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Abstract:

This thesis contributes to the evaluation of Cu®+ NaBHs as a promising system for
reductive dehalogenation of halogenated organic compounds (HOCs) in water. The first part of
the thesis describes an investigation of Cu® + NaBH4 in order to determine product selectivity
patterns and reaction pathways in dehalogenation reactions of HOCs with the general formula
CCIz-R, where R = H, F, CI, Br, and CHzs. Selectivity patterns were determined under various
experimental conditions, e.g. in water matrix and with catalyst supports. When Cu® + NaBH4 was
applied to CCl3—R compounds, the formation of slowly degrading intermediates such as CH,Cl>
from CHCI3 was inevitable. Hence, optimization of Cu® + NaBHa in order to ensure minimization
or elimination of these intermediates is discussed. The second part of the thesis explores the
reactivity of Cu® + NaBH4 with various HOC classes frequently encountered in water, soils, and
sediments. A comparison was made between Cu® + NaBH,4 and the common reduction systems
employing nanoscale zero-valent iron (nZVI) as a reagent and Pd catalysts + H as the reductant
for these HOC classes. Criteria for comparison were based on the HOC’s reactivity presented as
specific metal activities, yields, and the fate of the halogenated intermediates, metal costs, and

metal stability in water. Application areas for Cu, nZVI, and Pd are discussed with regard to each



class of HOCs. Finally, water-matrix effects on the stability of Cu catalysts were investigated for

reductive dehalogenation reactions.
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Kurzreferat:

Diese Dissertation tragt zur Untersuchung von Cu® + NaBHj als einem vielversprechenden
System zur reduktiven Dehalogenierung von halogenierten organischen Verbindungen (HOCSs) in
Wasser bei. Im ersten Teil dieser Arbeit wurde das System Cu®+ NaBH4 untersucht, um die
Produktselektivitat und Reaktionswege wéhrend der reduktiven Dehalogenierung von HOCs mit
der allgemeinen Formel CClz-R mit R = H, F, Cl, Br und CHz zu bestimmen. Die Selektivitat
wurde unter verschiedenen experimentellen Bedingungen, z.B. der Zusammensetzung der
Wassermatrix und Variationen des Katalysatortragers, bestimmt. Die Bildung von halogenierten
Zwischenprodukten, unter Verwendung von Cu®+ NaBHy, ist fiir diese Verbindungsklassen
unvermeidlich, daher wird die Optimierung des Systems zur Minimierung oder Vermeidung der
Akkumulation dieser diskutiert. Im zweiten Teil der Dissertation wurde die Reaktivitat des
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Wasser diskutiert. Des Weiteren, werden Einsatzmdglichkeiten fiir Cu, nZV1 und Pd, im Hinblick
auf die verschiedenen Klassen von HOCs, diskutiert. Abschlielend wurden die Auswirkungen der

Wassermatrix auf die Stabilitit von Cu-Katalysatoren fiir die reduktive Dehalogenierung

untersucht.



This thesis work was conducted in the period from October 2016 to December 2020 at the
Department of Environmental Engineering, Helmholtz Centre for Environmental Research - UFZ
under the supervision of Prof. Dr. Frank-Dieter Kopinke and Dr. Katrin Mackenzie. The research
stay at the UFZ, Leipzig of the author was supported through a scholarship from the Germany

Academic Exchange Service (DAAD).



Table of Contents

L INEFOTUCTION ...ttt bbb bbbttt b e bbb b 10
2 TREOTELICAI PAIT.......oiiiiiieiiee bbbttt sb e ene s 14
2.1 Reductive dehalogenation of HOCS INWALET ..........ccoieiiiiiiiiiiiieeeeeeee e 14
2.2 Reductive dechlorination PathWays ... 15
2.2.1 Chlorinated MELNANES ..........coiiiiiiiie e 15
2.2.2 Chlorinated ethanes and ethylenes ... 17

2.3 Dehalogenation of CCl>—R compounds using reagents and catalysts............c.ccccoevinnnnnns 19
2.4 Dehalogenation reactions using NZVI reagent..........ccooeiereriiininieieieee e 25
2.4.1 Synthesis and properties 0f NZV 1 ... s 25
2.4.2 Reduction of HOCS USING NZV | ........ooiiiiiieceee ettt 28
2.4.3 HOC classes treatable DY NZV 1 ..........coooviiiiiiee e 29

2.5 Reductive dechlorination using vitamin BL12...........ccccccooiiiiic e 32
2.6 Catalytic deChlorination ..........ccciiiiiii et nas 34
2.6.1 Palladium CatalyYSES .........ccuiiiiiiecie et 34
2.6.2 COPPEY CALAIYSES. ...ttt bbb bbb 38

2.7 Specific activities and performance of reagents and catalysts ..........ccccoovreieneniicniinnnnnns 40

3 Research MethodolOgY ........ccooiiiiiiiiiiee e 43
3.1. Chemicals, reagents, and MAaterialS ...........ccooveiiriieiie e 43
3.1.1 Chemicals, reagents, aNd JASES.........ouviuereriuereereeieseeseeee e sieeeesseesseesesseesreessesseens 43
L2 IMAEEITAIS ... 46

3.1.3 Preparation of synthetic freShWALer ...........ccoo i 53



3.1.4 Preparation 0f SRHA SOIULION ........ccviiiieicie e 54

3.2 Electrodes characterization and CF dechlorination experiments...........cccocvevevivenecviesnene. 54
3.2.1 Characterization of Cu and Cu/ACF electrodes by cyclic voltammetry (CV)............. 54
3.2.2 Electrochemical dechlorination of CF ... 55
3.2.3 Dehalogenation of HOCS USING CU NPS........cociiiiiiiiiieie e 56
3.2.4 Dehalogenation of HOCS USING PA NPS ........cccoiiiiiiiieieice e 57
3.2.5 Dehalogenation of HOCS USING NZV 1 .......ooviiiiiiiccecseee e 57
3.2.6 Dechlorination of CF using Cu-modified materialS ............cccccooveveiieiecinie e, 58
3.2.7 Evaluation of Cu stability for dechlorination of CF..........c.cccccooveiiiiiiiciece e 58
3.2.8 Lifetime and regeneration of Cu-doped cation-exchange reSin..........cccccoevererenennnnn 59

3.3 ANAlYLICAl TECANIQUES ..ot 60
3.3.1 Determination Of SUITACE @rEa..........ccciueriirieriiiiiiiiieie e 60
3.3.2 Determination of FEY CONENL..........ccvcviveieciceiceecc e 60
3.3.3 Analysis of Cu?* in prepared SAMPIES ..........cccvvevevireiieieeiee et 61
3.3.4 Measurement of HOCs and dehalogenation products ............cccceevevieveeve e, 63
3.3.5 Analysis of halide ions by ion chromatography (IC) ........cccoceiiiiiininiiienec e 66

4 RESUIES aN0 DISCUSSION ...ttt b bbbttt bbb 68

4.1 Dehalogenation of CCl3-R compounds using the CU® + NaBHa..........ccccccuevvvrrvericeerernnnnns 68
4.1.1 Dechlorination of CF using CU® + NaBHu..........cccooeviueireiiiieniniece e, 68
4.1.2 Dehalogenation of CCls, CFCls, CBrCls and CCls—CHs using Cu® + NaBHs.............. 96

4.2 Application areas for Cu-, Pd- and nZVI-based SyStems...........ccocuvviveieieiencneneneniene 102



4.2.1 Specific metal activities for the reduction of HOCs using Cu-, Pd- and nZVI-based

R E] (=] LT PP 103
4.2.2 Water matrix effects on the stability of Cu catalysts...........cccovvviieiiiiiiiieiccecees 113
4.2.3 Regeneration and lifetime of Cu-doped cation-exchange resin............ccocoeevererennns 118
4.2.4 Limitations of Cu® + NaBHa and the recommended application areas ..................... 121

O SUMIMBIY ..o h bbbt b e bt b e bt etk e bt et n e e bt e e be e reenne s 123
6 BIDIIOGIaPNY ..ot 136
N 0] 1] 1o | L TS TSR UP ST PPS VTP PRURPRON 151
Al  Additional experimental details ... 151
A2  Characterization of particles and materialS...........c.ccccovviieiieii i 155
A3  Additional results from the dehalogenation of CCls—R compounds............cccccveeveennne 156
A4 LiSt OF @DDreVIATIONS.......ciiiiiiiiie e 159
A5 LISt OF SYMDOIS......oiieiece e 164
AB LISt OF FIQUIES ..ttt ae e e e re e 167
AT LISt OF tADIES ... 170
AB  ACKNOWIBAGMENLS ... .eoiiiiiciie et be e e e e e 171

A  CUNTICUIUM VI 8. ..ttt seeenensnennnnn 172



1 Introduction

Halogenated organic compounds (HOCs) are among the most problematic contaminants
frequently encountered in surface water, groundwater, soils, and sediments. Since most HOCs are
toxic and carcinogenic to humans even at very low concentrations (Huang et al., 2014), their
removal from contaminated sites is important. Existing remediation techniques for HOCs are based
on physical, chemical, and biological processes. Biological processes are characterized by slow
reaction rates; hence most compounds persist for long times in the environment (Erable et al.,
2006; Singh et al., 2009). Furthermore, microbial processes, e.g. methanogenesis may be inhibited
by high concentrations of some toxic HOCs, e.g. chloroform (CF) (Bagley et al., 2000; Duhamel
et al., 2002). The phase-transfer techniques for HOC removal in water, such as adsorption and air
stripping, only transfer the pollutant to another compartment, where further treatment steps for the
extracted HOC effluents are necessary (Li et al., 2012). Chemical remediation techniques which
can achieve significant detoxification include oxidation and reduction processes.

Advanced oxidation processes (AOPs) are well-established techniques and are suitable for
a wide range of contaminants. AOPs for treatment of HOCs are based on: i) Fenton-based catalysts
(Teel et al., 2001), ii) photocatalysts, e.g. TiO2 (Shirayama et al., 2001; Yamazaki et al., 2001),
iii) ultraviolet radiation (UV) and O3 as in UV/O3, O3/H202 and UV/H20: (Jin et al., 2012; Wols
etal., 2013), iv) electrochemical oxidation (Wang and Wang, 2008), v) KMnO; as a reagent (Yan
and Schwartz, 1999), and vi) SO4-" radicals (Matzek and Carter, 2016; Oh et al., 2016). Major
drawbacks of AOP technologies include low reaction selectivity, production of partially oxidized
and potentially toxic byproducts (e.g. chloroacetic acids from trichloroethylene (TCE) and
perchloroethylene (PCE) oxidation (Hirvonen et al., 1996)), Fe-sludge generation, and

consumption of high amounts of oxidant equivalents. Reductive dehalogenation of HOCs, as an
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alternative to AOPs under ambient conditions, leads to considerable detoxification of
contaminated waters, although dehalogenated organic byproducts (e.g. benzene from
chlorobenzenes) and  sometimes  byproducts with  lower chlorine  substitution
(e.g. dichloromethane (DCM) from CF) remain. Hence, it may be necessary to couple reductive
dehalogenation technologies with biological process (Dong et al., 2019; Vogel et al., 2018).

Reductive dehalogenation of HOCs using metals such as zero-valent iron (ZVI) as a
reagent is widely established. ZV1 is often applied in situ due to its environmental compatibility.
Furthermore, metallic Fe is cheap and easily available. Despite these benefits, the ZV1 application
has some significant limitations and drawbacks. First and foremost, it shows extremely low activity
towards compounds with lower chlorine substitution degrees, e.g. 1,2-dichloroethane (1,2-DCA)
and DCM (Feng and Lim, 2005; Song and Carraway, 2006; Song and Carraway, 2005). ZV1 also
fails for cleavage of C—Cl bonds bound to aromatic structures (Balda and Kopinke, 2020; Kopinke
et al., 2020). Other major drawbacks of ZVI include its rapid consumption under acidic conditions
(pH < 7) and rapid deactivation under aerobic conditions. Even in the absence of oxidants, ZV1 is
slowly  but  continuously  consumed by  anaerobic  corrosion in  water
(Fe® + 2H,0 — Fe?* + H, + 20H)).

Reductive dehalogenation can also employ noble metal catalysts, e.g. Rh, Pt and Pd.
Among the noble metals, Pd is the most potent hydrodechlorination (HDC) metal; it is quite
resistant in water against self-poisoning by hydrogen halide (HX), in particular in the presence of
bases, e.g. NaOH (Benitez and Del Angel, 2000; Urbano and Marinas, 2001). The combination of
Pd catalysts with a suitable hydrogen donor, e.g. Hz, Fe® as H2 producer, BH4, formic acid or
hydrazine, is essential. In this case, the reductive dehalogenation reaction occurs at the Pd surface,

mediated by adsorbed surface hydrogen (Pd—Hags) (Conrad et al., 1974; Coq et al., 1986). The
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benefit of Pd in comparison to ZV1 is that it can be applied at a broader pH range and for a broader
spectrum of HOCs. Only a few substances, such as DCM or 1,2-DCA, are rather resistant against
hydrodechlorination using Pd. Pd catalysts exhibit much higher specific activities towards HOCs
than ZVI (on a per-surface-area basis). They are also able to catalyze the cleavage of C—Cl bonds
attached to aromatic structures. Despite these benefits, the application of Pd faces some major
challenges. Pd, although required only in catalytic amounts, is more expensive than ZV1 (present
cost is about USD 79/g Pd) (Palladium Prices, 2021). It is also highly susceptible to deactivation
by macromolecules e.g. dissolved organic matter and other catalyst poisons such as reduced sulfur
species, in particular sulfide (Chaplin et al., 2012; Hildebrand et al., 2009b; Lowry and Reinhard,
2000; Navon et al., 2012). Protection of Pd against macromecules and poisoning by reduced sulfur
species is therefore very important (Comandella et al., 2016; Kopinke et al., 2010; Navon et al.,
2012). Due to the severe limitations of ZVI and Pd, an alternative remediation system for the
reductive dehalogenation of HOCs in water is desirable.

In this thesis, the application potential of Cu catalysts for the treatment of HOCs in water
was studied more deeply in order to identify advantages and develop solutions to overcome
foreseeable challenges. The study was premised on previous work that Cu® + NaBH4 can be used
to dechlorinate 1,2-DCA and DCM (Huang et al., 2012; Huang et al., 2011). The dechlorination
of compounds such as DCM and 1,2-DCA using Cu® + NaBH4 is known to support reaction
pathways to the fully dechlorinated products such as methane (CH4) and ethane (C2Hs) as well as
to the partially dechlorinated intermediates, monochloromethane (MCM), and monochloroethane
(MCA) (El-Sharnouby, 2016; Huang et al., 2012). Therefore, this work studied the product yields

and selectivity patterns from compounds with the general formula CCIls-R, where R = H, F, Cl,
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Br, or CHs. The application of Cu®+ NaBH. as a reductive dehalogenation system was then
optimized in order to minimize the formation and accumulation of halogenated byproducts.

Since Cu® + NaBH. has until now been applied to dechlorination of 1,2-DCA (Huang et
al., 2011), DCM (Huang et al., 2012), and some chlorinated aromatics (Raut et al., 2016), it was
further applied in this study to other HOC classes that are commonly encountered as water
contaminants. The compounds to be treated by Cu®+ NaBH4 were selected based upon their
chemical structure, halogenation degree, alkyl chain lengths, and the functional groups adjacent to
the carbon-halogen (C—X) bond to be cleaved. Based on the specific metal activities, the fate of
halogenated byproducts and metal costs and stability, comparisons of the dehalogenation
potentials between Cu-, Pd-, and nZVI-based systems are presented as recommendations for the
most appropriate application areas of each remediation system. Finally, the influence of the water
matrix on the stability of Cu catalysts was evaluated in order to determine potential catalyst
promoters and deactivators. As an alternative to unmodified copper nanoparticles (Cu NPs), Cu-
doped cation-exchange resins as dechlorination catalysts in the presence of NaBHa4 were used and
evaluated in order to determine their performance, reusability and regeneration upon deactivation

by sulfide/bisulfide.
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2 Theoretical Part
2.1 Reductive dehalogenation of HOCs in water

Reductive dehalogenation technologies can be applied to a wide range of HOCs that are
usually detected as contaminants in water, soils, and sediments (Chaplin et al., 2012; Hu et al.,
2017). As shown in reaction 1, reductive dehalogenation is a process applied to R—X
(representative for any HOCs) and involves the cleavage of C—X bonds and the formation of

carbon-hydrogen (R—H) bonds (hydrogenolysis).

