2006; McNab Jr and Ruiz, 1998). A few successful
field applications of the technology were reported (Davie et al., 2008; Mcnab et al., 2000;
Schith et al., 2004) Yet, to date limited work has been devoted to the liquid-phase
catalyzed reductive dechlorination of 1,2-DCA (Huang et al., 2011; Lowry and Reinhard,
1999; McNab Jr and Ruiz, 1998). Therefore, there is a pressing need to develop a liquid
phase technology capable of degrading 1,2-DCA, and understanding the already existing

reductive dechlorination technologies is essential and necessary to accomplish that.

2.2 Reductive Dechlorination by Nano Scale Zero
Valent Iron Based Technologies

nZV1 particles stand out as one of the most promising abiotic direct reduction remedial
technologies due to their nano-sized dimensions leading to greater reactivity and potential
for subsurface injection and transport to the contaminant zone (Atisha, 2011; Elliott and
Zhang, 2001; He and Zhao, 2005; O’Carroll et al., 2013; Zhang et al., 1998). nZVI particles
are easily synthesized without any need for highly specialized instruments, most commonly

by borohydride reduction of the dissolved iron salt in aqueous phase at room temprature
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(Equation 2-3) (Atisha, 2011; Liu et al., 2005a; Sun et al., 2006a; Zhang and Elliott, 2006).
Usually, sodium borohydride is applied in excess amounts to accelerate the synthesis
reaction as well as to ensure uniform growth of the metallic particle (Zhang, 2003).

2Fe** + BH; + 3H,0 - 2Fe’+ H,BO; + 4H' + 2H, 1 (Equation 2-3)

Due to van der Waals and magnetic forces, nZVI particles tend to agglomerate forming
larger aggregates hindering their mobility and reducing available surface area for
dechlorination reactions, consequently reducing dechlorination reaction rates (He and
Zhao, 2005; Phenrat et al., 2007). To overcome this, usually stabilizers such as hydrophilic
carbon and polyacrylic acid (PAA), starch, carboxymethyl cellulose (CMC), guar gum, and
triblock copolymer (PMAA-PMMA-PSS) are added during or after the synthesis process
to disperse the particles (He and Zhao, 2005; He and Zhao, 2007; Schrick et al., 2004;
Tiraferri et al., 2008).

2.2.1 Reduction Mechanism

nZV1 is a strong reductant with a redox potential of -0.44V (Equation 2-4), making it
capable of reducing most of COCs (Atisha, 2011; O’Carroll et al., 2013). COCs reduction
by nZVI involves electron transfer from nZVI to the COC resulting in breakage of the
carbon chlorine bond with the release of chloride ion (Equation 2-5) (Zhang and Elliott,
2006). Moreover, nZVI produces H> gas by reduction of water (Equation 2-6) (O’Carroll
etal., 2013).

E0=-0.44V

Fe® ——— Fe?* + 2e” (Equation 2-4)
RCL+ H" + Fe® - RH + Fe*' + CI” (Equation 2-5)
Fe® + 2H,0 — Fe*'+ H, T +20H™ (Equation 2-6)

2.2.2 Reactivity with COCs

A wide variety of chlorinated compounds (e.g. TCM, 1,1,1-TCA, PCE etc.) can be
degraded using nZVI (Lien and Zhang, 2001; Liu et al., 2005b; O’Carroll et al., 2013; Song
and Carraway, 2005b; Song and Carraway, 2006; Tobiszewski and Namie$nik, 2012).
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However, nZV1 reactions with chlorinated ethanes are slower than chlorinated ethenes and
may form toxic chlorinated byproducts (Lien and Zhang, 2005). Besides, although
thermodynamically feasible, 1,2-DCA and DCM are found to be almost absolutely resistant
to degradation by nZVI (Atisha, 2011; Song and Carraway, 2005b; Song and Carraway,
2006). Thus, to enhance nZV1 reactivity, noble metals (e.g. Nickel, Palladium) are often
doped on the nZV1 surface forming bimetallic particles (Atisha, 2011; Barnes et al., 2010;
Elliott and Zhang, 2001; O’Carroll et al., 2013; Zhang et al., 1998). Palladium (Pd), the
most commonly doped metal, enhances nZV| reactivity by acting as a catalyst, adsorbing
H> from water reduction by iron (Equation 2-7) and dissociating it into atomic H- (Equation
2-8) (Atisha, 2011; Liu et al., 2014a; Nunez Garcia et al., 2016b). The activated hydrogen
then attacks the chlorinated contaminants adsorbed on the iron surface leading to their
dechlorination (Equation 2-8). Doping Pd on nZV1 did enhance the dechlorination rates of
many COCs (e.g. PCE, 1,1,2-TCA, Cis-DCE) without forming any toxic byproducts
(Barnes et al., 2010; Lien and Zhang, 2005; Lim and Feng, 2007; O’Carroll et al., 2013;
Zhang et al., 1998). However, even the Pd-nZVI1 bimetallic system has failed to degrade
1,2-DCA and DCM so far (Atisha, 2011; Lim and Feng, 2007; Wang et al., 2009).

Catalyst

H, —— 2H (Equation 2-7)
Catalyst A
RCl+ H, —— RH + HCIl (Equation 2-8)

It is not known yet the reason behind 1,2-DCA reduction resistance by nZVI or Pd-nZ V1.
Janada et al. suggested that adsorption of COCs on nZV1 surface is the rate controlling
step for the dechlorination reaction (Janda et al., 2004). As such, it is possible that nZV1 or
Pd doped on it is not providing adequate surface for adsorption of 1,2-DCA, preventing the
dechlorination reaction from taking place. Infact, XPS studies point out that when Pd is
impregnated on nZVI surface, Pd is totally reduced to Pd® due to nZVI action as a
continuous source of electrons (Doong and Lai, 2005; Yan et al., 2010; Zhu and Lim,
2007). On the other hand, gas phase catalytic dechlorination reactions indicate that the
adsorption of 1,2-DCA (COCs in general) takes place only on electron deficient sites of Pd
(Choi et al., 1997; Gomez-Sainero et al., 2002). Thus, it is suggested that either nZVI
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surface modification, or usage of Pd discretely is needed to facilitate adsorption of 1,2-
DCA.

Recently, it was found that coupling nZVI with dithionite enhances nZVI reactivity
towards 1,2-DCA (Nunez Garcia et al., 2016b). Sodium dithionite is a stronger reductant
(E =-1.12 V) than nZVI, usually used to manipulate in-situ redox conditions to reduce
subsurface ferric iron to ferrous iron for treating various organic and inorganic
contaminants (Boparai et al., 2008; Boparai et al., 2006; Fruchter et al., 2000). Studies have
also shown reduction of COCs by ageuous solutions of dithionite (Boparai et al., 2006;
Nzengung et al., 2001; Rodriguez and Rivera, 1997). In aqueous solutions, dithionite
undergoes a disproportionation reaction producing two sulphoxyl radicals (Equation 2-9).
Sulphoxyl radicals in turn also reacts with water yielding sulfite and thiosulfate reductants
(Equation 2-10). Depending on the solution pH, a variety and a series of sulfur reductants
are created (Deng et al., 2003). In the nZVI-dithionite treatment, dithionite enhances the
reactivity of nZV1 by providing additional electrons and coating the nZV1 by an iron sulfide
layer which preserves it from oxidation by water (Nunez Garcia et al., 2016b). In the study
by Garcia et al., nZVI coupled with dithionite in bench scale experiments have yielded up
to 92 % degradation of the initial 1,2-DCA concentration over the course of one year
(Nunez Garcia et al., 2016b).

25,05 2 4S50, (Equation 2-9)

25,0% + H,0 - 250% +25,05 + 2H* (Equation 2-10)

2.3 Reductive Dechlorination by Gas Phase Catalytic
Hydrodechlorination Technology

Effective catalytic hydrodechlorination of organic wastes containing a variety of toxic and
ozone-depleting compounds in the gas phase using direct H2 gas has been shown (Li et al.,
2009; Urbano and Marinas, 2001). The gas phase catalyzed hydrodechlorination reaction
is carried out at high temperatures (+200° C), using direct H2 gas and supported nano/micro
catalysts. The nano catalysts have the potential of very high reaction rates due to their high
specific surface areas and low mass transfer restrictions (Hildebrand et al., 2009a). The
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operation temperature is selected based on the desired byproducts, as the lower the
operating temperature, the more partially chlorinated compounds are formed as byproducts
(Kopinke et al., 2003; Urbano and Marinas, 2001).

2.3.1 Hydrodechlorination Metals

A variety of different catalysts from group VIII and Ib metals have been reported for
effective gas phase hydrodechlorination reactions (Bozzelli et al., 1992; Heinrichs et al.,
1997b; Srebowata et al., 2007; Xie et al., 2008). These catalysts have different
hydrodechlorination reaction activity and selectivity depending on their hydrogenation and
C-Cl cleavage capabilities (Chen, 2003).

As for the hydrogenation characteristics, the bonding strength between hydrogen and the
catalyst surface increases with an increase in vacant d-orbitals (Fogler, 1999), however
according to the Sabatier Principle, maximum catalytic activity will not be realized if the
bonding is too strong (Laursen et al., 2012). Thus, the maximum hydrogenation catalytic
activity occurs when there is approximately one vacant d-orbital per atom (Bonarowska et
al., 2010; Fogler, 1999). Therefore, group VIII metals (i.e.: Ni, Rh, Ru, Pd and Pt) are the
most active metals for hydrogenation reactions (Bozzelli et al., 1992; Fogler, 1999;
Lambert et al.,, 2005). Amongst group VIII metals, Pd is the most effective in
hydrodechlorination reactions because of its efficiency in replacing chlorine atoms by
hydrogen (Kulkarni et al., 1999b; Urbano and Marinas, 2001). It does not only promote C-
Cl bond cleavage, but it is also the least affected by released chlorides ions poisoning
(hydrogen halides in general) (Fung and Sinfelt, 1987; Kulkarni et al., 1999b; Urbano and
Marinas, 2001). Therefore, Pd based catalysts are the most commonly used catalysts for
gas and liquid phase catalytic hydrodechlorination experiments (Chaplin et al., 2012; Chen,
2003; Heck et al., 2009). The high activity of Pd catalysts is probably due to the relatively
low chlorine coverage on their surface compared to other metals where the strongly
adsorbed Cl atoms suppress the activity. That is because based on the direction of
increasing nobility of the metals from left to right in the Periodic Table for group VIII
metals, the chlorine coverage under hydrodechlorination conditions decreases towards the
right in the series Ru > Rh > Pd and Os > Ir > Pt (Benitez and Del Angel, 2000; Urbano

and Marinas, 2001). Platinum (Pt) based catalysts binds chlorine and chlorine-containing
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organic intermediate species less strongly than Pd, and therefore show lower
dehalogenation activity than Pd (Chaplin et al., 2012; Legawiec-Jarzyna et al., 2004). Ni
is also a milder hydrogenation catalyst than Pd (Lingaiah et al., 2000; Murthy et al., 2004;
Tavoularis and Keane, 1999). Group Ib metals (Cu, Ag, Au) are milder hydrogenation
catalysts than group VIII metals, but are relatively cheaper, and can form stronger bonds
with COCs (Bonarowska et al., 2010; Borovkov et al., 2003; Lambert et al., 2005; Luebke
et al., 2002; Meshesha et al., 2013; Pardey et al., 2005; Vadlamannati et al., 1999;
Vadlamannati et al., 2000; Xie et al., 2008).

Combining two catalysts (bimetallic catalysts) changes the adsorption energies of reactants
and reaction products, which results in either higher activity or suppression of side
reactions, depending on the specific metals combination (Borovkov et al., 2003). Studies
on COCs demonstrated the ability of the bimetallic catalysts to selectively tailor byproducts
to ethene or ethane, and/or less chlorinated alkenes, may be overcome poisoning, increase
reactivity, and decrease process cost (Borovkov et al., 2003; Heck et al., 2009; Heinrichs
et al., 1997b; Job et al., 2005; Lambert et al., 2005; Legawiec-Jarzyna et al., 2004; Li et
al., 2009; Meshesha et al., 2013; Srqbowata et al., 2011; Vadlamannati et al., 1999; Xie et
al., 2008). For instance, adding Au nano particles to Pd was found to enhance both Pd
catalytic activity, and poisoning resistance to chlorine chemisorption onto Pd active sites,
for trichloroethene hydrodechlorination (Heck et al., 2009). Also, modification of Ni
surface with other metals, such as Au or Rh promoted its catalytic activity and stability in
hydrodechlorination reactions against deactivation (Besenbacher et al., 1998; Zhao et al.,
2008).

2.3.2 Reduction Mechanisms

The catalytic hydrodechlorination mechanisms involve activating the molecular hydrogen
into atomic hydrogen (Catalyst-Hx) which attacks the chlorinated organic molecule
adsorbed on adjacent sites on the catalyst (Equations 2-7 & 2-8) (Alvarez-Montero et al.,
2010; Tavoularis and Keane, 1999).

Catalysts participate in a catalytic cycle where COCs chlorinate their surface, then their

surface is dechlorinated through reduction by the adsorbed hydrogen. Group 1b metals are
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able to react with the COC and form a metal—chlorine bond as well as activate hydrogen
gas in their zero valent state (Borovkov et al., 2003; Lambert et al., 2005; Luebke et al.,
2002; Vadlamannati et al., 1999; Vadlamannati et al., 2000; Xie et al., 2008). However, for
group VIII metals, dual electronic states are required in order for the hydrodechlorination
reaction to take place: electron-deficient and metallic sites [M™*, M?]. Hz chemisorbs and
dissociates on M°to give the covalent adsorbed atom M-H. COCs chemisorbs
dissociatively on M" site, leading to the formation of a highly reactive activated complex.
Interaction between the two surface species leads to the byproducts (Choi et al., 1997; Choi
et al., 1996). For instance, in the study by Choi et al., X-ray photoelectron spectroscopy
(XPS) and X-ray absorption fine structure (XAFS) measurements indicate that Pt(ll)
species reacted with CI ligands, while the bulk that remained as Pt metal were responsible
for the Hz chemisorption and dissociation (Choi et al., 1997). Therefore, the selectivity of
the byproducts of the COCs hydrodechlorination reactions does not only depend on the
type or ratio of the different metals (group V111, and Ib), but also the synthesis/preparation
method that leads to different ratios of electronic states of group VIII metals (Bai and
Sachtler, 1991; Choi et al., 1996; Marchesini et al., 2008; Soares et al., 2011; Xie et al.,
2011). Similarly, the support can also have an indirect effect on activity and selectivity by
influencing the electronic state, size, and morphology of catalyst and thus the distribution

of reactive sites (Henry, 1998; Kovenklioglu et al., 1992).

In the case of bimetallic particles, group Ib metals would be responsible for forming the
metal chlorine bonds (as they form stronger bonds than group V111 metals) and group VIII
metals would be responsible for supplying the hydrogen atoms (as they are stronger
hydrogenation catalysts than group Ib metals) for the regeneration of the chlorinated
surface of group Ib metal into the metallic form (Lambert et al., 2005; Xie et al., 2008).

2.3.3 1,2-Dichloroethane Reduction

Several gas-phase catalytic hydrodechlorination studies reported complete dechlorination
of 1,2-DCA. The catalytic hydrodechlorination rate and extent of 1,2-DCA degradation as
well as reaction pathways depend on operating temperatures and catalysts types (group
VIII, or group Ib catalysts). At lower operating temperatures, production of chloroethane

is reported as relatively stable byproduct.
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Moreover, over strong hydrogenation catalysts (i.e. Pd, Pt, and Ru), ethane is the final
byproduct detected from the dechlorination of 1,2-DCA through dissociative adsorption of
1,2-DCA followed by hydrogenation of the surface alkyl fragment to form ethane, with
chloroethane being a possible secondary byproduct at temperatures < 250°C (Borovkov et
al., 2003; Bozzelli et al., 1992; Vadlamannati et al., 1999; Xie et al., 2008). On the other
hand, over milder hydrogenation catalysts (group Ib metals), dechlorination selectivity
shifts towards ethene, through dissociative adsorption of 1,2-DCA with successive
breakage of the two C-Cl bonds followed by direct desorption of ethene (Heinrichs et al.,
1997b; Job et al., 2005; Lambert et al., 2005; Li et al., 2009; Sre;bowata et al., 2011;
Vadlamannati et al., 1999; Xie et al., 2008). In other words, group Ib metals react with 1,2-
DCA and picks up chlorine atoms, but does not hold firmly to the rest of the molecule
which is then released as ethene (Heinrichs et al., 1997b). In addition to that, over
bimetallic catalysts, selectivity to either ethene or ethane as well as dechlorination rates is
a factor of the ratio between the two catalysts types. For example, Heinrichs et al. reported
an increase in the selectivity of the byproducts for the reduction of 1,2-DCA to ethene on
Ag rich Pd-Ag/SiO2, and a shift in selectivity towards ethane on Pd rich Pd/Ag catalysts,
where ethene is further hydrogenated to ethane by the adsorbed hydrogen on the Pd sites
(Figure 2-1) (Heinrichs et al., 1997b). Similar results were reported in other studies for the
dechlorination of 1,2-DCA on Pd/Ag catalysts (Heinrichs et al., 2001; Lambert et al.,
2005). Also, Valdamannati et al., reported a 90% increase in selectivity towards ethene for
a Cu/Pt ratio >9 from the reduction of 1,2-DCA (Vadlamannati et al., 1999).

CHy= CH,

I

'
l CHLCH,C Cl  CH;=CH, Cl

CICHCH,C)

Figure 2-1: Reaction mechanism model for 1,2-DCA reduction on Ag
rich Pd/Ag (Heinrichs et al., 1997b).
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2.3.4 Catalysts Deactivation

Both group Ib and VIII catalysts are prone to poisoning by chlorides, sulfides, and

hydrocarbons.

Group Ib metals are poor hydrogenation catalysts, thus lack the ability to dissociate enough
hydrogen to clean their own sites from the adsorbed chlorides and are prone to rapid
chlorine poisoning (e.g. (Lambert et al., 2005; Xie et al., 2008)). Even though group VIII
metals are strong hydrogenation catalysts and are able to clean their own sites from the
adsorbed chlorides, however if the halide acids (HCI) or chlorides produced during the
reduction process are allowed to build up to high levels, inhibition or dissolution of catalyst
takes place (Chaplin et al., 2012; Coq et al., 1993; Coq et al., 1986; Gomez-Sainero et al.,
2004; Kulkarni et al., 1999b; Urbano and Marinas, 2001; Wiersma et al., 1998). For
example, deactivation of Rh and Pd due to HCI derived from the hydrodechlorination of
TCE, 1,2-DCA, and chlorobenzene have been reported (Bozzelli et al., 1992; Chang et al.,
1999; Coq et al., 1986). In addition, Ordonez et al. reported poisoning of Pd nano (nPd)
particles by the accumulation of HCI during the hydrodechlorination of TCE on Pd/C
(Ordodfiez et al., 2010). The authors proposed that the high CI” concentration and low pH
possibly stabilize Pd?* on the catalyst surface by the formation of PdCls~ and PdCls>"
species, suppressing sites responsible for TCE adsorption. Additionally, Formi et al.,
reported a 25% loss of Pd surface area after 20 h of hydrodechlorination of PCBs on Pd/C
(Forni et al., 1997). Similarly, Choi et al. observed a drastic drop in the specific surface
area of Pt/MgO catalysts during the hydrodechlorination of carbon tetrachloride which was
also attributed to surface corrosion (Choi et al., 1996). Researchers suggest that the higher
the operating temperatures, the more HCI discharge will be allowed, preventing chlorides
poisoning of the catalyst (Benitez and Del Angel, 2000; Chaplin et al., 2012; Kopinke et
al., 2003). For instance, in the study by Kopinke et al., increasing temperature from 200 °C
to 250°C resulted in complete restoration of Pd activity after deactivation through
hydrodechlorination of different COCs due to adsorbed chlorides (Kopinke et al., 2003).
Inhibiting concentrations of HCI or chlorides varies in the different studies up on the

catalyst as well as substrate type, and operating conditions.
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Group VIII catalysts usually suffer also from hydrocarbons depositions deactivating
reactive sites (Legawiec-Jarzyna et al., 2004; Srebowata et al., 2007; Srebowata et al.,
2011). The reason for deposition has been proposed to be due to low Hj/Substrate ratio
(Urbano and Marinas, 2001). In addition to that, deactivation by H,S and SO> (sulfur
compounds) at very low concentrations as low as parts per million have been observed
(Berube et al., 1987; L'Argentiere and Fi, 1990).

2.4 Reductive Dechlorination by Liquid Phase
Catalyzed Hydrodechlorination Technology

Recently, liquid-phase catalyzed reductive hydrodechlorination has emerged as a water and
wastewater treatment technology in the presence of direct Hz gas (Aramendia et al., 2002;
Chaplin et al., 2012; Davie et al., 2008; Gémez-Sainero et al., 2004; Gomez-Sainero et al.,
2002; Heck et al., 2009; Hildebrand et al., 2009a; Hildebrand et al., 2009b; Janiak and
Blazejowski, 2002; Kopinke et al., 2004; Kopinke et al., 2003; Lowry and Reinhard, 1999;
Lowry and Reinhard, 2000; Lowry and Reinhard, 2001; Mackenzie et al., 2006; Mcnab et
al., 2000; Orddriez et al., 2010; Schreier and Reinhard, 1995; Schith et al., 2004; Sun et
al., 2011; Xia et al., 2004; Zhu and Lim, 2007), or hydrogen sources (e.g. potassium
formate, formic acid, 2-propanol, sodium borohydride, and hydrazine) (Anwer et al., 1989;
Aramendia et al., 2000; Huang et al., 2011; Kopinke et al., 2004; Ukisu and Miyadera,
1997; Wiener et al., 1991). Rapid catalyzed dehalogenation of a variety of commonly
encountered halogenated groundwater contaminants including chlorinated ethenes (PCE,
TCE, DCE, vinyl chloride), chlorinated methanes (carbon tetrachloride, chloroform),
chlorinated aromatic compounds (1,2-dichlorobenzene), chlorinated biphenyls (4-
chlorobiphenyl), chlorofluorocarbons (Freon-113), and even halogenated pesticides (1,2-
dibromo-3-chloropropane (DBCP) and lindane) was found effective in the liquid phase at
the bench scale without forming substantial amounts of halogenated intermediate
compounds. In addition, a few effective pilot and field scale catalyzed reductive
dechlorination applications were also reported effective (Davie et al., 2008; Mcnab et al.,
2000; Schth et al., 2004).
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2.4.1 Hydrodechlorination Metals

Among all group VIII catalysts, Pd particles have proved to be well suited for promoting
hydrodehalogenation reactions in the aqueous phase. For instance, Lowry et al. reported
hydrodechlorination of 1-10 mg L™ aqueous concentrations of PCE, TCE, cis -1,1-DCE
trans-1,1-DCE, carbon tetrachloride, and 1,2-dibromo- 3-chloropropane on 0.22 g L of
Pd supported on Alumina, with only 4-6 mins half-lives, at nearly mass-transfer-limited
rates (Lowry and Reinhard, 1999). Besides, unlike reductive dechlorination by nZVI, Pd
catalyzed reductive dechlorination of TCE results in direct reduction to ethane without any
formation of chlorinated intermediates (Figure 2-2) (Chaplin et al., 2012; Lowry and
Reinhard, 1999; Lowry and Reinhard, 2000; McNab Jr and Ruiz, 1998; Nutt et al., 2005).
The Pd catalyzed reductive dechlorination reactivity of COCs decreases in the order VC >
TCE > TeCA >> DCA ~ DCM (Kopinke et al., 2003). On the other hand, other catalysts
such as Pt, and Rh did not provide beyond 10% conversion for hydrodechlorination of
COCs. (Kovenklioglu et al., 1992). Only one study in the literature reported successful
reductive dechlorination utilizing a group 1b metal (unsupported nCu particles) (Huang et
al., 2011). It is important to point out though that supporting the nano metals and the type
of support plays an important role for the overall performance of the catalysts
(Kovenklioglu et al., 1992).

H
#H 3Cl
H

Figure 2-2: Reaction mechanism of TCE producing ethane during Pd

catalyzed hydrodechlorination in the liquid phase (Chaplin et al., 2012).
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2.4.2 Reduction Mechanism

The catalytic dechlorination reaction whether in the liquid or in the gas phase utilizes
hydrodechlorination catalysts that can dissociatively adsorb H> gas into adsorbed surface
atomic hydrogen (Pd—Hags) Which in turn reacts with dissociatively adsorbed COCs on
adjacent sites (Chaplin et al., 2012).

Researchers dealing with this topic refer exclusively and extensively to gas phase reactions,
as similarities between gas and liquid phase dechlorinations mechanisms are reported
(Chaplin et al., 2012; Mackenzie et al., 2006). Similar to gas phase hydrodechloirnation
mechanism, XPS studies have shown that the presence of dual species (electron-deficient
Pd"™ and metallic palladium Pd®) on the Pd surface is essential for the catalytic
hydrodechlorination reaction to take place (Gémez-Sainero et al., 2002). H. dissociates on
Pd®, while the COC chemisorbs dissociatively on Pd™ site. XPS results shows that the Pd%
Pd" ratio depends on the reduction temperature for the catalyst synthesis and the selection
of the metal precursor, and that this ratio between the two sites controls the catalytic
activity. The authors describe that catalysts having only one of these species are inactive
(Gémez-Sainero et al., 2002).

Additionally, in agreement with gas phase studies, the correlation of C—Cl bond for
chlorinated ethanes and chlorinated methanes was found inversely proportional to
calculated C—Cl bond strengths on Pd and the hydrodechlorination rate. (Chaplin et al.,
2012; Kovenklioglu et al., 1992; Mackenzie et al., 2006). This correlation suggests that the
dissociative adsorption leading to C-Cl bond cleavage of chlorinated compounds is
proposed to be the rate-determining step, indicating that the adsorption strength of the
chlorinated ethanes with the catalyst is what facilitates bond cleavage. Moreover, liquid
phase catalytic hydrodehalogenation rates of chloroethenes and halobenzenes were also
found not to follow the order of the C—ClI bond strength, but rather with the number of CI
atoms, with the addition of an activated hydrogen species from the catalyst to the
unsaturated hydrocarbon being the rate-determining step, as was observed for the gas phase
(Chaplin et al., 2012; Kovenklioglu et al., 1992; Mackenzie et al., 2006). For instance, VC
was found to be dechlorinated fastest, although it has the strongest C-Cl bond strength

among chlorinated ethenes (Mackenzie et al., 2006), confirming that hydrogenation of the
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C=C double bond being the rate limiting step for hydrodechlorination of chlorinated
cthenes before C—Cl bond scission (Chaplin et al., 2012; Mackenzie et al., 2006). Density
functional theory (DFT) studies found that the most energetically favorable adsorption
configuration for chlorinated ethenes on Pd is through a C=C di-c bond, and that the
adsorption strength of chlorinated ethenes on Pd surface increases with decreasing the
number of Cl atoms (Andersin and Honkala, 2011; Barbosa et al., 2002; Chaplin et al.,
2012). It is important to point out though that other DFT studies and in situ surface-
enhanced Raman spectroscopy (SERS) do indicate that the Cl atom in the chlorinated
ethenes do adsorb to the catalyst surface (Chaplin et al., 2012; Heck et al., 2008). For
instance, experimental results indicate dissociative adsorption of the C—CI bonds of 1,1-
DCE to form an adsorbed vinylidene intermediate before hydrogenation of the C=C bond
(Heck et al., 2008).

Based on the above mentioned, the following factors influence the hydrodehalogenation
rate at the Pd surface in the liquid phase: (1) the C—CI bond strength and, (2) the presence
or absence of a C=C double bond, which controls the reaction mechanism, (3) the bond
strength between halogen and the catalyst, (4) the ratio between the different electronic
states of the catalyst, (5) metallic precursor, catalysts synthesis method, catalyst support
(Gomez-Sainero et al., 2002; Mackenzie et al., 2006; Urbano and Marinas, 2001).