R-X + reducing agent — R—H + H-X 1)

In polychlorinated compounds, a- and B-eliminations are alternative reaction mechanisms,
yielding carbene or unsaturated (olefinic or acetylenic) intermediates as shown in reactions 2 and

3, respectively.

R-CHXz + 26" — :CHR + 2X" )

Cl,C=CHCI + 2¢" — CIC=CH + 2CI' 3)

The reducing agent can either be an electron donor or activated H-species (active H*). A
special case is the application of solvated electrons as reductants. They can be generated using
alkali metals, e.g. Na in liquid NHs (Mackenzie et al., 1996; Sun et al., 2000) or the UV/I"-system
in water (Iglev et al., 2005; Lehr et al., 1999). Reductive dehalogenation using metallic reagents

such as ZV1 as a reagent and metal catalysts, e.g. Pd are the most common and have been applied
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towards treating various HOCs. The reductive dehalogenation reaction may be initiated by one of
the three reaction steps, hydrogenolysis, a-elimination, and B-elimination. One or several of these
reaction steps may be involved during the dehalogenation process depending on the molecular

structure of the contaminant and the substitution pattern of halogen atoms within the molecule.

2.2 Reductive dechlorination pathways
2.2.1 Chlorinated methanes

The main reaction pathways for the dechlorination of chlorinated methanes, e.g. carbon
tetrachloride (CTC) are hydrogenolysis and a-elimination. Electron transfer to CTC initiates the
dissociation of the C—ClI bond leading to the formation of surface-bound trichloromethyl radical
(+CCls) as shown in Figure 1 (Balko and Tratnyek, 1998; Matheson and Tratnyek, 1994; Song and

Carraway, 2006).

Cl Cl

Cl—C—ClI

|

Cl—C¢—Cl + cr

Cl

Figure 1: Speculated reaction step for the formation of trichloromethyl radical from carbon
tetrachloride (Balko and Tratnyek, 1998; Matheson and Tratnyek, 1994; Song and Carraway,
2006).

For ZVI-driven dechlorination of CTC, the transfer of a single electron to the CTC
molecule which results in cleavage of the C—CI bond is considered rate determining. The
trichloromethyl radical can undergo several reaction pathways. A second electron transfer to the
trichloromethyl radical followed by protonation results in the formation of CF as shown in

Figure 2.
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Cl Cl

- gt
cl—C—cl eH . a—c—ual
o H* surface |

H

Figure 2: Speculated reaction step for the formation of chloroform from trichloromethyl radical
(Balko and Tratnyek, 1998; Song and Carraway, 2006).

The stabilization of the surface-bound radical species can also take place by recombination
with surface-bound hydrogen species (H*). Intermolecular reactions of trichloromethyl radicals
lead to the formation of > C>-chlorohydrocarbons. The detection of trace levels of ethane and
ethylene in the dechlorination of CTC and CF using ZV1 reagent and Pd + H; gives evidence of
radical coupling reactions (Feng and Lim, 2007; McCormick and Adriaens, 2004; Velazquez et
al., 2013).

Similarly, the transfer of an electron to CF results in the formation of dichloromethyl

radical (*CHCI2) as shown in Figure 3.

Cl Cl

Cl—C—Cl

Y

H—c—cl + CI
H
Figure 3: Speculated reaction step for the formation of dichloromethyl radical from chloroform
(Song and Carraway, 2006).
Subsequent reactions proceed in the same way as presented above (similar process as
shown in Figure 2), yielding DCM and > C»-chlorohydrocarbons. Further stepwise hydrogenolysis
of DCM can occur to form MCM and finally methane. For dechlorination of CTC and CF using

Z\V| as a reagent and Pd + H2, DCM and MCM are highly recalcitrant intermediates. CH4 usually
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appears from the onset of reaction as CTC is transformed, i.e. by a direct reaction pathway. The
formation of CH4 during dechlorination of CTC and CF involves concerted reductive elimination
steps (a-elimination) which bypasses DCM (McCormick and Adriaens, 2004; Song and Carraway,
2006). The reaction step via a-elimination proceeds through the transfer of two electrons to the
molecules and the elimination of two Cl-atoms bound to the same carbon. The products from the

dechlorination reaction are two chloride ions and the lower-saturated aliphatic hydrocarbons.

2.2.2 Chlorinated ethanes and ethylenes

Dechlorination of chlorinated ethanes and ethylenes using metallic reagents and catalysts
involves a combination of reactions which include hydrogenolysis, a-elimination, B-elimination,
and the hydrogenation of unsaturated bonds as shown in the reaction network in Figure 4.
Reductive dechlorination via a-elimination is observed for compounds with geminal halogen
substituents such as in 1,1-dichloroethylene (1,1-DCE). Since MCA is rather inert using ZVI and
Pd, concerted a-elimination reaction steps via dichloroethyl carbene intermediates account for the
formation of ethane from the dechlorination of 1,1,1-trichloroethane (1,1,1-TCA) and 1,1-
dichloroethane (1,1-DCA) (Fennelly and Roberts, 1998). Reductive B-elimination reactions are
observed for compounds containing vicinal Cl-atoms such as hexachloroethane (HCA),
pentachloroethane (PCA), 1,1,1,2-tetrachloroethane (1,1,1,2-TeCA), 1,1,2,2-tetrachloroethane
(1,1,2,2-TeCA), 1,1,2-trichloroethane (1,1,2-TCA), 1,2-DCA, PCE and TCE. The reductive -
elimination reaction involves the transfer of two electrons to the chlorinated compound and the
elimination of two Cl-atoms from the molecule. For dechlorination of compounds containing
vicinal Cl-atoms using ZVI, B-elimination is preferred over hydrogenolysis (Campbell et al., 1997;

Hara et al., 2005; Roberts et al., 1996; Song and Carraway, 2005).
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\\‘\>_< Cl :Q H
CA Cl Z,
\\“
6 C % ‘o pca cl gy
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chloroacetylene

H—C=C—H
acetylene

ethane

ethylene

Figure 4: Dechlorination pathways for chlorinated ethanes and ethylenes. -elimination (1, 2, 7, 12, 18, 19, 20, 21, 23, 25)
18

hydrogenolysis (3, 4, 6,9, 10, 11, 13, 14, 15, 17, 22, 24, 26, 27, 28, 29); a-elimination (16) and hydrogenation (5, 8) (Arnold et

al., 1999; Tobiszewski and Namiesnik, 2012)



In summary, the product patterns from reductive dechlorination are controlled by a
complex interplay of adsorption/desorption processes with surface-mediated chemical reactions.
The availability of reactive species such as electrons and hydrogen species (active H* and H")
plays a key role. One could speculate that the dominance of reactive hydrogen species over
electrons favors the formation of closed-shell compounds which can be released. This would result

in the formation of only the partially dechlorinated byproducts.

2.3 Dehalogenation of CCl>—R compounds using reagents and catalysts

Saturated aliphatic compounds with the general structure CCls—-R such as CF, CTC,
trichlorofluoromethane (CFClz), bromotrichloromethane (CBrClz), and 1,1,1-TCA are among the
most common water contaminants. The reduction of these compounds produces not only the total
dehalogenated products e.g. CH4 and C2Hs but also the chlorinated byproducts such as DCM and
MCA. The reactivity and product patterns of CCls—R compounds in most cases depend on
reaction pH and whether metallic reagents or catalysts are used. A comprehensive study has been
done to elucidate the mechanism of the reductive dechlorination of CTC and TCE at several metal
surfaces, among them bare ZVI, palladized ZV1, and nickel (Li and Farrell, 2000, 2001; Wang et
al., 2004; Wang and Farrell, 2003). The reduction of CCl4 has clear parallels to that of CHCls, in
particular the competition between stepwise and total dechlorination. Different electrochemical
tools were applied to provide a deeper insight into elementary reaction steps, in particular
concerning the roles of electron-transfer reactions and local concentration of active H* (Li and
Farrell, 2000, 2001; Wang et al., 2004; Wang and Farrell, 2003). We consider these studies among
the most thorough studies on this topic. Therefore, the results and mechanistic conclusions are

discussed in more detail.
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In the first study of this series, Li and Farrell described the dechlorination of CClsin an
iron-based, electrochemical flow-through reactor (Li and Farrell, 2000). At the cathodic potentials
of -755mV and -1200 mV versus standard hydrogen electrode (SHE), the primary reaction
mechanism is a direct electron transfer. Methane which accounted for nearly 95 mol-% of CTC
converted was by far the dominant product (only < 2 mol-% chlorinated byproducts detected). Pd
doping of the ZVI surface (1 mg Pd per m? Fe surface) increased the dechlorination rates only by
a factor of about 3. This points to a minor role of active H* because Pd is known as a very potent

hydrogen activator. The authors discuss a sequence of possible reaction steps 4 to 8:

CCls + & <> CCls™ — «CCls + CI" (4)
«CCl3+ & + H*— CHCl3 ()
«CCl3+ & — :CClp + CI (6)
:CClz + H0 — — CO + 2HCI @
CO + 6H* — CHs + H,0 )

The high yield of methane is attributed to the rapid hydrogenation of CO (as shown in
reaction 8). Surprisingly, the acceleration effect of Pd doping was found identical for CTC and
TCE (factor of 3), although TCE is more affine to hydrogen species attack (due to its double bond).

The pH value played a minor role only (increase in first-order rate constants by a factor of 2
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between pH = 10 and 4). This was explained with the cathodic protection of the ZVI against
corrosion under acidic conditions.
We would like in this study to accomplish the proposed reaction steps by the surface-

mediated radical recombination as shown in reaction 9:

('CCI3)surface + H*surface - (CHC|3)surface g (CHC|3)dissolved (9)

Different reaction conditions to generate active H* at the surfaces of either Cu or Pd
catalysts are investigated in this study and the product selectivity patterns during the dechlorination
of CHCIlz in water are presented.

In a subsequent study (Li and Farrell, 2001) with a rotating iron disk electrode (operated at
the cathodic potentials in the range of -650 mV to -1200 mV versus SHE), the same authors
confirmed their mechanistic conclusion that an outer-sphere electron-transfer step is rate-limiting
for CTC reduction, whereas TCE reacts mainly with atomic hydrogen (from water). However, the
main reaction byproduct from CTC was found to be CF (> 90 mol-% of the CTC converted and
> 95 mol-% chloride yield normalized to one chloride from one CTC) rather than methane. The
bulk phase reaction conditions (e.g. pH = 5.5 to 6.5) were pretty similar to the preceding study in
Li and Farrell (2000). Surprisingly, the authors did not refer to their previous findings (methane
instead of CF as the main CTC byproduct) nor did they explain the apparent difference. Again,
TCE follows another rate-limiting step, which is the attack by surface-attached active H*. The
authors point to significantly different pre-conditions for an outer-sphere electron transfer and an
active H* attack on the adsorbed substrates: electron transfer is usually fast (only temporal

approach of the substrate onto the surface). It requires therefore only physically adsorbed

21



substrates. Hydrogen attack proceeds through more complex transition states. Therefore,
chemisorption of substrates is required. The different adsorption behaviors of saturated chlorinated
alkanes (preferentially physisorption) and olefins (preferentially chemisorption, with di-c-bonds
between carbons and surface) may be the key to understand their different reaction mechanisms.
A third study by Wang and Farrell (2003), investigated specifically the role of atomic
hydrogen through electrochemical impedance spectroscopy and chronoamperometry.
Unfortunately, these methods were applied only to the reduction of TCE and PCE, not to CTC or
CF. Note that active hydrogen plays the role of a surface-mediated electron donor rather than a
reactant which attacks directly the chemisorbed substrates (e.g. by addition to a double bond) as

shown in reaction 10:

(C2Clag)chemisorbed + H* — (C2Cl3) chemisorbed + CI” + H* (10)

A significant contribution by active H* to the conversion of TCE is indicated by its pH
dependence. When the direct electron transfer dominates, the pH value is of minor importance.
When CTC was dechlorinated on a nickel rotating disc electrode (instead of iron as investigated
in (Li and Farrell, 2001), Wang et al. (2004) found methane ((95 £ 4) mol-%) as the main product
beside CF ((4.1 + 2.5) mol-%) and only traces of DCM. The rate-limiting step was again an outer-
sphere transfer of the first electron to a physically adsorbed CTC molecule. The adsorption of CTC
to electro-active sites of the Ni surface was important and fast enough (in comparison to the
chemical conversion) to establish the adsorption-desorption equilibrium. Surprisingly, the overall
conversion rate on Ni was a factor of 16 slower than on Fe, under similar reaction conditions.

Therefore, Ni is not a good catalyst for the initial (and rate-determining) electron-transfer step but
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may serve a catalytic role in the subsequent reaction steps. The authors did not specify these
reactions.

Other than Ni, other hydrogenation-active metals such as Pd when applied as catalysts for
dechlorination of CTC and CF produced CHa as the major product and only traces of chlorinated
byproducts. For example, CH4 accounted for more than 70 mol-% of CF transformed using Pd/Fe
(Wang et al., 2009), Pd/Al>03 (Lowry and Reinhard, 1999), and PdAu/Al,Os catalysts (Velazquez
et al., 2013). Similarly, gas-phase dechlorination of CTC and CF using metal catalysts in the
presence of hydrogen was found to produce > 90 mol-% CHs (Ordoéfiez et al., 2000). In similar
studies, the catalytic dechlorination of CTC using Pd/Fe/Al was also reported to produce about
38 mol-% CHs and 27 mol-% C.He (Huang and Lien, 2010). Unfortunately, Huang and Lien
(2010) did not explain the formation of a higher amount of CoHs. In summary, these studies show
that similar dechlorination mechanisms are involved during the dechlorination of CTC and CF
using the hydrogenation-active metals, Ni and Pd.

In similar studies, different reaction mechanisms were observed during the reduction of
1,1,1-TCA (an important water contaminant) using either metal reagents or catalysts. For example,
hydrogenolysis was the main reaction mechanism during the dechlorination of 1,1,1-TCA by ZVI
and the initial yield to 1,1-DCA was 67-69 mol-% (Fennelly and Roberts, 1998; Song and
Carraway, 2005). The initial yield to 1,1-DCA as an intermediate during the dechlorination of
1,1,1-TCA was significantly decreased when ZVI was amended with metal catalysts (Cwiertny et
al., 2006; Fennelly and Roberts, 1998). For example, the initial yields of 1,1-DCA were about
43 mol-% and 30 mol-% using Ni/Fe and Cu/Fe, respectively (Fennelly and Roberts, 1998).
Metallic Fe serves as the source of active H* for the catalytic dechlorination reaction at Ni and Cu

surfaces.
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The comparison between reagents (e.g. ZVI) and catalysts (e.g. Ni) demonstrates how the
choice of the metal surface can control the reaction kinetics and product selectivity patterns. Pd
and Ni are known as hydrogenation-active metals. Hence, the concentration of H*syrface Can be
assumed higher on Pd and Ni than on ZVI. This H*suface may play two main roles:
i) ‘hydrogenolysis’ of surface intermediates yielding stable chlorinated byproducts such as CF or
DCM from CTC, and ii) ‘hydrogenation’ of the surface adsorbed intermediates yielding the fully
dechlorinated product, e.g. CHs from CTC and CF. The second role dominates at metal catalysts
such as Pd and Ni surfaces. On the other hand, CTC conversion on the ZVI surface may lead to
quite different product patterns (CH4 or CF from CTC), as demonstrated in (Li and Farrell, 2000)
versus (Li and Farrell, 2001). The reason is still not clear.

In summary, the dechlorination of CClz—R compounds tends to produce fewer chlorinated
byproducts where catalytically active metals are used in comparison to bare ZVI. Although
catalysts e.g. Pd tend to produce fewer chlorinated byproducts during the dechlorination of CF and
CTC, the accumulation of MCM and DCM as dead-end products is undesired. Ideally, a treatment
system that can minimize the accumulation of the toxic chlorinated byproducts under ambient
conditions will be a better alternative to ZVI and Pd. Hence in this work, Cu® + NaBH4 was
investigated for the dechlorination of CCls—R compounds with a focus to determine the product
yields, selectivity patterns and establish optimal reaction conditions that could minimize the

accumulation of chlorinated byproducts.

Chloroform as the target compound in this study

As described earlier, the formation of chlorinated byproducts is inevitable during the
dechlorination of chloroalkanes (especially CCls—R compounds) using metal reagents and metal

catalysts. The questions of interest are i) what controls the product selectivity patterns? and ii) what
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reaction conditions are optimal to prevent the accumulation of chlorinated byproducts? The
solutions to these questions will be vital for the optimization of the treatment process for the
subsequent reduction of chlorinated byproducts. In this study, CF was selected as the target
compound to determine product yields and selectivity patterns during its dechlorination with
Cu® + NaBHg in water under different experimental conditions. Optimization of Cu® + NaBHjs to
minimize DCM formation and accelerate its reduction during the dechlorination of CF was further
investigated.

CF with a half-life of 3100 years under purely hydrolytic conditions at pH 7 is a heavy and
volatile non-aqueous liquid whose environmental presence is highly undesired. It enters
environmental compartments mainly due to its widespread application as a raw material or solvent
in the manufacture of refrigerants, fluoropolymers, pesticides, fats, oils, rubber, alkaloids, resins,
and cleaning agents (Harper, 2000; Mabey and Mill, 1978; Rosenthal, 1987). Besides, CF is a
major disinfection byproduct arising from the reaction of chlorine or chlorine derivatives with
organic matter in natural waters (Peters et al., 1980). Acute human exposure to CF is associated
with systemic effects such as excitement, nausea, ataxia, dizziness, and drowsiness while chronic
exposure results in hepatic damage (U.S. EPA, 2001). Being a potential human carcinogen, the

recommended limit for CF in drinking water is 300 pg/L (World Health Organization, 2005).

2.4 Dehalogenation reactions using nZVI reagent
2.4.1 Synthesis and properties of nZVI

Bare or amended ZVI can be used for the treatment of various water contaminants such as
heavy metals, nitrate, nitrites, and HOCs (Liu et al., 2014; Ruangchainikom et al., 2006; Tibor and
Krebsz, 2020; Zhang et al., 2017). In comparison to micro-scale ZVI, nanoscale zero-valent iron

(nZV1) exhibits higher reactivity towards the reduction of HOCs due to its higher specific surface
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area (Phenrat et al., 2009; Velimirovic et al., 2013). nZVI is also widely used for in situ
groundwater treatment since its smaller dimensions (< 100 nm) make it easier for injection into
subsurface environments (Mueller et al., 2012; Tibor and Krebsz, 2020). Laboratory synthesis of
nZV1 is mostly done from FeClz-6H,0 and stoichiometric excess NaBH4 at ambient conditions in
an inert environment. Excess reductant ensures fast reduction reaction and uniform nanoparticle
growth (Lin et al., 2010; Zhang, 2003). Commercial nZV1 is synthesized by reduction of Fe;Os
using hydrogen at > 450 °C. Commercial nZVI includes reactive nanoscale iron particles (RNIP)
from Toda Kogyo Corporation, Onoda, Japan, and nZV1 (Nanofer) supplied by NANO IRON s.r.0
(Rajhrad, Czech Republic) (Mueller et al., 2012). NaBH4 as a reductant is more expensive than
hydrogen. Therefore, hydrogen as a reductant is more economical for the commercial synthesis of
nZVI albeit the process requires high temperatures. Based on the reductant used, nZVI®H and
nZVI" refer to nanoparticles synthesized using NaBHs and Hy, respectively. The synthesis
procedure determines the reactivity as well as crystallinity and magnetic properties of nZV1 (Bae
etal., 2018). Generally, nZVIB" which is highly disordered (amorphous) exhibits higher reactivity
for dehalogenation of HOCs than nZVI" (Liu et al., 2005a; Liu et al., 2005b). Commercial nZVI"
has been used mostly for large-scale field treatment of various pollutants in European countries
(Mueller et al., 2012).

As a result of van der Waals and magnetic forces, freshly prepared nZVI particles tend to
quickly agglomerate in aqueous suspension. Reactivity of agglomerated particles decreases
significantly due to a decrease in the available surface area. Freshly prepared nZV 1 particles readily
undergo passivation in water or air (Bae et al., 2018). The passivation of ZVI due to oxidation may
involve the transfer of either four or two electrons as shown in reactions 11 and 12, respectively

(Joo et al., 2004).

26



2Fe® + Oz + 4H* — 2Fe?* + 2H,0 (11)

Fe® + 0, + 2H* — Fe?* + Ho02 (12)

Further oxidation of Fe?" to Fe*" occurs, depending on the availability of oxidants. The
Fe3* in the presence of water eventually precipitates to various hydroxides, e.g. Fe(OH)s, FeOOH,
and FesO4 (Bae et al., 2018; Mackenzie et al., 1999; Noubactep, 2008). The oxide coating on the
Z\V1 core provides a unique reactive surface for contaminant adsorption before their transformation
via oxidative or reductive pathways. The transformation of contaminants continues even upon
passivation of the ZVI-surface due to electrons conduction from the ZVI-core to the adsorbed
contaminants. To minimize particle agglomeration and oxidation, nZV1 is used under anaerobic
conditions and in the presence of stabilizers (Lin et al., 2010). Common stabilizers include
poly(acrylic acid) (PAA), poly(styrene sulfonate) (PSS), starch, carboxymethyl cellulose (CMC)
and poly(vinylpyrrolidone) (PVP). The reactivity of various HOCs using nZV1 depends on i) nZVI
size, ii) presences or absence of stabilizers, iii) reaction pH iv) water matrix chemistry, and
V) presence or absence of buffers.

Besides nanoparticle agglomeration, the other major drawbacks of nZV1 for treatment of
HOCs in groundwater include i) its poor wettability by organic solvents, ii) accelerated nZVI
consumption at pH < 7, and iii) its low sorption affinity for HOCs. Therefore, controlling solution
pH, oxygen and nitrate availability, particle sizes, and their stability are important parameters when
designing a treatment system based on nZVI. Methods that can enhance the performance of nZVI
include incorporation onto supports (Hildebrand et al., 2009a; Mackenzie et al., 2012), sulfidation

to obtain sulfidated nZV1 (S/nZV1) (Vogel et al., 2019), and surface modification with metal such
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as Cu (Bransfield et al., 2006), Ni (Barnes et al., 2010) and Pd (Lien and Zhang, 2007; Wang et
al., 2013). Amendment of nZV1 with metals such as Pd significantly increases HOCs reactivity
but comes at the expense of nZVI consumption due to enhanced galvanic corrosion (Cwiertny et
al., 2007; Lin et al., 2004; Zhou et al., 2010). The use of Carbo-Iron® colloids (CIC) or sulfidated
Carbo-Iron® colloids (S/CIC) provides a sorption active reagent that overcomes most of the
challenges of bare nZVI. For these systems, 20-27 wt-% nZVI1 or S/nZVI are embedded onto
activated carbon (AC) carrier (Bleyl et al., 2012; VVogel et al., 2019). Since most HOCs are usually
present at very low concentrations in water, their adsorption onto the AC carrier brings them into
close proximity to the embedded nZVI reagent. This generally increases the performance of the
nZVI. In addition, the AC carrier minimizes nZV| agglomeration and facilitates the transport of
reactive species (Kopinke et al., 2016). Sulfidation of nZVI slows the corrosion reaction which is
important for increasing nZV1 longevity. Therefore, CIC and S/CIC are viable alternatives to bare
nZV1 especially in the construction of permeable reactive barriers (PRBs) for the treatment of

HOCs in groundwater.

2.4.2 Reduction of HOCs using nZVI
Reductive dehalogenation using nZV1 is a surface-mediated reaction and is facilitated by
electron-transfer processes from the nZVI core. The consumption of nZVI in water and

dehalogenation of HOCs can be described as shown in reaction 13:

R-X + Fe® + H,0 — R-H + Fe?* + X"+ OH' (13)
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Various R—X compounds (which are considered as electron sinks) with standard reduction
potential greater than that of ZVI (E° =-0.447 V versus SHE) can be transformed. The product
pattern depends on the chemical structure of the contaminant and the substitution of halogen atoms
within the molecule. The formation of H due to Fe® consumption is an undesired reaction that is
dependent on H* concentration. Hence it’s accelerated at pH <7 (Liu and Lowry, 2006). For
reduction of R—X, nZVI mainly acts as an electron transfer reagent and exhibits only low
hydrogenation ability (Liu and Lowry, 2006). As described earlier, the performance of nZV1 for
reductive dehalogenation of HOCs varies depending on particle sizes, chemical composition, and
reaction conditions. This makes it difficult sometimes to compare the performance of different
nZV1 particles used for the reduction of similar compounds. For various HOCs and different nZV1
particles, a comparison on HOCs reactivity can be done based on nZV1 surface area or mass of
reagent supplied. In this case, the surface area-normalized rate constant (ksa [L/(m?-min)]) or the

specific nZV1 activities (Anzvi [L/(g'min)]) can be used to provide a solid comparison.

2.4.3 HOC classes treatable by nZVI

Several HOC classes have been tested for reductive dehalogenation by nZV1. Chlorinated
compounds are the most studied contaminants. Other than nZV 1 properties and reaction conditions,
reactivity and product distribution of HOCs depend on their chemical structure and the type of
halogen atoms bound to the alkyl chain. Brominated HOCs undergo reduction much easier than
their chlorinated counterparts due to the weaker C—Br bond (285 kJ/mol) than the C-CI bond
(337 kJ/mol). Chlorinated compound classes that have been studied using nZV1 include mostly the

olefins PCE and TCE. However, studies have also been reported for saturated aliphatic HOCs
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which include chlorinated methanes and ethanes. The product yields and fate of halogenated
intermediates depend mainly on the contaminant chemical structure and reaction conditions.

For chlorinated methanes, the reactivity decreases in the order: CTC > CF >> DCM (Song
and Carraway, 2006). Similarly, the reactivity of chlorinated ethanes follows the order:
HCA>PCA> 1,11,2-TeCA>1,11-TCA>1,122-TeCA>112-TCA>11-DCA (Song and
Carraway, 2005). 1,2-DCA is stable against dechlorination using nZVI. Its transformation was
only observed over a year when using nZV1 in the presence of dithionite. By combining 5 g/L
nZVI and dithionite (concentrations in the range of 22 to 44 mM), the rate constant (Kops) for
dechlorination of 1,2-DCA ranges from 3.8 x 1073 to 7.8 x 107 1/day which is not of practical
significance for plume remediation (Garcia et al., 2016).

The order of reactivity of chlorinated methanes, ethanes, and ethylenes using nZVI
provides knowledge about the rate-determining steps. This was achieved by establishing linear
free energy relationships (LFERs) for various HOCs. LFERs take into account thermodynamics
parameters, molecular characteristics, and HOCs reactivity. These include electronegativity of the
leaving groups, bond dissociation energy (BDE), one-electron reduction potential (Ei), two-
electron reduction potential (E2), and energy of the lowest unoccupied molecular orbital (ELumo).
The use of BDE and E: considers that the rate-determining step involves a single electron transfer
(SET) process from nZV1 to the surface adsorbed HOC molecules forming surface-bound alkyl
radical species (R—X + e — Re + X°). Reactions via the E; mechanism consider a two-electron
transfer step as rate-determining to form hydrogenolysis products (R-X + H" + 2e" — R-H + X).
However, a two-electron transfer reaction being rate-determining is rare. In most cases, two fast
successive one-electron transfer reactions are assumed to account for E reactions. Therefore, E2

is hardly used for correlation analysis since the first important step is always considered to involve
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the direct transfer of one electron to the molecule (Jafvert and Lee Wolfe, 1987; Scherer et al.,
1998; Totten and Roberts, 2001). Reaction steps involving E; are observed mainly for compounds
containing vicinal Cl-atoms. For chlorinated methanes and chlorinated ethanes, a strong
correlation between reactivity was observed with E; and ELumo (Scherer et al., 1998). Therefore,
the rate-determining step was suggested to involve the transfer of a single electron from nZVI to
the adsorbed contaminant. The electron transfer results in simultaneous cleavage of the weakest
C—X bond. After the cleavage of the initial C—X bond, several reactions occur to produce the
various products.

For chlorinated ethylenes, reactivity increases with an increase in halogenation degree and
follows the order: VC (vinyl chloride) < DCEs (dichloroethylene isomers) < TCE < PCE. This
order of reactivity shows that the rate-determining step does not involve SET processes, rather the
formation of a di-3-bond intermediate (Arnold and Roberts, 2000; Song and Carraway, 2008).
Hence, at least two distinct rate-determining steps for HOCs are involved depending on the
functional groups present next to the C—X bond. All these aforementioned correlations do not,
however, consider explicitly the adsorption-desorption step of HOCs. Because this step and the
corresponding sorption equilibria are inherent in any heterogeneous chemical reaction
(e.g. electron transfer) doubts are allowed on the applied physical-chemical approaches.

The formation of halogenated intermediates from chlorinated ethanes varies depending on
the degree of halogenation and presence of vicinal Cl-atoms. The higher chlorinated ethanes which
contain vicinal Cl-atoms undergo dechlorination mainly via B-elimination to give predominantly
the lower chlorinated olefins, PCE, TCE, and DCE isomers. These compounds do not remain but
are further dechlorinated to produce ethylene (C2Hs), C2Hs, and CI" (Song and Carraway, 2005).

For the higher chlorinated olefins such as TCE and PCE, the dechlorination reaction results in the
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formation of traces of the lower chlorinated byproducts such as VC (Arnold and Roberts, 2000; Li
and Farrell, 2000; Orth and Gillham, 1996). Therefore, nZVI has been applied mainly for
remediation of dense non-aqueous phase liquids (DNAPLS) containing TCE and PCE (Ahn et al.,
2016; Mueller et al., 2012). Chlorinated ethanes with geminal chlorine atoms, i.e. 1,1,1-TCA and
1,1-DCA undergo dechlorination via hydrogenolysis which results in considerable accumulation
of MCA as a dead-end byproduct (Song and Carraway, 2005). MCA accumulation makes the
treatment process less efficient.

Even though the electron mediated cleavage of aromatic C—Cl bonds proceeds with much
difficulty (Andrieux et al., 1986), there is information in the literature regarding the application of
nZV 1 towards these compounds especially those with lower chlorination degree e.g. chlorobenzene
(Poursaberi et al., 2012; Sevct et al., 2017; Shih et al., 2011; Wang and Zhang, 1997). However,
these results are a matter of debate and could not be verified in our group. A possible explanation
of the reported results could be due to the presence of catalytically active metal impurities during
the synthesis of nZV1. Hydrogenation-active metals such as Ni, although present at trace levels are
common impurities in commercial nZVI precursors. Therefore, nZVI in the absence of
hydrogenation-active metals fails for cleavage of C-CI bonds attached to aromatic structures

(Balda and Kopinke, 2020; Kopinke et al., 2020).

2.5 Reductive dechlorination using vitamin B12
Vitamin B12 or cyanocobalamin is a transition-metal complex occurring in all life forms. It
consists of a Co*® metal center surrounded by a porphyrin-like structure of tetrapyrrole rings as

shown in Figure 5.
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Figure 5: Chemical structure of vitamin B12 where R = CN (Silva et al., 2017).

Based on the oxidation state of the Co atom, the three forms of vitamin B12 are
cyanocob(+3)alamin, cob(+2)alamin, and cob(+1)alamin. The reduced and super-reduced forms
cob(+2)alamin and cob(+1)alamin are simply referred to as Bi2r and Bios, respectively. Common
reductants used to generate Bixr and Bios include titanium (111) citrate and NaBH4. Reductive
dechlorination of compounds such as PCE and TCE only occurs in the presence of the reduced
forms, Biar and Bizs. The mechanism involves a two-electron transfer step involving Co*2 or Co*?
to the electrophilic carbon and formation of alkyl-cobalamin complexes (Co—R) (Burris et al.,
1996; Schrauzer, 1976; Shey and van der Donk, 2000; Shimakoshi et al., 2005). These complexes
then dissociate to regenerate vitamin B12 and formation of lower chlorinated byproducts and the
fully dechlorinated hydrocarbons e.g. CoHa.
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The combination of either Al or Cu with vitamin B12 has been found to significantly
increase reaction rates for dechlorination of DCM (Huang et al., 2013, 2015). It is still unclear how
the synergy between Cu and vitamin B12 in the presence of NaBH4 works. The most important is
that this synergy accelerates dechlorination reactions even for the compounds with lower chlorine

substitution degrees such as DCM (Huang et al., 2013, 2015).