2.4.3 1,2-Dichloroethane Reduction

Although liquid-phase catalyzed reductive hydrodechlorination show significant potential
as a technology providing rapid destruction of halogenated groundwater contaminants,
limited work has been devoted to hydrodechlorination of 1,2-DCA (Huang et al., 2011;
Lowry and Reinhard, 1999; McNab Jr and Ruiz, 1998), with mostly unsuccessful results.
In the study by Lowry and Reinhard, 1,2-DCA, methylene chloride, and 1,1-dichloroethane
were found nonreactive via liquid-phase Pd-on-Al,Oz catalyzed hydrodechlorination
among a variety of 1-3 carbon chlorinated compounds in the presence of direct Hz gas
(Lowry and Reinhard, 1999). Similarly, McNab et al. reported removal efficiency of > 95%
for pentachloroethene, trichloroethene, 1,1-dichloroethene, and carbon tetrachloride,
however chloroform and 1,2-DCA were found unreactive via catalytic hydrodechlorination

using Pd/alumina beads and electrolytically-generated H> gas (McNab Jr and Ruiz, 1998).
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Furthermore, Huang et al. also found that 1,2-DCA did not undergo any reduction via
liquid phase Pd/alumina catalyzed hydrodechlorination using borohydride as a hydrogen

source (Huang et al., 2011).

It should be noted that catalyst support plays an important role in the overall performance
of the catalytic system, impacting catalyst morphology, electronic state, size, geometry,
and adsorption or repulsion of the studied COC, and therefore affects dechlorination rates
and pathways (Kovenklioglu et al., 1992). Consequently, it is possible that supporting Pd
on alumina might have affected the catalytic efficiency of Pd in the aforementioned studies.
The significant effect of the type of catalyst support was demonstrated in the study by
Kovenklioglu et al. (Kovenklioglu et al., 1992). The authors reported that Pd/Al>Os used
for catalytic hydrodechlorination of 1,1,2-trichloroethane (1,1,2-TCA) exhibited almost no
activity as compared to Pd/carbon. This was attributed to the inability of 1,1,2-TCA to
adsorb on alumina due to the repulsion forces. Also, while testing different types of carbon
supports, the authors further found that the hydrodechlorination rates dropped significantly

when the carbon support could not readily adsorb 1,1,2-TCA.

To the best of our knowledge, only one study reported effective catalyzed
hydrodechlorination of 1,2-DCA, however using Cu rather than Pd (Huang et al., 2011). In
that study, sodium borohydride was used as the hydrogen donor instead of direct H, gas.
The study however did not provide any justification for 1,2-DCA reduction on Cu surface
rather than Pd.

2.4.4 Catalysts Deactivation

One of the main drawbacks of catalytic hydrodechlorination technology is catalyst
deactivation. Pd deactivation has been related to several processes such as: the inhibitory
and corrosive effect of hydrogen halide formed as byproduct, site blockage due to high
surface species concentrations, carbon depositions during reaction, natural groundwater
constituents (e.g. HCOs, HS , CI"), redox active metals, mineral precipitates, sulfur
poisoning, and interference with biological processes such as growth of sulfate-reducing
bacteria (e.g. (Aramendia et al., 1999; Heck et al., 2008; Kopinke et al., 2010; Lecloux,
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1999; Lowry and Reinhard, 2000; Mackenzie et al., 2006; Munakata and Reinhard, 2007;
Ordofiez et al., 2010; Sun et al., 2011; Urbano and Marinas, 2001)).

Chlorides is one of the most commonly encountered Pd deactivators (Chaplin et al., 2012;
Mackenzie et al., 2006; Ordofiez et al., 2010; Sun et al., 2011; Urbano and Marinas, 2001).
As the desired reaction product, they are unavoidable under all reaction conditions.
Chloride species released during dechlorination reactions, or coming from the metals
precursor itself, as well as freely-dissolved chloride ions compete with the COCs for Pd
surface sites, and form metal chlorides species and can also corrode catalysts and supports
(Aramendia et al., 2002; Aramendia et al., 1999; Hoke et al., 1992; Mackenzie et al., 2006;
Urbano and Marinas, 2001). For instance, Hoke et al. detected Pd solubilization during
liquid-phase hydrodechlorination of chlorophenols over Pd/C by the HCI formed in the
reaction medium (Hoke et al., 1992). Also, Aramendia et al. reported Pd/MgO deactivation
and dissolution due to HCI production as the dechlorinating product from chlorobenzene
reduction reaction, and premature cessation of the reaction (Aramendia et al., 1999).
Furthermore, the authors reported poisoning of Pd particles during the hydrodechlorination
of chlorobenzene on Pd/SiO2-AlIPO4 due to chlorides produced from the metal precursor.
The authors compared the performance of catalysts prepared from palladium chloride and
palladium acetylacetonate and found out a remarkable difference in the reactivity due to
the chlorides poisoning. This deactivation and corrosion was reported to be possibly
minimized through the addition of a base (e.g. NaOH, NH4sOH) compound to the reaction
medium (Hoke et al., 1992; Sun et al., 2011; Urbano and Marinas, 2001). In this sense,
literature studies reported that in the absence of a base compound the reaction does not take
place (Hoke et al., 1992) or that if proceeds, it stops at low conversions (Aramendia et al.,
1999; Balko et al., 1993). The role of the added base is to neutralize the acid and to keep
the catalytic metal in a reduced state, free from chloride ions. Sodium, potassium, calcium,
barium hydroxides, and sodium acetates are generally employed (Sun et al., 2011; Urbano
and Marinas, 2001).

Groundwater anions are potential catalyst deactivators (McNab Jr and Ruiz, 1998). For
instance, HCOs  was found to compete with TCE for active Pd catalyst sites promoting

catalyst deactivation (Kramer et al., 1995). Moreover, sulfur compounds are one of the
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major causes of catalyst deactivation as sulfide ions and sulfur organic compounds can
deactivate the catalyst in the water phase irreversibly (Albers et al., 2001; Chaplin et al.,
2006; Chaplin et al., 2007; Kopinke et al., 2003; Korte et al., 2000; Lowry and Reinhard,
2000; Mackenzie et al., 2006). XPS analysis have shown that reduced sulfur forms strong
complexes with Pd which blocks reaction sites, and may also form adlayers with the sulfur
compounds preventing COCs adsorption and transformations at concentrations as low as
0.06 mmol S g catalyst resulting in catalyst deactivation (Chaplin et al., 2007). Lowry et
al. reported that in the presence of 30 mg Lt SOs?> Pd deactivates after 5 min of exposure.
Also, presence of 87 mg L™ SOs% or 0.4 mg L't HS™ caused rapid catalyst deactivation,
presumably due to chemisorption to active sites (Lowry and Reinhard, 2000). Additionally,
abundance of H> gas in the catalyzed hydrodechlorination technology creates favorable
conditions for the growth sulfate reducing bacteria which indirectly poisons catalysts by
producing sulfides (Lowry and Reinhard, 2000; Schith et al., 2004). Sulfur-poisoned
catalysts can be regenerated by strong oxidants, including HOCI/OCI~, H202, KMnQg,
dissolved oxygen, and air exposure (for dried catalysts) (Angeles-Wedler et al., 2008;
Angeles-Wedler et al., 2009; Chaplin et al., 2006; Chaplin et al., 2007; Chaplin et al., 2009;
Munakata and Reinhard, 2007).

The presence of redox active metals in water can also lead to catalyst poisoning
(Hildebrand et al., 2009b). For example, Hildebrand et al. reported that Cu?* (80 uM), Pb?*
(0.5 uM), Sn?* (40 uM), and Hg?"* (0.5 uM) decreased rate constants of TCE reduction on
Pd/Fe2O3 by 97.0, 76.0, 99.8, and 98.0%, respectively, compared to rate constants
measured in deionized water (Hildebrand et al., 2009b). This is assumed to be due to
reduction of the metal ions to their zero valent states and subsequent blockage of active
sites. Also, catalyst deactivation due to dissolved organic matter (DOM) competition with
COC on active sites has been reported (Chaplin et al., 2006). Researchers suggested pre-
treating water from DOM with activated carbon prior to applying -catalytic
hydrodechlorination to overcome this deactivation type. Furthermore, trace amounts of CO
can completely inhibit the hydrodechlorination activity (Kopinke et al., 2004). For
instance, when applying formic acid as alternative hydrogen source in water, the produced
CO was reported to poison the catalyst (Kopinke et al., 2004). Finally, Pd activity loss can
also be caused by surface blockage due to mineral or salt precipitations, accumulation of
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debris, inorganic oxides, and surface saturation of intermediate compounds (Albers et al.,
2001; Chaplin et al., 2006).

A few research studies focused on designing poisoning resistant catalysts. Supporting Pd
on zeolite, polymerizing Pd with hydrophobic polymers, and altering the electronic
structure by ensembling with other metals are some of the strategies used to overcome the
aforementioned poisoning effects (Fritsch et al., 2003; Heck et al., 2009; Kopinke et al.,
2010; Schiith et al., 2000).

2.4.5 Hydrogen Donors

Liquid-phase catalyzed reductive dechlorination utilizing Pd along with direct Hz gas
emerged as a promising water and wastewater treatment strategy (e.g. (Chaplin etal., 2012;
GOmez-Sainero et al., 2002; Kopinke et al., 2004; Kovenklioglu et al., 1992; Lowry and
Reinhard, 1999; Mackenzie et al., 2006; McNab Jr and Ruiz, 1998; Yuan and Keane, 2003;
Zhang et al., 2015; Zhao et al., 2008)). However, utilizing direct Hz gas is troublesome to
handle and potentially dangerous (Urbano and Marinas, 2001). Therefore, a few studies
focused on replacing the direct H> gas stream by a hydrogen source (Anwer et al., 1989;
Aramendia et al., 2000; Huang et al., 2011; Kopinke et al., 2004; Ukisu and Miyadera,
1997; Wiener et al., 1991), while others generated the H. gas directly from the treated
groundwater itself (Janiak and Btazejowski, 2002). Sodium borohydride, formic acid,
isopropanol, and hydrazine were among the studied alternatives. However, studies
concluded that selection of the hydrogen donor is substrate dependent because of possible
competition on active sites (Anwer et al., 1989; Wiener et al., 1991).

Kopinke et al. investigated formic acid, isopropanol and hydrazine as hydrogen donors for
Pd-catalyzed hydrodechlorination of chlorobenzene in water (Kopinke et al., 2004).
Formic acid was found to be as reactive as direct H2 gas under acidic and neutral conditions,
but less reactive under alkaline conditions. Isopropanol was reported to be less reactive by
about five orders of magnitude than direct Hz gas. Hydrazine was found to be effective as
a hydrogen donor under alkaline conditions only, but slower than direct H> gas by a factor
of 30. The observed kinetics implied two pH-controlled reaction mechanisms (possibly H-
atom and hydride transfer). The authors conclude that, from the technical and economic
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point of view, formic acid is a promising substitute for direct H> gas which requires extra
investigation with other chlorinated organic compounds. Ukisu et al. studied dechlorination
of 1,2,4-trichlorobenzene to benzene on Pd/C using 2-propanol as hydrogen donor, and
found that the reaction does not proceed without the addition of a base (NaOH) to remove
the released halogen (Ukisu and Miyadera, 1997). Aramendia et al. also studied
hydrodehalogenation of different halogenated organic compounds using potassium formate
as hydrogen donor over Pd (Aramendia et al., 2000). They found that potassium formate
competes with the halogenated organic compounds to the Pd active sites, with some of the
halogenated organic compounds inhibiting formate adsorption, while others are inhibited
by formate adsorption (competitive adsorption). Similarly, Wiener et al. stated that the rate-
determining step in the overall catalyzed liquid phase hydrodechlorination by a hydrogen
donor process is the adsorption of the hydrogen donor on the catalyst surface (Wiener et
al., 1991). Thus, researchers emphasis on the great importance of the order of addition of
reagents when either substrate or hydrogen donors is strongly adsorbed on the catalysts
surfaces (Anwer et al., 1989). Huang et al successfully utilized sodium borohydride as H>
gas donor for the hydrodechlorination of 1,2-DCA on nCu particles (Huang et al., 2011).
Direct H gas is readily generated during the hydrolysis of borohydride (Gomez-Lahoz et
al., 1993; Huang et al., 2011). However, the study did not provide any insight on the
effectiveness of using borohydride compared to direct H2 gas on the dechlorination rate.

In all the aforementioned studies, the hydrogen transfer mechanism from the hydrogen
donor (except borohydride) is not fully understood (Huang et al., 2011; Kopinke et al.,
2004; Ukisu and Miyadera, 1997). In terms of electronegativity, hydrogen occupies a
central position in the periodic table. Therefore, in reactions involving its transfer,
hydrogen may appear as a proton, atom, or hydride depending on reagents and conditions
(Urbano and Marinas, 2001).

2.4.6 Field Applications

Liquid-phase catalyzed reductive dechlorination technology have shown promising results
in dehalogenating a variety of haloorganics in contaminated groundwater and wastewater.

However, only a few researchers investigated its application for groundwater remediation
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in a full-scale field or pilot test installation (Davie et al., 2008; Mcnab et al., 2000; Schiith
etal., 2004) .

Mcnab et al. presented an in situ reactive well approach of a pump and treat system utilizing
dissolved H> gas and palladium-on-alumina catalyst based fixed bed reactors, to reduce
TCE and PCE at a major Superfund site with promising results (Mcnab et al., 2000). The
treatment unit consisted of a dual-screened well bore, allowing contaminated groundwater
to be drawn from one water-bearing zone, treated within the well bore, and discharged to
an adjacent zone with only one pass through the system. The system rapidly dechlorinated
the COCs, with TCE concentrations of the effluent reduced to < 1 ppb from 3600 ppb.
After one year of operation, catalyst partial deactivation was observed however with proper
system management such as entailing periodic shutoff of the Hz supply and aeration, the
overall system removal efficiency could be maintained. Davie et al. reported testing
catalytic reductive dechlorination technology in remediating groundwater contaminated
with 500-1200 pg L™ TCE at Edwards Air Force Base, California (Davie et al., 2008).
Eggshell-coated Pd on alumina beads were packed in a fixed bed reactor, where the water
was pumped through after amending with Hz gas. A TCE removal of 99.8% was achieved
with a final concentration of 4.1 pg L™ for more than a 100 days of testing period. Based
on a cost comparison study with other conventional remediation technologies, the authors
stated that catalytic reductive dechlorination technology was found to be a viable treatment
technically and economically competitive with conventional treatment technologies.
Schith et al. presented the application of Pd on zeolite catalyzed reductive dechlorination
technology in a full-scale flow-through mode for two years operation period (Schiith et
al., 2004). The system was proven successful in dechlorinating the COCs with typical
reduction half-lives between 1.5 and 3 min. The authors stated that the system can be
operated over extended periods with sustained efficiencies, if some conditions such as
sufficient supply of hydrogen, flushing the system periodically with a dilute H>O> solution

are met.

The presented studies show the feasibility and the promising results of utilizing catalytic
reductive dechlorination technology as a viable groundwater remediation technique.

Hydrogen is low cost, and the catalysts are commercially available, making this technology
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accessible to industrial and commercial applications. Besides, a few studies even reported
electrochemically generating hydrogen from the water itself (e.g. (Janiak and Btazejowski,
2002)), in addition to possible hydrogen donors. In general, this system provides several
advantages such as; direct reduction to ethane without the presence of chlorinated
intermediate byproducts, rapid reaction rates (in the order of minutes), which could permit
a compact design for treatment within a well bore or reactive barriers (Davie et al., 2008;
Mcnab et al., 2000; Schiith et al., 2004).

To further develop catalytic reductive dechlorination technology into practice, it is
necessary to make the technology applicable to a wider range of contaminants. For
instance, bench scale studies lack information on dechlorination of the commonly found

COC contaminants: 1,2-dichloroethane, and 1,2-dichloromethane.

2.5 Summary

The reduction of COCs in the presence of electron donors is thermodynamically feasible
under ambient conditions. Reductive dechlorination technologies include: liquid-phase
reductive dechlorination by nZVI, gas-phase catalyzed reductive dechlorination, and
liquid-phase catalyzed reductive dechlorination. nZV1 technology failed to break down
1,2-DCA and exhibited slow reaction rates when coupled with strong reductants such as
dithionite. On the other hand, gas-phase catalyzed reductive dechlorination technology
even though capable of reducing 1,2-DCA, is carried out at high temperatures under
conditions making it field inapplicable. Liquid-phase catalyzed reductive
hydrodechlorination technology emerged as a promising field applicable technology, with
promising rapid removal rates of a variety of COCs. A few working groups do describe in
situ field application of catalyzed reductive hydrodehalogenation of COCs contaminated
groundwater and wastewater. However, so far bench scale studies lack information on
liquid-phase catalyzed reductive hydrodechlorination of 1,2-DCA. Thus, there is a pressing
need to investigate and develop a liquid phase catalyzed reductive dechlorination technique
capable of reducing 1,2-DCA.
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Chapter 3

3  Liquid-Phase Nano Palladium Catalyzed
Hydrodechlorination of 1,2-Dichloroethane

3.1 Abstract

1,2-Dichloroethane (1,2-DCA) is among the most frequently detected chlorinated organic
compounds (COCs) at contaminated sites. Possible carcinogenicity and recalcitrance
towards abiotic dechlorination has created considerable interest in developing remediation
technologies to successfully treat 1,2-DCA. Recently, liquid-phase catalyzed
hydrodechlorination has emerged as a field-applicable technology showing promising
results in reducing various COCs. However, limited research has been completed on the
liquid-phase catalyzed hydrodechlorination of 1,2-DCA, even on bench scale. In this study,
the feasibility of liquid-phase catalyzed hydrodechlorination of 1,2-DCA using
borohydride as a hydrogen source over Pd nanoparticles (nPd) was investigated. nPd
particles were synthesized via aqueous chemical reduction by sodium borohydride.
Complete removal of 1,2-DCA (32 mg L) in <7 days was achieved on CMC stabilized
nPd (1 g L) coupled with hydrogen produced from excess borohydride present in solution
after nPd synthesis. The catalyzed dechlorination reaction followed pseudo-first-order
kinetics. Ethane was the main byproduct indicating hydrogenolysis as the major
degradation pathway. Detailed surface characterization including TEM, SEM/EDX, XPS
and XRD of nPd particles was conducted. Different synthesis parameters were found to
affect the oxidation state, elemental composition and reactivity of nPd. nPd loading and
initial 1,2-DCA concentration also influenced 1,2-DCA dechlorination kinetics. This study
suggests that in-situ 1,2-DCA dechlorination is possible via liquid-phase nPd catalyzed

dechlorination technology.

Keywords: 1,2-Dichloroethane, Hydrodechlorination, Borohydride, Nano, Palladium,
Liquid-phase.
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3.2 Introduction

1,2-Dichloroethane (1,2-DCA, C2H4Cly) is a chlorinated organic compound (COC)
commonly used for the synthesis of vinyl chloride monomer (Atisha, 2011; Liu et al.,
2014b). Excessive usage as well as improper handling, storage, and disposal of 1,2-DCA
has caused widespread subsurface contamination. 1,2-DCA has been found at 412 National
Priorities List sites in the United States alone (NIH, 2016). It is classified as a possible
carcinogen and can cause circulatory and respiratory failure, neurological disorders,
immune suppression, and kidney and liver damage in human beings (ATSDR, 2001; Liu
et al., 2014b). Due to its pervasive contamination and severe health effects, significant
research has been devoted to develop remediation technologies for 1,2-DCA degradation
(Atisha, 2011; Borovkov et al., 2003; Huang et al., 2011; Liu et al., 2014b; Lowry and
Reinhard, 1999; Luebke et al., 2002; Nunez Garcia et al., 2016a; Srqbowata etal., 2011).

Over the last decade, liquid-phase chemical reduction by nano zero valent iron (nZV1) has
become a very promising subsurface remediation technology capable of degrading a wide
range of COCs (O’Carroll et al., 2013). Thus far, even nZVI and palladium (Pd) doped
nZV1 have been unable to degrade 1,2-DCA (Atisha, 2011; Nunez Garcia et al., 2016a;
Song and Carraway, 2005a). However, gas-phase catalyzed hydrodechlorination has been
found to effectively dechlorinate 1,2-DCA via activated hydrogen gas on a catalyst surface
(Borovkov et al., 2003; Job et al., 2005; Kaminska and Srebowata, 2015; Lambert et al.,
2005; Lambert et al., 2004; Legawiec-Jarzyna et al., 2004; Li et al., 2009; Luebke et al.,
2002; Sr@bowata et al., 2007; Srqbowata et al., 2011; Xie et al., 2008). H2 gas undergoes
chemisorption and decomposition to two atomic hydrogen on the surface of the catalyst
(Equation 3-1), acting as a robust dechlorinating reductant. The activated hydrogen then
reduces adsorbed COCs on adjacent sites (Equation 3-2) (Chaplin et al., 2012; Conrad et
al., 1974).

Catalyst

H, —— 2H (Equation 3-1)
Catalyst )
RCl+ H, —— RH + HCI (Equation 3-2)
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Group VIII catalysts (i.e. Pd, Ni, Pt), known for their hydrogenation ability, are often
utilized to catalyze gas-phase hydrodechlorination reactions (Urbano and Marinas, 2001;
Zhang et al., 2015). Among these, Pd is the most effective and commonly used catalyst as
it has strong hydrogen adsorption and activation properties as well as greater ability to
selectively replace adsorbed chlorine atoms with hydrogen (Kulkarni et al., 1999a; Urbano
and Marinas, 2001). Moreover, it is the least catalyst affected by chloride ions poisoning
released during dechlorination reactions (Kulkarni et al., 1999a). Nickel (Ni), a cheaper
alternative to Pd, is a milder hydrogenation catalyst and usually requires higher
temperatures to yield the same dechlorination efficiency as Pd (Lingaiah et al., 2000;
Murthy et al., 2004).

Nonetheless, gas-phase reductive hydrodechlorination is carried out at high temperatures
(>200°C) and uses a direct hydrogen gas (Hz) stream making it impractical for in-situ
applications (Borovkov et al., 2003; Heinrichs et al., 1997a; Job et al., 2005; Kaminska and
Srebowata, 2015; Kulkarni et al., 1999a; Lambert et al., 2005; Lambert et al., 2004;
Legawiec-Jarzyna et al., 2004; Li et al., 2009; Luebke et al., 2002; Srebowata et al., 2007;
Srebowata et al., 2011; Urbano and Marinas, 2001). Therefore, recent studies were directed
towards applying catalyzed hydrodechlorination in the liquid phase under ambient
conditions. Liquid-phase catalyzed hydrodechlorination has been found to rapidly
dechlorinate a variety of COCs (i.e. chlorinated ethenes, chlorinated methanes, chlorinated
aromatic compounds, chlorinated biphenyls, chlorofluorocarbon, and halogenated
pesticides) without the formation of substantial amounts of chlorinated intermediate
compounds (Aramendia et al., 2002; Chaplin et al., 2012; Gémez-Sainero et al., 2002;
Kopinke et al., 2004; Kovenklioglu et al., 1992; Lowry and Reinhard, 1999; Mackenzie et
al., 2006; McNab Jr and Ruiz, 1998; Yuan and Keane, 2003; Zhang et al., 2015; Zhao et
al., 2008). Also, a range of hydrogen sources (i.e. formate, formic acid, 2-propanol,
borohydride, and hydrazine) have been utilized to overcome the impracticality of direct
use of Hz gas (Anwer et al., 1989; Huang et al., 2011; Kopinke et al., 2004; Ukisu and
Miyadera, 1997; Wiener et al., 1991).

To date limited work has been devoted to the liquid-phase catalyzed reductive

hydrodechlorination of 1,2-DCA. Lowry and Reinhard found methylene chloride, 1,1-
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DCA, and 1,2-DCA to be nonreactive via liquid-phase catalytic hydrodechlorination using
Pd-on-Al>0s and Hz gas while studying the dechlorination of 1- to 3-carbon COCs (Lowry
and Reinhard, 1999). Similarly, McNab Jr. and Ruiz reported >95% removal of
pentachloroethene, 1,1-dichloroethene, and carbon tetrachloride but chloroform and 1,2-
DCA were found unreactive using Pd/alumina beads and electrolytically-generated Hz gas
(McNab Jr and Ruiz, 1998). Similarly, Huang et al. also found 1,2-DCA to be resilient
against liquid-phase catalytic dechlorination via Pd/alumina with borohydride as a
hydrogen source (Huang et al., 2011). It is well known that catalyst support plays an
important role in the overall performance of the catalytic system, impacting catalyst
morphology, electronic state, size, geometry, and adsorption or repulsion of the studied
COC (Kovenklioglu et al., 1992; Zhang et al., 2008). Consequently, it is possible that
supporting Pd on alumina might have affected the catalytic efficiency of Pd in these studies.
Kovenklioglu et al. reported that Pd/Al,Oz used for catalytic hydrodechlorination of 1,1,2-
trichloroethane (1,1,2-TCA) exhibited almost no activity as compared to Pd/carbon
(Kovenklioglu et al., 1992). This was attributed to the inability of 1,1,2-TCA to adsorb on
alumina. Also while testing different types of carbon supports, they further found that the
hydrodechlorination rates dropped significantly when the carbon support could not readily
adsorb 1,1,2-TCA. Thus, unsupported catalysts need to be developed to overcome the

inhibitory effect of catalytic support on the hydrodechlorination reactions.

Recently, nano sized metal catalysts have become quite popular due to their enhanced
catalytic activity for hydrodechlorination. Moreover, stabilizing the nano catalysts can
successfully replace the catalyst support role as it can overcome the immobilization issue
with regards to subsurface application (Zhang et al., 2015). Therefore, the overall goal of
this research was to study the effect of utilizing unsupported stabilized palladium
nanoparticles coupled with borohydride as a hydrogen gas source to dechlorinate 1,2-DCA
in the liquid phase under ambient conditions. Borohydride is often used in excess amounts
for nano metal synthesis and this excess borohydride can additionally be utilized as the H>
gas source (Equation 3-3) for the hydrodechlorination reactions, making this technology

more economical and feasible (Huang et al., 2011; Rostamikia and Janik, 2010).

BH, + 2H,0 - BO; + 4H, 1 (Hydrolysis) (Equation 3-3)
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The specific objectives of this study were to (a) investigate unsupported Pd nano metal
(nPd) coupled with residual borohydride as a hydrogen source for the liquid-phase catalytic
dechlorination of 1,2-DCA, (b) assess the effect of nPd synthesis parameters and
experimental conditions on 1,2-DCA dechlorination kinetics, and (c) characterize the
surface of nPd particles. Additionally, Ni was also tested for the catalytic dechlorination of

1,2-DCA as it represents a possible cheaper alternative to Pd.

3.3 Experimental Section

3.3.1 Chemicals

The following chemicals were used as received: 1,2-dichloroethane (1,2-DCA, 99+%,
Sigma-Aldrich), sodium borohydride (NaBHs, 98+%, ACROS Organics), ferrous sulfate
heptahydrate (FeSO4.7H20, 99.5% ACROS Organics), potassium hexachloropalladate
(K2PdCle, 99%, Alfa Aesar, Pd min 26.69%), palladium acetate (Pd(O.CCHz)2, 45.9-
48.4%, Alfa Aesar), nickel nitrate (Ni(NOs)2.6H20, 98%, Alfa Aesar), sodium
carboxymethyl cellulose (CMC, MW = 90K, ACROS Organics), sodium chloride (NaCl,
EMD Chemicals Inc.), gas Mix (5% Hz balance Ar, PRAXAIR), and N2 gas (Ultra High
Purity, PRAXAIR). Deionized deoxygenated water purged with ultrapure N2 gas was used

to prepare aqueous solutions.

3.3.2 Synthesis of Nano Metal Particles

Nano sized metal particles were synthesized via reduction of metal salts by sodium
borohydride. For CMC-stabilized nanoparticles, the metal salt solution was well mixed
with CMC solution to form a M?*-CMC complex. Freshly prepared NaBH4 solution was
then added dropwise to the M?*-CMC solution with continuous stirring. The used
stoichiometric ratio of NaBH4 to metal salt (BH4/M?*) was 3.5 rather than the actually
required ratio of 0.5 (Equation 3-4). Excess borohydride is standardly added to accelerate
metal synthesis and to ensure uniform growth of the particles, and in this study was utilized
to provide H> for 1,2-DCA hydrodechlorination. The synthesis process was carried out in
an anaerobic glove box maintaining an O.-free environment by purging with O-free Ar
(95% Ar: 5% Hy).
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2M?** + BH; + 3H,0 - 2M° + H,BO3 + 4H" + 2H, 1 (Equation 3-4)

Bare nPd particles were synthesized in the similar way but without adding CMC. Two
batches of bare nPd particles were washed three times with deoxygenated deionized water
to: 1- use as a control of only nPd particles (without borohydride), 2- study the effect of
washing nPd particles on 1,2-DCA dechlorination kinetics. During the washing steps, the
supernatant was removed resulting in loss of the excess borohydride. So 25 mM fresh
NaBH4 was added to the washed nPd particles directly in the reactor bottles to provide H>
gas for the dechlorination reaction. nPd synthesized from potassium hexachloropalladate
and palladium acetate will be denoted as nPdn and nPda respectively and the washed nPd
particles as nPdxw. ‘C-" and ‘B-’ will be used as prefixes for the CMC-stabilized and bare
particles respectively. C-nZVI/Pdn particles were prepared using a method previously

reported by Sakulchaicharoen et al. (Sakulchaicharoen et al., 2010).

3.3.3 Particles Characterization

Transmission Electron Microscopy (TEM) - TEM was used to determine particle size and

surface morphology of the CMC-stabilized nanoparticles. Analysis was performed using a
Philips CM10 and a FEI Titan 80-300 Cryo-in-situ Transmission Electron Microscope
(Philips Export B.V. Eindhove, Netherlands). The samples were prepared by diluting the
freshly synthesized nanoparticle suspensions and then adding a drop of each on 400 mesh
Formvar/Carbon copper grids in the anaerobic glove box. The grids were left to dry in the
glove box for some time. Nanoparticle diameter was measured using a Hamamatsu CCD

based camera system software (Advanced Microscopy Techniques, version AMTV542).

Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy (SEM/EDX) -
SEM (Hitachi S-4500, 10 kV field emission with a Quartz PCI XOne SSD X-ray analyzer)

was used to determine the particle size and surface morphology of bare nPd (B-nPd)

particles. Solid sample was sprinkled onto adhesive carbon tape supported on a metallic
disk. Elemental composition of the B-nPd particles was determined by randomly selecting
areas on the solid surface and analyzing by EDX in conjunction with SEM.
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Specific Surface Area - The average particle size from the representative sets of TEM and

SEM micrographs for each sample was calculated by a weighted averages method.
Assuming a spherical geometry for the nanoparticles, specific surface area (as) was
calculated using the average particle size obtained from TEM and SEM data as in Equation
3-5 (Sun et al., 2006b):

__ Surface Area _ nd? _ 6 .
As Mass Y (Equation 3-5)

where D is the average diameter of particles and p is the density of the metal particles (Pd:
11.9 gcm, Ni: 8.9 g cm).

X-Ray Diffraction (XRD) - B-nPd particles were also analyzed using a Rigaku RPT 300

RC X-ray diffractometer (Cu Ka radiation, step size 0.02°, 26 range 10-90°) to determine
the product phase composition. The identification of the phases was achieved by referring to
the Joint Committee on Powder Diffraction Standards (JCPDS) database and published

literature.

X-ray Photoelectron Spectroscopy (XPS) - XPS was performed on B-nPd particles to

determine the elemental composition and oxidation state of the atoms present on the
catalyst surface. The samples were prepared and introduced into the spectrometer via an
anaerobic glove box. XPS analyses were carried out with a Kratos Axis Ultra spectrometer
using a monochromatic Al Ka source (15mA, 14kV). The instrument work function was
calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7,2 line for metallic gold
and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2pas
line of metallic copper. The Kratos charge neutralizer system was used on all specimens.
Survey scan analyses were carried out using the following parameters: x-ray spot size =
300 pm x 700 pm, pass energy = 160 eV, and binding energy (BE) range = 1100-0 eV.
High resolution spectra were taken for Pd 3d and CI 2p with a pass energy of 20 eV. Spectra
have been charge corrected to the main line of the carbon 1s spectrum (adventitious carbon)
set to 284.8 eV. Spectra were analyzed and fittings were carried out using CasaXPS
software (version 2.3.14) and compared with literature database (Chastain et al., 1995;

Wagner et al., 2003). The ratios of Pd"™/Pd° were calculated by comparing the intensities
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of the components of Pd 3ds; core-level after the deconvolution of the experimental

spectra. Here Pd™ consists of both Pd?* and Pd** species.

Dynamic Light Scattering (DLS) - The mean hydrodynamic diameter of the stabilized

nanoparticles was measured by a 90Plus DLS instrument (BIC, Holtsville, NY) at a
measurement angle of 90°. The data were processed with Zeta PALS software measuring
the hydrodynamic diameter on a number-weighted average. The zeta potentials of the
particles were determined using Zeta Plus software incorporating the Smoluchowski
method for determining zeta potential from electrophoretic mobility measurements.

3.3.4 1,2-DCA Dechlorination

Batch experiments were conducted using amber glass bottles (250 mL, VWR) sealed with
Teflon mininert valves to create anaerobic batch reactors (40 mL solution/ 210 mL
headspace). Freshly synthesized CMC-stabilized or bare nanoparticles (1 g L) were used
to catalyze the dechlorination of ~35mg L™ 1,2-DCA, unless otherwise mentioned. All
experiments, including controls (only 1,2-DCA and deionized water, or only B-nPdy, with
1,2-DCA and deionized water), were conducted in duplicates, with error bars on
dechlorination profiles representing the standard deviation between the two duplicates. The
reactor bottles were shaken using an arm wrist action shaker (Model 75, Burrell Inc.) at

room temperature.

Table 3-1 summarizes the experimental conditions and dechlorination kinetics for each
reactivity experiment. Experiments 1 and 2 represents catalyzed dechlorination
experiments of 1,2-DCA by C-nPdy and nNi particles. Experiment 3 represents a control
of B-nPd particles only, where the residual borohydride was removed from the synthesis
slurry and washed off the surface of the nPd particles. Experiments 4 and 5 shows the effect
of utilizing nPd particles solely as opposed to doping the same concentration of nPd on
nZV1. Experiment 6 shows the effect of utilizing B-nPdn particles on the dechlorination
efficiency. Experiments 7 and 8 evaluates the effect of CMC coating on the catalytic
efficiency of nPa particles in reducing 1,2-DCA. Experiment 9 evaluates the effect of
washing nPdy particles on the dechlorination efficiency. Experiment 10 shows the effect
of chlorides on the catalytic efficiency of nPdA in reducing 1,2-DCA. Experiments 11, 12,
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and 13 shows the effect of Pd loading on 1, 2-DCA dechlorination kinetics. Experiments
14 and 15 indicates the effect of 1,2-DCA loading on the dechlorination kinetics.

3.3.5 Analytical Methods

Concentrations of 1,2-DCA were analyzed with an Agilent 7890 Gas Chromatograph (GC)
equipped with a DB-624 capillary column (75 m x 0.45 mm x 2.55 um) and an Electron
Capture Detector (ECD) using modified EPA8021 method. The conditions of the GC
method were as follows: N as the carrier gas at a flow rate of 10 mL min; a temperature
ramp of 35 °C for 12 min, then 5 °C min to 60 °C for 1 min and 17 °C min™! to 200 °C
for 5 min. 250 pL aliquot was collected from each reactor bottle at a selected sampling
time and mixed with 1 mL n-Hexane in a 2-mL GC vial. The GC vials were vortex mixed,
and allowed to equilibrate for two hours before extraction. One pL of the extract was
injected into the GC using an auto sampler. Concentrations of chloroethane, ethane, and
ethene were analyzed with an Agilent 7890A GC equipped with a GS-Gas Pro Column
(3.0m x 320 um), and Flame lonization Detector (FID). The temperature program used
was: 35 °C for 5 min, then 10 °C min™* to 220 °C held for 7 min with He as the gas carrier.
Samples were analyzed by manual injection of 250 plL headspace samples directly
withdrawn from the headspace of the reactor bottles.

Chloride concentration in Experiment 5 was analyzed on a Waters 717 Plus Auto-sampler
High Performance Liquid Chromatograph (HPLC) equipped with a conductivity detector
and an IC PakTM anion column (4.6m x 50 mm). 100 ulL sample was injected in an eluent
mixture (12% acetonitrile in deionized water) with a flow rate of 1.2 mL min™! at a pressure
of 595 psi.
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Table 3-1: Experimental conditions of dechlorination experiments and the

summarized results.

Exp. Metal Metal Loading cMC 1,2-DCA | Degradation Kobs kso*103
9

No. (gL?) (W/V) % | (mgL™) § (d*) | (Lm2d?)
1 C-nPdH 1 0.5 32 100 (7d) | 0.940 11.8
2 C-nNi 1 0.5 37 35(11d) | 0.043 0.7
3@ B-Pdnw 1 - 8 - - -

45 | C-nzVI/Pdy 5 0.5 10 <5 (7d) - -
5 C-nPdy 0.04 0.5 10 28 (7d) 0.044 13.8
6¢ B-nPdy 1 - 32 100 (10d) 0.713 25.6
7 C-nPda 1 0.5 33 100 (3d) 1.702 18.3
8 B-nPdx 1 - 40 100 (10d) | 0.400 13.4
9d B-nPduw 1 - 40 32 (7d) 0.420 14.8
10° B-nPda 1 - 40 100 (10d) | 0.410 13.8
11 C-nPdy 0.14 0.5 8 97 (32) 0.106 9.5
12 C-nPdy 0.4 0.5 8 100 (19) 0.266 8.3
13 C-nPdy 1 0.5 8 100 (7d) 0.887 111
14 C-nPdy 1 0.5 65 90 (55d) 0.058 0.7
15 C-nPdy 1 0.5 225 91 (55d) 0.067 0.8

2 No borohydride was added after washing the particles nPd particles (B-Pdnw).

b Bimetallic nZV1/Pd was used in this experiment. Pd loading was 0.04 g L.

¢ Chloride balance of 93.7% was achieved.

d Fresh 25 mM NaBH4 was injected to the reactor bottle as the excess borohydride from
synthesis was lost during the washing steps. Rate constant for the first 0.29 days only as
kinetics deviated to zero-order (ksa = 0.22 L m? dY) after this.

¢0.056M NaCl was added in this experiment.

fSurface area was calculated from Equation 3-5.
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3.4 Results and Discussion

3.4.1 Particles Characterization

Catalytic dechlorination is a surface-mediated reaction and can be strongly influenced by
the surface properties of nano metals. Thus, a detailed study of surface properties of the
nano metals was conducted using TEM, SEM-EDX, XRD, XPS and DLS. Some chemical

analyses for the different experiments were also done.

TEM - The particle size and morphology of CMC-stabilized particles (C-nPda, C-nPdH,
and C-nNi) were examined by TEM. The unreacted C-nPda and C-nPdy consisted of
individual quasi-spherical nanoparticles assembled in chains forming some tightly packed
aggregates (Figures 3-1A-C). The mean diameters of nPda and nPdn particles were
5.42+1.4 nm and 6.31+1.4 nm, respectively. Unreacted C-nNi particles were found to be
better dispersed than nPd particles and were present mostly as individual spherical
nanoparticles with an average particle size of 11.22 + 4.3 nm (Figure 3-1D). Using the
nanoparticle diameter from TEM data in Equation 3-5, the average specific surface areas
for unreacted C-nPda, C-nPdn, and C-nNi particles were calculated as 93.03, 79.91, and
60.08 m? g, respectively.
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Figure 3-1: TEM images of unreacted (A) & (B) C-nPda, (C) C-nPdH, and (D) C-nNi

particles.
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SEM/EDX - The bare nPd particles examined by SEM were found to agglomerate rapidly
in the absence of CMC (Figures 3-2A-B & Appendix A, Figure 7-1A) as reported earlier
(He et al., 2009). The micrographs revealed that particles were nearly spherical, uniform
in shape and size, assembled in chains and tightly packed. The B-nPd particle diameters
ranged between 11.19-22.64 nm, 14.04-22.11 nm, and 14.39-21.14 nm for the unreacted
B-nPda, B-nPduw, and B-nPdnw, respectively and their specific surface areas were
calculated as 29.81, 27.89, and 28.38 m?g*. The SEM analysis of reacted B-nPdu particles
(Figure 7-1B, Appendix A) also exhibited the presence of some bigger chunks indicating
a slight change in palladium species after 1,2-DCA dechlorination. This could be due to
oxidation of reacted B-nPdn particles or the deposition of chlorides and/or hydrocarbons
on their surface. EDX spectra showed that Pd was the major surface element (Figures 3-3
A-B and Figure 7-2A, Appendix A), accounting for 97, 94.9, and 98.3% (Table 3-2) of the
mass of unreacted B-nPda, B-nPdn, B-nPdnw, respectively. The presence of small amounts
of oxygen suggested minor formation of palladium oxides. Traces of chloride (0.2%) found
in nPdy (Figure 3-3B) came from the palladium precursor (potassium
hexachloropalladate). However, when nPdn was washed with deionized water to form B-
nPdnw, no chlorides were found. EDX spectrum for the reacted nPd particles also showed
Pd as the major species with small amounts of oxygen, chloride and sodium (Figure 7-2B,
Appendix A).

XRD - Diffractograms in Figure 3-4 showed characteristic peaks (26) of metallic Pd in the
region of 40°, 47°, 68°, 82°, and 86° for all the tested B-nPd particles (Chen et al., 2005;
Holade et al., 2016; Liu et al., 2008; Sekiguchi et al., 2011). These peaks were quite
consistent with the standard metallic Pd XRD pattern (JCPDS 05-0681) in terms of their
positions. Figure 3-4A for B-nPda showed an extra peak at 26.58° (26) corresponding to
graphitic carbon (JCPDS 41-1487), probably coming from the Pd precursor (palladium
acetate). The reacted B-nPdy particles in Figure 3-4D also presented minor peaks (20) at
27.2° and 56.2° indicating the formation of some PdO (JCPDS 046-1211) (Sekiguchi et al.,
2011).
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Figure 3-2: SEM images of unreacted (A) B-nPda and (B) B-nPdn particles.

Table 3-2: EDX weight percent analysis of bare nPd particles.

Sample Pd 0 cl Na
Unreacted B-nPda 97.0 3.0 - -
Unreacted B-nPdy 94.9 4.9 0.2 -
Unreacted B-nPdnw 98.3 1.7 - -
Reacted B-nPdy 94.6 2.3 1.8 1.3
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Figure 3-3: EDX spectra of unreacted (A) B-nPda and (B) B-nPdH particles.
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Figure 3-4: XRD patterns of unreacted (A) B-nPda, (B) B-nPdH, (C) B-nPdHw, and
(D) reacted B-nPdH particles.

XPS — Unreacted B-nPda and B-nPdw particles were further analyzed by XPS to determine
their elemental composition and the valence state of Pd. The wide-scan survey revealed
that the surface was mainly composed of palladium, oxygen, carbon, boron, and sodium
(Figure 3-5 & Table 3-3). Sodium and boron peaks came from sodium borohydride used
as the reductant for nPd synthesis. Carbon is likely originated from adventitious carbon
contamination (Wielant et al., 2007). However, carbon would also have come from the Pd
precursor (palladium acetate) in the case of B-nPda particles, as also observed in XRD
data. The chloride peak on B-nPdn surface came from the precursor potassium
hexachloropalladate. O 1s line for oxygen is overlapped by the Pd (3ps;2) core level,

however, the O KLL line indicates the presence of oxygen in both B-nPda and B-nPd.
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Figure 3-5: Wide-scan XPS survey spectra of unreacted (A) B-nPda and (B) B-nPdh.

Table 3-3 : Surface composition (atomic %) of nPd particles determined by XPS.

Nanoparticle/Element | Pd 0 C cl B | Na | Other

B-nPda 2681242124604 |131(9.2| 1.7

B-nPdy 38.11273(23.2|15| 49 |25]| 25

The Pd 3d high resolution core level spectra for B-nPda and B-nPdy and the fits of the
curves are shown in Figure 3-6. The data for Pd species distribution is summarized in Table
3-4. Both B-nPda and B-nPdn showed a major doublet peak at BEs of 335.2+0.2 eV (3ds/2)
and 340.4+0.2 eV (3ds/2) which is in accordance with the literature values for Pd° (Chen et
al., 2005; Gémez-Sainero et al., 2002; Holade et al., 2016; Kibis et al., 2012). This major
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doublet contributed 96% and 78% to the total Pd 3d areas of B-nPda and B-nPdu,
respectively indicating metallic Pd as the dominant species in both the samples. The other
sets of doublets at higher BEs in the Pd 3d region of these samples indicate the presence of
non-zero valent/oxidized/electron-deficient Pd (Pd"™). The Pd 3d spectra of B-nPdu
exhibited a doublet peak at 336.34 (3ds2) and 341.63 (3dsr) (Figure 3-6B) which is
assigned to the Pd?* present as PdO or PdCl, (Holade et al., 2016; Kibis et al., 2012). No
PdO and PdCl, peaks were detected in this sample by XRD (Figure 3-4B), probably due to
their amorphous nature or lower concentration. However, the EDX and XPS spectra clearly
indicate the presence of Cl on the surface of B-nPdy particles. The presence of significant
amounts of Pd?* (18%) suggests that this Pd species might have partially formed by
interaction of Pd® with the electron-acceptor CI- (Xiong et al., 2007). This doublet was not
significant in the Pd 3d spectra of nPda (Figure 3-6A) which can be attributed to the
absence of CI in this sample. Past research has reported the formation of significant
amounts of Pd"™ species in catalysts prepared from chlorine-containing Pd precursors at
low temperatures (Alvarez-Montero et al., 2010; Gomez-Sainero et al., 2002; Holade et al.,
2016). The other set of minor doublet at higher BEs of 337.3+0.1 (3ds/2) and 342.6+0.1
(3ds12) corresponding to the oxidized Pd species (Pd*") indicated the presence of small
amounts of PdO2 in both B-nPda and B-nPd. The presence of Pd** has also been reported
by Holade et al. while completing XPS of palladium nanomaterials synthesized by NaBH4
as a reductant. The Pd™/Pd° ratios were found to be 0.04 and 0.27 for B-nPda and B-nPdn
respectively, suggesting the favorability of chlorine-containing Pd precursor for forming
Pd?* species (Holade et al., 2016). Presence of both electron-deficient and metallic
palladium [Pd"*-Pd°] sites on the Pd surface is essential for the catalyzed dechlorination
reaction (Gomez-Sainero et al., 2002), as discussed later in the Reaction Mechanism

Section.
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Figure 3-6: High resolution XPS for the Pd 3d region of unreacted (A) B-nPda and
(B) B-nPdH.
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Table 3-4: Pd 3d binding energies, percent area distribution, and Pd"*/Pd° atomic

ratio of unreacted bare nPd particles.

nPd Particle Binding Energy (eV) % Area | Pd™*/Pd°

B-nPda Pd®: 334.98 and 340.26 (A=5.28) | 96.0 0.04

Pd?*:336.48 and 341.77 (A=5.29) | 0.2

Pd**:337.27 and 342.56 (A=5.29) | 3.8

B-nPdy | Pd% 335.35and 340.63 (A=5.28) | 73.1 0.27
Pd?*:336.34 and 341.63 (A=5.29) | 18.1

Pd*:337.40 and 342.69 (A = 5.29) 8.8

Figure 7-3 (Appendix A) shows the high-resolution Cl 2p XPS spectrum for B-nPdn which
is fitted with doublet peaks (Cl 2ps;z and Cl 2p12). The major doublet at 198.14 eV and
199.74 eV corresponds to inorganic chlorides making up 78.1% of the total area. The other
doublet peak (199.89 and 201.49 eV) corresponds to covalent chlorocarbon (C-Cl bond)
compounds. This indicates that the chlorines from the nPdn precursor (potassium
hexachloropalladate) were present on the surface of these nanoparticles, as also found
earlier by EDX analysis. Past research has also reported similar findings for Pd synthesized
from chlorine-containing precursors (Alvarez-Montero et al., 2010; Gomez-Sainero et al.,
2002).

Table 3-5 summarizes some physical and chemical properties for the C-nPdn, C-nPda, and
C-nNi particles. The oxidation reduction potential (ORP) for the nanoparticles ranged
between -860 to -710 mV further supporting the presence of reduced forms of nano metals.
The pH values indicated all nano metal suspensions to be highly basic (9.25-10.44), which
could be due to the formation of strongly basic metaborate (BO>") ions during borohydride

hydrolysis (Kong et al., 1999). The zeta potentials of all the stabilized nanoparticles

67



68

revealed their surfaces to be negatively charged, which is attributed to the net negative
charge of CMC. This would favor nanoparticle transport in the subsurface by providing
repulsive forces that would hinder their deposition on the negatively charged aquifer
material (Yaron et al., 2012). DLS measurements were much larger for the stabilized
particles (176-290 nm) in comparison to the TEM values. This is due to the fact that DLS
also includes the hydrodynamic radius, both the metal particle as well as the outer CMC
layer, yielding the overall size of the particle in aqueous solution. TEM measures only the
inner electron-dense metal core and excludes the outer CMC layer (Lim et al., 2013; Liu
et al., 2008).

Table 3-5: Properties of the unreacted CMC-stabilized nanoparticles.

Property Analytical C-nPda C-nPdy C-nNi
Technique
Particle Shape TEM Quasi-spherical Quasi-spherical Individual
or particles, particles, spherical
Surface assembled in assembled in particles,
Morphology chains, forming chains, forming well
some tightly some tightly dispersed
packed packed
aggregates aggregates
Average TEM 5.42+1.4 6.31+1.4 11.22+4.3
Particle Size
(nm)
Specific Surface | Equation 3-5 93.03 79.91 60.08
Area (m2 g-1)
ORP (mV) Multimeter -858.5 -860 -710.1
pH pH-Meter 9.66 10.44 9.25
Zeta Potential DLS -53.82 -23.86 -42.2
Hydrodynamic DLS 178.2 291.8 176
Diameter (nm)
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3.4.2 1,2-DCA Dechlorination

C-nPdy and C-nNi (1 g L) particles were tested for catalyzing liquid-phase dechlorination
of 1,2-DCA (~35 mg L) at room temperature utilizing Hz generated from excess NaBH4
present in the system after particles synthesis (Exp. 1-2, Table 3-1). C-nPdn particles
catalyzed complete and rapid removal of 1,2-DCA in <7 days (Figure 3-7A). However, C-
nNi being a milder hydrogenation catalyst yielded incomplete and slower removal of 1,2-
DCA, with only 35% 1,2-DCA dechlorinated in 11 days (Figure 3-7A). Past research has
also reported higher and faster dechlorination of COCs when Pd or Ni/Pd was used as a
catalyst rather than Ni (Kaminska and Srebowata, 2015; Srebowata et al., 2007; Sun et al.,
2011). In agreement with previous studies on liquid-phase catalyzed COCs
hydrodechlorination (Davie et al., 2008; Hildebrand et al., 2009b; Mackenzie et al., 2006),
1,2-DCA dechlorination kinetics followed a pseudo-first-order kinetic model (Equation 3-
6).

— 2D = kops[1,2 — DCA] = kspa,[1,2 — DCA] (Equation 3-6)
where [1,2-DCA] is the concentration of 1,2-DCA during reaction (mg L), kobs is the
observed rate constant (d), ksa is the surface-area-normalized rate constant (L m? d?),
and as is the specific surface area of nano metal (m? g). ksa values for C-nPdy and C-nNi
treatments were 11.8 x 103 and 0.7 x 10 L m2 d*!, respectively (Figure 7-4, Appendix A).
H2 gas in the reactors far exceeded the stoichiometric H2 demand for 1,2-DCA
dechlorination, thus H2 concentration in the aqueous phase was assumed to remain constant

during the reaction.

Product analysis showed that ethane and chloroethane were the two main byproducts
observed initially for the C-nPdn and C-nNi treatments (Exp. 1- 2, Table 3-1), following
the same trend as the gas-phase 1,2-DCA hydrodechlorination catalyzed by group VIII
catalysts (Borovkov et al., 2003; Heinrichs et al., 1997a; Lambert et al., 2004; Srebowata
et al., 2011; Xie et al., 2008). This suggests that 1,2-DCA was degraded through two
successive hydrogenolysis steps (Figure 3-8). As ethane was observed immediately after
1,2-DCA injection into the reactors, the possibility of simultaneous direct reduction to

ethane cannot be ignored. Ethane was the final byproduct for the C-nPdn treatment with
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Figure 3-7: (A) 1,2-DCA dechlorination catalyzed by C-nPdn and C-nNi (Exp. 1-2,
Table 3-1). (B) Distribution of dechlorination products for C-nNi treatment (Exp. 2,

Table 3-1).
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no chloroethane accumulation. A carbon mass balance (CMB) of 29.2% was achieved for
this treatment, however a chlorides mass balance of 94 % could be achieved (for bare nPd
treatment, Exp.6. Figure 7-5in Appendix A shows byproducts distribution). The low CMB
could be due to the deposition of hydrocarbons (i.e. ethane) on the Pd surface (Kaminska
and Srebowata, 2015; Srebowata et al., 2007). A much higher CMB (>90%) was achieved
for the C-nNi particles (Figure 3-7B) which is attributed to incomplete dechlorination of
1,2-DCA, accumulation of chloroethane and comparatively less deposition of
hydrocarbons on the Ni surface, presumably due to Ni being a milder hydrogenation
catalyst. Accumulation of chloroethane in the C-nNi treatment suggests hydrogenolysis of
chloroethane to ethane being a possible rate-limiting step in this treatment. Of note, in the
absence of borohydride from the system, and in the presence of only B-nPdnw (B-Pdn
particles washed with deionized water and the supernatant was removed after synthesis),
no 1,2-DCA dechlorination took place (Exp. 3, Table 3-1).

C,H,Cl,

(1,2-DCA)

C2Ha +2C1 W% e
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Figure 3-8: Abiotic 1,2-DCA dechlorination pathways.
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Reaction Mechanism - Previous studies investigating liquid-phase catalyzed

hydrodehalogenation suggest that the reductive reaction takes place through dissociative
adsorption of the COC on the catalyst surface with successive breaking of C—CI bonds
(Chaplin et al., 2012; Kovenklioglu et al., 1992; Mackenzie et al., 2006). Considering the
mechanisms mentioned in the literature and the degradation product results from the
current study, it is proposed that 1,2-DCA molecules dissociatively adsorb on catalyst sites
leading firstly to C-CI bond scission. The adsorbed molecule is then hydrogenated by the
dissociatively adsorbed hydrogen on adjacent sites and the resultant molecule finally
desorbs as chloroethane. Thereafter, chloroethane adsorbs to the catalyst which is reduced
to ethane through the same mechanism. However, the formation of ethane even at the very
beginning of 1,2-DCA dechlorination in these experiments indicates that direct scission of
the two C-Cl bonds on the catalyst surface also took place. For group VIII metals, the
adsorption of 1,2-DCA (COCs in general) takes place on electron-deficient (M"™) sites
while H; activation takes place on adjacent metallic (M°) sites (Bai and Sachtler, 1991;
GOmez-Sainero et al., 2004; Gomez-Sainero et al., 2002; Sachtler and Stakheev, 1992).
Past research reported that the presence of dual nature sites, consisting of both electron-
deficient (Pd") and zero valent (Pd®) species, was essential for Pd to be catalytically active
for liquid-phase hydrodechlorination in the presence of H, gas and the ratio between these
two species affects the reaction rate (Alvarez-Montero et al., 2010; Gdmez-Sainero et al.,
2002). Based on XPS results, Gomez-Sainero also found that Pd catalysts having only one
of these species were inactive for catalytic dechlorination reactions (Gémez-Sainero et al.,
2002). In agreement with these studies, XPS analysis of Pd nanoparticles used in the
current study also revealed that both these species were present on the nanoparticle surface
(Figure 3-6, Table 3-4).