2.6 Catalytic dechlorination
2.6.1 Palladium catalysts

Catalytic reduction of HOCs is another alternative that is superior to the electron-mediated
reductive dehalogenation by nZV1 reagent. In comparison to nZV1, which is consumed during the
reduction reaction, catalysts are not depleted and can be reused. Furthermore, only small amounts
of metal catalysts are necessary to treat huge volumes of contaminated waters. Among the noble
metals, Rh is considered the most active but is the most susceptible to chloride poisoning (Benitez
and Del Angel, 2000; Urbano and Marinas, 2001). Pd in comparison to Rh shows greater stability
against chloride poisoning in water; hence it is widely used for HDC reactions (Chaplin et al.,
2012; Lowry and Reinhard, 1999; Mackenzie et al., 2006). The combination of Pd with a reductant
such as hydrogen gas or H-donors e.g. formic acid is necessary for the HDC reaction. Pd as a
catalyst can adsorb and dissociate molecular hydrogen forming adsorbed surface hydrogen
(Conrad et al., 1974; Coq et al., 1986; Teschner et al., 2010). The HDC reaction mechanism using
Pd in the presence of H> involves the cleavage of the C—CI bond and formation of C—H bonds as

described by the reaction 14:

R-Cl + H + Pd® — Pd-R + 2Pd-“H* + Pd~Cl — R-H + HCI + Pd° (14)
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The dechlorination reaction occurs at the Pd surface between the chemisorbed H-atoms
(i.e. active H*) and the chlorinated compound. HDC using Pd occurs at a high rate and therefore
offers the possibility of treating large amounts or flows of contaminated water within a short
period. The HDC reaction can be carried out in the liquid phase using either suspended colloidal
Pd nanoparticles or supported Pd catalysts. Pd is a precious and expensive metal. Hence only
catalytic amounts are used by incorporation onto supports such as y-Al.O3 (Mackenzie et al.,
2006), magnetite (FesO4) (Hildebrand et al., 2009b), and polymers (Fritsch et al., 2003; Munoz et
al., 2017). Supported catalysts, e.g. Pd/y-Al,O3 offer the benefits such as higher dispersion, ease
of handling, and the possibility to reuse and regenerate. Pd in comparison to nZV1 can be used to
dechlorinate various chlorinated organic contaminants and over a wide range of reaction pH (2-9)
(Chaplin et al., 2012). However, the HDC reaction releases HCI which contributes to the
deactivation of the catalyst (Aramendia et al., 2002; Aramendia et al., 2001; Coq et al., 1986).
Hence the addition of a base, e.g. NaOH to neutralize HCI is sometimes necessary (Aramendia et
al., 2002).

Under similar reaction conditions, specific Pd activities towards the reduction of HOCs are
influenced by the nature of halogen atoms present, the number of geminal chlorine atoms, and the
presence of -electrons (Chaplin et al., 2012; Lowry and Reinhard, 1999; Mackenzie et al., 2006).
Reactivity of chlorinated methanes and ethanes using Pd catalysts depends on the strength of the
weakest C—CI bond in the molecules. Hence cleavage of the weakest C—Cl bond is considered rate-
determining and may involve homolytic dissociation of the C—Cl bond (Mackenzie et al., 2006;
Rioux et al., 2000; Zhang et al., 2015; Zhou et al., 1999). The specific Pd activities for
dechlorination of chlorinated methanes and ethanes decrease with a decrease in chlorination

degree. The order of reactivity is CTC > CF >> DCM (Lowry and Reinhard, 1999; Mackenzie et
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al., 2006) and 1,1,1,2-TeCA > 1,1,1-TeCA > 1,1,2,2-TeCA >> 1,2-DCA for chlorinated methanes
and ethanes, respectively (Mackenzie et al., 2006). Under ambient conditions, dechlorination of
compounds with lower chlorination degrees such as DCM, 1,1-DCA, and 1,2-DCA is more
difficult using Pd (Lowry and Reinhard, 1999; Mackenzie et al., 2006). Other than HOCs
reactivity, the amount and fate of chlorinated intermediates should also be considered to evaluate
the efficiency of a treatment system. Dechlorination of higher chlorinated methanes and ethanes
produces about 5-20 mol-% of chlorinated byproducts which remain more-or-less as dead-end
byproducts (Mackenzie et al., 2006; Velazquez et al., 2013; Wang et al., 2009). These compounds
such as DCM are toxic and their accumulation in the reactor as dead-end byproducts is a significant
drawback where efficiency of the treatment system is considered.

Compared to chlorinated methanes and ethanes, chlorinated ethylenes are smoothly
dechlorinated using Pd. Specific Pd activities are higher for the chlorinated ethylenes than those
of chlorinated methanes and ethanes (Lowry and Reinhard, 1999; Mackenzie et al., 2006). Based
on the specific Pd activity Apg, the order of reactivity of chlorinated ethylenes
is VC > DCE isomers > TCE > PCE. This order of reactivity is opposite to that observed for
chlorinated methanes and ethanes. Hence the reactivity of chlorinated ethylenes does not correlate
with BDE due to a different rate-determining step. The higher reactivity of olefinic HOCs was
considered to be due to their strong interaction with Pd surfaces via di-6-bond intermediates
followed by the addition of H-atoms to the double bond. Therefore, the rate-determining step for
chlorinated ethylenes is the transfer of H-atoms to the double bond followed by the cleavage of
the C—Cl bond (Mackenzie et al., 2006; Yuan and Keane, 2004). The hydrogenation of the double
bond occurs later after the dechlorination step and produces ethane as the only product. Using

Pd/y-Al203, Mackenzie et al. (2006) showed that the specific Pd activity for the dechlorination of
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VC (Apg,vc = 1180 L/(g'min)). In contrast to nZVI, lower chlorinated byproducts such as VC do
not accumulate during the treatment of chlorinated ethylenes by Pd catalysts. Specific Pd activities
for HDC of chlorinated benzenes decrease with an increase in chlorination degree and also differ
depending on the chlorine-substitution pattern within the aromatic structures (Wiltschka et al.,
2020; Zhu and Lim, 2007). The dechlorinated aromatic byproducts are followed by slow
hydrogenation reactions to produce cycloalkanes, e.g. cyclohexane from the hydrogenation of
benzene.

Despite the broad spectrum of compounds that can be dechlorinated, the field application
of Pd is limited due to its susceptibility to deactivation by sulfite and sulfide. Sulfide when present
even at small concentration results in deactivation of Pd (Angeles-Wedler et al., 2009). The
formation of H>S under anaerobic conditions in the presence of hydrogen can be facilitated by
sulfate-reducing bacteria leading to Pd deactivation (Lowry and Reinhard, 1999). Hence protection
of Pd against deactivation by sulfite and sulfide is important. This can be accomplished by pre-
treatment of the contaminated water to remove the deactivating substances (Angeles-Wedler et al.,
2008), using oxidants to regenerate fouled catalysts (Angeles-Wedler et al., 2009; Chaplin et al.,
2007; Lowry and Reinhard, 2000), and embedding in non-porous, hydrophobic polymer coatings
(Comandella et al., 2016; Fritsch et al., 2003; Kopinke et al., 2010; Navon et al., 2012). Protected
Pd catalysts may be applied for the treatment of various HOCs in real water and wastewater
effluents. However, the utilization of protected Pd catalysts will increase the cost of the catalyst
which will subsequently increase the treatment costs. Hence metal cost, metal stability in water,
and the yields and fate of chlorinated intermediates are equally important for consideration during
decision making. Protected Pd can be of benefit for the cleavage of C—Cl bonds bound to aromatic

compounds which are stable in the presence of bare nZVI.
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2.6.2 Copper catalysts

In comparison to Pd, Cu is much less reactive in the activation of molecular hydrogen.
Therefore, the combination of Cu with a more reactive reductant such as borohydride is essential
for the dechlorination reactions. HDC reactions using Cu® + NaBH4 may be accomplished due to
hydride species or chemisorbed H-atoms at the catalyst surfaces. The utilization of Cu catalysts in
the presence of NaBHa as reductant has so far been applied to dechlorinate DCM and 1,2-DCA
(El-Sharnouby, 2016; Huang et al., 2012; Huang et al., 2011) and chlorinated aromatic compounds
(Raut et al., 2016). 1,2-DCA and DCM are among the most common water contaminants which
are rather inert in the presence of nZVI and Pd under ambient conditions. It has been shown that
at temperatures > 350 °C, DCM and 1,2-DCA can as well undergo dechlorination using Pd
catalysts and hydrogen gas (Kopinke et al., 2003). However, stripping of these contaminants into
the gas phase followed by dechlorination over solid Pd catalyst may be costly and therefore
undesired. 1,2-DCA has also been shown to undergo dechlorination in water under ambient
conditions using Pd® + NaBH. (El-Sharnouby et al., 2018). A higher Pd dose (1-5 g/L) was used
which is unsuitable for scale-up to field application if the metal cost is considered. The present
market price for copper is about USD 0.009/g Cu (Copper Prices, 2021). Comparison of Pd and
Cu prices shows that Pd (present cost USD 79/g Pd) cost more than Cu by a factor of about 8500.
Therefore, Cu catalysts which are cheaper than Pd are attractive for application as catalysts in the
treatment of HOCs. As a remediation system, the performance of Cu®+ NaBH4 towards the
treatment of saturated aliphatic HOCs, olefinic and aromatic HOCs containing F, Cl and Br need
to be evaluated. Upon establishing the performance of Cu® + NaBHy, it is also necessary to provide
information regarding the application potential of Cu-, Pd- and nZVI-based systems for the

treatment of various HOC classes frequently encountered in water.
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The synthesis of Cu NPs can be done using bottom-up approaches which include chemical
reduction, sonochemical reduction, micro-emulsion techniques, electrochemical reduction,
hydrothermal or sol-gel synthesis, polyol, and microwave irradiation (Camacho-Flores et al., 2015;
Gawande et al., 2016). Among these techniques, chemical reduction where a copper salt, oxide, or
hydroxide is reduced with BH4", hydrazine, starch, ascorbic acid, or cetyltrimethylammonium
bromide (CTAB) can be used. When using hydrazine, ascorbic acid, and CTAB, the synthesis of
Cu NPs requires refluxing at 60-85 °C for 30-120 min (Biger and Sisman, 2010; Khan et al., 2016).
Under ambient conditions the synthesis of Cu NPs by reduction with NaBH4 is the most common
one due to its simplicity in operation and tendency to give nanoparticles with uniform sizes, narrow
size distribution range, and uniform surface morphology (Huang et al., 2012; Huang et al., 2011).
The procedure involves mixing an aqueous Cu salt solution with NaBHa4. The reaction is pH
sensitive influenced by the stability of NaBHa. At pH <7, the rate of NaBH4 decomposition to
hydrogen is fast with half-life < 4s (Kojima et al., 2002; Schlesinger et al., 1953; Wade, 1983).
Controlled decomposition of NaBH4 occurs at pH > 10 leading to uniform Cu NPs growth and
development. Uniform nanoparticles are obtained by utilizing excess reductants where Cu?* and
NaBHa in the molar ratio of 1:8 are essential. Lower molar ratios between Cu?* and NaBH. slow
the reduction reaction producing non-uniform nanoparticles (Huang et al., 2012; Huang et al.,
2011). Similar to the other nanoparticles such as Pd and nZVI, freshly prepared Cu NPs tend to
oxidize when exposed to air (Huang et al., 2012). They also tend to agglomerate resulting in their
sedimentation. Surface oxidation and particle agglomeration can be minimized through the

addition of suitable stabilizers such as PVP, PAA, CMC, and other protective polymers.
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2.7 Specific activities and performance of reagents and catalysts

The reductive dehalogenation of various HOCs at the surfaces of nZVI reagents and metal
catalysts (e.g. Pd) in most cases can be described by pseudo-first-order kinetics as given in
equation 15:

% = —kops * Cj (15)
where c; refers to the concentration of HOCs (mg/L) and kops is the pseudo-first-order rate constant
(1/min). For HOCs transformation using reagents and catalysts immobilized onto sorption active
supports, there is usually a competition between contaminant transformation and adsorption. Since
most HOCs are converted into less adsorbing gaseous products and halide formation, reaction rates
can as well be determined from these products. Under conditions where the reaction rate is
determined from the formation of products, kobs can be approximately calculated using

equation 16.

In <1 — M) = —kops -t (16)

Cproduct,max

where Ciproduct IS the concentration of product during dehalogenation reaction (mg/L), Cproduct,max
represents the maximum concentration of product (mg/L) while t represents the reaction time
(min). For comparison of reactivities of various HOCs, kops can be used for reaction conditions
where identical metal dosing (metal concentrations and particle sizes) are used. Since in most cases

these conditions may vary, normalization of kobs vValues to metal surface areas is necessary. The
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relationship between kops and the surface area-normalized rate constant for heterogeneous systems

(ksa in [L/(m2-min)]) is given in equation 17:

Kobs
kSA = b (17)

where cm is the metal concentration (g/L) and as is the metal-specific surface area (m?/g). Equation
17 gives a direct relationship between ksa and the two important parameters cm and as. ksa can be
used for comparison purposes especially where the nanoparticles being studied vary in size.
Generally, as increase with a decrease in nanoparticle sizes. For metal nanoparticles of similar
mean particle sizes synthesized under identical conditions and in the absence of dispersity data
(from CO chemisorption measurements), the specific metal activity (Am) calculated according to

equation 18 can be used to provide a solid comparison.

A = Ve o1 InGu/p) [L/(g-min)] (18)

m- Ty, Cm " Ty, In2:cy (E2—t1)

where Vy, is the volume of contaminated water (L), m is the metal mass (g), = is the HOCs half-
life (min) obtained from the pseudo-first-order kinetics profile and cm is the metal concentration
(9/L). The variables ct1 and cr2 represent contaminant concentrations at two arbitrary sampling

times t1 and t, respectively. The value of Am can also be calculated from kobs based on equation 19:

Ap = 2 (19)

In2-cym
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The validity of equations 18 and 19 is limited to reaction conditions where mass transfer
limitations are nonsignificant. For HOCs that undergo low dehalogenation rates and therefore a
low degree of conversion, specific metal activities are preferably calculated from rates of product
formation as described in equation 16. The advantages of using specific metal activities are that
HOCs reactivity for systems with different degrees of catalyst dispersion preferably under similar
experimental conditions can be determined when comparing materials of similar particle sizes.
The specific metal activity Am is also a measure of the amount of metal required to treat a given
volume of contaminated water over a given period which is an important criterion of a treatment
system in terms of technical and economical points of view. The value of An is also a reflection of
the intrinsic dehalogenation ability of the metal and is independent of the initial HOCs
concentration. In general, both the specific metal activities Am and the surface area-normalized rate
constants ksa for various HOCs are valuable decision tools required in the design of a field-scale

treatment system using metal reagents and catalysts.
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3 Research Methodology
3.1. Chemicals, reagents, and materials
3.1.1 Chemicals, reagents, and gases
Analytical grade chemicals, reagents, and gases were obtained from different suppliers and
used without further purification. The specifications for chemicals and reagents are presented in

Table 1 while specifications for gases are presented in Table 2.

Table 1: Specifications for chemicals and reagents and suppliers

Chemical or reagent Purity (%) or Supplier
concentration

Cu(C2H302)2-H20 99

Pd(C2H302). 97

CuS0O4-5H20 99

NaxSO4 99

Na2SO3 99

NaHCOs 99.7

NaNO3 99.5

NaNO> 99

MgSO;-7H20 98

220 5 Merck, Germany

FeS04-7H20 99

NaOH 99

KOH 99.95

NaBH4 98

KCI 99

Methyl tert-butyl ether (MTBE) 99.8

Methanol (MeOH) 99.95

CTC, CCly 99.5
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CF, CHCl3 99.8

DCM, CH:Cl, 99.8

HCA, CCls—CCls 99

MCM, CHsClI (200 mg/L in MeOH)

1,2-DCA, CH2CI-CHCI

99.8

MCA, CH2CI-CHs

(1000 mg/L MeQOH)

1,1,1-TCA, CCI3—CHs

97

1,1,1,2-TeCA, CCl3-CH-CI

99

1,1,2,2-TeCA , CHCI>—-CHCI;

97

VC, CHCI=CH:

(200 mg/L MeOH)

1,1-DCE, CCI>=CH

99

trans-dichloroethylene (trans-DCE) 98
cis-dichloroethylene (cis-DCE) 97
TCE, CCl,=CHCI 99.5
PCE, CCl,=CCl; 99
1,2-dichloropropane (1,2-DCP), 99
CH,CI-CHCI-CHs

1,2,3-trichloropropane (1,2,3-TCP), 99
CH2CI-CHCI-CHCI

1,2-dichlorobutane (1,2-DCB), 98
CH2CI-CHCI-CH>—CHz3

Dibromomethane (DBM), 99
CH2Br»

Bromoform (BF), CHBr3 99
Vinyl bromide (VB), CHBr=CH> 98
1,1,2-trichloro-1,2,2-trifluoroethane 99.8
(CFC-113), CClF-CCIF
Trichlorofluoromethane (CFC-11), | 995
CFCl3

Chlorobenzene (CB) 99.5

Sigma-Aldrich, Germany
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Bromobenzene (BB) 99.5
CMC (molecular weight 2000) -2
NaF 99
Na.COs 99.5
NH30H (28 % NHs in H20) 99.9
HNO3 65
H2SO4 99.9
HCI 37
CaCOs3 99

Monobromomethane (MBM), CH3zBr

(100 mg/L MeOH)

Dr. Ehrenstorfer, Germany

1,1,2-TCA, CHCI,—CHCI

98

J & K Scientific, Belgium

1,1-DCA, CHCI>-CH3 99 Supelco-Germany

KBr 99 Fluka Analytics, Germany

NaCl 99.5

Bromotrichloromethane, CBrCls 98

Ethanol 99.5 CHEMSOLUTE®,
Germany

NazS-H20 60 Carl-Roth, Germany

MnSQO4-H20 99 Alfa Aesar, Germany

Suwannee River Humic Acid (SRHA)
reference number 2R101N

International Humic

Substances Society (IHSS)

2No information provided.
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Table 2: Specifications for gases and suppliers

Gaseous substance Purity (%) Supplier

CHa 99.9

CoHs 99 SIAD S.p.A, ltaly
CoHs 99.9

Propane (C3zHs) 99.5

H2 5.0 grade

N2 Linde AG, Germany
Ar

He

3.1.2 Materials

Table 3: List of materials purchased and their key specifications

Material Manufacturer | Manufacturer’s | Particle sizes BET surface
designation area (m?/g)

MFI1 90 zeolite | Clariant, T-4480 5 umd 420°
Germany

MFI 24 zeolite | Tosoh HSZ-822 5 um? 350P
Corporation,
Japan

Activated carbon | Hosokawa SAS dso = 0.8 pm?, 1100°
Alpine, Germany doo = 1.6 pm?

Activated carbon | Jacobi Actitex FC | -¢ 1600°

felt (ACF) CARBONSs, 1501C, JSR-
Sweden 10273

Amberlite cation | Aldrich, IRP-69 100-500 wet -

exchange resin Germany mesh size®

a Particle size as provided by the manufacturer.

b Brunauer-Emmett-Teller (BET) surface area determined by N,-adsorption-desorption measurements.

¢ No information provided.
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Laboratory supplied materials

Carbo-Iron® and sulfidated Carbo-Iron colloids were received as laboratory samples and
the details regarding their synthesis and properties are presented elsewhere (Bleyl et al., 2012;

Vogel et al., 2019).

Synthesis of Cu NPs

The procedure was modified from the one described elsewhere (Huang et al., 2011). Using
a stock solution of CuSO4-5H20 (Ccuz+stock = 60 mg/L), 60 mL dilute solutions in 120 mL glass
vials were prepared with ccu+ =0.2 to 10 mg/L in deionized water. For the preparation of
100 mg/L of Cu?*, 24 mg CuSOa-5H,0 was dissolved in 60 mL deionized water. The pH was then
adjusted to 10 using 1 M NaOH to form Cu(OH): as an intermediate. After pH adjustment, N2 was
purged into the solution for 20 min followed by the addition of an aqueous solution of NaBH4
(Co,naBH4 = 300 mg/L) to form the Cu NPs. N2 flow through the Cu NPs was maintained for another
20 min and the glass vial was sealed with butyl rubber septa. The Cu NPs were dispersed in an
ultrasonic bath before use. A sample of the nanoparticles was taken from the suspension, diluted,
and transferred to a glass slide where the particle size distribution was determined by Nano

tracking analysis (NTA) coupled with NTA software.

Synthesis of bimetallic Ag/Cu particles

Four different procedures were used to prepare bimetallic Ag/Cu particles. A stock solution
containing 1000 mg/L Ag® was prepared using AgNOs in deionized water. Ag/Cu (co-red)
particles were prepared by mixing 0.5 mg/L Ag* (from the stock solution) and 1.5 mg/L Cu?*

(from the stock solution) in one batch reactor. The solution pH was adjusted to 10 using 1 M NaOH
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followed by the addition of NaBHa4 (ConasHsa =300 mg/L). The mixture of nanoparticles was
shaken for 120 min at 130 rpm and used in subsequent CF dechlorination experiments.

Ag/Cu (mix) nanoparticles were prepared as follows. From the stock solution,
0.5 mg/L Ag" solutions at pH 10 were prepared in 30 mL deionized water purged with No. Ag
nanoparticles were then synthesized by reduction of Ag* with NaBH4 (ConasHs = 150 mg/L). In
another batch reactor, 1.5 mg/L Cu?* solutions at pH 10 were prepared in 30 mL deionized water
and the solution was purged with N2. The formation of Cu NPs was carried out by reduction of
Cu?* with NaBH4 (Conasra = 150 mg/L). The Ag and Cu nanoparticles were then transferred into
a 120 mL glass vial under N2 flow. The mixture of nanoparticles in the vial was placed onto an
orbital shaker preset at 130 rpm for 120 min and used for dechlorination of CF.

Ag/Cu (sep) particles were prepared as follows. Cu NPs (ccy = 1.5 mg/L) were prepared
by reduction using NaBH4 in an Ar-purged solution. By maintaining argon flow into the Cu NPs
suspension, 6 M HCI was added dropwise to accelerate the decomposition of NaBH4. When gas
evolution ceased indicating that NaBHs was decomposed, an Ar-purged Ag" solution
(cag+ = 0.5 mg/L) was spiked into the solution containing the Cu NPs. The vial was placed onto an
orbital shaker preset at 130 rpm for 120 min and used in subsequent CF dechlorination
experiments.

Ag/Cu (H2-red) was prepared by first mixing 500 mg AgNOz and 1500 mg Cu(NQO3)2 in
20 mL deionized water. The water was removed by heating at 100 °C to obtain a solid mixture of
Ag- and Cu-precipitates (mostly oxides). The solid mixture was transferred into a thermostat oven
and heated at 500 °C for 30 min in the presence of 5 vol. % H2 in N2 mixture whose flow rate was

maintained at 5 mL/min. After heating, the solid was let to cool for 60 min under 5 vol. % H> in

48



N2 gas flow maintained at 5 mL/min. The coarse particles were stored under argon gas for

subsequent use.

Synthesis of Pd nanoparticles (Pd NPs)

The synthesis of Pd NPs was done using a similar method as described elsewhere
(Hildebrand et al., 2009a). A stock solution containing 1000 mg/L Pd?* was prepared by first
dissolving 220 mg Pd(C2H302). in 5 mL tetrahydrofuran and dilution to 100 mL using deionized
water. Using this stock solution, 0.5-500 mg/L Pd?* were prepared by adding appropriate amounts
of the stock solution into 120 mL glass. The volume of the Pd?* solution was adjusted to 60 mL
using deionized water and its pH was then adjusted to 10 using 1 M NaOH. The formation of
Pd NPs through the reduction of Pd?* was done by purging the solution with Hz for 60 min. The
particles were then dispersed in an ultrasonic bath and used for subsequent experiments. The size

of Pd NPs was determined by nanoparticle tracking analysis after dilution of the suspension.

Synthesis of nZVI

10 g FeSO4-7H20 was dissolved in 2 L deionized water in a three-necked round bottom
flask and the solution purged with argon. 3 g NaBH4 was first dissolved in 100 mL Ar-purged
deionized water and then transferred to the solution to precipitate Fe® as shown in the reaction 20

(Feng and Lim, 2007):

2Fe?" + 2H,0 + BH4 — 2Fe? + BOy + 4H" + 2H; (20)

The nZV1 suspension was maintained under Ar flow and was agitated with KPG stirrer for

60 min. The nZVI particles were immobilized by placing a magnet below the flask and the solvent
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drained. The immobilized nZV1 particles were rinsed with Ar-purged deionized water, followed

by ethanol, and then dried under Ar flow.

Preparation of Cu-modified activated carbons (Cu/AC)

10 g activated carbon powder was added to 15 mL deionized water and then evacuated to
remove air. It was immediately impregnated with 15 mL of 0.1 M CuSO4-5H-0 in a 20 cm long
tube and left for 120 min. The excess solution was sucked out. A vacuum was created by sucking
the air out of the tube. Opening the tube was done to introduce air. The air pressure was to push
the Cu?* into the pores of the AC matrix. This procedure was repeated five times to get more Cu?*
into the pores of the AC matrix. After impregnation, excess solution was filtered and the sample
dried at ambient conditions. An aqueous solution of NaBH4 (Co,naeH4 = 100 mg/L) was added and
the mixture was left for 180 min. The Cu/AC material was further cleaned by Ar-purged deionized

water and then dried at 120 °C to constant weight.

Preparation of Cu-modified activated carbon felts (Cu/ACF)

1.2 g ACF was cleaned with a 1:1 mixture of Millipore water and methanol and then rinsed
with Millipore water. The cleaned ACF was impregnated with 200 mL of 0.1 M CuSO4-5H0 and
filtered to remove excess solution. The Cu?* ions were pushed into the pores of ACF by creating
a vacuum in the system and introducing air pressure as described earlier for Cu/AC. 300 mg/L
NaBHs was dissolved in 10 mL Millipore water and then introduced into the Cu/ACF and
suspended for 15 h. The Cu/ACF was then cleaned with Ar-purged Millipore water and dried at
120 °C to constant weight. 0.5 wt-% copper content in the ACF material (method of analysis of

Cu content presented later in this chapter) was obtained.
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Preparation of Cu- and Ag-modified Carbo-lron® and sulfidated Carbo-Iron

CIC and S/CIC colloids were used as received without further modification. The Fe®

content in the laboratory samples for CIC and S/CIC were 26 and 24 wt-%, respectively. The
synthesis of copper-modified CIC and S/CIC (Cu/CIC and Cu/S/CIC) was done in a 1 L two-
necked flask maintained under Ar flow. 5 g CIC were added into a 1 L two-necked flask containing
150 mL Millipore water that was being purged with Ar. A 10 mL solution of CuSO4-5H20
(Ccuz+ = 2200 mg/L) was purged with Ar and then added dropwise into the Ar-purged CIC
suspension. This procedure was to deposit about 2 wt-% metallic Cu onto nZVI according to

reaction 21 (Shubair et al., 2018):

Fe? + Cu®* — Cu® + Fe?* (21)

The prepared Cu/CIC was stored under Ar for subsequent use. To produce Ag modified
Cu/CIC, desired aqueous solution of Ag* (from the 1000 mg/L Ag" stock solution) was added into
an Ar-purged suspension of Cu/CIC and shaken for 60 min. The deposition of metallic Ag onto

metallic Cu proceeds as shown in the reaction 22 (Rosbero and Camacho, 2017):

Cu® + 2Ag*" — Cu?* + 2A¢° (22)

The amount of Ag was varied from 0.02-1.0 wt-% calculated based on copper content
within the Cu/CIC material. The deposition of 2 wt-% metallic Cu onto S/nZV1 in S/CIC was
done using the same procedure as described for Cu/CIC. Similarly, 1.0 wt-% Ag based on Cu was

also deposited on Cu/S/CIC to form 1.0 wt-% Ag/Cu/S/CIC.
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Preparation of Cu-modified zeolites

The MFI 24 zeolite was used as received. MFI denotes the zeolite pentasil family and 24
is the module indicating the Si/Al ratio. The copper species were introduced into the zeolite by
i) incipient wetness impregnation or ii) ion-exchange. The incipient wetness impregnation method
was carried out at pH4 where 10g of the zeolite powder was added in 200 mL of
0.01 M Cu(C2H302)2-H20 and equilibrated for 12 h at 130 rpm. Although any copper salt can be
used, previous studies showed that using 0.01-0.05 M Cu(C2H302)2-H20 led to higher Cu loading
(Beznis et al., 2010). After equilibration, the zeolite was separated by filtration and then dried at
100 °C. The impregnation step with fresh 0.01 M Cu(C2H302)2-H2O and drying steps were
repeated two times. The dried Cu-modified zeolite was then suspended in aqueous NaBH4 at pH 10
for 24 h. The solid was cleaned several times with Ar-purged deionized water and then dried at
120 °C. The composite prepared by this method was labeled Cu/MFI 24 (w).

The ion-exchange procedure was carried out by mixing the 10 g of the zeolite powder with
1 M NaNOs and equilibration for 6 h at 130 rpm. After each ion-exchange step, the zeolite was
separated by filtration and then dried at 100 °C. This procedure was to exchange any H* sites in
the zeolite with Na*. The ion-exchange procedure was repeated two times. The exchange of Na*
with Cu?* was done using 0.01 M Cu(C2H302)2-H20. After Cu-exchange, the material was then
suspended in aqueous NaBH4 at pH 10 for 24 h. The prepared Cu-modified zeolite was also
cleaned several times with Ar-purged deionized water and dried at 120 °C to constant weight. The
composite was labeled Cu/MFI 24 (i).

Since the Si/Al ratio for zeolites greatly influences its ability for contaminant adsorption
and metal uptake, another MFI zeolite with higher Si/Al was selected. The zeolite MFI 90 was
modified with Cu according to the two procedures as described for MFI 24 zeolite. Based on the

Si/Al content and synthesis procedure, the Cu-modified MFI 90 zeolites were labeled as
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Cu/MFI1 90 (w) and Cu/MFI 90 (i). Excess or loosely bound Cu-species in the Cu-modified
MFI 24 and MFI 90 zeolites were removed by suspending the samples in Ar-purged deionized
water for 14-16 h followed by filtration and drying at 120 °C. The cleaning step was done several
times until Cu?* could not be detected in the effluent upon analysis by UV/VS spectrophotometry.
The filtrates were further evaluated for dechlorination of CF in the presence of NaBH4. At the
point where CF was stable for 600 min (i.e. no CH4 detected), the filtrate was considered to contain
no Cu-species. The cleaned Cu-modified zeolite samples were then dried at 120 °C to constant
weight and stored for subsequent experiments. The copper content in the prepared samples was

determined by inductively coupled plasma mass spectrometry (ICP-MS).

Preparation of Copper-doped cation-exchange resin (Cu/resin)

10 g amberlite IRP-69 cation exchange resin was cleaned with Millipore water then soaked
for 60 min in a 1:1 mixture of Millipore water and methanol. The resin was dried at 100 °C to
constant weight and left to swell in methanol for 24 h. The swollen resin was further cleaned three
times with 200 mL Millipore water and then impregnated with Cu?" using 200 mL of
0.01 M Cu(C2H302)2:H20 at pH 4. The Cu/resin was cleaned with Millipore water and suspended
in a 200 mL solution containing 300 mg/L of NaBH4 at pH 10 for 24 h. It was further cleaned with
Ar-purged Millipore water and dried at 120 °C to constant weight. 1.4 wt-% copper content in the
resin was obtained as determined by ICP-MS (procedure for analysis of Cu presented later in this

chapter).

3.1.3 Preparation of synthetic freshwater
Synthetic freshwater was prepared following the modified protocol for standard synthetic

freshwater described in the United States Environmental Protection Report, EPA-821-R-02-012
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(U.S. EPA, 2002). Synthetic freshwater with moderate hardness and alkalinity of 80-100 and 57-
64 mg CaCOza/L, respectively was prepared as follows. Approximately 96, 60, and 4 mg/L of
NaHCOs3, MgSOg, and KCI were dissolved in 600 mL Millipore water. The solution was adjusted
from 600 to 900 mL. 60 mg/L of CaSO4-2H,0O was added into the 900 mL solution and mixed
thoroughly. Air was purged into the solution for 24 h. The air-purged solution was adjusted from
900 to 1000 mL using Millipore water and its final pH was 7.2. Similarly, synthetic freshwater
with hardness and alkalinity in the range of 280-320 and 225-245 mg CaCOz/L, respectively was
prepared using the same procedure as described for moderately hard water. However, the amount
of NaHCO3, MgSO4, KCI, and CaSO4-2H>0O were adjusted to 384, 240, 16, and 240 mg/L,

respectively. The resultant solution pH was 8.3.