C-nZVI/nPdn versus C-nPdy - Following on the reaction mechanism explanation, it is

worth mentioning that the borohydride remaining after particles synthesis in the
aforementioned experiments is also present in the Pd doped on nZVI experiments
(nZV1/Pd) reported incapable of dechlorinating 1,2-DCA (Atisha, 2011; Nunez Garcia et
al., 2016a). Similarly, in Exp. 4, C-nZVI1/Pdn showed very little 1,2-DCA dechlorination
(Figure 3-9) even though a high loading (5 g L™) of nZVI was used to dechlorinate 1,2-
DCA (Co = 10 mg L'1) and the H, generated from excess NaBH4 was retained in the system.
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The lack of nZVI reactivity towards 1,2-DCA, as compared to nPd and nNi, could be
attributed to the inability of nZV1 to break the C-Cl bond of 1,2-DCA, or adsorb 1,2-DCA
(Huang et al., 2011). However, even the presence of Pd on nZVI could not effectively
dechlorinate 1,2-DCA. One reason for this could be the much lower Pd concentration (0.04
g LY in the C-nZVI/Pdn system as compared to Pd (1 g L) only experiment (Exp. 1,
Table 3-1). To explore this, an additional experiment (Exp. 5, Table 3-1) was conducted
using a lower C-nPdn loading (0.04 g L) which was same as the Pd dose in the C-
nZVI1/Pdn experiment (Exp. 4, Table 3-1). This lower loading of C-nPdny was able to
catalyze 25% dechlorination of 1,2-DCA in 7 days even though there was much less Ha
available for the reaction as compared to the C-nZVI1/Pdn system (Figure 3-9). Negligible
1,2-DCA dechlorination in the C-nZV1/Pdw treatment could be attributed to the absence of
electron-deficient species (Pd™) of Pd in this system as Fe® continuously reduces Pd
impregnated on nZVI to Pd°® by acting as a continuous source of electrons. Moreover, Pd
may also be covered underneath iron corrosion products during the reaction and becomes
unavailable (Yan et al., 2010; Zhu and Lim, 2007). Importantly the C-nPdn had both Pd°
and Pd?* species present as shown in the XPS results (Figure 3-6B).
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Figure 3-9: 1,2-DCA dechlorination by C-nPdu and C-nZVI1/Pdn
where Pd loading is 0.04 g L (Exp. 4 & 5, Table 3-1).
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3.4.3 Effect of Experimental Conditions

To our knowledge, this is the first time that Pd nanoparticles have shown successful
catalytic dechlorination of 1,2-DCA in the liquid-phase. Thus, further research was
conducted to study the effects of various experimental conditions including CMC coating,
Pd precursors, nPd loading, and initial 1,2-DCA concentration on the catalytic
dechlorination efficiency of these particles. Previous literature confirms that these
parameters can have a strong influence on catalytic activity and dechlorination kinetics (He
et al., 2009; Holade et al., 2016; Liu et al., 2008; O’Carroll et al., 2013; Sakulchaicharoen
et al.,, 2010). Coating the nano metals with stabilizers/polymers prevents their
agglomeration resulting in better subsurface mobility and possibly enhances dechlorination
efficiency and consequently reaction rates by increasing the surface area (Liu et al., 2008;
Sakulchaicharoen et al., 2010). However, it can also negatively impact the reactivity by
blocking reactive surface sites (Phenrat et al., 2009). Metal precursors used for nanoparticle
synthesis can also impact catalyst activity by changing the elemental composition,
oxidation state and other properties (Alvarez-Montero et al., 2010; Chen et al., 2005;
GOmez-Sainero et al., 2002). The effect of metal and substrate loading on dechlorination
kinetics can be used to determine the rate limiting reaction step (Song and Carraway,
2005a). Figure 3-10 shows the effects of Pd precursors (potassium hexachloropalladate,
palladium acetate), CMC coating (C-nPdn versus B-nPdx, C-nPda versus B-nPda) and
washing of nPdn particles on 1,2-DCA dechlorination.

Effect of nPd Synthesis Parameters —Dechlorination data in Figure 3-10 suggests that the

CMC coating slightly enhanced 1,2-DCA dechlorination for nPdy particles (C-nPdn versus
B-nPdw). However, normalizing the reaction rate constant by specific surface area suggests
that CMC actually blocked some reactive sites and reduced ksa by 50% (Exp. 1 & 6, Table
3-1). On the other hand, C-nPda showed much higher apparent as well as surface-area-
normalized rate constants than B-nPda (Exp. 7 & 8, Table 3-1). This suggests that coating
the nPda particles, unlike the nPdy particles, did not block any reactive sites. This is further
supported by the ‘after dechlorination” images in Figure 7-6, Appendix A. C-nPdy particles
were still uniformly suspended suggesting that the CMC coating was well attached to the

Pd nanoparticles during dechlorination. However, the C-nPda particles agglomerated into
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bigger chunks indicating the detachment of CMC coating from Pd nanoparticles. Bhosale
et al. reported that coated nPd particles synthesized from different precursors may interact
differently with the coating agent due to variations in their surface/chemical properties
(Bhosale et al., 2016).
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Figure 3-10: Effect of nPd (1 g L) synthesis parameters (CMC coating, washing,
and Pd precursor) on 1,2-DCA dechlorination (Exp. 1, 6, 7, 8, & 9, Table 3-1).

For the effect of Pd precursors on the catalytic activity of nPd particles, the dechlorination
rate catalyzed by B-nPdy was faster than that catalyzed by B-nPda with a ksa value of 13.4
x 10 and 25.6 x 107 for C-nPda, and C-nPdw, respectively (Figure 3-10, Exp. 6 & 8, Table
3-1). This could be attributed to the much higher Pd™*/Pd° ratio for B-nPdy (0.27), than that
for B-nPda (0.04), which is comparatively closer to the value (Pd™/Pd°~ 1) proposed for
maximum hydrodechlorination activity (Gomez-Sainero et al., 2002). However, the
precursor impact on the coated nanoparticles was the opposite, with C-nPda particles
exhibiting faster dechlorination than C-nPdy which could be due to the dominant inhibitory
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effect of the coating rather than the Pd™/Pd° ratio. Past research also showed that nPd
particles synthesized from different precursors had significant differences in their
properties (e.g. dispersion, elemental composition, distribution of Pd species) which
influenced their catalytic activity (Reddy et al., 2007; Xu et al., 2009).

In this study, EDX and XPS data indicates the presence of chlorides on the B-nPdn surface
coming from the Pd precursor (potassium hexachloropalladate), which would rather
negatively influence the catalytic activity of B-nPdu by surface poisoning (Mackenzie et
al., 2006; Sun et al., 2011; Urbano and Marinas, 2001). To test the effect of chlorides on
the catalytic efficiency of B-nPdn, an additional experiment (Exp. 9, Table 3-1) was
conducted where the particles were washed with deionized deoxygenated water to remove
any residual chlorides from the system (both supernatant solution as well as particle
surface). EDX spectra showed that no chlorides were present on the surface of washed Pd
particles (B-nPdnw). As the supernatant solution from the synthesis process was removed
during washing, a fresh solution of 25 mM NaBH4 was spiked to the system. Even after
washing, the catalytic efficiency of B-nPduw was much lower than that of B-nPdw, with
incomplete 1,2-DCA dechlorination (Figure 3-10). It is possible that the addition of fresh
25 mM NaBHz4 inhibited nPd activity due to extensive surface coverage by H> gas, limiting
surface sites for 1,2-DCA adsorption (Graham and Jovanovic, 1999; Jovanovic et al.,
2005). Thus, it was not clear whether presence of chlorides in the elemental composition
of nPdy affected its catalytic performance. To further test the impact of chloride, an
additional experiment (Exp. 10, Table 3-1) was conducted by spiking the B-nPda system
with the same chloride concentration as that present in the B-nPdn suspension (i.e.,
assuming chloride from the precursor is much greater than that evolved due to
degradation). In this experiment 1,2-DCA dechlorination rate and efficiency were not

affected by the presence of chlorides (Table 3-1).

All treatments shown in Figure 3-10 were found to follow pseudo-first-order (Figures 7-4
& 7-7, Appendix A) with an exception for the B-nPduw. In the B-nPdnw treatment,
deviation from pseudo-first-order to zero-order took place after the first two hours (Figure
7-8, Appendix A). This is assumed to be due to surface blockage by excessive Hz gas.

Deviation from a pseudo first order reaction rate to zero order has been observed in
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previous studies with reductive dechlorination experiments due to surface blockage either
by growth of surface species or poisoning and depositions (Hildebrand et al., 2009b; Song
and Carraway, 2005a).

Effect of C-nPdn Loading - Heterogeneous catalytic dechlorination is a surface-mediated

reaction involving multiple steps: diffusion and adsorption of the parent molecule to the
catalyst surface, reaction on the surface, and desorption and diffusion of the daughter
products from the surface (Chen et al., 2010; Yuan and Keane, 2003). According to the
pseudo-first-order kinetic model, increased catalyst mass concentration is expected to
provide a greater number of reactive sites which would enhance dechlorination rate
provided mass transfer is not the rate-limiting step. In the current experiments, external
mass transfer of 1,2-DCA or H> to the catalyst surface is unlikely to be the rate-limiting
step due to the vigorous and continuous mixing of the reactor bottles. Nonetheless, to test
for this possibility, the effect of C-nPdw loading in catalyzing 1,2-DCA dechlorination was
studied (Exp. 5, 11, 12, and 13, Table 3-1, Figure 3-11A). Figure 3-11B presents a linear
relationship between the pseudo-first-order rate constant and C-nPdx loading indicating
mass transfer is not the rate limiting step under the studied conditions (Chen et al., 2010;
Song and Carraway, 2005a; Yuan and Keane, 2003). It is important to note though that
increased Pd loading would also result in increased NaBHa4 (Hz2) concentrations in the
system, as NaBHa is added in a stoichiometric ratio to the Pd concentration during nPd
synthesis. As such, it is not possible to separate the impact of increased Pd loading and H>
concentrations on the dechlorination rate, and that the linear relationship between kobs and
Pd loading could be due to increase in Hz concentration. However, since the H:
concentrations in all the treatments far exceeded the stoichiometric H> demand (~7-350
times) for 1,2-DCA dechlorination, H> concentration probably did not have significant
effect on the 1,2-DCA dechlorination or the relation between kons, and Pd loading. This is
further supported by the best fit of data for these Pd loadings to the pseudo-first-order
kinetic model (Figure 7-9, Appendix A). Nonetheless, as shown in Figure 3-11A, the 1,2-
DCA catalyzed dechlorination by 0.04 g L™ C-nPdy plateaued after seven days, which
could either be due to the limited availability of sites/surface area/blockage of reactive sites

or lower Hz concentration compared to the higher loadings. Taking into consideration that
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low Ho/ substrate ratio is known to cause surface blockage due to adsorpion of

hydrocarbons.
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Figure 3-11: (A) Effect of C-nPdn loading on the catalytic dechlorination
of 1,2-DCA (Exp. 5, 11, 12, & 13, Table 3-1), (B) C-nPdH loading versus

kobs.
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Effect of Initial 1,2-DCA Concentration - The effect of initial 1,2-DCA concentration (8,
32, 65, and 225 mg L) on the dechlorination rate catalyzed by C-nPdu (1 g L) is shown

in Figure 7-10, Appendix A (Exp. 1, 13, 14, and 15). Good data fits were achieved using
pseudo-first-order kinetic model for all initial concentrations (Figure 7-11, Appendix A).
The dependence of reaction rate constant on the initial 1,2-DCA concentration is presented
in Figure 3-12. As seen in Figure 3-12, the reaction rate constant is nearly constant for 1,2-
DCA concentrations 8 and 32 mg L%, and then decreases to a nearly constant value for the
higher initial concentrations. This is assumed to be due to blockage of some reactive sites
due to the high 1,2-DCA concentration. It is suggested that due to adsorbed intermediate
species or hydrocarbons, permanent blocking of some H: activation reactive sites took
place and consequently reduced available surface area and therefore reaction rate constant
decreased and remained constant for higher 1,2-DCA concentrations. This suggests that up
to 32 mg L* reaction was limited by adsorption of 1,2-DCA, then at higher concentrations,
reaction became limited by H> adsorption. At any case, this suggests that reaction was
never limited by surface-reaction kinetics, as reaction rate constant did not decrease with
increasing 1,2-DCA concentration >65 mg L™, but rather by adsorption before reaction
takes place (Song and Carraway, 2005a). This also implies that the reaction rate constant
was independent of 1,2-DCA concentration up to 32 mg L, but above that it changed by
a factor of 16 times. Similarly, Liu et al. studied the relationship between the reaction rate
constant and TCE concentration for the reductive dechlorination of TCE over nZVI, and
found that the reaction rate constant remained constant for low TCE concentrations (3.5,
14.5, 60.5 mg L™1). However, at higher TCE concentrations the reaction rate constant
decreased to the same value for all the studied concentrations (170.9, 1104.52 mg L) due

to reduction in available surface area for the reaction (Liu et al., 2007a).
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Figure 3-12: Plot of pseudo-first-order rate constant (Kobs) as a function of initial
1,2-DCA concentration where C-nPdn =1 g L (Exp. 1, 13, 14, & 15, Table 3-1).

3.5 Conclusions
The feasibility of catalyzed reductive hydrodechlorination of 1,2-DCA in the liquid phase
using NaBHj4 as a hydrogen source was investigated. For the first time, it is shown that nPd
(1 g L") can catalyze complete dechlorination of 1,2-DCA (32 mg L) in <7 days, utilizing
only residual borohydride after particles synthesis as the hydrogen source in the liquid
phase. Ethane was the main byproduct indicating hydrogenolysis as the major pathway.
The catalyzed dechlorination reaction followed a pseudo first order reaction rate with a
surface area normalized rate constant (ksa) of 11.76 x 102 L d** m. A linear relationship
between the pseudo-first-order rate constant (kobs) and C-nPdn loading was achieved,
indicating mass transfer is not limiting the reaction. Increasing initial 1,2-DCA
concentration > 32 mg L resulted in more than a 16-fold reduction in ks, indicating
blockage of some reactive sites. Synthesizing nPd particles from different precursors
resulted in different particles surface species composition ratios as shown by XPS analysis
and consequently different catalytic activities and dechlorination rates. The effect of
coating on the catalytic activity of the nPd particles was found to be dependent on the Pd
precursor used. For nPdn particles (synthesized from potassium hexachloropalladate),
CMC blocked some reactive sites even though it resulted in smaller particles (i.e., greater

surface area per mass), but the Ksa was 0.46 times lower than that for bare particles. For
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nPda particles (synthesized from palladium acetate), CMC did not block any reactive sites,
with the Ksa being 1.4 times that of bare particles. nNi, as a milder hydrogenation catalyst,
was found to catalyze the 1,2-DCA dechlorination reaction at a 0.06 times lower rate than
that achieved by C-nPdh.

Overall, a liquid-phase nano metal based technology capable of degrading 1,2-DCA with
field application feasibility is developed. However, these reactivity experiments were
carried out under ideal conditions not present at field sites. Real groundwater contains a
range of constituents (e.g. NOs~, CI-, HCOs", HS", HPO4*", humic acid, and microbes)
which can affect nano metal activity. Additionally, the continuous mixing of the treatment
with contaminated water does not mimic real-field applications where contact time of
treatment with groundwater is limited. Therefore, more research is needed to study these

factors before taking this technology to the field.
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Chapter 4

4 Impact of Solution Chemistry on Nano Copper
Catalyzed Dechlorination of 1,2-Dichloroethane

4.1 Abstract

1,2-Dichloroethane (1,2-DCA) is a persistent groundwater contaminant causing adverse
health effects and is quite resistant to most remediation technologies. Recently, catalytic
dechlorination of 1,2-DCA in the liquid-phase via copper nanoparticles (nCu) coupled with
borohydride as a hydrogen (H) source at the bench scale has shown promising results.
Implementation of this technology as a groundwater treatment requires understanding of
the dechlorination kinetics under real-field conditions. Therefore, the current study has
investigated the effects of the treatment synthesis parameters, initial 1,2-DCA
concentrations, and common groundwater solutes (oxygen, sulfides, chlorides, and humic
acid) on 1,2-DCA dechlorination kinetics. Surface characterization was carried out to
confirm the particles were nano sized, elemental composition and oxidation state. nCu
particles were found incapable of utilizing H2 formed from borohydride during their
synthesis process, and rather direct injections of borohydride in reactor bottles were found
essential. Rinsing the nCu particles with deionized water was found to change their surface
composition, and enhance their catalytic activity in reducing 1,2-DCA. Coating the nCu
particles with carboxymethyl cellulose blocked reactive sites and consequently reduced
1,2-DCA dechlorination efficiency. 1,2-DCA dechlorination reaction was found to follow
a pseudo-first-order kinetic model under all the studied 1,2-DCA concentrations. The
presence of sulfides (> 0.4 mg LY), chlorides (1000-2000 mg L), humic acid (10-30 mg
1), as well as dissolved oxygen affected the catalytic activity of nCu particles in reducing
1,2-DCA and reduced the reaction rate by >18%. However, an additional injection of
borohydride compensated for the poisoning/deactivation of nCu particles by these
groundwater solutes and restarted 1,2-DCA dechlorination. This study provides insight on
how the treatment synthesis parameters and groundwater solutes influence its performance
and thus can aid in upscaling the treatment from ideal laboratory conditions to real-field

application as a remediation tool.
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4.2 Introduction

1,2-Dichloroethane (1,2-DCA, C2H4Cl,), a chlorinated organic compound (COC) with
extensive industrial applications and usage, has caused widespread subsurface
contamination (Atisha, 2011; Liu et al., 2014b). It can cause adverse health effects
including: circulatory and respiratory failure, neurological disorders, in addition to being a
probable human carcinogen (ATSDR, 2001; Humans et al., 1999; Liu et al., 2014b; Water
etal., 2011). Due to its persistent nature and adverse health effects, significant research has
been devoted to the development of field-applicable remediation technologies for
removing 1,2-DCA from water sources (Atisha, 2011; Huang et al., 2011; Liu et al., 2014b;
Lowry and Reinhard, 1999; Luebke et al., 2002; Nunez Garcia et al., 2016a; Srqbowata et
al., 2011).

Recently, liquid-phase catalyzed reductive hydrodechlorination has emerged as a possible
field-applicable technology showing promising results in reducing COCs, including 1,2-
DCA, at the bench scale (Chaplin et al., 2012; Huang et al., 2012; Huang et al., 2011;
Kopinke et al., 2003; Mackenzie et al., 2006). Huang et al. (2011) reported complete and
rapid dechlorination of 1,2-DCA following sequential injections of borohydride to a
suspension of bare water-rinsed Cu nanoparticles (nCu). Borohydride (NaBH4) was used
as the Hz source eliminating the need for direct Hz gas, as H gas is generated through the
hydrolysis of borohydride (Equation 4-1) (Huang et al., 2012; Rostamikia and Janik, 2010).
The suggested mechanism for dechlorination of COCs implies that the catalysts activate
H> gas into a robust reductant which then reduces the dissociatively adsorbed COC
molecules on adjacent sites (Equation 4-2) (Chaplin et al., 2012; Huang et al., 2012;
Kopinke et al., 2003; Kovenklioglu et al., 1992; Mackenzie et al., 2006).

BH, + 2H,0 - BO, + 4H, 1 (Equation 4-1)
Catalyst .
RCl+ H, —— RH + HC(CI (Equation 4-2)
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The development of a field-applicable technology capable of degrading recalcitrant
compounds like 1,2-DCA utilizing a relatively cheap catalyst such as nCu is an important
breakthrough for the remediation world. However, the literature study that investigated
nCu catalyzed dechlorination of 1,2-DCA was carried out at one 1,2-DCA concentration
on idealized nCu particles (bare and rinsed with water after synthesis) under conditions
that are not representative of those in the field (Huang et al., 2011). For example, at many
field sites oxygen, typical groundwater (GW) solutes (e.g. HS™, CI") and dissolved organic
carbon (DOC) might be present at a range of concentrations. All of these constituents can
impact nanoparticle surface composition and reactivity (Davie et al., 2008; Hutchings et
al., 1994; Kim et al., 2014; Lecloux, 1999; Lowry and Reinhard, 2000; Schith et al., 2004;
Twigg and Spencer, 2001). Previous studies have indicated that Cu particles are known to
spontaneously oxidize in air or aqueous solutions (Alsawafta et al., 2011; Coulman et al.,
1990). Moreover, gas-phase Cu catalytic dechlorination studies have reported that Cu is
very sensitive to chlorine and sulfur, especially at low operating temperatures, and is
rapidly deactivated owing to its tendency to strongly adsorb chlorine or sulfur to its surface
(Hutchings et al., 1994; Srebowata et al., 2011; Twigg and Spencer, 2001). Furthermore, it
has been reported that humic acid (as a surrogate to DOC) competes with COCs for reactive
sites on metal surfaces, consequently reducing their dechlorination efficiency (Doong and
Lai, 2005; Johnson et al., 1998; Tratnyek et al., 2001). Besides, our recent study
investigating palladium nanoparticles (nPd) for catalytically dechlorinating 1,2-DCA,
successfully demonstrated the use of residual borohydride present in the nano metal slurry
after nanoparticles synthesis as the H» source. This eliminated the need for sequential

borohydride injections, thus making the technology more economical and practical.

Therefore, in order to facilitate the transition of the Cu-borohydride technology from ideal
laboratory conditions to field application as a remediation tool it is essential to understand
the effects of solution chemistry on dechlorination kinetics of 1,2-DCA. Thus, the
objectives of this study are to: (1) determine the possibility of utilizing the residual
borohydride in the nCu slurry as a Hz source, (2) evaluate the effects of nCu synthesis
parameters on 1,2-DCA dechlorination Kkinetics, and (3) elucidate the effects of a typical
range of concentrations of humic acid, sulfides, chlorides, and dissolved oxygen on 1,2-

DCA dechlorination Kkinetics, and (4) characterize the surface of nCu particles under
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different synthesis parameters. Additionally, 1,2-DCA dechlorination byproducts, and
mechanisms, and the effect of initial 1,2-DCA concentrations on the reaction kinetics were

also evaluated.

4.3 Experimental Methods

4.3.1 Chemicals and Materials

The following chemicals were used as received: 1,2-dichloroethane (1,2-DCA, 99+%,
Sigma-Aldrich)), sodium borohydride (NaBHa4, 98+%, ACROS Organics), cupric sulfate
(CuSO4 (EMD)), sodium carboxymethyl cellulose (CMC, MW = 90K, ACROS Organics),
sodium chloride (NaCl, EMD Chemicals Inc.)), humic acid (Sigma-Aldrich), sodium
sulfide nonahydrate (Na>S.9H,0, 99.99%, Sigma-Aldrich), gas Mix (5% H: balance Ar,
PRAXAIR), and N2 (Ultra High Purity, PRAXAIR). Deionized deoxygenated water

purged with ultrapure N2 gas was used to prepare aqueous solutions.

4.3.2 Synthesis of Cu Nanopatrticles

nCu and nCu/Pd particles were synthesized using the aqueous reduction method with
sodium borohydride. To synthesize the bare particles (B-nCu) a freshly prepared solution
of NaBH. was added dropwise to the Cu salt solution with a NaBH4 to metal (BH4/M?*)
ratio of 3.5 (Equation 4-3). Excess borohydride was added to accelerate the synthesis
process and to ensure uniform growth of particles, and was used to provide Hz for 1,2-DCA

hydrodechlorination.
2Cu®** + BH; + 3H,0 - 2M° + H,BO; + 4H' + 2H, 1 (Equation 4-3)

Washed bare particles (B-nCuw) were prepared by removing the supernatant after the
particles settled to the bottom of the synthesis vessel. The particles were then washed three
times with deionized deoxygenated water. Since excess borohydride was removed during
the washing step, 25 mM fresh NaBH4 solution was injected directly to the reactor bottles
to provide Hz gas for the dechlorination reaction. CMC stabilized particles (C-nCu) were
synthesized by mixing the CMC solution with the Cu salt solution to form a Cu®*-CMC
complex before the reduction step. Washed bare particles were stabilized to form C-nCuw

particles by mixing the CMC solution with the freshly synthesized B-nCuw particles, and
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then adding 25 mM fresh NaBHjs solution directly to the reactor bottles. The CMC solution
and deionized water used for synthesis were deoxygenated by purging with ultrapure N2
unless otherwise mentioned. The synthesis was conducted in an anaerobic glove box

maintaining an O-free environment by purging with Ar (95% Ar: 5% H>).

4.3.3 Particles Characterization

Transmission Electron Microscopy (TEM) - A Philips CM10 and a FEI Titan 80-300 Cryo-

in-situ TEM (Philips Export B.V. Eindhove, Netherlands) was used to determine surface

morphology and size of CMC-coated nanoparticles before and after reaction. The samples
were prepared in anaerobic glove box by adding a drop of freshly synthesized diluted
nanoparticle suspension on 400 mesh Formvar/Carbon film grids, and then the the grids
were left to dry overnight. A Hamamatsu CCD based camera system software (Advanced
Microscopy Techniques, version AMTV542) was used to determine the diameters of the
nanoparticles from obtained micrographs.

Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy (SEM/EDX) — To

determine the particle size and surface morphology of bare nanoparticles, a SEM (Hitachi
S-4500, 10 kV field emission with a Quartz PCI XOne SSD X-ray analyzer) was used. The
samples were prepared by sprinkling solid samples onto adhesive carbon tape supported
on a metallic disk. EDX was used in conjunction with SEM to determine the elemental

composition of the nano metal particles by randomly selecting areas on the solid surface.

Specific Surface Area - The average particle size from the representative sets of TEM and

SEM micrographs for each sample was calculated by a weighted averages method.
Assuming a spherical geometry for the nanoparticles, specific surface area (as) was
calculated using the average particle size obtained from TEM and SEM data as in equation
4-4 (Sun et al., 2006b):

__ Surface Area __ wd? __ 6 .
as = Mass - p=D3 = oD (Equation 4-4)

where D is the average diameter of particles and p is the density of the Cu particles (Cu:
8.92 g cm™).
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X-Ray Diffraction (XRD) — A Rigaku RPT 300 RC diffractometer (Cu Ka. radiation, step

size 0.02°, 20 rage 10-90°) was used to determine bare nCu particles product phase

composition. The identification of the phases was carried out by correlating results with
the Joint Committee on Powder Diffraction Standards (JCPDS) database and published

literature.

X-ray Photoelectron Spectroscopy (XPS) - XPS was performed to analyze the chemical

composition and oxidation state of bare nCu surface. A Kratos Axis Ultra spectrometer
using a monochromatic Al K(alpha) source (15mA, 14kV) was used to carry out XPS
analysis. XPS can detect all elements except hydrogen and helium, probing the surface of
the sample to a depth of 5-7 nanometres, and has detection limits ranging from 0.1 to 0.5
atomic percent depending on the element. The instrument work function was calibrated to
give a binding energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic gold and the
spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of
metallic copper. The Kratos charge neutralizer system was used on all specimens. Survey
scan analyses were carried out with an analysis area of 300 x 700 microns and a pass energy
of 160 eV. High resolution analyses were carried out with an analysis area of 300 x 700
microns and a pass energy of 20 eV. Spectra have been charge corrected to the main line
of the carbon 1s spectrum (adventitious carbon) set to 284.8 eV. Spectra were analyzed
and fittings were carried out using CasaXPS software (version 2.3.14), and a literature
database (Biesinger et al., 2007; Biesinger et al., 2010; Chastain et al., 1995; Wagner et
al.).