3.1.4 Preparation of SRHA solution

SRHA was used as a surrogate for natural organic matter (NOM). SRHA was used as
obtained without further purification. SRHA stock solution was prepared by dissolving 4 mg of
the dry sample in 20 mL Millipore water and adjusting the solution pH to 10 using 1 M NaOH.

The solution was stirred for 24 h and then stored at 4 °C for subsequent use.

3.2 Electrodes characterization and CF dechlorination experiments
3.2.1 Characterization of Cu and Cu/ACF electrodes by cyclic voltammetry (CV)

A two-necked electrochemical cell with a total volume of 500 mL was used as shown in
the appendix Figure Al-1. The counter electrode (C.E.) and the working electrode (W.E.) were Pt
plate and Cu mesh, respectively. Manufacturer details for Cu mesh, Pt plate, and Pt wires are

presented in the appendix Table Al-2. Ag/AgCl (E°=0.197 V versus SHE) was used as the

54



reference electrode (R.E.). The Pt- and Cu-electrodes were first cleaned by soaking in aqua regia
(a mixture of 1 part concentrated HNOs and 3 parts concentrated HCI), then rinsed with Millipore
water and dried at 100 °C. The Cu-, Pt- and Ag/AgCl-electrodes were connected to the EG & G
potentiostat (OGS100, OrigaLys Electrochem SAS, France) using Pt wires. The distance between
the C.E. and W.E. was maintained at 6 cm while the distance between the W.E. and R.E. was
0.5 cm. All three electrodes were dipped into the same electrolyte without any separation between
them.

The characterization of the Cu electrode was done by CV and the profiles were determined
separately in 0.1 M NaOH and 0.1 M Na>SOa. The electrolytes were not stirred to allow migration
of electroactive species only by diffusion. Before the CV scan, the electrolytes were purged with
Ar to remove dissolved oxygen. The CV profiles were obtained using an EG & G potentiostat
interfaced to a personal computer. Charge transfer processes were then measured at a scan rate of
25 mV/s. ACF as a conductive material was modified with Cu as described earlier. The CV profiles
for Cu/ACF were done using the same electrochemical setup as used for the Cu electrode under
similar reaction conditions. Before CV analysis, the Cu/ACF was immersed into the electrolyte

for 60 min and the solution purged with argon.

3.2.2 Electrochemical dechlorination of CF

The same electrochemical setup as described in 3.2.1 was applied. 400 mL of
0.1 M NaxSO4 were used as the electrolyte where the C.E., W.E., and R.E. were dipped into the
electrolyte without any barrier between them. The electrolyte was purged with Ar for 30 min to
remove dissolved oxygen. CF (cocr=5mg/L) as a methanolic solution was added to the

electrolyte and the contents were mixed using a magnetic stirrer for 180 min. The potential was
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applied and NaBH4 (co,naBHa = 300 mg/L) was spiked to initiate the reaction. The applied potentials
at the W.E. were set at -0.8 V and -1.0 V and maintained throughout the experiments. A similar
setup was used where H, was purged into the electrochemical cell as a substitute for NaBH4 and
the potential was set to -0.5 and -0.8 V. Control experiments at -0.5 V and -0.8 V without the
addition of NaBH4 or H> were done under similar reaction conditions. Another experiment for
dechlorination of CF was done without application of potential using the same Cu electrode and
300 mg/L of NaBH4. For comparison purposes, electrochemical dechlorination of CF using the
same Cu electrode was carried out at a cathodic potential of -1.1 V and without NaBHa.

As a conductive material ACF modified with copper was also used as an electrode for
dechlorination of CF. A methanolic solution of CF was spiked into the electrochemical reactor and
the contents were mixed for 24 h to allow 30-40 % CF adsorption onto the Cu/ACF electrode.
After 15 h, the potential was set at -0.8 V and NaBH4 (Co,nasHs = 300 mg/L) was added to initiate

the reaction.

3.2.3 Dehalogenation of HOCs using Cu NPs

Dehalogenation experiments for HOCs were carried out at an ambient temperature in
120 mL serum bottles sealed with poly(tetrafluoroethylene) (PTFE) lined butyl rubber septa and
aluminum crimp caps. 60 mL aqueous solution and 60 mL of headspace volumes were used
throughout the experiment. For dehalogenation of CH>CI-CHzs, CCls, CFCl3, and CCI.F—CCIF,
the aqueous suspensions and headspace volumes were adjusted to 100 and 20 mL, respectively.
Cu NPs were prepared using NaBH4 (Co,naH4 = 300 mg/L) and then purged with N2 to remove
dissolved oxygen. The nanoparticles were dispersed by ultra-sonication. Suitable internal

standards (CH4, C2Hes, MTBE, and toluene) were added to the batch reactors. Methanol solutions
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of HOCs were spiked into the reactors to give the desired initial concentrations and initiate the
reaction. The batch reactors were placed onto an orbital shaker and shaken horizontally at 130 rpm.
For volatile substances, the reaction progress was followed by headspace analysis. For the less
volatile substances, liquid-phase extraction was used. The initial reaction conditions were
maintained at pH = 10 using aqueous 1 M NaOH. The addition of buffers to reaction media was
avoided to prevent interference with the catalyst surface. Control experiments were done using

either Cu NPs + Hz or NaBH, under similar conditions as that applied for Cu® + NaBHa.

3.2.4 Dehalogenation of HOCs using Pd NPs

120 mL batch reactors were used for the dehalogenation of HOCs using Pd NPs. Aqueous
suspensions of Pd NPs of desired concentration from a stock solution were transferred into a
100 mL aqueous solution. The pH of the solution was adjusted to 10 using 1 M NaOH and then
purged with N2 for 20 min to remove dissolved oxygen. The Pd NPs were formed by the reduction
of Pd?* with H,. Hydrogen was purged for 60 min and the batch reactors were placed onto an
orbital shaker preset at 130 rpm for 24 h. Suitable internal standards (MTBE, CHa4, C2He, and

toluene) were added and methanolic solutions of HOCs were spiked to initiate the reaction.

3.2.5 Dehalogenation of HOCs using nZVI

The dehalogenation reactions of HOCs were done in 250 mL glass vials. nZVI was added
into Ar-purged 125 mL deionized water to give the desired concentration of nanoparticles,
Cnzvi = 0.4-5 g/L. CMC was added as a stabilizer for nZVI. The CMC-nZVI suspension was
dispersed by ultrasonication and the HOC of interest was spiked as a methanolic solution into the

reactor to obtain the desired concentration (CoHoc = 10-20 mg/L) and initiate the reaction.
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3.2.6 Dechlorination of CF using Cu-modified materials

This procedure was used for Cu-modified AC, ACF, resin, and zeolites. All experiments
were carried out in 120 mL glass vials. The appropriate mass of Cu-modified material was added
into Ar-purged 60 mL deionized water and the solution pH was adjusted to 10 using 1 M NaOH.
Mass of the Cu-modified material was adjusted so that approximately 40-50 % of CF was
adsorbed. A methanolic CF solution was added to give the desired concentration co.cr = 10 mg/L.
200 pL of CoHe was added as internal standard and the reactor was placed onto an orbital shaker
preset at 130 rpm for 120 min. A solution of NaBH4 (ConasHs = 300 mg/L) was spiked into the
reactor to initiate the reaction. For dechlorination of CF using CIC, S/CIC, and their metal modified
forms, the material was introduced into Ar-purged 60 mL deionized water. C;Hs was added as
internal standard and CF (co,cr = 10 mg/L) as a methanolic solution was spiked to initiate the

reaction.

3.2.7 Evaluation of Cu stability for dechlorination of CF

The stability of Cu as a catalyst in the presence of co-solutes was done using CF as the
probe compound. The specific Cu activities in the presence of the co-solutes were then compared
to the baseline of Cu in deionized water. 60 mL of deionized water containing 1 mg/L of freshly
prepared Cu NPs and 300 mg/L NaBH4 was degassed by purging with nitrogen for 20 min. Stock
solutions for the various co-solutes (with each stock solution containing 100 mg/L of co-solute of
interest) were prepared. The co-solute of interest e.g. NaF from the stock solution was spiked into
the freshly prepared Cu NPs suspension to give the desired concentration. The mixture of co-solute
and Cu NPs was purged with N2 for 20 min and then placed onto an orbital shaker preset at 130 rpm

for 120 min. A methanolic solution of CF (co,cr = 10 mg/L) was spiked into the reactor to initiate
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the reaction. The CF dechlorination reaction was monitored to evaluate the performance of Cu as
a catalyst in the presence of the common water co-solutes NaxSOas, Na2SO3, NaHCO3, Na2COg,
NaNO3z, NaNOz, MgSQO4, CaCl,, FeSO4, NaF, NaCl, KBr, MnSOs, Na;S, and SRHA. The
performance of Cu as a catalyst towards the dechlorination of CF was further evaluated by
replacing deionized water with either synthetic freshwaters (prepared by a standard protocol
described in 3.1.3) or laboratory-supplied tap water (characteristic details presented in the

appendix Table Al-1).

3.2.8 Lifetime and regeneration of Cu-doped cation-exchange resin

To determine the lifetime and reusability of Cu as a catalyst, the Cu/resin catalyst was
selected and was repeatedly used for dechlorination of CF (cocr =10 mg/L) in 9 consecutive
reaction cycles. After each reaction cycle which lasted 120 min and the conversion of CF was
> 95 %, the Cu/resin catalyst was removed from the reactor, rinsed with deionized water, and dried
at 120 °C to constant weight. To determine Cu?* bleeding or dissolution from the resin during the
CF dechlorination reaction and after each cleaning step, the aqueous samples were analyzed for
Cu?* by UV/VIS spectrophotometry. Also, the effluent was tested for dechlorination of CF by
addition of borohydride (conasHs =300 mg/L) and mixing at 130 rpm for 600 min. The dried
Cul/resin was reused for dechlorination of CF (co,cr = 10 mg/L) after the addition of NaBHa.

To evaluate the regeneration of the Cu/resin catalyst, the catalyst was added into batch
reactors containing different concentrations of Na>S (1 and 20 mg/L). Based on the concentration
of NayS fed, the catalysts were labeled as Cu/resin (1 mg/L NazS) and Cu/resin (20 mg/L Na.S).
The suspensions were purged with N2 and then placed onto an orbital shaker preset at 130 rpm for

120 min. CF (co,cr = 10 mg/L) and the batch reactors containing the catalysts were equilibrated at
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130 rpm for 120 min. NaBH4 (Co,naBHa = 300 mg/L) was added to initiate the reaction. The reaction
was terminated when CF conversion was > 95 %. The sulfide-deactivated Cu/resin catalysts were
isolated from the reactors, rinsed with deionized water, and dried at 120 °C to constant weight.
The washed Cu/resin catalysts were then reused for the dechlorination of CF (co,cr = 10 mg/L) as
described earlier by the addition of fresh NaBHa (Co,nasH4 = 300 mg/L). Based on the concentration
of NaxS wused, the regenerated catalysts after sulfide-deactivation were labeled as

wCu/resin (1 mg/L Na,S) and wCu/resin (20 mg/L NayS).

3.3 Analytical techniques
3.3.1 Determination of surface area

The surface areas of the Cu-modified materials were determined with a BELSORP MINI 11
(MicrotracBEL, Japan) via N2-adsorption-desorption measurements using a Micromeritics ASAP
2010 instrument. Before BET surface area measurement of the materials, the samples were

pretreated at 100-300 °C under vacuum (< 5 Pa).

3.3.2 Determination of Fe? content

20-25 mg of nZVI were added into Ar-purged deionized water to obtain the metal
suspensions. Anaerobic corrosion of nZVI was done in an Ar-purged system through the addition
of 2 mL of concentrated HCI (6 M) in the glass vials. The addition of concentrated HCI led to the

digestion of nZVI and generation of Hz according to the redox reaction 23:

Fe® + 2H* — Fe?" + H, (23)
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The amount of Hz evolved was measured by gas chromatography (GC) coupled with a
thermal conductivity detector (TCD). The amount of Hz from nZV1 digestion was analyzed by the
sampling of the headspace using a 50 pL gas-tight syringe and injecting it into a GC (HP 6850)
coupled with TCD. The GC was fitted with a porous layer open tubular HP PLOT column whose
dimensions were 30 m X 0.32 mm X 12 um. The temperatures for the injector port, detector, and
oven were set at 50, 155, and 30 °C, respectively. An external calibration curve for Hz was
prepared and was used to measure the H>. The amount of H, measured was used to calculate the
amount of Fe® in the prepared samples according to reaction 23. The Fe® content in the CIC and

S/CIC samples was also determined using the same procedure as described for nZVI.

3.3.3 Analysis of Cu?* in prepared samples
Analysis of Cu?*by UV/VIS-spectrophotometry

The amounts of Cu?* in the AC and the ACF frameworks were evaluated by acid digestion
of the samples at pH 1. About 2-3 g of the dried Cu/AC were mixed with 50 mL of 1 M HNOs and
shaken for 180 min at 130 rpm. The samples were filtered through cellulose acetate membrane
filters (0.45 um pore size) to remove the solids. The pH of the filtrate was adjusted to 7 using
6 M NaOH. After pH adjustment the filtrate was then mixed with 1 mL of 6 M NH3OH to form

tetraamine copper (11) complexes according to reaction 24 (Byrd and Ohrenberg, 2017):

u<r + 3 — [Cu(NH3)4
Cu?* + 4NH [Cu( )]2+ (24)

The absorbance of the tetraamine copper (II) complex was measured using a

UV/VIS spectrophotometer (photolab 6600) at the wavelength, Amax = 600 nm to determine the
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Cu?* concentration. An external calibration curve was used to calculate the Cu?* amount in the
samples. A 500 mg Cu/ACF strip was treated as described for Cu/AC to determine the amount of

Cu?*

Analysis of Cu?*by ICP-MS

The amount of Cu?* in zeolites and amberlite resin was determined by ICP coupled with
MS (Thermo Fisher Scientific iCAP QS). The concentration of Cu?* was determined by ICP-MS
in the normal mode of operation using external calibration curves against concentrated HNOs.
Concentrated HNO3z was used for digesting the samples while 2 % w/w HNOz was used as a
background solution during analysis. HNOs was introduced into the sample during analysis to
minimize background interference while 1°Rh was used as the internal standard. The operating

parameters for the ICP-MS are presented in Table 4.

Table 4: ICP-MS parameters for the determination of Cu

Parameter

Value

Analyte monitored

63Cu

Nebulizer PFA-ST MicroFlow

Spray chamber Micro Mist quartz cyclonic
Nebulizer gas flow 0.95 L/min

Carrier gas Ar

RF power 1550 W

RF frequency 35 MHz

Sample flow 0.34 mL/min

Collision gas flow 5 mL/min

Dwell time 5ms

Measurement time 60 s
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3.3.4 Measurement of HOCs and dehalogenation products

All experiments were performed either in duplicate or triplicate to give reproducible data.
Analysis of HOCs was done by GC (GC2010, Shimadzu) coupled with MS (GCMS-
QP2010, Shimadzu) detector. The GC was fitted with a DB1-MS capillary column
(J&W,60m X 0.25 mm X 0.25 um). Temperature conditions for the injector port, oven,
interface, and ion source were set at 180, 40, 200, and 250 ‘C, respectively. A 25 L gastight
syringe was used for headspace sampling of aliquots for GC analysis where the split ratio was set
to 5. The analysis of gaseous products such as CH4 and C2He was done by GC (GC2010 Plus,
Shimadzu) equipped with a flame ionization detector (FID). The GC was fitted with a wide-bore
column (GS-Q, 30 m X 0.53 mm X 1.0 um) whose temperature conditions were set at 200, 40,
and 280 "C for the injector, oven, and ion source, respectively. A 25 pL gastight glass syringe was
used for headspace sampling for GC analysis and the split ratio was also set to 5.

The concentrations of the educts and products were determined by the external standard
method using calibration curves. Since identical solution/headspace volume ratios between
calibration and batch reaction systems were maintained throughout, concentrations determined
from calibration curves account for vapor/water partitioning. The GC retention times from
standard samples were used to identify dehalogenation products in the GC-FID and GC-MS. For
systems that result in the production of H> which results in expansion of the headspace volume,
MTBE, CH4, C2He, and toluene were used as internal standards. Obtained data were corrected to
the change in internal standard at each sampling point.