Dynamic Light Scattering (DLS) - The mean hydrodynamic diameter on a number

weighted average of the stabilized -nCu particles was analyzed by a 90 Plus light scattering
instrument (Brookhaven Instrument Corporation, Holtsville, NY) coupled with Zeta PALS
software. The zeta potential of the particles was determined from electrophoretic mobility
measurements using the same aforementioned instrument coupled with Zeta Plus software

incorporating the Smoluchowski method.
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4.3.4 1,2-DCA Dechlorination

Batch reactivity experiments were carried out in amber glass bottles (250 mL, VWR)
sealed with Teflon mininert caps and septa to minimize oxygen intrusion and create
anaerobic batch reactors (40 mL solution/ 210 mL headspace). Tables 4-1 summarizes the
experimental conditions and dechlorination results for each reactivity experiment. C-nCu
(1 g L) as well as C-nCu/nPd (1 g L doped with 0.5% w/w nPd) were used to test the
effectiveness of utilizing residual borohydride after particles synthesis as a H> source for
the catalyzed dechlorination of ~35 mg L™ 1,2-DCA, unless otherwise mentioned (Exp. 1-
3). B-nCuw (1 g L) coupled with 25 mM borohydride was used to test the effect of
washing nCu particles (Exp. 4 and 5), 1,2-DCA dosage (40, 65, and 225 mg L%, Exp.5, 7,
and 8), as well as anions, humic acid, and dissolved oxygen on the catalyzed dechlorination
reaction kinetics (Exp. 9-19). C-nCuw coupled with 25 mM borohydride was used to test
the effect of a coating on the catalytic efficiency in reducing 1,2-DCA (Exp. 6).

Concentrations of anions and humic acid used in the experiments were based on those
observed at contaminated GW sites and previous studies (Angeles-Wedler et al., 2009;
Davie et al., 2008; Doong and Lai, 2005; Heck et al., 2009; Kopinke et al., 2010; Liu and
Lo, 2011a; Lowry and Reinhard, 2000; Yuan et al., 2013). For example, the average
concentrations of anions and humic acid at field sites and from previous studies are: ~1500
mg L™ for ClI-, ~0.4 mg L™ for sulfides, and ~20 mg L™ for humic acid. To study the effect
of dissolved oxygen in water on reactivity, deionized water was not purged with N2 prior

to use in reactivity experiments.

All experiments, including controls (only 1,2-DCA and deionized water), were conducted
in duplicates, with error bars on dechlorination profiles representing the standard deviation
between the two duplicates. The reactor bottles were shaken using an arm wrist action
shaker (Model 75, Burrell Inc.) at room temperature.
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Table 4-1: Experimental conditions of dechlorination experiments and the

summarized results.
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Exp.? Metal GW solute CcMC 1,2-DCA | Degradation Kobs Kksa
%
No. (1gL?) (mg L) (W/V) | (mglL?) (h?) | (Lm?2d7)
% (7 hours)
1 C-nCu - 0.5 34 3 - -
2b C-nCu/nPd - 0.5 34 6 - -
3¢ C-nCu/nPd - 0.5 34 31.7,81 - -
4 B-nCuw - - 40 92.7 0.345 0.3
5 B-nCu - - 40 44 0.158 0.1
6¢ C-nCuw - 0.5 40 73.1 0.281 ND
7 B-nCuw - - 65 92.2 0.340 0.3
8 B-nCuw - - 225 90.6 0.347 0.3
9 B-nCuw - - 45 93 0.345 0.3
10 B-nCuw Chlorides, 1000 - 45 77.3 0.206 0.2
11 B-nCuw Chlorides, 1500 - 45 75.7 0.191 0.2
12¢ B-nCuw Chlorides, 2000 - 45 55.7,94.6 0.11 0.1
13 B-nCuw Sulfides, 0.2 - 45 91.8 0.359 0.3
14 B-nCuw Sulfides, 0.4 - 45 70.5 0.158 0.1
15¢ B-nCuw Sulfides, 4 - 45 43.1,82.1 0.11 0.1
16 B-nCuw Humic Acid, 10 - 45 85 0.225 0.2
17 B-nCuw Humic Acid, 20 - 40 74.9 0.188 0.2
18¢ B-nCuw Humic Acid, 30 - 45 65.3,94 0.145 0.1
19 B-nCuw Dissolved - 45 87 0.287 0.3
Oxygen, 4.93
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225 mM borohydride was initially spiked in reactor bottles of all experiments, except
experiments number 1 and 2. Experiments from 3-18 had a chlorides mass balance >
90%, except experiment 6 where chlorides analysis was not conducted.

b nPd = 0.5% w/w of nCu.

¢ C-nCu/nPd (0.5 g L doped with 0.5% nPd) coupled with two sequential injections of
25 mM borohydride. Total degradation after each injection is shown.

4 no TEM imaging was carried out for C-nCuw, and therefore ks, was not calculated.

¢ an additional injection of 25 mM borohydride was spiked into reactor bottles after
reaction ceased. Total degradation after each injection is shown.

4.3.5 Analytical Methods

Hexane extracts from 250 uL liquid sample mixed with 1 mL hexane were analyzed for
1,2-DCA using Agilent 7890 Gas Chromatograph (GC) equipped with a DB-624 capillary
column (75 m x 0.45 mm x 2.55 um) and an Electron Capture Detector (ECD). The gas
carrier used was nitrogen at a flow rate of 10 mL min. The oven temperature was set at
35 °C with a ramp for 12 min then 5 °C/min to 60 °C for 1 min and 17 °C/min to 200 °C
for 5 min. Manual injection of 250 pL headspace samples directly withdrawn from the
headspace of the batch bottles were used to analyze concentrations of chloroethane (CE),
ethane, and ethene with an Agilent 7890 GC equipped with a GS-Gas Pro Column (3.0m
x 320 pm), and Flame Ionization Detector (FID). The oven temperature was set at 35 °C

for 5 min, then 10 °C/min to 220 °C held for 7 min with He as the gas carrier.

Chloride concentrations for bare particle experiments were analyzed on a Waters 717 Plus
Auto-sampler High Performance Liquid Chromatograph (HPLC) equipped with a
conductivity detector and an IC PakTM anion column (4.6m x 50 mm). 100 uL of sample
was injected in an eluent mixture (12% acetonitrile in deionized water) with a flow rate of

1.2 mL min at a pressure of 595 psi.

A Yellow Spring Instrument (YSI) probe Model number 85 was used to measure the
dissolved oxygen. concentration in N2 purged deionized water and unpurged deionized

water.
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4.4 Results and Discussion

4.4.1 Particles Characterization

The surface properties of the metals affect their catalytic characteristics, and consequently
the dechlorination efficiency. As such the nCu particles was characterized using TEM,
SEM-EDX, XRD, XPS and DLS.

TEM — The TEM image of unreacted C-nCu shows individual spherical nano sized
particles (9.07 £ 2.36 nm) assembled in chains, forming some aggregates (Figure 4-1A).
After dechlorination, most of the particles turned into larger chunks/aggregates with no
particular shape and size. This could be due to oxidation or phase transformation of C-nCu

particles during reaction. The inset to Figure 4-1B shows that there were still some

individual spherical particles present after dechlorination.

Figure 4-1: TEM images of (A) unreacted and (B) reacted C-nCu particles. Inset
picture in (B) shows high resolution image of reacted C-nCu particles.
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SEM/EDX - Figure 4-2A-B show SEM images of unreacted B-nCu and B-nCuw particles.
The particles were found to agglomerate rapidly in the absence of the stabilizer as reported
by (Huang et al. 2011). The particles were quasi spherical, with uniform size and shape,
and assembled in chains forming tightly packed aggregates. The particle diameters ranged
between 16.7-30.2 nm. Based on TEM and SEM derived nanoparticle diameter and
Equation 4-4, the average specific surface areas for unreacted C-nCu, B-nCu, and B-nCuw

particles were calculated as 74.16, 29.16, and 27.51 m? g%, respectively.
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Figure 4-2: SEM images of unreacted (A) B-nCu and (B)
B-nCuw particles.
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The EDX spectra showed Cu as the major surface species accounting for 91.2 and 94.7%
of the mass of B-nCu and B-nCuw nanoparticles, respectively (Figure 4-3, Table 4-2).
Small amounts of oxygen can be attributed to the presence of copper oxide (Raut et al.,
2016). Trace amounts of sulfur (0.5%) in B-nCu came from the Cu precursor (cupric

sulfate). Washing the particles resulted in removal of sulfur in B-nCuw particles.
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Figure 4-3: EDX spectra of unreacted (A) B-nCu and (B)
B-nCuw particles.
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Sample C @) S Cu
B-nCu 3.1 5.2 0.5 91.2
B-nCuw 3.4 2.0 - 94.7

Table 4-2: EDX weight percent analysis of B-nCu and B-nCuw patrticles.
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XRD - Diffractograms indicate the presence of characteristic peaks of Cu metal for both
B-nCu and B-nCuw particles (Figure 4-4). The peaks for Cu® matched with the Joint
Committee on Powder Diffraction Standards database (JCPDS 04-0836) and published
literature values (Table 8-1, Appendix B) confirming the formation of metallic Cu (Devaraj
et al., 2016; Diaz-Droguett et al., 2011; Huang et al., 2011; Mondal et al., 2015). Cuprous
oxide (Cu20) was also present in both samples, with peaks consistent with JCPDS 05-0667
and literature values (Tabe 8-1, Appendix B) (Devaraj et al., 2016; Diaz-Droguett et al.,
2011; Huang et al., 2011). It is noteworthy that the intensities of the peaks for the B-nCu
and B-nCuw nanoparticles were different which may indicate different ratios of Cu species
in the two samples.

Intensity (CPS)

10 30 50 70 90
2-Theta (degree)

Figure 4-4: XRD patterns of unreacted (A) B-nCu and (B) B-nCuw particles.
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XPS — XPS analysis was conducted to further confirm the formation of metallic Cu in both
B-nCu and B-nCuw particles, and determine their elemental composition and valence state.
The wide-scan survey revealed that the surface was mainly composed of copper, oxygen,
carbon, and boron (Figure 4-5, Table 4-3). Carbon likely originated from adventitious
carbon contamination (Wielant et al., 2007). Boron came from sodium borohydride used
as the reductant for nCu synthesis. The presence of oxygen suggests the formation of some

oxidized species of Cu.
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Figure 4-5: Wide-scan XPS survey spectra of unreacted (A) B-nCu and (B) B-nCuw

particles.
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Table 4-3: Surface composition (atomic %) of nCu particles determined by XPS.

Nanoparticle/Element | Cu @) C B N
B-nCu 455 255 | 25.1 4 -
B-nCuw 51.2 22.2 225 | 38 | 04

As depicted from the high resolution spectra of Cu 2p (Figure 4-6A, 4-7A), the binding
energy values of Cu* and Cu® are almost identical, differing by less than 0.1 eV. Thus, it
IS not possible to distinguish between these two species on the catalyst surface on the basis
of the Cu 2p level. The Cu* and Cu® species can be distinguished through the X-ray induced
Auger (XAES) Cu LMM spectra (Devaraj et al., 2016; Marquez et al., 2001; Pan et al.,
2013; Park et al., 2006; Yao et al., 2010; Zhang et al., 2013). The Cu LMM high resolution
core-level spectra for B-nCu and B-nCuw and associated fitted curves are shown in Figures
4-6B and 4-7B, respectively. Both B-nCu and B-nCuw show the main peaks for Cu° at
~575.7, 572, 570, 568.5, 568, 567, and 565 eV, respectively (Marquez et al., 2001; Park et
al., 2006). The spectra also revealed the presence of oxidized Cu in the form of Cu(OH):
at ~575 and 570 eV, and Cuz0 at ~ 574, 569.9, and 569 eV (Marquez et al., 2001; Park et
al., 2006). The ratios of Cu™/Cu® were found to be 1.7 and 0.79 for B-nCu and B-nCuw
particles, respectively (Table 8-2, Appendix B). This was calculated by comparing the
intensities of the components of high resolution spectra of Cu LMM core-level (Zhang et
al., 2013). Cu™ comprised of both Cu* and Cu?* species, with Cu®, Cu*, and Cu?" making
up 37 %, 44 %, and 19 %, of the B-nCu particles, respectively, and 56 %, 24%, and 20%
the for B-nCuw particles, respectively. This suggests that rinsing the particles likely
resulted in removal of some surface species increasing the proportion of Cu® sites

responsible for the catalytic activity (Luebke et al., 2002).

The high resolution spectra for O1s is split into three peaks located at ~532.4, 531.5, and
530.4 eV, which are attributed to boron trioxide, surface-adsorbed oxygen species (O2 or
H20) and the lattice oxygen of Cu20, respectively (Figure 8-1, Table 8-3, Appendix B)
(Pan et al., 2013; Yao et al., 2010). Given that B-nCu and B-nCuw particles have similar
spectra this indicates that both particles have the same adsorbed oxygen species on their

surfaces. Since the B-nCu particle surface contained a higher percent of boron trioxide than
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B-nCuw it is assumed that washing the nCu particles resulted in removal of some of the

boron trioxide from the B-nCuw surface.
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Figure 4-6: High resolution XPS for the Cu 2p and Cu LMM regions

for unreacted B-nCu particles.
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Figure 4-7: High resolution XPS for the Cu 2p and Cu LMM

regions for unreacted B-nCuw particles.
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Table 8-4 (Appendix B) summarizes some properties for selected experiments. All
nanoparticle suspensions turned greenish at the end of the reactivity experiments indicating
nCu oxidation. The oxidation reduction potential (ORP) ranged between -751 to -880 mV,
which differs from the literature study that suggested a minimum ORP of -1100 mV for
nCu coupled with borohydride to be able to catalytically reduce 1,2-DCA (Huang et al.,
2011). All treatments solutions were still basic at the end of the reactivity experiments (pH:
10.45-10.83), presumbly due to borohydride forming basic solutions (Kong et al., 1999).
CMC stabilized particles (C-nCu, and C-nCu/nPd) were negatively charged which yield
unfavaorable interactions with subsruface soils as aquifer soil particles are usually
negatively charged (Yaron et al., 2012). C-nCu particle hydrodynamic diameter was larger
size than that measured by TEM imaging (65.5-145.5) nm. This is because TEM measures
only the metallic core, while DLS measures the hydrodynamic diameter of both particle
and the CMC layer (Lim et al., 2013; Liu et al., 2008).

4.4.2 1,2-DCA Dechlorination

C-nCu (1 g L) particles were tested for catalyzing liquid phase dechlorination of 1,2-DCA
(~35 mg L1), at room temperature utilizing only H, generated from excess NaBH4 present
in the system after particle synthesis (Exp. 1, Table 4-1). As depicted in Figure 4-8, the
treatment failed to break down 1,2-DCA, with less than 5% removal. It is suggested that
since Cu is a poor hydrogenation catalyst it was not able to retain/adsorb H, gas formed
during synthesis so the H, gas escaped from solution as the synthesis process is conducted
in open vessels (Lambert et al., 2005; Luebke et al., 2002; Meshesha et al., 2013; Srebowata
et al., 2011; Twigg and Spencer, 2001; Vadlamannati et al., 1999; Xie et al., 2008). To
test for this hypothesis, 25 mM of borohydride was spiked into the reactor bottles, resulting
in 27% removal of 1,2-DCA in the first few hours before the reaction ceased, supporting
the aforementioned hypothesis.

Ethane and chloroethane were the two main byproducts, making up 55.2% and 43.4%,
respectively of the total byproducts, along with trace amounts of ethene, acetylene,
propane, butane, and n-butane, yielding a carbon mass balance of ~80%. This suggests that
1,2-DCA was degraded through two successive hydrogenolysis steps (Equation 4-5 & 4-

6), and dichloroloelimination was a minor pathway (Equation 4-7) (Huang et al., 2011).
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Nonetheless, formation of ethane through hydrogenation of ethene cannot be ruled out,
suggesting that both hydrogenologysis and dichloroelimination were simultaneous
dechlorination pathways. Previous studies have suggested that transition metals (e.g. Cu,
Fe) holds to chlorine atoms only and do not hold the rest of the molecule (CH>—CHy) firmly
enough, thus releasing ethene (dichloroelimination pathway) which is later hydrogenated
to ethane (Arnold and Roberts, 2000b; Lambert et al., 2005). As for the other Cz and C4
byproducts, aqueous phase studies indicate that carbon—carbon coupling can also occur
during hydrodechlorination reactions through a radical mechanism (Lowry and Reinhard,
1999).

C,H,Cl, + 2e + Ht - C,H; + cl- (Equation 4'5)
C,HsCl + 2e~+ Ht* - C,Hg+ Cl” (Equation 4-6)
C,H,Cl, + 2e- - CyH,+ 2Cl” (Equation 4-7)
= 1.2
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Figure 4-8: Dechlorination profiles of 1,2-DCA (34 mg L) catalyzed by C-nCu (1 ¢

L) and C-nCu/nPd (1 g L* doped with 0.5% w/w nPd) (Exp. 1 & 2, Table 4-1). The

arrow indicates spiking the reactors with 25 mM NaBHa.
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Interestingly, even when C-nCu particles were doped with nPd particles (0.5 w/w%) to
help retain Hz gas formed during the synthesis within the slurry (as observed earlier by nPd
particles in the previous chapter), no appreciable dechlorination was observed without the
addition of borohydride (Figure 4-8), likely due to the low nPd loading (Exp. 2). Sequential
injections of 25 mM borohydride were able to boost the catalytic dechlorination reaction
and a removal of >80% 1,2-DCA could be achieved (Exp.3, Table 4-1, Figure 8-2,
Appendix B).

The efficiency of C-nCu particles in catalyzing the dechlorination of 1,2-DCA is much
lower than that reported by (Huang et al., 2011). In that study, >80% removal of 1,2-DCA
(30 mg L) could be achieved in less than 8 hours, by coupling nCu (1 g L) particles with
25 mM borohydride spiked in to reactor bottles. However, in that study the nCu particles
were not stabilized and were rinsed with deionized water (after removal of the synthesis
supernatant and residual borohydride) prior to spiking fresh borohydride. This suggests
that nCu synthesis parameters (washing and stabilizing) affects its catalytic activity.

Therefore, the effect of nCu synthesis parameters will be studied in the next section.

4.4.3 Effect of Cu Synthesis Parameters

Treatments of 1 g L™ nCu particles coupled with 25 mM borohydride spiked directly into
reactor bottles (as the H source) were tested for the reductive dechlorination of 40 mg L
1,2-DCA. Figure 4-9 shows the effect of rinsing nCu particles with deionized water (B-
nCuw versus B-nCu), as well as the effect of coating nCuw particles (C-nCuw versus B-
nCuw) on the dechlorination of 1,2-DCA (Exp. 4, 5, & 6, Table 4-1).

Effect of washing nCu particles - Rinsing nCu particles with deionized water significantly

enhanced Cu catalytic activity in reducing 1,2-DCA, with more than 92 % removal of 1,2-
DCA achieved on B-nCuw compared to only 44% on B-nCu particles. The difference in
the catalytic activity is proposed to be due to the rinsing action that washed off surface
adsorbed elements (e.g. boron, sulfur, oxygen) which may have blocked reactive sites or
oxidized them during the synthesis of the nanoparticles. EDX analysis (Table 4-2) showed
the presence of sulfur (0.2 % of the weight) on the surface of B-nCu particles (produced
from the precursor, cupric sulfate), that were not present in the surface of B-nCuw particles.
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Additionally, XPS analysis (Table 4-3) also revealed a higher atomic percentage of boron
and oxygen at the surface of B-nCu particles than B-nCuw particles. In addition, XPS
analysis also revealed that the atomic % of reduced Cu sites (Cu®) - responsible for H
activation - in the B-nCuw particles is 1.5 times that of B-nCu particles (Table 8-2,
Appendix B). Finally, B-nCu particles surface contained a higher % of boron trioxide than
B-nCuw (Table 8-3, Appendix B). This may suggest that nCu particles are very sensitive
towards elements present in the aqueous slurry during their synthesis process. Therefore,
it is recommended to explore alternative nCu synthesis methods where the presence of
problematic elements during synthesis is minimal. (i.e. radiation methods & sonochemical

reduction).

Effect of Coating nCuw Particles - Coating B-nCuw particles with 0.5% (Wt./VV) CMC

negatively affected the dechlorination efficiency by 21% (Figure 4-9, Table 4-1). Previous
studies reported that coatings may limit the adsorption of COCs by blocking reactive sites

on the nanoparticle surface (Phenrat et al., 2009).

A B-nCu ® B-nCuw HEC-nCuw e Control

B IR * -
UO
8 i
" LIV
Eo5{ 84" : 4
o
O v
g = = m m
o °
N ° ° °
- O I I I I

0 10 20 30 40 50

Time (h)

Figure 4-9: Effect of nCu (1 g L) synthesis parameters (CMC coating & washing) on 1,2-

DCA (40 mg L") dechlorination (Exp. 4, 5, & 6).
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It is worth mentioning that reductive dechlorination catalyzed by nCuw yielded ethane as
the main byproduct, with only trace amounts of ethene. Based on these results, it can be
concluded that the catalytic activity of B-nCuw is higher than the other nCu types
investigated in this study. Thus, B-nCuw particles are investigated further with regards to
dechlorination reaction kinetics, as well as the effect of GW solutes on the catalytic

activity.

4.4.4 Reaction Kinetics and Effect of 1,2-DCA Concentration

Reaction Kinetics- The dechlorination Kinetics of 1,2-DCA catalyzed by B-nCu, B-nCuw,

and C-nCuw (Exp. 4, 5, & 6), were found to follow a pseudo-first-order kinetic model
(Equation 4-8, Figure 8-3, Appendix B), consistent with previous studies on liquid-phase
catalyzed dechlorination (Davie et al., 2008; Huang et al., 2011; Mackenzie et al., 2006),

B d[1,2d—tDCA] = k,ps[1,2 — DCA] = kgqas[1,2 — DCA] (Equation 4-8)

In Equation (4-8), [1,2-DCA] is the concentration of 1,2-DCA during reaction (mg L™),
Kobs is the rate constant (d), ksa is the surface-area-normalized rate constant (L m2 d%),
and as is the specific surface area of nano metal (m? g%). Linearization fittings are shown
in Figure 8-2 in Appendix B. The kobs values for 1,2-DCA reduction catalyzed by B- nCuw,
B-nCu, C-nCuw were: 0.345, 0.158, and 0.281 h™, respectively, and the ks, for B-nCuw,
and B-nCu were 0.3, and 0.1 L m d*?, respectively (Exp. 4, 5, & 6).

Effect of Initial 1,2-DCA Concentration — First-order kinetics imply that disappearance

rates increase linearly with initial substrate concentration, however deviation from pseudo
first order reaction rate kinetics may occur at elevated contaminant concentrations due to
surface saturation (Johnson et al., 1998). The effect of initial 1,2-DCA concentration (40,
65, and 225 mg L) on the dechlorination profile and kinetics catalyzed by B-nCuw (1 g
L) coupled with 25 mM borohydride spiked directly into reactor bottles is shown in Figure
4-10 (Exp. 4, 7 & 8, Table 4-1). Pseudo-first-order kinetic model fit the degradation data
well for all concentrations (Figure 8-4, Appendix B), with invariant reaction rate constant

as shown in Figure 4-11. This suggests that surface saturation/coverage was not reached,
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and that the reaction is not limited by surface-reaction, but rather by adsorption of 1,2-
DCA (Liu et al., 2007b; Song and Carraway, 2005b).
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Figure 4-10: Dechlorination profiles of 40, 65, and 225 mg L* 1,2-DCA
catalyzed by B-n Cuw (1 g L) particles coupled with 25 mM NaBH4 (Exp. 4,
7, & 8). All dechlorination profiles are overlapping.
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Figure 4-11: Effect of the initial concentration of 1,2-DCA concentration on the

pseudo-first-order rate constant (Exp. 4, 7, & 8, Table 4-1).
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4.4.5 Effect of Anions, Humic Acid, and Dissolved Oxygen

The effect of chlorides (1000, 1500, 2000 mg L™), sulfides (0.2, 0.4, 4 mg L), humic acid
(20, 20, 30 mg L), and dissolved oxygen on dechlorination kinetics of 1,2-DCA (45 mg
L1) catalyzed by B-nCuw (1 g L) coupled with 25 mM borohydride spiked directly into
reactor bottles was evaluated (Exp. 9-19, Table 4-1). Figure 4-12 depicts the dechlorination
profiles of 1,2-DCA in the presence of the different GW solutes. As shown in Figure 4-12,
increasing concentrations of GW solutes generally decreased dechlorination rate and
extent. Figure 4-13 presents the change in pseudo first order reaction rate constants due to
the different solutes. Pseudo first order linearization fittings are shown in Figure 8-5 in

Appendix B.

Effect of Chlorides - In the absence of the GW solutes, Kops Value was 0.345 h, and the

removal efficiency was 91.8% (Exp. 9, Table 4-1). In the presence of 1000 mg L™ chlorides
(Exp. 10, Table 4-1), the removal efficiency was reduced to 77.3% (Figure 4-12A) and the
kobs Value was reduced by 40% (Figure 4-13A). Increasing chlorides concentration to 1500
or 2000 mg L™ resulted in further decrease in dechlorination efficiency as well as Kobs.
(Exp. 11 & 12, Table 4-1). This suggests partial deactivation of B-nCuw particles by
chlorides. In contrast, gas phase studies have shown that even when chlorides
concentrations are below detection limits Cu can be completely deactivated (Hutchings et
al., 1994; Srebowata et al., 2011; Twigg and Spencer, 2001). Cu particles poisoning by
chlorides can occur by several mechanisms. The only mechanism that can occur in the
liquid phase is through reaction of Cu particles with the adsorbed chlorine atoms causing
either physical blocking and/or modification of Cu sites by forming strong complexes
(Twigg and Spencer, 2001). Previous XPS studies have shown that oxidized copper species
is the species responsible for chemical reaction with chlorides, and that molecular
adsorption (physical blocking) takes place in the absence of surface oxygen (Moroney et
al., 1981). In the current study, XPS and XRD analysis confirmed formation of oxidized
copper species, suggesting that chemical reaction of B-Cuw particles with chlorides is

possible.

Effect of Sulfides - As depicted in Figures 4-12B, 4-13B, 0.2 mg L"* sulfides had no effect

on the dechlorination rate and extent (Exp. 13, Table 4-1). However, higher concentrations
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of sulfides of 0.4 mg L™t and 4 mg L™ reduced 1,2-DCA removal to 70.5, and 43.1%,
respectively, and reduced kobs by 54.2%, and 68.12%, respectively (Figure 4-13B),
indicating poisoning of B-nCuw particles (Exp. 14 & 15, Table 4-1). These results are
consistent with gas phase catalyzed dechlorination studies which have suggested a
maximum allowable sulfides concentration around 0.1 mg L to prevent deactivation of
Cu particles (Twigg, 1996). The deactivation of B-nCuw particles is due to the
accumulation of sulfides on the Cu surface (Twigg and Spencer, 2001). Similar to the Cu
poisoning mechanism by chlorides, the accumulation of sulfides could be due to the
formation of strong chemical bonds with Cu oxide sites or by physical adsorption
(Moroney, Rassias and Roberts, 1981, Argyle and Bartholomew, 2015). For the chemical
bonding, XPS studies indicated that sulfides easily replace chemisorbed oxygen at the Cu
sites with negligible activation energies (Moroney et al., 1981). On the other hand,
physical blocking would occur due to strong adsorption of sulfur atoms causing blocking
of reactive sites (Argyle and Bartholomew, 2015). In the current study, both physical and
chemical reaction of Cu sites with sulfides is possible as XPS and XRD analysis confirmed
formation of Cu oxide species.

Effect of Humic Acid - Addition of humic acid to the treatment slurry decreased the
dechlorination rate and efficiency of 1,2-DCA. Figures 4-12C and 4-13C illustrate the
effect of 10-30 mg L* humic acid on the dechlorination of 1,2-DCA and the Kobs Value,
respectively (Exp. 16-18, Table 4-1). The kobs values decreased by 34.5%, 45.5%, and 63.5
%, and 1,2-DCA removal efficiency also decreased to 85, 74.9, and 65.3% for humic acid

concentrations of 10, 20, and 30 mg L™, respectively. Literature reports indicate that the
various functional groups of humic acids can compete with contaminants for nano metals
reactive surfaces and can form complexes blocking reactive sites (Balko and Tratnyek,
1998; Doong and Lai, 2005; Kim et al., 2014; Tratnyek et al., 2001). In addition, humic
acid (dissolved organic matter in general) can directly coat (sorb) nanoparticles,
consequently blocking reactive sites and increasing particle size, decreasing dechlorination
rates (Feng et al., 2008; Giasuddin et al., 2007; Zhang et al., 2011). Previous EDX studies
have shown increase in carbon concentrations in the elemental composition of nano metals

upon introduction of humic acid to the system (Liu and Lo, 2011b).
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Figure 4-12: Dechlorination profile of 1,2-DCA (45 mg L) catalyzed by B-nCuw (1 g L)
coupled with 25 mM NaBHa in the presence of: A) chlorides, B) sulfides, C) humic acid, and D)
dissolved oxygen (Exp. 9-19, Table 4-1).

114



0.4
)
=~ 0.2 1 b
=
E (]
0 T T
0 1000 2000
A) Chlorides (mg L)
0.4
®
= 024 ® o
-~ °
=1
&
0 |
0 20 40
C) Humic Acid (mg L?)

kohs {hll

B)

Kops (h)

D)

115

0.4
o
0.2 1
¢ ®
0 |
0 25 5
Sulfides (mg L)
0.4
®
*
0.2 1
0 T
0 3 6
Dissolved Oxygen (mg L)

Figure 4-13: Pseudo-first-order constants (kobs) changes in the presence of: a)

chlorides, b) sulfides, d) humic acid, ¢) dissolved oxygen, in the dechlorination of 1.2-

DCA (45 mg L) catalyzed by B-nCuw (1 g L) coupled with 25 mM NaBH4 (Exp. 9-

19, Table 4-1).
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Effect of Dissolved Oxygen - The presence of dissolved oxygen had a relatively small

effect on the efficiency of the treatment compared to the other GW solutes with a slight
decrease in the Kobs (17%) and 1,2-DCA removal (87%) (Figures 4-12D & 4-13D, Exp. 19,
Table 4-1). This is presumably due to one of two reasons, either reaction between nCu and
oxygen is relatively slower than the dechlorination reaction, and/or the injected
borohydride reduced oxidized sites. The aqueous oxidation of Cu is usually expressed by
Equations 4-9, and 4-10 (Alsawafta et al., 2011).

2Cu+50, +H,0 > Cuz0 (Equation 4-9)
Cu,0+0, - 2Cu0 (Equation 4-10)

An additional injection of 25 mM borohydride into experiments containing 2000 mg L™
chlorides, 4 mg L sulfide, or 30 mg L-Humic Acid (Figure 4-14), reactivated the catalytic
dechlorination reaction in the same fashion as treatments utilizing unwashed nCu particles
(Exp.3, Table 4-1), with a final 1,2-DCA removal of 94.6, 82.1, and 94%, respectively
(Exp. 12, 15 & 18, Table 4-1). This implies that multiple reinjections of borohydride would

compensate for the poisoned Cu sites.

The presence of oxygen, sulfides, chlorides, and humic acid did not change byproducts
selectivity, with ethane still being the main byproduct along with trace amounts of ethene.
This suggests that the dechlorination mechanism was not affected. This was further
confirmed by the linear relationship observed between the reaction rate constant and the
concentrations of the tested GW solutes (except sulfides) (Figure 4-13), suggesting that
adsorption of these GW solutes was uniform and nonselective to active sites, and as a result
the selectivity of the byproducts should not change (Forzatti and Lietti, 1999). However,
since a complete CMB was not achieved, a change in byproduct selectivity cannot be

conclusively ruled out.
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Figure 4-14: Effect of reinjecting 25 mM borohydride into treatments with lowest
activities (2000 mg L chlorides, 4 mg L sulfides, and 30 mg L* humic acid) on the
dechlorination profile of 1,2-DCA (45 mg L) catalyzed by B-nCuw (1 g L) coupled
with 25 mM NaBHa. The arrow indicates injection of 25 mM borohydride.

As indicated in Table 8-4 (Appendix B), the initial and final pH and ORP of experiments
with and without GW solutes were similar. This suggests that pH and ORP are poor
indicators of treatment reactivity and poisoning (Xie and Cwiertny, 2012).

4.5 Conclusions and Implications

Recently the catalytic dechlorination of 1,2-DCA in the liquid phase via nCu particles
coupled with 25 mM borohydride as a H2 source at the bench scale has shown promising
results. The findings of this study provide insight on how nCu synthesis parameters, 1,2-
DCA concentration, and GW solutes influence the dechlorination kinetics of 1,2-DCA.
nCu particles were found incapable of utilizing H2 formed during their synthesis process
for the dechlorination of 1,2-DCA, and rather direct injections of borohydride in reactor
bottles were found essential. Rinsing the nCu particles with deionized water prior to
reactivity experiments resulted in altering their surface composition and enhanced 1,2-
DCA dechlorination rate and efficiency. Coating nCu particles was found to decrease 1,2-

DCA dechlorination rate probably due to reactive site blocking. The dechlorination
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reaction was found to follow a pseudo first order reaction rate up to the studied 1,2-DCA
concentration of 225 mg L. Consistent with gas phase studies, the presence of small
concentrations of sulfides (0.2 mg L) did not affect Cu activity in catalyzing the
dechlorination of 1,2-DCA. However, the presence of higher concentrations of sulfides as
well as presence of chlorides (>1000 mg L), humic acid (> 10 mg L), and oxygen (>4.93
mg L) partially deactivated the nCu particles resulting in reduction in 1,2-DCA
dechlorination rate and extent. An additional injection of borohydride re-activated the
dechlorination reaction and compensated for the reduction in catalytic activity.

There are several implications of this study regarding the effectiveness of nCu-borohydride
treatment as a GW remediation technology. The fundamental knowledge on the potential
roles of particles coating, synthesis method, and GW solutes will aid in extending the
application of nCu coupled with borohydride treatment from laboratory scale to site
remediation. The study shows that successful implementation of this technology to GW
relies critically on determining the concentrations of the different solutes in GW, and
consequently the corresponding required number of borohydride injections. Therefore, it
would be recommended to assess GW characteristics and perform laboratory feasibility
tests using actual water samples from the contaminated sites prior to applying the treatment
in the field. Additionally, it is recommended to examine the changes in the oxidation state,
elemental composition, and morphology of the particles aged in GW solutes. Besides,
further research on the fate and risk of these nanoparticles should be conducted prior to
field application. Following on that note, it is suggested to find an alternate to borohydride

that is a more environmental friendly hydrogen donor.
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Chapter 5

5 Nano metal Based Technologies for Treating
Chlorinated Organic Compounds (COCs) Mixtures in
Groundwater

5.1 Abstract

Chlorinated organic compounds (COCs) are amongst the most prevalent groundwater
contaminants found at hazardous sites throughout the world. Given their pervasive
contamination and adverse health effects, there is considerable interest in developing field-
applicable technologies to treat these contaminants. Chemical reduction by nano zero
valent iron, monometallic (nZV1) or bimetallic (Pd-nZV1), has proven to be a successful
field applicable technology. However, this technology has failed to degrade recalcitrant
compounds such as 1,2-dichloroethane (1,2-DCA). Recently, three novel field-applicable
nano metal based technologies capable of successfully dechlorinating 1,2-DCA have been
reported. These include nZV1 coupled with dithionite and Pd or Cu nanoparticles combined
with borohydride. However, reactivity studies of these novel technologies have been
carried out under ideal laboratory conditions for degrading single contaminants only. At
the field scale, there are usually diverse mixtures of COCs present, in addition to
groundwater constituents which can significantly affect the performance of metal-based
technologies. Thus, the objective of this study is to assess the effectiveness of these recently
developed nano metal based technologies, along with nZVI and Pd-nZVI, to degrade a
suite of COCs in a groundwater sample from an industrial site. The contaminants present
in the groundwater sample included: trichloromethane, 1,1,2-trichloroethane, 1,2-
dichloroethane, trichloroethene, and vinyl chloride, along with other secondary
contaminants. Dechlorination efficiencies of each treatment for these COCs are studied and
possible dechlorination pathways are proposed. Both nZVI and Pd-nZVI were found
capable of breaking down all major contaminants with the exception of 1,2-DCA. nZVI-
dithionite was able to break down all COCs including 1,2-DCA. Pd or Cu nanoparticles
combined with multiple injections of borohydride were able to degrade 1,2-DCA, along
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with complete removal of all other COCs. These results suggest that these nano metal based

technologies can be effective remediation approaches depending upon site conditions.

Keywords: 1,2-Dichloroethane, Dechlorination, Nano Zero valent Iron, Copper,
Palladium, Dithionite, Borohydride, Groundwater.

5.2 Introduction

Chlorinated organic compounds (COCs) are used extensively in various industrial
applications (e.g. pesticides, detergents, wood preservation, paint removers, dyes, solvents)
and as intermediates in the manufacture of other chemicals (Barnes et al., 2010;
Tobiszewski and Namiesnik, 2012). Improper handling, storage and disposal, as well as
their chemical stability, have caused widespread subsurface contamination of these
chemicals. Trichloromethane (TCM), dichloromethane (DCM), 1,1,2-trichloroethane
(1,1,2-TCA), 1,2-dichloroethane (1,2-DCA), tetrachloroethene (PCE), trichloroethene
(TCE), and vinyl chloride (VC) are among the most prevalent COCs at contaminated sites
(Barnes et al., 2010; Zhang et al., 1998). These known or suspected carcinogens have been
classified as priority pollutants by the U.S. Environmental Protection Agency and the
Agency for Toxic Substances and Disease Registry (ATSDR, 2015; USEPA, 2015). Due
to their pervasive nature, severe adverse health effects, and the low drinking water
guidelines, there is considerable interest in developing field-applicable technologies to

degrade these contaminants.

Reductive dechlorination, biotic or abiotic, is a commonly employed technology for
treating chlorinated compounds at the contaminated sites. This involves the cleavage of
one or more carbon-chlorine bonds of a COC molecule, where the chlorine atom is
eliminated as a chloride ion (Yu, 2013). This breakdown requires an electron donor
(reductant) and may include a proton donor depending on the reaction pathways:
hydrogenolysis or dichloroelimination (Arnold and Roberts, 2000a; Tobiszewski and
Namie$nik, 2012). In the hydrogenolysis pathway, a chlorine atom is replaced by a
hydrogen atom with simultaneous addition of two electrons to the molecule (Equation 5-
1) (O’Carroll et al., 2013; Tobiszewski and Namies$nik, 2012; Yu, 2013).

Dichloroelimination involves transfer of two electrons to the COC molecule, and release
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of two chlorine atoms resulting in less saturated reaction products (Equation 5-2). Another
reaction that usually happens after the elimination step is called hydrogenation, which
involves the addition of hydrogen to a double or triple C-C bond. The dechlorination
pathways for chlorinated methanes, ethanes and ethenes are shown in Figure 9-1 (Appendix
C). The reduction of chlorinated aliphatic hydrocarbons in the presence of electron donors
is thermodynamically feasible under ambient conditions (Dolfing et al., 2007). Thus, the
degradation of COCs by liquid phase direct reduction has been the subject of some study
(Atisha, 2011; Barnes et al., 2010; Sakulchaicharoen et al., 2010; Tobiszewski and
Namiesnik, 2012; Yu, 2013; Zhang et al., 1998).

RCl+ H* + 2e- - RH+ Cl” (Equation 5-1)
RCCl— CCIR + 2e~ — RC=CR+ 2Cl~ (Equation 5-2)

Nano zero valent iron (nZV1) particles stand out as one of the most promising abiotic direct
reduction remedial technologies, due to their nano-sized dimensions leading to greater
reactivity, and potential for subsurface injection and transport to the contaminant zone
(Atisha, 2011; Elliott and Zhang, 2001; O’Carroll et al., 2013; Sakulchaicharoen et al.,
2010; Song and Carraway, 2005a; Zhang et al., 1998). nZVI1 with a redox potential of -
0.44V, can act as a strong reductant to dechlorinate COCs (Equation 5-3) (Atisha, 2011;
O’Carroll et al., 2013). Moreover, nZV1 can also produce hydrogen (H2) gas by reduction
of water (Equation 5-4) (O’Carroll et al., 2013), which can further act as a reductant. A
wide variety of chlorinated compounds (e.g. TCM, 1,1,1-TCA, PCE, TCE) can be degraded
using nZVI (Lien and Zhang, 2001; Liu et al., 2005a; O’Carroll et al., 2013; Song and
Carraway, 2005a; Song and Carraway, 2006; Tobiszewski and Namies$nik, 2012).
However, nZVI reactions with chlorinated ethanes are slower than chlorinated ethenes, and
may form toxic chlorinated byproducts (Lien and Zhang, 2005). Also, although
thermodynamically feasible, 1,2-DCA and DCM are found to be almost absolutely resistant
to degradation by nZV1 (Atisha, 2011; Song and Carraway, 2005a; Song and Carraway,
2006). Thus, noble metals (e.g. Ni, Pd) are often doped on the nZVI surface to increase its
reactivity, forming bimetallic nZV1 (Atisha, 2011; Barnes et al., 2010; Elliott and Zhang,
2001; O’Carroll et al., 2013; Sakulchaicharoen et al., 2010; Zhang et al., 1998). Palladium
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(Pd), the most commonly doped metal, enhances nZV|1 reactivity by acting as a catalyst,
adsorbing H> from water reduction by iron and dissociating it into the robst reductant
atomic H- (Equation 5-5) (Atisha, 2011; Liu et al., 2014a; Liu et al., 2001). The activated
H> then attacks the chlorinated contaminants adsorbed on the iron surface leading to their
dechlorination (Equation 5-6). Use of Pd doped nzZVI significantly enhances the
dechlorination efficiency of many COCs (e.g. PCE, 1,1,2-TCA, Cis-DCE) without the
formation of any toxic byproducts (Lien and Zhang, 2001; Lien and Zhang, 2005; Lim and
Feng, 2007; Zhang et al., 1998). However, even the Pd-nZVI bimetallic system has failed
to degrade 1,2-DCA and DCM so far (Atisha, 2011; Lim and Feng, 2007; Wang et al.,
2009).

E%=-0.44V .

Fe® ——— Fe?* + 2e” (Equation 5-3)

Fe® + 2H,0 — Fe?**+ H, 1T +20H™ (Equation 5-4)
Catalyst .

H, —— 2H (Equation 5-5)
Catalyst A

RCl+ H, —— RH + HCI (Equation 5-6)

Recently, three novel liquid phase nano metal based technologies capable of successfully
degrading 1,2-DCA have been reported. These include nZV1 coupled with dithionite and
Pd (nPd) or Cu (nCu) nanoparticles combined with borohydride (Huang et al., 2011; Nunez
Garcia et al., 2016a).

Sodium dithionite, a strong reductant (E = -1.12 V), has been successfully used to
manipulate in-situ redox conditions, to reduce subsurface ferric iron to ferrous iron for
treating various organic and inorganic contaminants (Boparai et al., 2008; Boparai et al.,
2006; Fruchter et al., 2000). In aqueous solutions, dithionite self-dissociates to form
sulphoxyl radicals, sulfite and thiosulfate which can also act as reductants. Aqueous
solutions of dithionite are also capable of degrading chlorinated organic compounds
(Boparai et al., 2006; Nzengung et al., 2001; Rodriguez and Rivera, 1997). In the nZVI-
dithionite treatment, dithionite enhances the reactivity of nZVI1 by providing additional
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electrons, extending the reactive lifespan of nZVI and generating other reductants (e.g.
hydrogen sulfide species and iron sulfides) (Nunez Garcia et al., 2016a).

The coupled nano metal-borohydride technology utilizes sodium borohydride (NaBH4) as
a Hz source over nano scale Cu or Pd catalyst surfaces. Hydrogen gas is readily generated
through the hydrolysis of borohydride (Equation 5-7) (Huang et al., 2012; Rostamikia and
Janik, 2010). The nano sized catalyst dissociatively adsorbs 1,2-DCA and activates the H>
gas into a robust reductant reducing the 1,2-DCA molecules adsorbed on adjacent sites
(Equations 5-5 & 5-6) (Borovkov et al., 2003; Chaplin et al., 2012; Conrad et al., 1974;
Kopinke et al., 2003; Lambert et al., 2005; Sre;bowata et al., 2011; Vadlamannati et al.,
1999). 1,2-DCA and DCM are reported to be almost completely and rapidly dechlorinated
by Pd-borohydride and Cu-borohydride treatments, as seen in the previous chapters (Huang
etal., 2012; Huang et al., 2011).

BH,  + 2H,0 - BO, + 4H, 1 (Equation 5-7)

The development of field applicable nano metal-based technologies capable of degrading
recalcitrant compounds like 1,2-DCA is an important breakthrough for the environmental
remediation world. So far the reactivity studies of these novel technologies have been
carried out under ideal laboratory conditions for degrading a single contaminant, as such
the degradation capabilities of these technologies under real field situations is still
unknown. At the field scale, additional factors (e.g. inorganic co-contaminants, dissolved
oxygen, humic acids, inorganic constituents (COsz%, CI, SOs*) and microbial
communities) can significantly affect the performance of metal-based technologies (Kim
et al., 2014; Lowry and Reinhard, 2000; Mcnab et al., 2000; Schiith et al., 2004). Thus, the
objective of this study is to assess the effectiveness of five nano metal-based technologies
(nZVI1, Pd-nzVI1, nZVI-dithionite, nCu-borohydride, and nPd-borohydride) to degrade a
suite of COCs in a groundwater sample recovered from an industrial site. Dechlorination

efficiencies and the possible dechlorination pathways for all the treatments are discussed.
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5.3 Experimental Methods

5.3.1 Chemicals and Groundwater matrix

All chemicals were used as received: sodium borohydride (NaBHa, Venpure AF Granular,
Dow Chemicals), ferrous sulfate heptahydrate (FeSO4.7H.O, A&K Petrochem Ind. Ltd.,
Vaughn, ON), copper sulfate (CuSOs, EMD), potassium hexachloropalladate (K2PdCle, Pd
min 26.69%, Alfa Aesar), sodium carboxymethyl cellulose (CMC, MW = 90K, Walocel
CRT 30PA, Dow Chemicals), sodium chloride (NaCl, EMD), sodium dithionite (Na2S2Oa4,
85%, Sigma-Aldrich), gas mix (5% H: balance Ar, PRAXAIR), and N2 (Ultra High Purity,

PRAXAIR). All solutions were prepared using double deionized and deoxygenated water.

Groundwater samples were obtained from an industrial site at Altona, Australia. The
samples were stored in a cold room (4 °C) prior to use to suppress any biological activity.
The groundwater was characterized (Table 9-1, Appendix C) using standard procedures
(NMI, Australia).

5.3.2 Synthesis of Stabilized Nano Metal Particles

The aqueous chemical reduction method was used for the synthesis of the CMC-stabilized
nano metal particles as indicated in Equation 5-8 (Lien and Zhang, 2001; Lim and Feng,
2007; Sakulchaicharoen et al., 2010). Firstly, the metal salt solution was well mixed in the
presence of CMC polymer to form M?*-CMC complex. NaBH4 was then added dropwise
to the M?*-CMC solution with continuous stirring. A BH4/M?* ratio of 3-4 was used to
ensure uniform growth of the particles and to accelerate the synthesis process. Nano metal
synthesis was conducted in an anaerobic glove box purged with O2-free Ar (95% Ar : 5%
H>). Detailed information about synthesis of Pd and Cu nanoparticles is reported in the
previous chapters. More details of nZVI synthesis are included in section 9-1 (Appendix
C). For Pd-nzVI, K;PdCls (dissolved in NaCl) was added to the nZV1 suspension which
in turn reduced it to Pd° (Equation 5-9). The Pd-nZVI suspension was mixed for 10

minutes. The Pd loading was 0.05% w/w of Fe.
2M** + BH; + 3H,0 - 2M° + H,BO3 + 4H" + 2H, 1 (Equation 5-8)

where M can be Fe, Pd or Cu.
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Pd** + Fe® - Pd® + Fe?** (Equation 5-9)

5.3.3 Reactivity Experiments

Reactivity experiments were conducted in 120 or 250 mL amber serum bottles sealed with
Teflon mininert caps to minimize the oxidation of nano metals. The bottles were shaken
using an arm wrist action shaker at room temperature (Model 75, Burrell Inc.). All the
experiments were conducted in duplicates, with error bars on dechlorination profiles
representing the standard deviation between the two duplicates. For each reactivity
experiment, controls of groundwater only or groundwater and CMC were run (without
nano metal suspension) to observe any losses of COCs due to adsorption, volatilization,
etc.

For nZV1 and Pd-nZVI treatments, 60 mL groundwater sample was added to 30 mL nano
metal suspension in 120-mL bottles (90 mL solution/ 30 ml headspace). As such the final
nano metal concentration in the reactor bottles was 2.5 g L™ and the groundwater sample
was diluted by 1.5 times. To study the effect of higher nZVI dosage, an additional
experiment was conducted by adding 30 mL groundwater sample to 60 mL nZVI
suspension, thus, increasing the final nZVI concentration to 5 g L™ and diluting the COCs
concentrations by 3 times. nZVI-dithionite treatment experiments were conducted in 250
mL bottles (90 mL solution/ 160 ml headspace) by mixing 60 mL groundwater with 30 mL
nZVI-dithionite suspension making the final nZV1 dose 2.5 g L with a final dithionite
concentration of 50 mM. The dithionite alone experiment was conducted in the same way
but without nZV1 suspension. Both nPd, and nCu treatments were conducted in 250 mL
bottles (90 mL solution/ 160 ml headspace) by mixing 60 mL groundwater with 30 mL
nPd or nCu suspension making the final nPd, and nCu dose 1 g L in each reactor bottle
(following experimental design from previous chapters). 25 mM borohydride is

initiallyspiked into the nCu treatment slurry reactor bottle.

5.3.4 Analytical Methods

Concentrations of TCM, 1,1,2-TCA, 1,2-DCA, PCE, and TCE were analyzed with an
Agilent 7890 Gas Chromatograph (GC) equipped with a DB-624 capillary column (75 m
x 0.45 mm, 2.55 um) and an Electron Capture Detector (ECD) following a modified EPA
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8021 method. The oven temperature program was: 35°C for 12 min, increased to 60°C at
5°C min', hold at 60°C for 1 min and then increased to 200°C at 17°C min™ and hold at
200°C for 5 min. Nitrogen was used as the carrier gas at a flow rate of 10 mL min. 250
uL liquid sample from each reactor bottle was collected at a selected sampling time and
transferred to a 2-mL GC vial containing 1 mL hexane for COCs extraction.The GC vials
were vortex-mixed and allowed to equilibrate for at least two hours before extraction. One
uL of the extract was injected into the GC using an auto sampler. Concentrations of DCM,
1,1-DCA, chloroethane (CE), 1,1-dichloroethene (1,1-DCE), cis-1,2-dichloroethene (c-
1,2-DCE), trans-dichloroethene (t-1,2-DCE), VC, ethane, ethene, and methane were
measured with an Agilent 7890A GC equipped with a GS-Gas Pro Column (3.0 m x 0.32
mm) and Flame lonization Detector (FID). The conditions of the GC method were as
follows: a temperature ramp of 35°C for 5 min, then 10°C min to 220°C held for 7 min
with He as the carrier gas. 250 uL or 1 mL sample aliquots were collected in 2-mL GC
vials, kept for equilibration, and then 250 pL headspace sample from the GC vial was
injected into the GC either manually or using an autosampler (Agilent G4513A).

5.3.5 TEM Analysis

Surface morphology of the nanoparticles, before and after reaction, was performed using a
Philips CM10 and a FEI Titan 80-300 Cryo-in-situ Transmission Electron Microscope
(TEM, Philips Export B.V. Eindhove, Netherlands). The samples were diluted using
deoxygenated water and then one drop was dried on a 400 mesh Formvar/carbon copper
grid in an anaerobic chamber. A set of micrographs was obtained for each sample and the
diameters of particles on these micrographs were measured using a Hamamatsu CCD based

camera system software (Advanced Microscopy Techniques, version AMTV542).

5.4 Results and Discussion

5.4.1 TEM Analysis

The particle size and morphology of metal nanoparticles were examined by TEM. The
fresh nCu is comprised of individual, spherical nanoparticles with particle size ranging
from 6.7-11.4 nm and assembled in chains forming loose aggregates (Fiigure 5-1A). TEM

images of nCu after reaction show the presence of some spherical nanoparticles still present
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but majority of the particles transforming to long, thin rods indicating oxidation of nCu
(Figures. 9-2A-B, Appendix C). The nCu suspension turned from black to light green
(Figure 9-3A, Appendix C) at the end of reactivity experiment further suggesting oxidation
(Scully and Graedel, 1987).

The nPd consists of individual spherical nanoparticles (4.9-7.7 nm) forming tightly packed
aggregates (Figure 5-1B). After reaction, the size of nPd particles increased significantly,
ranging between 50-600 nm (Figure 9-2C, Appendix C), and the suspension turned from
black to greyish white (Figure 9-3B, Appendix C) which could be due to oxidation or

surface poisoning by groundwater constituents.

TEM micrographs of fresh nZV1 (Figure 5-1C) and Pd-nZV1 (Figure 5-1D) suspensions
indicate the presence of individual spherical particles with mean diameters of 34.1+7.1 nm
and 39.6+8.0 nm, respectively. The fresh nZV1 and Pd-nZV1 suspensions were jet black in
color (not shown) which turned greenish white towards the end of the experiments (Figure
9-3C, Appendix C), suggesting the complete oxidation of zerovalent iron to
(oxy)(hydr)oxides. The TEM image of the nZVI-dithionite suspension after reaction
(Figure 9-2D, Appendix C) show a significant change in morphology (almost spherical
though flaky) and size (203+47 nm) of particles indicating the formation of FeS-nZVI due
to their reaction with dithionite (Su et al., 2015). The nZVI-dithionite suspension was still
jet black in color (Figure 9-3D, Appendix C) even after 120 days of reaction which could
be attributed to preserved zero valent iron along with the formation of iron sulfides as

reported earlier (Nunez Garcia et al., 2016a).

5.4.2 Dechlorination of Chlorinated Organic Compounds in
Groundwater

Dechlorination of a mixture of COCs present in the contaminated groundwater from an
industrial site by five nano metal-based technologies (nZVI1, Pd-nZVI, nZVI-dithionite,
nCu-borohydride, and nPd-borohydride) was studied. Additionally, a dithionite alone
treatment was also tested. The primary contaminants present in the groundwater are TCM,
1,1,2-TCA, 1,2-DCA, TCE, and VC along with other secondary contaminants including
DCM, PCE, 1,1-DCE, cis- and trans- 1,2-DCEs. A proposed dechlorination order based on
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Gibb’s free energy values for dechlorination reactions and carbon bearing chlorine atoms
redox values is presented in section 9-2, Appendix 9. Dechlorination efficiencies and
possible reaction pathways for each treatment are discussed. It is noted that it was not
possible to close the carbon mass balance. DCM, and C-1,2-DCE were below detection
limit in the nZVI-Dithionite, nCu-borohydride, and nPd borohydride reactivity

experiments.