The reaction progress was monitored by headspace analysis of the educts and products.
The reaction kinetics were followed from contaminant disappearance profile in experiments

without an adsorbent present. For HOCs with lower conversion degrees and adsorption overlaid
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reaction, the reaction kinetics were followed from the product formation profiles. The reason is
that products are usually less prone to adsorption than educts. For the less volatile substances in
adsorbent-free solutions, solvent extraction was chosen for following the reaction progress. The
extraction solvent comprised 99 mL hexane and 1 mL toluene. For reactions carried out in the
presence of adsorbent, residual chlorinated compounds were analyzed by liquid phase analysis.
The extraction solvent for liquid phase analysis was constituted by mixing 2 mL benzene,
9 mL ethanol, and 89 mL toluene. Benzene was applied as internal standard. About 1 mL aqueous
phase extracted from the batch reactor was mixed with 10 puL of 6 M HCI to decompose NaBH4
and stop the dehalogenation reaction. The solution was then mixed with 1 mL of the extraction
solvent and shaken for 60 min. The extraction solvent (organic phase) was separated from the
aqueous phase and mixed with anhydrous Na>SO4 to remove traces of water. The organic phase
was then subjected to analysis by GCMS. For liquid phase analysis, the temperature conditions for
the injector port, interface, and detector were set at 180, 200, and 250 ‘C, respectively. The oven
temperature was maintained at 60 ‘C for 4 min then ramped up at the rate of 10 "C/min to 100 "C
and maintained at this temperature for another 5 min. A 1 pL gastight syringe was used for
sampling of the organic phase for GC analysis where the split ratio was set to 50.

Raw data from replica experiments were processed to obtain the mean and standard
deviation values. For Kinetic analysis of experimental data with larger headspace volumes
compared to the aqueous phase volumes, the kons Values (equation 15) were processed to give

corrected Kobs,corr Which is given as shown in equations 25 and 26:

_ kobs
kobs,corr - HOCsyy (25)
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HOCs,, = —2» (26)

Vw + (K X Vp)

where HOCsy, refers to the fraction of contaminant in water, Ky is the dimensionless Henry’s law
constant while V and Vi are the aqueous and headspace volumes (L), respectively. This correction
takes into account that the gas phase fraction of the HOCs is not in direct contact with the catalyst
particles and acts as a reservoir to the delayed reaction. The reactivities of the different HOCs
using catalysts and reagents were done by calculating the specific metal activities as given in
equations 18 and 19. Mass transfer limitations were assumed negligible at the high reactor shaking
speed (130 rpm) and the small nanoparticle sizes. For nZV1, kons values for some HOCs were
obtained from literature and further processed using equations 18 and 19 taking the initial nZVI
mass supplied into account.

During the dehalogenation reaction, it is important to know the fraction of the contaminant

transformed at a given time. The conversion of educt was calculated as shown in equation 27:
Xuoc = (1 — 2224 % 100 % (27)
nHOC,0

where XHoc is the conversion of the HOC (%), nHoc,t refers to moles of educt at a given time (mol)
and nHoc,o refers to the moles of educt fed into the batch reactor at time t = 0 (mol). To determine
the efficiency of the dehalogenation process, the product yields were calculated according to

equation 28:
Nj,produc
Viproduct = 22 % 100 (%) (28)
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where Yiproduct iS the yield of a given product i (mol-%), niproduct refers to the moles of product i
obtained at a given time (mol) and nnoc o refers to the moles of educt fed into the reactor at time
t =0 (mol).

For the dehalogenation of CClz—R compounds, the product selectivities were calculated

using equation 29:

Siproduct = —22% % 100 % (29)

Nconverted HOC

where Siproduct IS the selectivity to a given product i (mol-%), niproduct refers to the moles of the
considered product i at the given time (mol) and Nconverted Hoc refers to the moles of educt converted

at the given time (mol).

3.3.5 Analysis of halide ions by ion chromatography (IC)

2 mL aqueous aliquot was taken from the batch reactor and then filtered through cellulose
acetate membrane filters (0.45 um pore size). 1 mL of the filtrate was used for the analysis of F,
Cl, and Br by IC (ICDX 500 instrument, Dionex, US). The IC instrument comprised of an anion
exchange column (lonPac AS11-HC, Dionex, US), a 4 mm suppressor (ASRS 300), an eluent
generator (E650), autosampler (A550), and a conductivity detector (IC-25, Dionex, US). The
eluent was a mixture of KOH solution and Millipore water. The eluent flow rate was maintained
at 1 mL/min and the KOH gradient was adjusted as follows: 0-2 min, 7 mM; 2-8 min, 8 mM; 10-
12 min, 8-45 mM; 12-17 min, 45 mM; 17-19 min, 45-7 mM. External calibration curves were used

to determine the concentrations of F, CI, and Br. The halide balance was determined by

66



measuring the moles of halide ions released in the bulk aqueous phase to the total moles of halogen

in the parent compound.
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4 Results and Discussion
4.1 Dehalogenation of CCls—-R compounds using the Cu® + NaBHa

CuP + NaBH4 was used in this study as a short description for the system comprising Cu
NPs and NaBHa. The system was used for the dehalogenation of HOCs in water. Compounds with
the general formula CCl:-R are a unique class of substances frequently occurring as water
pollutants. These compounds are also of relevance as a target in environmental catalysis. As
prominent representatives CHCls, CCls, CBrCls, CFCls, and 1,1,1-TCA were chosen as probe
substances in the present study. The dehalogenation of these compounds using ZVI-containing
reagents and Pd catalysts are in most cases characterized by the accumulation of compounds with
lower chlorine substitution and their lower reaction rates. The reaction pathways to account for the
formation of the different products are a-elimination and hydrogenolysis. In this study, the
selectivities during the dehalogenation of these compounds were investigated to identify which of
the two reaction pathways was dominant when using Cu® + NaBHa. First, the dechlorination of CF
using Cu® + NaBH4 was investigated to identify product yields, selectivity patterns, and the
reaction pathways for the formation of the different products. Selectivities were then investigated
under different reaction conditions and also with suitable catalyst combinations where DCM
accumulation could be minimized. Cu® + NaBH. was then applied for dehalogenation of CCla,

CBrCls, CFCl3, and 1,1,1-TCA and the influence of the R-substituent on selectivities is reported.

4.1.1 Dechlorination of CF using Cu® + NaBH4

The dechlorination of CF by Cu®+ NaBH4 (Figure 6 (a)) follows pseudo-first-order
kinetics with a half-time of 7y, = 7 min using 1 mg/L Cu NPs and conasHsa = 300 mg/L at pH = 10.
Control experiments showed that CF was stable for at least 120 min in the presence of i) only

300 mg/L NaBH; and ii) 1 mg/L Cu NPs where the solution and headspace were purged with H»
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before the introduction of CF. The reaction conditions for the controls were chosen as applied for

Cu® + NaBHa.

a) Product yields
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Figure 6: Reaction progress during the dechlorination of CF in water using Cu® + NaBH; a)
Product yields and b) Product selectivities (ccu =1 mg/L; ConasHs = 300 mg/L; co.cr = 10 mg/L;
pH = 10). Note that for MCM, the values in both graphs are multiplied by a factor of 20.
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As shown in Figure 6 (a), the dechlorination of CF by Cu® + NaBH; produces CH4, DCM,
and MCM from the beginning of the reaction. The product yields at t =40 min where CF
conversion was > 95 % divided to (76 £ 1) mol-%, (12 + 1) mol-%, and (0.5 + 0.2) mol-% for
CHa, DCM, and MCM, respectively. The scattering ranges result from three parallel experiments.
To obtain a better understanding of the CF dechlorination reaction in terms of product partitioning,
the selectivities towards each product were evaluated as shown in Figure 6 (b). The selectivities to
MCM, DCM, and CH4 were (0.3 £ 0.2) mol-%, (13 £ 2) mol-%, and (84 £ 2) mol-%, respectively.
These selectivities are nearly constant over the entire CF conversion range. Hence the CF
dechlorination follows three main parallel pathways to form the various products. Consecutive
reaction pathways do not play a significant role in this time scale. The sum of CoHs and C2Hs4
account for < 0.5 mol-% of CF converted while CI yield was (80 £ 2) mol-%, which conforms
with the chlorine amounts released from the detected products
(76 % + 12 % x 1/3 + 0.5 % x 2/3 = 80.0 mol-%).

The detection of small quantities of CoHe and C2Ha4 indicates that radical coupling reactions
play a minor role but take place. Radical coupling products have also been reported by other
authors to account for the formation of CoHs, PCE, and TCE during the dechlorination of CTC and
CF (Feng and Lim, 2007; McCormick and Adriaens, 2004; Velazquez et al., 2013). In the current
study, TCE and PCE were not detected. Considering the product balance, it remains a balanced
gap of about 100-76—12-0.5=11.5mol-% which is small and possibly insignificant.
Considering the chlorine balance and the hydrocarbon balance together this indicates a fraction of
< 11.5 mol-% of non-detected (non-identified) chlorinated reaction products. However, similar

gaps in the carbon balance and the chlorine balance would result from loss of CF due to gas
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leakage. Having in mind the formation of hydrogen gas from borohydride such gas losses cannot
be ruled out.

For evaluation of kinetic data the decomposition rate of BHs~ may become significant. Its
half-time was about 10-12 h under standard reaction conditions (pH 10, 1 mg/L Cu NPs). This
means, CsHs- Can be approximated as constant during the CF degradation periods. Based on the
products detected, the possible reaction pathways for the dechlorination of CF using Cu® + NaBH4
are presented in Figure 7.

The specific Cu activities Acy for the dechlorination of the educts and the formation of a
particular product are presented in Table 5. The data in Table 5 are derived from additional

experiments presented later in this chapter.

4,
CHCI, » CH,
A, /
A, 4,
"CH2C12 Ag
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v &
Coupling v
products < CH,CI

Figure 7: Proposed reaction pathways for the dechlorination of CF in water using Cu® + NaBHa.
(Ccu = 1-100 mg/L; conaHa = 300 mg/L; CoHocs = 2-10 mg/L; pH = 10). (Based on the product
selectivity patterns in Figure 6, different arrow designs are used in this scheme to show which
reaction is significant).
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Table 5: Calculated specific Cu activities Acy for the dechlorination of CF, DCM, and MCM and
to account for the formation of products during dechlorination of CF and DCM using Cu® + NaBHa
(ccu = 1-100 mg/L; conasHa = 300 mg/L; pH2 = 100 kPa; pH = 10)

Specific Cu activity | Ack | A1 A2 | As Apbcm | A4 As As
Acu [L/(g-min)] 130+ [ 110 |17 |0.6+ 022+ [0.19+ [0.029+ |0.0020+
102 | +5° | +5P[0.2° |0.02¢ 0.01¢ | 0.002¢ 0.0002¢

& Acr represents the overall specific Cu activity for the dechlorination of CF.
b\alue calculated from CF as the educt.

¢ Apcwm represents the overall specific Cu activity for dechlorination of DCM.
dValue calculated from experiments with DCM as educt.

¢Value calculated from experiments with MCM as educt.

Since the sum of C2Hs and C2H4 accounts for < 0.5 mol-% of the CF transformed, it shows
that radical coupling reactions were of minor importance. As described earlier (Figure 3), DCM is
formed when a second electron is transferred to *CHCI> followed by protonation. To determine
whether DCM and MCM are ‘free’ intermediates on the pathway from CF to CHgy, separate studies
were done for the dechlorination of DCM and MCM using Cu® + NaBHa. As shown in Table 5,
the specific Cu activities Acu for the dechlorination of DCM and MCM were
(0.22 £ 0.02) L/(g'min) and (0.0020 £ 0.0002) L/(g'min), respectively. Hence CHa formation
occurred directly from the dechlorination of CF but not through hydrogenolysis via DCM and
MCM. Therefore, reactions 4, 5, and 6 are negligible and stepwise hydrogenolysis of CF to CH4
is unlikely. Thus the dechlorination of CF through a-elimination (-HCI) pathways via
dichlorocarbene intermediates may account for the formation of CH4 (McCormick and Adriaens,
2004; Song and Carraway, 2006). Based on the product patterns (Figure 6), the dechlorination of
CF can be described mainly by three parallel reactions 1, 2, and 3 (Figure 7). Reaction 1 leading
to CH4 is dominant followed by reaction 2 which leads to DCM. Reaction 3 leading to MCM is

minor.
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Effect of Cu NPs concentration on selectivity patterns

As described earlier, DCM is the major chlorinated product whose formation selectivity
was (13 £ 2) mol-%. The DCM persists even after the CF dechlorination reaction shown in Figure
6 (a) was continued for 20 h, (C2on,naBH4 = 75 mg/L). Hence DCM can be considered more-or-less
a dead-end product under the experimental conditions (ccy =1 mg/L). From a remediation
perspective, DCM is an undesired byproduct since it is a water contaminant of a public health
concern due to its carcinogenic potential (Dekant et al., 2021; Schlosser et al., 2015). Thus its
accumulation in the system should be minimized. Further experiments were performed to
determine DCM and MCM selectivity patterns under different experimental conditions. First, the
selectivity patterns were determined by varying Cu NPs concentration from 0.1 to 100 mg/L at

Co,NaBH4 = 300 mg/L as shown in Figure 8.
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Figure 8: Effect of Cu NPs concentration on the selectivity patterns during the dechlorination of

CF (co,naBH4 = 300 mg/L; cocr = 10 mg/L; pH = 10). Selectivity patterns were determined at the
termination of reaction after 60 min where CF conversion > 95 %.
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As shown in Figure 8, the selectivity towards DCM decreased with an increase in Cu NPs
concentration. When the Cu NPs concentration was maximized to ccy = 100 mg/L, selectivity
towards DCM was (0.5 = 0.2) mol-%. This was not a ‘true’ selectivity effect in the CF conversion
but was due to subsequent dechlorination of DCM. This approach prevents the release of the

intermediate DCM but at the expense of a much higher catalyst concentration.

Comparison of Cu-, Pd- and nZV1B"-based systems for dechlorination of CF

As described earlier, the dechlorination of CF using Cu® + NaBH4 produces DCM and CH4
as the major products. The question remains, is borohydride as the reducing agent responsible for
this selectivity pattern? Therefore, for comparison purposes, the dechlorination of CF was done
using Pd + Hz, Pd® + NaBH4, and nZVIB" as reduction systems. Using literature data and own
experimental data, the product selectivity patterns during the dechlorination of CF were

determined for Cu-, Pd- and nZVI-based systems. The results are presented in Table 6.
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Table 6: Selectivity patterns during the dechlorination of CF in water using Cu®+ NaBHa,
Pd® + NaBHs, Pd + Ha, and nZV1B" remediation systems under ambient conditions (ccu = 1 mg/L;
cpd = 3-5 mg/L; Cnagra = 300 mg/L; cazvi =5 g/L)

Reduction system Nproduct / Nconverted cF X 100 (%0) Specific metal | Cl yield

CHg4 DCM MCM activities Am (mol-%)
[L/(g'min)]

Cu® + NaBH4 84 +2 13+2 0.3+0.2 |130+10 802

Pd® + NaBHa 78+4 15+3 5+2 10+2 75+3

Pd + H; 803 11+2 8+2 5+1 78+3

Pd/AlOz + Hy (Velazquez et | 90 10 n.a. n.a. n.a.

al., 2013)

PdAU/Al,Oz3 + H> 944 55 0.1 n.a. n.a.

(Veldzquez et al., 2013)

Pd/Al,03+ H, (Lowry and | 80 n.a. n.a. n.a. n.a.

Reinhard, 1999)

nZVIeH 24 2 405 35+5 0.003+0.001 |50+5

n.a. = not analyzed

Selectivities were calculated at 25-35 % CF conversion; pHo for nZVIBH was 8.3 which increased to 9 at
the termination of the reaction; no BHs or H, was added into the reactor during CF dechlorination by
nZVIB": pH for the systems Pd° + NaBH,4, Pd + H,, and Cu® + NaBH, remains about 10; chloride yield
measured at termination of reaction where CF conversion was > 95 %; Selectivities for the systems
Pd/Al,O3 + H; and PdAU/AILO; + Hawere obtained from literature; for the remediation systems which were
tested in this study, the sum of C,Hg and C2H, accounts for 0.5-2 mol-% of CF converted; the specific metal
activities Am were calculated using nanoparticles of comparable sizes i.e. dsocunes =50 M, dso,pd
nps = 60 nm and dsonzvi = 75 nm (further details on particle sizes are presented in the appendix Table A2-3.