Figure 5-1: TEM images of fresh CMC-stabilized (A) nCu, (B) nPd, (C) nZVI, and
(D) Pd-nZVI particles.
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5.4.2.1 Dechlorination by nZVI and Pd-nzZVI

The dechlorination profiles for the primary and secondary COCs treated by nZV1 and Pd-
nZV1 are shown in Figures 5-2 and 9-4 (Appendix C). The initial and final concentrations
of all the COCs are summarized in Table 5-1. Methane, ethane and ethene were detected
in the nZVI and Pd-nZVI reactors following reaction. Direct reduction, sequential
hydrogenolysis, dichloroelimination and hydrogenation are expected to be the degradation
pathways for this multi-contaminant system as reported earlier for single contaminants
(Lien and Zhang, 2001; Song and Carraway, 2005a; Song and Carraway, 2006). Most of
the Fe® in both treatments was oxidized at 35 days of the reaction resulting in cessation of
COCs’ dechlorination. Consistent with previous research (Lien and Zhang, 2001; Lien and
Zhang, 1999; Lim and Feng, 2007; Zhang et al., 1998) doping Pd on nZVI improved the
rate and extent of dechlorination of the COCs.

Chlorinated Methanes — As expected, TCM dechlorination by Pd-nZVI was much faster

than by nZVI (Figure 5- 2A). Complete dechlorination was achieved in 29 and 12 days by
nZV1 and Pd-nZVI, respectively, with simultaneous release of some DCM (Figure 9-4A,
Appendix C). Both nZV1 and Pd-nZV1 failed to degrade DCM consistent with other studies
(Feng and Lim, 2005; Lien and Zhang, 1999; Song and Carraway, 2006). For both
treatments only 3-4 UM DCM evolved from the degradation of the ~47uM TCM (Table 5-
1) representing <10% of the total TCM dechlorinated. This suggests direct reduction of
TCM to methane as the major dechlorination pathway and transformation to DCM via
hydrogenolysis as a minor pathway (Feng and Lim, 2005; Lien and Zhang, 1999; Song and
Carraway, 2006; Wang et al., 2009)

Chlorinated Ethanes - 1,1,2-TCA dechlorination started after a lag phase (5 to 8 days) with
52 and 86% removal at 35 days in nZVI and Pd-nZV1 respectively (Figure 5-2B). Some

1,1,2-TCA dechlorination could have occurred via hydrogenolysis yielding 1,2-DCA or
chloroethane. Traces of chloroethane were detected in the Pd-nZVI treatment, and no
significant change in 1,2-DCA concentration was observed, suggesting reduction to
chloroethane, and resistance of 1,2-DCA to redcution (Figure 5-2C), consistent with
previous research (Atisha, 2011; Lien and Zhang, 2005; Song and Carraway, 2005a). -

elimination of 1,1,2-TCA would have yielded VVC as a dechlorination product, as reported
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earlier for CMC-nZVI (Koenig et al., 2016). The slight increase in VC concentrations
during the middle phase of the nZVI treatment experiment (Figure 5-2E) may be partially
attributed to 1,1,2-TCA dechlorination, although VC increases could also be due to
dechlorination of other chlorinated ethenes. In the case of Pd-nZVI1, VC was dechlorinated
without any accumulation, even if it was produced. Ethane and ethene are proposed as the
end products. Song and Carraway has reported ethane as the sole observed product for
1,1,2-TCA dechlorination by bare nZV1 (Song and Carraway, 2005a).

Chlorinated Ethenes — There was almost complete removal of PCE by Pd- nZVI, whereas
only 55% PCE was removed by nZV1 (Figure 9-4B, Appendix C). TCE dechlorination by
nZV| started after a lag phase of 76 hours with total reduction of 94% at 35 days (Figure

5-2D). TCE removal by Pd-nZVI was much faster than nZVI and complete reduction
occurred within 24 days. Significant VC removal by nZV1 was noticed at t = 35d (Figure
5-2E) when the dechlorination of other more chlorinated compounds (1,1,2-TCA, TCE &
PCE) ceased completely. 28% VC was removed at the end of the experiment. This delay
in the VVC dechlorination could either be due to a lag phase or the continuous release of VC
as a dechlorination product but with its simultaneous removal. An immediate decrease in
VC concentrations was observed in the Pd-nZV1 treatment with 97% removal at 35 days
(Figure 5-2E). Initial DCEs concentrations (<12 uM) were much lower than the other
chlorinated ethenes (Table 5-1). 1,1-DCE removal by nZV1 was observed after a lag period
of 12 days whereas 1,1-DCE dechlorination started immediately for Pd-nZVI (Figure 9-
4C, Appendix C). Cis- and Trans- 1,2-DCE concentrations increased and decreased during
the experiments for both treatments (Figure 9-4D-E, Appendix C). Traces of DCES remain
in both treatments at the end of the experiment. Dechlorination of chlorinated ethenes is
assumed to occur primarily via direct reduction to hydrocarbons with ethane and/or ethene
as major end products (Lien and Zhang, 2001; Liu et al., 2005a; Zhang et al., 1998). The
fluctation in DCE concentration could be due to dechlorination of PCE and TCE via
sequential hydrogenolysis forming lower chlorinated compounds (DCEs and VC) which
finally dechlorinate to ethene and ethane (Figure 9-1, Appendix C).

The observed lag phases for some COCs might be due to their competition for reactive

sites at the nZV1 surface as the reactivity of nZV1 towards COCs depends upon various
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factors including structural and chemical properties of COCs, their initial concentrations
and also environmental conditions (Atisha, 2011; Larson and Weber, 1994; Song and
Carraway, 2005a; Song and Carraway, 2006). Dechlorination by nZV1 is more favourable
for chlorinated ethenes with a higher chlorine number and for chlorinated ethanes with a
lower C-ClI bond strength (Lien and Zhang, 2005). Electron affinity of the C-Cl bond and the
oxidation state of the carbon atoms in the COCs also affect their reduction by zero valent metals
(De Wildeman and Verstraete, 2003; Larson and Weber, 1994).

At the end of the experiment 1,1,2-TCA, PCE, TCE, VC and 1,2-DCA concentrations were
still high for the 2.5 g L™ nZVI treatment. This could be due to the slower reactivity of
nZV 1 towards the COCs, where a major portion of nZVI might have been utilized by water
reduction. Therefore, another experiment with a higher nZVI loading (5 g L) was
conducted to treat the groundwater sample (diluted 3 times rather than 1.5 times). As shown
in Figure 9-2 (Appendix C) the higher nZVI loading resulted in more complete
dechlorination of most COCs although initial COC concentrations were also comparatively

lower. The nZV1 suspension was still black after 35 days.

Although not tested in this study incremental spiking of the nZVI suspension with
borohydride may help limit oxidation and improve the rate and extent of COC
dechlorination. Bae et al. reported that addition of NaBH4 into an nZV1 suspension resulted
in complete reduction of p-nitrophenol even after re-using nZVI particles in four
conscecutive tests (recycling) and also prevented the oxidation of nZVI in oxygen
environments (Bae et al., 2016).
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Figure 5-2: Changes in concentrations (uUM) of (A) Trichloromethane, (B) 1,1,2-
Trichloroethane, (C) 1,2-Dichloroethane, (D) Trichloroethene, and (E) Vinyl
Chloride, after treatment with 2.5 g L™t nZVI and Pd-nZVI.

138



139

Table 5-1: Concentrations of COCs in the groundwater sample after 42 days of its
treatment with 2.5 g Lt nZVI or Pd-nZ V1.

Concentration (LM)
Chlorinated Organic Compound Final
Initial” nZVI Pd-nzVI

Trichloromethane (TCM) 47.4 ND ND
Dichloromethane (DCM) 1.47 5.24 4.42
1,1,2-Trichloroethane (1,1,2-TCA) 763 374 97.2
1,2-Dichloroethane (1,2-DCA) 700 694 694
Tetrachloroethene (PCE) 13.7 6.15 0.33
Trichloroethene (TCE) 145 8.70 ND
1,1-Dichloroethene (1,1-DCE) 11.2 3.09 2.22
trans-1,2-Dichloroethene (t-1,2-DCE) 2.06 1.85 ND
cis-1,2-Dichloroethene (c-1,2-DCE) 1.29 1.29 1.45
Vinyl Chloride (VC) 411 295 124

“Average concentrations in controls.
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5.4.2.2 Dechlorination by nZVI-Dithionite and Dithionite alone

nZV1 and Pd-nZVI treatments were able to dechlorinate most of the primary COCs with
the exception of 1,2-DCA, which was not removed at all. Recently, Nunez Garcia et al.
reported successful degradation of 1,2-DCA by coupling nZVI with dithionite (Nunez
Garcia et al., 2016a). nZVI coupled with sulfur compounds has also shown enhanced
removal of many other organic and inorganic contaminants (Fan et al., 2013;
Lipczynskakochany et al., 1994; Rajajayavel and Ghoshal, 2015; Su et al., 2015; Xie and
Cwiertny, 2010). Therefore, 2.5 g L™t nZVI coupled with 50 mM dithionite was used to
treat the contaminated groundwater sample in this study. Aqueous solutions of dithionite,
alone, are also capable of degrading chlorinated solvents and herbicides (Boparai et al.,
2006; Nzengung et al., 2001; Rodriguez and Rivera, 1997). Therefore, in order to evaluate
the effect of dithionite alone, a treatment of 50 mM dithionite only (i.e. no nZVI) was
tested. The dechlorination profiles for the primary and secondary COCs treated by nZVI-
dithionite and dithionite alone are shown in Figures 5-3 and 9-5 (Appendix C). The initial
and final concentrations of all the COCs are summarized in Table 5-2. COCs are expected
to be degraded via both nucleophilic substitution and reductive dechlorination, as reported
earlier for S-containing reductants and Fe-S systems (Barbash and Reinhard, 1989a;
Boparai et al., 2006; Kuder et al., 2012; Nunez Garcia et al., 2016a; Nzengung et al., 2001;
Roberts et al., 1992; Rodriguez and Rivera, 1997). Minor amounts of chloroethane, ethane
and ethene were detected in the reactors. However, no detailed product analysis for organo

sulfur compounds was performed for these treatments.

Chlorinated Methanes — Unlike nZVI1 and Pd-nZVI1, TCM degradation was slower and
incomplete for the nZVI-dithionite (52%) and dithionite (30%) treatments (Figure 5-3A,
Table 5-2). TCM removal might be due to both nucleophilic substitution and reductive

dechlorination. Since there was no increase in the DCM concentration, it is proposed that
TCM reduction may have followed a dihaloelimination direct reduction to chloromethane,
or methane, or nucleophilic substitution to organo-sulfur compounds. In the past, lower
chlorinated compounds and organo-sulfur compounds have been reported as the
degradation products for halomethanes treated by sulfides and Fe-S systems
(Lipczynskakochany et al., 1994; Nriagu, 1987; Roberts et al., 1992). Due to storage, the
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time lag between experiments, and sampling losses from the main groundwater storage
bottle, DCM losses took place and was undetectable in the control as well as nZVI-

dithionite, dithionite, nCu, and nPd treatments.

Chlorinated Ethanes - 1,1,2-TCA dechlorination started after a longer lag period (40 d)
than by nZV1 and Pd-nZVI, with 19 and 9% removal for nZVI-dithionite and dithionite,

respectively (Figure 5-3B, Table 5-2). However, controls were also loosing mass with time

(9%), suggesting part of the loss in the treatments might have been due to sampling losses.
Different lag periods for nZVI, Pd-nZVI, and nZVI-dithionite are presumably due to
changes in the surface chemistry of nZV1 which can affect its affinity towards the COCs.
Changes in surface composition of nZVI due to dithionite addition have been discussed in
the literature (Kim et al., 2011; Nunez Garcia et al., 2016a). nZVI-dithionite and dithionite
were able to remove 20 and 9% 1,2-DCA at 64d (Figure 5-3C, Table 5-2). Observed 1,2-
DCA dechlorination was quite slow, consistent with the findings of Nunez Garcia et al.,
who observed 79% 1,2-DCA removal in 386 days using 2.5 g L™ nZVI coupled with 44
mM dithionite (Nunez Garcia et al., 2016a). Removal of chlorinated ethanes is assumed to
occur both via reductive dechlorination and nucleophilic substitution, as reported for
haloethane degradation by sulfides and Fe-S systems (Barbash and Reinhard, 1989a; Kuder
et al., 2012; Nunez Garcia et al., 2016a; Weintraub, 1989). Nunez Garcia et al. detected
VC and ethene as the products for 1,1,2-TCA degradation by nZVI-dithionite and ethene
for 1,2-DCA degradation (Nunez Garcia et al., 2016a). Unfortunately, unstable and
complex organo-sulfur compounds in these relatively long-term experiments could not be

monitored.

Chlorinated Ethenes — There was incomplete removal of PCE by both the nZVI-dithionite
(36%) and dithionite (39%) treatments (Figure 9-5A, Table 5-2). Nzengung et al. also

found incomplete and slow removal of PCE by dithionite alone with accumulation of some
TCE (Nzengung et al., 2001). TCE dechlorination by nZVI-dithionite started immediately
with 70% removal in 22 days and the reaction ceased thereafter (Figure 5-3D, Table 5-2).
In contrast, rapid and complete degradation of TCE was observed by Nunez Garcia et al.
which suggests that the presence of high concentrations of co-contaminants, oxygen and

other inorganic constituents in groundwater significantly affected the rate and extent of
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nZVI-dithionite reactivity (Nunez Garcia et al., 2016a). The dithionite alone treatment was
even less effective, with only 25% TCE removal. There was rapid VC removal (35%) by
nZVI-dithionite in the first two days with little concentration change thereafter (Figure 5-
3E, Table 5-2). That could be due to continuous release and simultaneous dechlorination
of VC as a degradation product from the dechlorination of PCE, TCE, and DCEs (Kim et
al., 2011; Nunez Garcia et al., 2016a). As for the dithionite treatment, since production of
VC as a byproduct from the dechlorination of other COCs was limited due to lower
dechlorination efficiencies, there was continuous removal of VC with 70% VC removed in
64 days. Reduction of 1,1-DCE and t-1,2-DCE by both the treatments started immediately
and the concentrations plateaued after two days of reaction, presumably due to production
along with simultaneous dechlorination (Figure 5-3B-C). However, for the dithionite
treatments, complete removal of 1,1-DCE was observed. Degradation of chlorinated
ethenes by dithionite and Fe-S systems have been reported to follow a dichloroelimination
pathway, with DCEs, VC, and hydrocarbons (ethane, ethene, and ethyne) as the
degradation products (Hassan, 2000; Kim et al., 2011; Nzengung et al., 2001; Shiba et al.,
2014).

It is worth mentioning that Nunez Garcia et al. were able to regain and boost reactivity of
oxidized nZV1 by reinjecting dithionite which resulted in continuous dechlorination of 1,2-
DCA for over a year (Nunez Garcia et al., 2016a). Therefore, 50 mM dithionite was
reinjected after 82 days in the current experiments in order to increase reactivity. However,
the extra injected dithionite did not affect the reaction in the subsequent 25 days. Although
the nZVI-dithionite suspension was still jet black at the end of the experiment, indicating
the presence of zerovalent iron along with iron sulfides, it was comparatively less effective
in treating this multi-contaminant system than nZVI and Pd-nZVI, with the exception of
1,2-DCA. nZVI reactivity is enhanced in the Fe-S system but it depends on the thickness
and composition of the sulfide layer formed around Fe® core which is controlled by the
Fe/S ratio, oxygen and solution pH (Fan et al., 2013; Kim et al., 2011; Rajajayavel and
Ghoshal, 2015; Su et al., 2015; Xie and Cwiertny, 2010). This sulfide layer acts as an
electron conductor for transferring electrons from the Fe® core to the contaminants on the
surface, however if that layer thickness increases, it would suppress electrons transfer. The

lower reactivity of nZVI-dithionite in the present study could be due to a high S/Fe ratio
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groundwater.  The  self-

decomposition/disproportionation reactions of dithionite in aqueous solutions can also be

influenced by the presence of dissolved oxygen, pH and other groundwater constituents

forming undesired sulfur species which in turn affect the reactivity of nZVI-dithionite and

dithionite alone treatments.
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Figure 5-3: Changes in concentrations (uM) of (A) Trichloromethane, (B) 1,1,2-
Trichloroethane, (C) 1,2-Dichloroethane, (D) Trichloroethene, and (E) Vinyl
Chloride after treatment with 2.5 g L"* nZVI-dithionite and 50 mM Dithionite.
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Table 5-2: Concentrations of COCs in the groundwater sample after 64 days of its
treatment with 2.5 g L* nZVI-dithionite or 50 mM Dithionite alone.

Concentration (UM)
Chlorinated Organic Compound Final
Initial” nZVI-dithionite* | Dithionite

Trichloromethane (TCM) 39.7 20.1 28.3
Dichloromethane (DCM) ND ND ND
1,1,2-Trichloroethane (1,1,2-TCA) 630 503 526
1,2-Dichloroethane (1,2-DCA) 640 543 563
Tetrachloroethene (PCE) 5.68 2.71 3.72
Trichloroethene (TCE) 68.5 18.0 43.5
1,1-Dichloroethene (1,1-DCE) 571 1.69 ND
trans-1,2-Dichloroethene (t-1,2-DCE) 0.90 0.44 0.50
Vinyl Chloride (VC) 208 93.4 57.3

“Average concentrations in controls.
850 mM dithionite was reinjected on t=82d but no further dechlorination of COCs was
observed for next 25 days.
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5.4.2.3 Dechlorination by nPd-borohydride and nCu-borohydride

Nano metal-borohydride systems utilize borohydride as a Hz source over the nano metal
(nPd or nCu) catalyst surface, where Hz gas is readily generated through the hydrolysis of
borohydride, as shown in the previous chapters and literature studies (Huang et al., 2012;
Rostamikia and Janik, 2010). For the nPd-borohydride treatment, excess borohydride
present in the solution during synthesis of Pd nanoparticles is utilized. However, the nCu-
borohydride treatment is coupled with an additional 25 mM borohydride. These treatments
were much faster than nZVI, Pd-nZVI and nZVI-dithionite and removed most of the COCs
in less than two days without forming any chlorinated intermediates. Direct reduction to
ethane was the observed pathway, in agreement with the previous studies (Huang et al.,
2012; Huang et al., 2011; Liu et al., 2008). The dechlorination profiles are shown in Figure
5-4, and the initial and final COCs concentrations are summerzied in Table 5-3.

Chlorinated Methanes - There was complete removal of TCM by both treatments within

two hours (Table 5-3). Previous studies have also reported this rapid degradation of
chlorinated methanes by nCu catalyst via catalyzed reductive dechlorination (Huang et al.,
2012; Huang et al., 2013; Lin et al., 2005). In the present study, TCM is assumed to degrade

mainly via direct reduction to methane, as no increase in DCM concentration was observed.

Chlorinated Ethanes — 70% 1,1,2-TCA was removed in the first hour by nPd-borohydride

(Figure 5-4A). The reaction continued for 24 hours resulting in 93% removal with the

reaction ceasing thereafter. No significant dechlorination of 1,2-DCA was observed for the
first six days (Figure 5-4B). These results are not consistent with the previously reported
Pd catalyzed dechlorination of 1,2-DCA in deionized water where >43% of 1,2-DCA (Co
=65 mg L) was dechlorinated within 7 days and 93% within 40 days (Chapter 3, Exp.15,
Table 3-1). In the present study, the limited 1,2-DCA dechlorination might be due to the
presence of co-contaminants which are more easily degraded preferentially consuming all
H> present (De Wildeman and Verstraete, 2003). Therefore, a 25 mM borohydride (i.e., as
the hydrogen source) was spiked into the treatment after 6 days. This resulted in removing
the residual 7% of 1,1,2-TCA (Figure 5-4A, Table 5-3). Only 28% 1,2-DCA was removed
in 40 days after spiking the Hz source (Figure 5-4B). Therefore, another injection of 50
mM borohydride was spiked into the nPd-borohydride reactors on the 46™ day. After this
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injection degradation occurred over only one additional day, before ceasing, with an
additional 15% 1,2-DCA removal. After another 9 days, 75 mM borohydride was spiked
into the treatment (t = 56 d). This resulted in a further 11% (total 55%) removal of 1,2-
DCA prior to reaction cessation. It was clear that the efficiency of the injected H> was

decreasing with time and its concentration did not correlate with dechlorination efficiency.

nCu-borohydride was faster in removing 1,1,2-TCA with complete removal in two hours
(Figure 5-4A). 1,2-DCA dechlorination ceased after one day with only 29% removal
(Figure 5-4B), in agreement with previous findings (Chapter 4, Exp.l, Table 4-1).
Additional injections of 25, 50, 75, and 75 mM on days 6, 10, 14 and 20 resulted in
additional removal of 1,2-DCA with a final dechlorination of 95% in 22 days.

Ethane was detected as the immediate major, and final degradation product for these nano
metal-borohydride treatments. Trace amounts of ethene and chloroethane were also
detected during reaction. This indicates direct reduction to ethane as the major pathway for
dechlorination by these nano metal-borohydride treatments. Some removal of these
chlorinated ethanes might have occurred via sequential hydrogenolysis and
dichloroelimination by forming chloroethane and ethene, respectively. Due to the presence
of excessive Hy, hydrogenation of ethene to ethane cannot be ignored. Huang et al. also
found ethane as the major product with traces of ethene while degrading 1,2-DCA with

bare nCu particles coupled with borohydride (Huang et al., 2011).

Chlorinated Ethenes — All the chlorinated ethenes (PCE, TCE, 1,1-DCE, cis, trans 1,2-
DCE, and VC) were completely removed within less than 48 hours by both nPd- and nCu-

borohydride treatments, with some completely removed within the first hour (Table 5-3).
It is assumed that these compounds are degraded via hydrogenolysis to form ethene (with
or without producing any chlorinated intermediates) which then transforms to ethane via
hydrogenation. Liu et al. also observed complete hydrodechlorination of TCE by nPd/H>
gas within 10 minutes of reaction with no chlorinated intermediates formation (Liu et al.,
2008).

In the nPd-borohydride treatment, Pd deactivation may be related to the inhibitory effect

of hydrogen halides (HCI) formed as a byproduct, site blockage due to high concentrations
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of surface species (adsorbed COCSs), carbon depositions (such as ethane, ethene) during
dechlorination reactions, groundwater constituents (HCOs", COs%, SO4%, ClI-, S* etc.),
redox active metals, mineral precipitates, organic matter, and microbial activity
(Aramendia et al., 2002; Lecloux, 1999; Lowry and Reinhard, 2000; Mackenzie et al.,
2006; Munakata and Reinhard, 2007; Sun et al., 2011; Urbano and Marinas, 2001). Many
researchers have reported inhibition of Pd catalyst by HCI formed during dechlorination of
COCs in liquid-phase processes, in addition to free chlorides present in the groundwater
(Aramendia et al., 2002; Lowry and Reinhard, 2000; Mackenzie et al., 2006; Munakata
and Reinhard, 2007; Sun et al., 2011; Urbano and Marinas, 2001). The extremely high CI’
concentration (16,600 mg L) of this groundwater might have affected the dechlorination
activity of nPd particles by poisoning the reactive surface. Pd surfaces blocked by chlorides
can be regenerated by addition of a base (e.g. NaOH, NHz") to the reaction medium (Schiith
et al., 2004; Sun et al., 2011; Urbano and Marinas, 2001). Sulfates (130 mg L) in the
groundwater, which might be reduced to sulfides by borohydride, can also inhibit Pd
catalytic functions by forming a layer around the nPd particles and inhibiting COCs
adsorption (Chaplin et al., 2006; Chaplin et al., 2007; Lowry and Reinhard, 2000;
Mackenzie et al., 2006; Munakata and Reinhard, 2007). However, Pd can be successfully
regenerated from sulfur poisoning by strong oxidants including HOCI/OCI~, H20;,
KMnOys, and dissolved oxygen (Chaplin et al., 2006; Chaplin et al., 2007; Lowry and
Reinhard, 2000; Mcnab et al., 2000; Munakata and Reinhard, 2007; Schiith et al., 2004).
The possibility of sulfate-reducing bacteria growing in the presence of H, gas producing
sulfides which poisons Pd, is unlikely but cannot be ruled out (Davie et al., 2008; Lecloux,
1999; Lowry and Reinhard, 2000; Schiith et al., 2004). Lowry & Reinhard have reported
that sulfate-reducing bacteria grew in a bench scale treatment of contaminated groundwater
due to the abundance of H2 gas producing sulfides that partially deactivated the Pd catalyst
(Lowry and Reinhard, 2000). Reactivity could be restored through injections of dilute
sodium hypochlorite solutions (Davie et al., 2008). Catalyst deactivation can also be caused
by dissolved organic matter present in the groundwater which competes with COCs for
active sites (Chaplin et al., 2006). Determining which groundwater constituents affect nano

metal performance is important for implementation of this technology in the field.
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In the nCu-borohydride treatment also, it was noticed that the increased concentration of
NaBH; was not linearly correlated to the decrease in 1,2-DCA concentration. Groundwater
constituents like chlorides, sulfates, humic acid and dissolved oxygen might have altered
the chemical state or surface composition of nCu or sorb to its surface during reactivity
experiments resulting in its deactivation, as indicated in the previous chapter and literature

studies (Srebowata et al., 2011; Twigg and Spencer, 2001).
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Figure 5-4: Changes in concentration Changes in concentrations (uM) of (A) 1,1,2-
Trichloroethane and (B) 1,2-Dichloroethane after treatment with 1.0 g L nPd
Borohydride or nCu-Borohydride s (uM) of (A) 1,1,2-Trichloroethane and (B) 1,2-
Dichloroethane after treatment with 1.0 g Lt nPd-Borohydride or nCu-Borohydride.

The arrows indicate borohydride injections.
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Table 5-3: Concentrations of COCs in the groundwater sample after three days of

its treatment with 1.0 g L* nPd-borohydride or nCu-borohydride.

Chlorinated Organic Compound

Concentration (LM)

Final

Initial * | nPd-borohydride?® | nCu-borohydride®
Trichloromethane (TCM) 28.9 ND ND
Dichloromethane (DCM) ND ND ND
1,1,2-Trichloroethane (1,1,2-TCA) 482 31.8¢ ND
1,2-Dichloroethane (1,2-DCA) 681 645¢ 482°
Tetrachloroethene (PCE) 10.1 ND ND
Trichloroethene (TCE) 38.4 ND ND
1,1-Dichloroethene (1,1-DCE) 1.32 ND ND
trans-1,2-Dichloroethene (t-1,2-DCE) | 0.32 ND ND
Vinyl Chloride (VC) 54.5 ND ND

*Average concentration in controls.

4Additional 25, 50, and 75 mM borohydride was injected on days 6, 46, and 56

respectively.

bAdditional 25, 50, 75, and 75 mM borohydride was injected on days 6, 10, 14 and 20

respectively.

¢1,1,2-TCA was completely removed on t = 7d.
d1,2-DCA concentration decreased to 274 uM on t = 63d.
¢1,2-DCA concentration decreased to 34 uM on t = 22d.
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5.5 Conclusions and Recommendations

In the last two decades, many chemical remediation technologies have been developed and
implemented at various contaminated sites to treat COCs. However, so far none of these
technologies have been successful in degrading the recalcitrant compounds such as 1,2-
DCA and DCM. The present study has tested five nano metal-based technologies to treat
groundwater contaminated with a mixture of COCs. Both nZVI and Pd-nZVI were
effective in breaking down the majority of the contaminants, with the exception of 1,2-
DCA. Complete oxidation of nZVI, and Pd-nZVI treatments was observed at the end of
the experiments. Although not tested in this study, respiking the oxidized nZVI suspension
with borohydride may regenerate nZV1 to its zerovalent state, making it reactive towards
COCs. nzVI-dithionite was able to break down all COCs including 20% 1,2-DCA. Re-
spiking of dithionite was unable to boost the reduction reaction. More work is therefore
required to determine the cause of the reduced reactivity. Dithionite preserved nZVI in its
reduced form even after 120 days. The novel technology of combining Pd or Cu
nanoparticles with multiple injections of borohydride was able to significantly degrade 1,2-
DCA along with rapid and complete dechlorination of all other COCs. The absence of any
chlorinated intermediates is advantageous. Of concern is the deactivation of nPd and nCu
requiring multiple borohydride injections. Given the significant reactivity of these nano
metals there is the possibility of in situ manipulation of oxidized forms of these metals at
sites co-contaminated with metallic ions (e.g. Cu?*, Ni?*). This would involve reducing
these metals with borohydride, or other reductants, to their zero valent form and utilizing
them for treating the COCs. Also, Given the high cost of nPd and nCu metals, applying
these metals in reactive barriers along with injections of hydrogen donors (i.e. borohydride)
up stream is suggested to be a promising extrapolation from these nano metals

technologies.

To conclude, these findings suggest that these nano metal based technologies seems to be
effective remediation approaches that need further investigation. Evaluating and
understanding the effects of GW chemistry on the electronic state of the metals, on
dithionite disproportion products, and on the thickness of iron sulfide layer in the nZVI-

dithionite treatment is key to successful implementation of these treatments. The choice of
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remediation technology to be implemented in the field strongly depends on the type and
concentration of contaminant, presence of co-contaminants, geochemical properties of the

water and microbial characteristics, timeline, and economical considerations.
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Chapter 6

6  Conclusions, Implications, and Future Work

6.1 Summary and Conclusions

Chlorinated organic compounds (COCs) are amongst the most prevalent groundwater
contaminants found at hazardous sites throughout the world. Possible carcinogenicity and
recalcitrance towards abiotic dechlorination has created considerable interest in developing
novel remediation technologies. Reductive dechlorination by monometallic nano zero
valent iron (nZVI1) or bimetallic (Pd-nZV1), has proven to be successful field applicable
remediation approaches, nonetheless failed to break down 1,2-Dichlororethane (1,2-DCA).
Gas-phase catalyzed reductive dechlorination has been found to effectively dechlorinate
1,2-DCA via activated hydrogen (H2) gas on a catalyst surface, however due to high
operating temperatures, this technology is impractical for field applications. On the other
hand, limited research has been done on the liquid-phase catalyzed reductive
dechlorination of 1,2-DCA. This thesis presents the development of nano metal catalyzed
reductive dechlorination technology capable of reducing 1,2-DCA along with other COCs
in the liquid phase.

In the first study, the feasibility of catalyzed hydrodechlorination of 1,2-DCA in the liquid
phase using borohydride as a H> source over Pd nanoparticles (nPd) was investigated in
batch reactivity experiments. nPd particles were synthesized via aqueous chemical
reduction by sodium borohydride. The standard excess borohydride in solution after
particle synthesis was used as a H> source for the dechlorination reaction. The influence of
different particle synthesis parameters (coating, precursor), as well as other experimental
conditions including nPd loading (0.04, 0.14, 0.4, and 1 g L) and initial 1,2-DCA
concentration (8, 32, 65, and 225 mg L) on the dechlorination kinetics was studied. nNi
particles were tested as a possible cheaper alternative to nPd particles for the catalyzed

dechlorination of 1,2-DCA. The major conclusions from this study were:

e Complete removal of 1,2-DCA (32 mg L) in <7 days was achieved by 1 g L
carboxymethyl cellulose (CMC) stabilized nPd (C-nPdu, synthesized from
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potassium hexachloropalladate) particles coupled with H> produced from excess
borohydride present in the solution after nPd synthesis.

Ethane was the main byproduct.

The catalyzed dechlorination reaction followed a pseudo first order reaction rate
with a surface area normalized rate constant (ksa) of 11.76 x 1023 L d* m™.

A linear relationship between the pseudo-first-order rate constant (Kops) and C-nPdn
loading was achieved, indicating mass transfer is not limiting the reaction.
Increasing initial 1,2-DCA concentration > 32 mg L™ resulted in more than 16-fold
reduction in ks, indicating blockage of some reactive sites.

Synthesizing nPd particles from different precursors resulted in different particle
surface composition and consequently different catalytic activities and
dechlorination rates.

XPS studies showed that the ratio between reduced Pd sites and electron deficient
ones changes by changing the Pd precursor, and affects the Pd catalytic activity and
consequently 1,2-DCA dechlorination rate.

Effect of coating on the catalytic activity of the nPd particles was found to be
dependent on the Pd precursor used: for nPdw particles, the coating resulted in the
reduction in particles catalytic activity, with a 50% reduction in ks, tcompared to
bare particles. For nPda particles (synthesized from palladium acetate), the coating
enhanced particles activity with the Ksa being 1.4 times that of bare particles.

nNi as a milder hydrogenation catalyst was found to catalyze 1,2-DCA
dechlorination reaction at a 0.06 times lower rate than that achieved by C-nPdu
TEM, and SEM imaging confirmed formation of spherical nano sized particles (<25
nm) for freshly synthesized particles.

XPS, and XRD analysis confirmed formation of metallic particles for freshly

synthesized particles.

Recently, catalytic dechlorination of 1,2-DCA in the liquid phase on copper

nanoparticles (nCu) and borohydride as H. source at bench scale, have shown

promising results. Implementation of this technology as a groundwater treatment

requires optimization and understanding of the dechlorination kinetics under real-field
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conditions. Therefore, in the second study the effect of treatment synthesis methods
(borohydride source, particles coating, and particles water rinsing), variable 1,2-DCA
loading (40, 65, and 225 mg L), and common groundwater solutes (oxygen, sulfides,
chlorides, and humic acid) on the dechlorination kinetics of 1,2-DCA was evaluated in

batch reactivity experiments. The main findings from this study were:

e nCu particles were found unable to withhold H> gas formed during particles
synthesis for use in the dechlorination reaction, and rather a direct fresh injection
of borohydride into reactor bottles was found essential.

e Rinsing bare nCu particles (B-nCuw) with deionized water prior to reactivity
experiments enhanced the catalytic activity and the dechlorination efficiency of 1,2-
DCA. XPS and EDX analysis showed that rinsing the nCu particles results in
removal of surface elements and increase in the atomic % of reduced Cu® sites

e Coating the nCuw particle with CMC (C-nCuw) reduced the dechlorination
efficiency by 21 % compared to treatments catalyzed by B-nCuw probably due to
site blockage.

e Near complete catalyzed dechlorination of 1,2-DCA (up to 225 mg L) in < 7 hours
was achieved via B-nCuw (1 g L) particles coupled with 25 mM borohydride with
a ksa value of 0.303 L d* m™.

e Presence of low concentrations of sulfides (<0.2 mg L) did not affect B-nCuw
activity in catalyzing the dechlorination of 1,2-DCA (45 mg L™), however
concentrations of 0.4, and 4 mg L were found to partially inhibit the catalytic
activity and reduce kobs by 54%, and 68%, respectively.

e All the studied concentrations of humic acid (10-30 mg L), chlorides (1000-2000
mg L), and dissolved oxygen (4.93 mg L™) partially deactivated the B-nCuw
particles resulting in reduction in 1,2-DCA dechlorination rate, and extent.

e An additional injection of borohydride compensated for B-nCuw particles partial
poisoning and restarted the dechlorination reaction, with a final 1,2-DCA removal
>80%.

e Presence of anions, humic acid and oxygen did not affect reaction rate order.
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e TEM, and SEM imaging confirmed formation of spherical nano sized particles (<
35nm), and XPS, and XRD analysis confirmed formation of metallic Cu for freshly

synthesized particles.

For the third study, the efficiency of the developed novel technology in remediating a suite
of COCs including 1,2-DCA, in a groundwater sample from an industrial site in Australia,
was assessed in batch reactivity experiments. Dechlorination efficiency of nZVI, nZV1-Pd,
and nZV I-dithionite in remediating the same ground water sample was also evaluated. The
primary contaminants present in the groundwater sample were: trichloromethane, 1,1,2-
trichloroethane, 1,2-dichloroethane, trichloroethene, and vinyl chloride along with other

secondary contaminants. The main conclusions from this part were:

e TEM imaging confirmed formation of spherical nano sized particles (<40 nm)
before reaction, and agglomeration and morphology changes after reaction.

e Both nZVI and Pd-nZVI were found capable of significantly breaking down all
major contaminants with the exception of 1,2-DCA.

e nZVI-dithionite was able to break down all COCs including < 20% removal of 1,2-
DCA in 65 days. Re-spiking of dithionite was unable to boost the reduction
reaction.

e C-nPdy catalyzed reductive dechlorination treatment utilizing only residual
borohydride after particles synthesis, was able to nearly completely remove all
COCs in the first day, except 1,2-DCA. Sequential injections of borohydride were
found essential to start and continue the dechlorination reaction of 1,2-DCA with a
final 55% removal in 60 days.

e C-nCu particles coupled with an initial 25 mM borohydride was able to completely
remove all COCs within the first couple of hours as well as a 30% removal of 1,2-
DCA. Up on sequential injections of borohydride near complete removal of 1,2-
DCA could be achieved in <25 days.

e Groundwater solutes were found to adversely affect the dechlorination efficiency
of the treatments.
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e At the end of the reactivity experiments, oxidation of all treatments indicated by
change in their color was observed, with the only exception being the nZV1 coupled

with dithionite treatment which maintained its black color even after 120 days.

6.2 Implications

The results presented in this thesis have substantial implications for the remediation of

groundwater from COCs. These implications include:

e For the first time, complete and rapid nPd catalyzed reductive dechlorination of
1,2-DCA in the liquid phase is shown feasible.

e Borohydride is an expensive chemical, typically used in excess amounts for the
synthesis of nanoparticles (i.e. nZVI, Pd, Cu), thus making use of the excess
amounts of borohydride as the H> source for the reductive dechlorination reaction
is an important breakthrough.

e The results suggest that the developed nano catalyst based technology can be an
effective remediation technology for a multi-COCs contaminated groundwater
depending upon site conditions.

e The dechlorination rates for the different COCs (except 1,2-DCA) by C-nPdn and
C-nCu coupled with borohydride treatments is quite fast. Therefore, employment
of nCu, or nPd particles in permeable reactive barriers coupled with injections of
borohydride up stream, would be a promising extrapolation of the developed
technology within this thesis.

e Resilience of nZVI-dithionite technology against oxidation suggests long term
performance for field applications. However, understanding and evaluating the
effect of dithionite on nZVI minerology on the fundamental level is a must for
successful implementation.

e The study suggests that the choice of the remediation technology to be implemented
in the field strongly depends on the type and concentration of contaminant, presence
of co-contaminants, geochemical properties of the water and microbial

characteristics, project’s timeline, and economical considerations.
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e Following on the previous note, it is suggested that key to successful choice of
remediation technology to be applied, is running laboratory feasibility tests using
different technologies and assessing groundwater characteristics prior to field

application.

6.3 Research Gaps and Future Work

Different simplifications were employed in the reactivity experiments of this study, which
may not adequately represent real field conditions. These simplifications include:
continuous vigorous mixing of the reactor bottles, operating experiments at room
temperature, use of synthetically contaminated deionized water, or groundwater filtered
from soil grains, and spiking borohydride in a small closed confined well-sealed system.
In addition, this thesis highlighted the effect of only a few groundwater constituents on the
catalytic dechlorination efficiency of nCu-borohydride treatment performance in reducing
1,2-DCA, and did not address the effect on the minerology of the particles. Besides, effect
of groundwater solutes on nPd, and nZVI in dithionite solution was not addressed. As such,
future research needs to be expanded to consider more realistic field conditions, as well as

explore the particles mineralogical changes.

Moreover, nPd and nCu particles are relatively expensive compared to nZVI, therefore
optimization of the technology and the cost is a must in order to adequately present this

technology as a viable remediation option.
Overall, future research should:

e Fundamentally examine the effect of the diverse groundwater solutes on the
mineralogy and morphology of the nanoparticles (nCu, nPd, and nZV1 in dithionite
solution) as well as efficiency of treatments in reducing 1,2-DCA.

e Examine possible role of stabilizers in protecting nanoparticles against
groundwater solutes, as well as mobility in different soil models.

¢ Run experiments at controlled temperatures similar to those found on site.

e Examine upscaling the experiments from batch reactors to column experiments

with real groundwater samples and soil.
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Evaluate the relative efficiency of spiking borohydride in column reactors
compared to batch reactors in terms of H> bubbles entrapment or losses.
Investigate the effect of microbe presence on the catalytic dechlorination efficiency
of the developed technologies.

Since nPd and nCu particles are relatively expensive metals, possible cost reduction
can be achieved by coupling the application of nZV1 based technology with the
developed catalyzed reductive dechlorination technology.

Study replacing borohydride by environmentally friendly cheaper H2 sources, as it
would help bring down the cost of the technology.

Examine the possibility of applying this technology using catalysts in the
permeable reactive barrier coupled with injections of Hz source up stream, from the
practical, dechlorination efficiency, and economic point of view.

Expand catalyzed reductive dehalogenation technology applications and testing to
other halogenated compounds.

Conduct research on fate and risk assessment of these nanoparticles.

In this thesis, it has been shown that presence of dual species (Pd™ and Pd®) on Pd
surface is essential for the catalyzed dechlorination reaction to take place, and
decrease of Pd"™ sites from the surface of Pd doped on nZVI1 is suggested as the
reason behind its incapability in reducing 1,2-DCA. As such, it is proposed that if
nPd is coupled with nZV1 in a different synthesis methodology, may be co-reduced
with nZVI rather than deposited, those Pd"™ sites won’t decrease and would
facilitate the catalytic reduction of 1,2-DCA.
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7 Appendix A: Supplementary Material for “Liquid-Phase
Nano Palladium Catalyzed Hydrodechlorination of 1,2-
Dichloroethane”

15.6kV X1806K 300nNnm

15.086kV X188K 300nNnm

Figure 7-1: SEM images of (A) unreacted B-nPduw and (B)

reacted B-nPdu particles.
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Figure 7-2: EDX analysis of (A) unreacted B-nPduw and (B)

reacted B-nPdw particles.
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Figure 7-3: High resolution XPS for the Cl 2p region for unreacted B-nPdH.
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Figure 7-4: Pseudo-first-order linearization fittings of 1,2-DCA
dechlorination catalyzed by C-nPdn and C-nNi (Exp. 1 & 2). Data point
at t = 7d for linearization fit of C-nPdn was excluded due to the tailing
effect (Johnson et al., 1996).
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Figure 7-5: Distribution of dechlorination products for B-nPd treatment

(Exp. 6, Table 3-1).
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Figure 7-6: Photos of (A) C-nPda and (B) C-nPdH suspensions after 1,2-DCA

dechlorination.
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Figure 7-7: Pseudo-first-order linearization fittings of 1,2-DCA
dechlorination catalyzed by B-nPdu, C-nPda, and B-nPda (Exp. 6, 7 &
8, Table 3-1).
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Figure 7-8: Linearization fitting of 1,2-DCA dechlorination catalyzed by B-nPduw
(Exp. 9) where (A) Pseudo-first-order linearization for t = 0 to 0.29 days and (B) Zero-
order linearization fitting for t = 0.29 to 7 days. Reaction rate order change after 0.29
days due to blockage of reactive sites by excessive Hz gas (Graham and Jovanovic,
1999; Jovanovic et al., 2005). Deviation from pseudo first order reaction rate to zero
order have been observed earlier with reductive dechlorination experiments due to
surface blockage either by growth of surface species or poisoning and depositions
(Hildebrand et al., 2009b; Jovanovic et al., 2005; Song and Carraway, 2005a).
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Figure 7-9: Pseudo-first-order linearization fittings of 1,2-DCA dechlorination
catalyzed by C-nPdn (Exp. 5, 11, 12, &13). Data points after t = 7d were excluded for
the linearization fit of C-nPdn = 1 g L™ due to the tailing effect (Johnson et al., 1996).

Data points after t = 7d were also excluded for the linearization fit of C-nPdn = 0.04

g L as the reaction almost ceased thereafter.
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Figure 7-10: Effect of initial 1,2-DCA concentration on its catalytic dechlorination

(Exp. 1, 13, 14, & 15, Table 3-1).

172



Time (d)
0 10 20 30 40 50 60
0 .." . L L I !
“

-0.5 - 2 y =-0.06x
= §°:Ij:.-.. R2=0.99 ® 65mg/L1,2-DCA
g g
EE)’ ‘ ) A 225mg/L1,2-DCA
315 - i* .
§ ‘ié
& '2 . _ . . -....‘ é
- y =-0.07x ‘ ®

2.5 1 R?=0.99 A A

Figure 7-11: Pseudo-first-order linearization fittings of 1,2-DCA
dechlorination catalyzed by C-nPdn, where nano metal loading is 1 g L
(Exp. 14 & 15, Table 3-1). Last data point was excluded from both fittings
due to the tailing effect (Johnson et al., 1996).
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8 Appendix B: Supplementary Material for “Impact of

Solution Chemistry on Nano Copper Catalyzed

Dechlorination of 1,2-Dichloroethane”

Table 8-1: Experimental and literature studies diffraction angles for Cu species.

Experimental diffraction angle

Literature diffraction angle

(20 in degrees) (20 in degrees)
B-nCu B-nCuw Huang et al. Devaraj et al. Mondal et al.
Cu® | CuO, | Cu® | CuO; Cu® | CuO, | Cu | Cu0O; cu®
4341 | 36.53 | 43.34 | 36.47 | 43.316 | 36.42 | 43.34 | 36.47 43.1
50.45 | 421 50.2 | 42.36 | 50.45 42.3 50.36 | 42.32 50.3
76.8 | 61.11 | 77.79 | 6141 | 74125 | 61.34 | 74.09 | 61.40 74.0
_ 73.7 - 73.9 _ 73.53 _ 735 -
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Table 8-2: % species content for B-n Cu particles and B-nCuw particles from Cu
LMM spectra.

B-nCu B-nCuw
Species (in Cu Peak %Area Species (in Cu Peak %Area
LMM) Position LMM) Position
(eV) (eV)

Cu° 575.67 0.5 Cu® 575.79 0.7
cul 572.35 6.7 cu® 572.47 10.1
Cu° 570.41 2.2 Cu° 570.53 3.3
cul 568.52 10.5 cu? 568.64 15.8
cul 567.97 8.6 cu? 568.09 13
cu? 566.91 3.9 cu? 567.03 5.7
cul 565.26 4.6 cu? 565.37 6.9
Total % Area 37 Total % Area 55.5
Cu(OH), 574.66 4 Cu(OH). 574.86 4.2
Cu20 573.6 7.6 Cu20 573.6 4.2
Cu(OH), 570.07 13.5 Cu(OH). 570.27 14
Cu0 569.93 10 Cu20 569.93 5.6
Cuz0 568.84 23.9 Cu20 568.84 13.4

Cu(OH), 566.48 1.9 Cu(OH)2 566.68 2
Cu20 565.05 2.1 Cu20 565.05 1.2
Total % Area 63 Total % Area 44.6
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Table 8-3: Oxygen species % area distribution for Cu nanoparticles.

177

B-nCu B-nCuw
Name Position | %Area Name Position | %Area
O 1s - Organic O, 532.25 | 14.1 O 1s - Organic O, 532.76 | 10.6
B.0Os3 B203
O 1s — Hydroxide, 531.34 | 34.2 O 1s — Hydroxide, 531.69 | 33.1
Organic O Organic O
O 1s — Lattice Oxide | 530.38 51.6 O 1s — Lattice Oxide 530.46 56.3
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LT

536 534 532 530 528
Binding Energy (eV)

Figure 8-1: High resolution spectra for the O 1s region for nCu and nCuw particles.
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Table 8-4: Properties for selected experiments.

179

Exp. Description Zeta Initial | Final Initial Final
(particles + mg L™t GW solute) | potential pH pH ORP ORP
(mv) (mv)

1 C-nCu -40.13 9.21 - -816 -

2 C-nCu/nPd -53.6 9.18 - -751.8 -
5 B-nCu - 9.77 10.74 -803 -104
9 B-nCuw + 1000 Chlorides - 9.75 - -880 -170
10 B-nCuw + 1500 Chlorides - 9.69 - -867 -168
11 B-nCuw + 2000 Chlorides - 9.71 - -842 -100
12 B-nCuw + 0.2 Sulfides - 9.75 10.68 -780 -107
13 B-nCuw + 0.4 Sulfides - 991 | 10.83 -759 -95
14 B-nCuw + 4 Sulfides - 9.93 | 10.82 -754 -98
15 B-nCuw +10 Humic Acid - 9.71 10.55 -785 -114
16 B-nCuw + 10 Humic Acid - 9.87 | 10.45 -790 -121
17 B-nCuw + 10 Humic Acid - 9.60 | 10.62 -803 -130
18 B-nCuw + 4.93 Dissolved - 9.28 10.68 -813 -123

Oxygen
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Figure 8-2: Dechlorination profile of 1,2-DCA (34 mg L) catalyzed by C-nCu/nPd (0.5 g
L doped with 0.5% nPd). The arrow indicates spiking the reactors with 25 mM NaBH4
(Exp. 3, Table 4-1).
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Figure 8-3: Pseudo-first-order linearization fittings of 1,2-DCA (40 mg L)
dechlorination catalyzed by 1 g L* of: C-nCuw, B-nCuw, and B-nCu (Exp. 4, 5, &6).
Data points after t = 7 or 5 h were also excluded for the linearization fit as the

reaction ceased thereafter.
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Figure 8-4: Pseudo-first-order linearization fittings of 1,2-DCA (65 & 225
mg L) dechlorination catalyzed by 1 g L B-nCuw (Exp. 7 & 8). Data

points after t = 7 h were also excluded for the linearization fit as the reaction

ceased thereafter.
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Figure 8-5: Pseudo first order Linearization curves forl,2-DCA dechlorination (45

mg L) catalyzed by B-nCuw (1 g L) coupled with 25 mM NaBHa in the presence
of: A) chlorides, B) sulfides, C) humic acid, d) dissolved oxygen (Exp. 9-19, Table 4-

1).
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9  Appendix C: Supplementary Material for “Nano metal
Based Technologies for Treating Chlorinated Organic
Compounds (COCs) Mixtures in Groundwater”
cl e Cl, [

CI=C—ClI CI—G—G—Cl ‘C=<:}
& HoH o o
cT 1,1,2,2-TeCA c, L PCE
i c C:q“ ./: \
B ’ / “‘“mEHH%H ,/;-I rce | -
H c | \
ci-¢-ci C,_r:;_c?_c, Ml SN \
cl HH o G o W oo W Cl—-C=C—Cl
TcM 1,,2-TCA x  Trans1,2-DCE CI5-1,2-DCE 1,1-DCE Dichlom;cet',rlene
e al :
':' o ~ H o / If*
CI-IC.Z-CI Cl—lll:—l?.—Cl :C_C
D(I;M 1}2_[]':;,4 B H'\.I'C " ill—CEGTCI
IE Al ﬁ chloroacetylens
H iy H H IA
H-C-Cl H—C—C—Cl £=c
H H H H H
M CE Ethene H—C=C—H
lE, \ acetylene
H ;\‘ "o “/C lc
H—C—H Mttt
H HH C, compounds
Methane Ethane

Figure 9-1: Abiotic degradation pathways for chlorinated methanes, chlorinated

ethanes, and

chlorinated ethenes, where: A: hydrogenolysis pathway,

B:

dichloroelimination pathway, and C: hydrogenation pathway (Arnold and Roberts,

2000a; Chen et al., 1996).
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Table 9-1: Chemical composition of groundwater from the industrial site at Altona,

Australia.
Constituent Concentration (mg L)
Chloride (CI) 16600
Sulfate (S04%) 130
Nitrate (NO3) <0.02
Bromide (Br) 9.2
Mn?* 34
Fe 23
Total Organic Carbon (TOC) 41
Total Dissolved Solids (TDS) 26688
Dissolved Oxygen (DO) 0.65
pH 6.24
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9.1 nZVI and Pd-nZVI Synthesis

nZV1 was synthesized using a water-based approach (Lien and Zhang, 2001; Lim and Feng,
2007; Sakulchaicharoen et al., 2010). Carboxymethyl cellulose polymer (3% w/v) was
dissolved overnight in deionized water and then deoxygenated with N2 gas. Freshly
prepared FeSO4.7H,0 was then added to the polymer solution to yield 7.5 g L™ Fe?* and
1.5% CMC (w/v). The Fe?*-CMC complex solution was titrated to Fe® by dropwise
addition of NaBH4 solution (BH4/M?" molar ratio of 4) with continuous stirring. The
solution was gently agitated for an additional 30 minutes to ensure complete nucleation of

nZV1 particles on the polymer.
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Figure 9-2: TEM images of CMC-stabilized (A) nCu (High resolution), (B) nCu, (C)
nPd, and (D) nZVI-dithionite particles after reaction.
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Pd-nZVl

nZVI-Dithionite

Figure 9-3: Pictures of (A) nCu, (B) nPd, (C) nZVI & Pd-nZVI, and (D) nZVI-
dithionite suspensions after reaction.
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9.2 Proposed COCs Dechlorination Order

The favorability of COCs to reduction can be rationalized by the Gibb’s free energy for the
reductive dechlorination reaction. The lower the Gibb’s free energy value, the easier and
more favorable the dechlorination (Dolfing et al., 2006). Therefore, the proposed
dechlorination order for COCs based on the Gibb’s free energy value at 25° C and pH of 7
is: PCE > TCM> TCE > 1,1,2-TCA > DCM > VC > 1,2-DCE > 1,2-DCA. Besides, the
lower the oxidation state of the carbon atoms bearing chlorine atoms, the less the
favorability to dechlorination (De Wildeman and Verstraete, 2003). Therefore, the
proposed dechlorination order for chlorinated ethanes, chlorinated ethenes, and chlorinated
methanes is: 1,1,2-TCA > 1,2-DCA, PCE > TCE > 1,2-DCE > VC, and TCM > DCM,

respectively.
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Figure 9-4: Changes in concentrations (uM) of (A) Dichloromethane, (B)
Tetrachloroethene, (C) 1,1-Dichloroethene, (D) cis-1,2-Dichloroethene, and (E) trans-
1,2-dichloroethene after treatment with 2.5 g L't nZVI1 and Pd-nZ V1.
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Table 9-2: Concentrations of COCs in the groundwater sample after 35 days of its

treatment with 5 g L nZV1.

Chlorinated Organic Compound

Concentration (UM)

Initial® Final

Trichloromethane (TCM) 23.0 ND
Dichloromethane (DCM) 1.06 1.77
1,1,2-Trichloroethane (1,1,2-TCA) 414 54.8
1,2-Dichloroethane (1,2-DCA) 373 353
Tetrachloroethene (PCE) 7.11 0.06
Trichloroethene (TCE) 78.6 ND
1,1-Dichloroethene (1,1-DCE) 5.88 1.65
trans-1,2-Dichloroethene (t-1,2-DCE) 0.72 0.72
cis-1,2-Dichloroethene (c-1,2-DCE) 1.13 ND
Vinyl Chloride (VC) 209 3.84

“Average concentrations in controls.
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Figure 9-5: Changes in concentrations (uM) of (A) Tetrachloroethene, (B) 1,1-
Dichloroethene, and (C) trans-1,2-dichloroethene after treatment with 2.5 g L nZVI-
dithionite and 50 mM Dithionite.
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