Metallic Pd and Cu are true catalysts while nZVI is a reagent, possibly with catalytic
properties. Hence different dechlorination mechanisms are involved. For Cu and Pd catalysts and
in the presence of a reductant, the dechlorination process may involve the transfer of H-species
(active H*) in the form of either chemisorbed H-atoms or hydrides. As shown in Table 6, the
selectivity to CHs4, DCM, and MCM during the dechlorination of CF changes depending on which

catalyst or reagent was used. Since CH4, DCM and MCM selectivities were nearly the same using
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the systems Cu® + NaBHa, Pd + Hy, Pd® + NaBH4, and Pd/Al,Os + Ho, one can speculate that the
dechlorination of CF follows a similar mechanism, despite the quite different catalysts and
reductants (NaBH4 or H»). For the Pd-based catalysts, the H2 source has no marked effect on
selectivities but affects the specific catalyst activity. From experimental data which were used to
determine product selectivities as shown in Table 6, the specific Pd activities Apq for the
dechlorination of CF wusing Pd+H, and Pd°+NaBHs were (5+1)L/(g'min) and
(10 £ 2) L/(g'min), respectively. This difference in activities is rather small, indicating that NaBH4
plays the role of a hydrogen source only, rather than participating directly in the dechlorination
reaction. DCM selectivity was lower for PdAu/Al2O3 + H2 compared to Pd/Al,O3 + H2 systems by
a factor of 2. As will be discussed later in this work, Ag which is in the same group as Au in the
periodic table also has a marked effect on the product selectivities. Hence the choice of metal or
metal combinations may be necessary to achieve the desired selectivity towards lower DCM. Since
the selectivities were nearly the same for Pd/AlOs + Hz, Pd + Hz, and Pd® + NaBHa, one can
conclude that borohydride as a reductant has no marked influence on the product selectivities.
Remarkably, Pd favors the formation of MCM much more than Cu (by factor 17) which might be
due to the higher availability of active H* at the Pd surface, necessary for stepwise hydrogenolysis
of adsorbed intermediates.

As shown in Table 6, the selectivities to CHs, DCM, and MCM were (24 * 2) mol-%,
(40 = 5) mol-%, and (35 = 5) mol-%, respectively during the dechlorination of CF through
electron transfer processes using nZVIBH as a reagent. Since DCM is rather stable in the presence
of monometallic nZVI, stepwise hydrogenolysis of CF via DCM to CHa4 was ruled out. Another
major product was MCM whose selectivity was nearly 7 to 117 times higher for nZV1 than for the

catalytic systems based on Pd and Cu. Hence stepwise hydrogenolysis was the main reaction
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pathway for the dechlorination of CF using nZVI. The specific nZVI activity Anzvi for
dechlorination of CF was (0.003 £ 0.001) L/(g'min), which is by far the lowest among the
investigated systems.

Mackenzie et al. (2006) have determined specific activities for HDC of various chlorinated
hydrocarbons, among them CF and DCM, under identical reaction conditions with a Pd/y-Al>O3
catalyst + Ho. The obtained values Apd.cr= 0.8 L/(g'min) and Apd,pcm = 0.0015 L/(g'min) yield a
ratio Apa.cr/Arapcm=533. The corresponding ratio for the Cu®+ NaBHs system is
Acu,cr/Acupcm = 591 (data from Table 5). Surprisingly, the two ratios are quite similar despite the
different catalysts and reductants. This may be an accident or a hint to similar rate-controlling
steps. From the remediation point of view, it means that Pd + H, and Cu® + NaBH4 both have
similar problems concerning the formation of DCM as a recalcitrant byproduct and intermediate
during the dechlorination of CF. Copper is by far the cheaper metal (cheaper on a mass basis by a
factor of 8500 compared to Pd), but NaBH4 is the more expensive reductant and the aqueous
suspension must be alkaline. As discussed later in chapter 4.2.4, comparison based on reduction
equivalents show that NaBH4 costs more than H: by a factor of 12. Considering both reductant and

metal costs, Cu® + NaBHy is cheaper than Pd + Hz for HDC reactions.

Effect of initial NaBH4 concentration on product selectivities and catalyst activities

Although the dechlorination of CF using Cu® + NaBH4 can mitigate the accumulation of
DCM when ccy =100 mg/L was used, the question remains what controls the ‘true’ DCM
selectivity? By maintaining ccu =1 mg/L, the dechlorination of CF was investigated under
different experimental conditions. First, the initial NaBH4 concentration was varied from 25 to

500 mg/L at the same catalyst concentration. Product selectivity patterns and the corresponding
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specific Cu activities Acy under these conditions were investigated. The results are presented in

Figures 9 and 10, respectively.
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Figure 9: Effect of initial NaBH4 concentration on the selectivity patterns during the
dechlorination of CF using Cu NPs (ccu =1 mg/L; cocr =10 mg/L; pH =10). Selectivities
determined at CF conversion > 95 %.
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Figure 10: Effect of initial NaBH4 concentration on the specific Cu activities during the
dechlorination of CF (ccy = 1 mg/L; co,cr = 10 mg/L; pH = 10).
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As shown in Figure 9, the initial concentration of NaBH4 supplied has no marked effect on
the selectivities. Hence, the dechlorination of CF using Cu® + NaBH4 can be considered to follow
the same reaction pathways independent of the concentration of reducing species present
(active H* or hydrides). As shown in Figure 10, specific Cu activities increased almost linearly
with an increase in initial NaBH4 concentration between 25 and 300 mg/L NaBHi. Above
300 mg/L NaBHg, a plateau in reaction rates appears which may be due to surface saturation.
Similar studies have shown that during the dechlorination of DCM and 1,2-DCA, low oxidation-
reduction potential (ORP) conditions (as a result of increased NaBHs4 concentrations) were

attributed to increased reaction rates (Huang et al., 2012; Huang et al., 2011).

Effect of initial CF concentrations on product selectivities and catalyst activities

Other than the concentration of reducing species, the concentration of CF molecules on the
surface of the catalyst was investigated to determine product selectivity patterns. The initial CF
concentration was varied from 1 to 40mg/L while maintaining ccu=1mg/L and
CoNaHs = 300 mg/L. Under these reaction conditions, the selectivity patterns and the
corresponding specific Cu activities Acy were determined and the results are presented in

Figures 11 and 12, respectively.
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Figure 11: Effect of initial CF concentration on the selectivity patterns during the dechlorination
reactions using Cu®+ NaBHs (ccu=1mg/L; Conasna =300 mg/L; pH=10). Selectivities
determined at CF conversion > 95 %.
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Figure 12: Effect of initial CF concentration on the specific Cu activities during the dechlorination
reactions using Cu® + NaBH3 (ccu = 1 mg/L; ConasHa = 300 mg/L; pH = 10).
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As shown in Figure 11, the selectivity patterns were nearly the same at the different initial
CF concentrations. However, the concentration of CF affects the reaction rate constants (regression
line slopes in Figure 12) and hence the specific Cu activities: the higher the initial CF
concentration, the lower the apparent catalyst activity. These findings are, however, in contrast to
constant catalyst activities along with the conversion progress, proved by the linear regression
lines in Figure 12 (i.e. constant slopes = constant catalyst activities). These two findings,
Acu = f(co,cF) and apparent first-order kinetics between and up to > 90 % CF conversion are not
easily compatible. One possible explanation is a product inhibition, e.g. by chloride, which appears
already from the early stages of the dechlorination experiment. The data for the highest CF
concentration (co,cr =40 mg/L, violet curve) show a significantly curved course in semi-
logarithmic coordinates. This is equivalent to an increasing rate constant (specific catalyst activity)

along with the reaction progress. It is in line with the observed dependence Acy = f(Ccr).

Effect of water constituents and metal additives on CF dechlorination

The influence of co-solutes and metal additives on product selectivity patterns during the
dechlorination of CF using Cu® + NaBH, was extensively studied. The co-solutes were mixed with
freshly prepared Cu NPs at 130 rpm for 120 min. CF was then introduced to initiate the reaction.
The product selectivity patterns in the presence of co-solutes were compared to the baseline for
Cu without co-solute (i.e. in deionized water). As benchmarks, laboratory tap water was used. The

results are shown in Figure 13. SRHA as co-solute was used as a surrogate for organic matter.
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Figure 13: Product selectivity patterns for the dechlorination of CF using Cu® + NaBH. a) Co-
solutes that have minor effects towards MCM and DCM selectivities and b) Co-solutes that
increase selectivities towards MCM and DCM (ccu=1mg/L; conasHa =300 mg/L;
Cocr =10 mg/L; pH=10; pHNaHco3=8; Csoute =10 mMg/L; cna2s=1 mg/L). Selectivities
determined at CF conversion > 95 %.

As shown in Figure 13 (a), the selectivity towards DCM was nearly the same in deionized
water, tap water, and in the presence of 10 mg/L each of NaF, NaCl, KBr, SRHA, Na2SO3, Na2S0s4,

NaHCOs3, MgSOs4, CaClz, MnSO4, and FeSO4. These ions may be considered to compete not to a
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large extent for active sites or reduction equivalents with CF molecules. The product selectivities
were not only affected by matrix composition but in some cases also the specific catalyst activities.
A deeper discussion of the influence of co-solutes on the specific Cu activities is presented later
in this thesis (chapter 4.2.2). The presence of NaF, NaCl, KBr, SRHA, Na>SO3z, and Na;SO4 had
no marked effect on specific Cu activities, NaHCOz had a positive effect while MgSO4, MnSQOg,
CaCl,, and FeSO4 had negative effects on the catalyst activity (discussion presented in chapter
4.2.2).

Co-solutes with inhibition and deactivation effect on the catalyst (data and discussion in
chapter 4.2.2) led to undesired selectivities (i.e. increased selectivities to chlorinated byproducts).
As shown in Figure 13 (b), NaNO3z and NaNO: led to a slight increase in selectivities towards
MCM and DCM. The presence of 10 mg/L NaNOz and 10 mg/L NaNO- decreased the catalyst
activities from (130 + 10) to (100 + 10) L/(g-min), which is not significant. The most significant
effects on product selectivity patterns and specific Cu activity (Acu = (13 £ 2) L/(g-min)) were
observed in the presence of 1 mg/L NazS. Under the experimental conditions (pH = 10), bisulfide
(HS") is the dominant species. Due to the strong interaction between bisulfide with Cu catalysts,
the surface of the catalyst is modified (formation of CuS). This modification supports stepwise
hydrogenolysis as a dechlorination mechanism.

Next, bimetallic mixtures of particles were prepared by reduction of the metals in the same
batch reactor with NaBHa. The speciation of metals in the resulting particles was not analyzed. For
bimetallic Ag/Cu particles, four methods of preparation were used as described earlier in chapter
3.1.2. Since vitamin B12 (with its Co center) in the presence of Cu has been found to accelerate
dechlorination of DCM (Huang et al., 2013, 2015), Cu® + NaBHs was also used together with

vitamin B12 for dechlorination of CF. The product selectivity patterns and specific metal activities
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Am are shown in Figures 14 and 15, respectively. The corresponding chloride yields are presented

in the appendix Table A3-1.
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Figure 14: Selectivity patterns during the dechlorination of CF using Ag°+ NaBHs and
Cu® + NaBH4 in the presence of metal additives and vitamin B12 (Cmetal catalystiotal = 2 MQ/L;
Co,NaBH4 = 300 mg/L; CvitaminB12 =5 Mg/L; Cocr = 10 mg/L; pH = 10). Selectivities determined at
CF conversion >95%; 25wt-% Ag on Cu used for bimetallic Ag/Cu particles. For
Cu + vitamin B12 ‘apparent selectivities’ results from subsequent dechlorination of DCM
intermediate.
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Figure 15: Specific metal activities for dechlorination CF using Ag® + NaBH4 and Cu°® + NaBH4
in the presence of metal additives and vitamin B12 (Cmetal catalyst total = 2 M@/L; CoNaHa = 300 mg/L;
Cvitamin B12 = 5 Mg/L; Co,cr = 10 mg/L; pH = 10). Specific metal activities for Pd/Cu, Ni/Cu, Zn/Cu,
Ce/Cu, Al/Cu, Sn/Cu, Co/Cu, and Cu + vitamin B12 were calculated based on the total metal
concentration; 25 wt-% Ag on Cu used for the bimetallic Ag/Cu particles.

As shown in Figure 14, the combination of Cu catalysts with the hydrogenation-active
metals Pd and Ni had no marked effects on dechlorination selectivity nor activity. As shown in
Figure 15, the metallic-mixture-systems comprised of Cu/Zn, Cu/Ce, Cu/Al, Cu/Sn, and Cu/Co
show lower specific metal activities Am than the baseline activity for monometallic Cu
(Acu = (130 £ 10) L/(g-min)). These metals act as inhibitors for the dechlorination reaction by the
Cu catalyst and hence the increased selectivity towards DCM. Although for the systems Cu/Zn,
Cu/Ce, Cu/Al, Cu/Sn, and Cu/Co, selectivity towards CH4 was lower than Pd/Cu and Ni/Cu, the
chloride yields were comparable (details are presented in the appendix Table A3-1). Hence radical
coupling reactions could be considered to be more pronounced for these metal combinations.

As shown in Figure 14, the selectivity towards DCM was 2-3 mol-% for Ag, Ag/Cu (co-

red), Ag/Cu (mix), and Ag/Cu (sep) systems while the selectivity towards CH4 was 92 mol-%. The
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DCM selectivity for Ag-containing catalysts was nearly 6.5 times lower than the baseline for
Cu (Socm = (13 £ 2) mol-%). However, the MCM selectivity 5-6 mol-%, was nearly 17 times
higher than for Cu (Smcm = (0.3 £ 0.2) mol-%). The MCM for Ag/Cu systems remained when the
reaction was continued for 20 h (CzonnasH4 = 75 mg/L) implying it is more-or-less a dead-end
product. As shown in Figure 15, the synthesis procedure for the bimetallic Ag/Cu particles has no
significant effect on the product selectivity patterns and specific metal activities. For the powdered
Ag/Cu (H-red), the product selectivity patterns (data presented in the appendix Table A3-3) were
similar to those of the three bimetallic Ag/Cu particles. However, the specific metal activity for
the dechlorination of CF using Ag/Cu (H2-red) was (Am = (3 £ 1) L/(g-min)) which was lower by
a factor of about 27 in comparison to the other three bimetallic Ag/Cu particles. Further assessment
to explain the lower specific metal activity of the Ag/Cu (Hz-red) was not done.

The further advantage of the Ag-containing catalysts is that the DCM does not accumulate
but is subsequently dechlorinated in a second step. The specific activity for dechlorination of DCM
using Ag/Cu (co-red) (Aagicupcm = (1.0 £ 0.5) L/(g-min)) was higher by a factor of 4.5 than for
monometallic Cu (Acu,pcm = (0.22 + 0.02) L/(g-min)). Ag® + NaBH4 was also more potent for the
dechlorination of DCM with the specific Ag activity (Aagpcm = (2.1 £ 0.5) L/(g-min)) being higher
by a factor of 9.5compared to the Dbaseline for monometallic Cu
(Acupcm = (0.22 £ 0.02) L/(g-min)). The ratio of specific Ag activities for dechlorination of CF
and DCM is Aag.cr/Aagpem = 9.5. Similarly, for Ag/Cu (co-red), the ratio of the specific metal
activities for dechlorination of CF and DCM Am ce/Am,pcm = 80. These ratios in comparison to the
ratios Acucr/Acupcm =591 and Apd.cr/Ardpcm = 533, show that DCM dechlorination is better

handled when Ag is present.
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Although selectivity towards DCM was lower for Ag® + NaBHa, the specific Ag activity
Ang for dechlorination of CF was (25 + 5) L/(g-min) which was lower by a factor of 6 and 4 than
the  baseline  activity for  Cu(Acu=(130%10) L/(g-min)) and  Ag/Cu (co-red)
(Am = (80 £ 5) L/(g-min)), respectively. Metallic Ag might be subject to self-poisoning when it
comes into contact with chloride due to the possible formation of AgCI coatings. Surprisingly, this
deactivation did not happen since the specific Ag activity for dechlorination of CF increased
slightly through the addition of NaCl at the start of the reaction. The specific Ag activities Aag
were (20 = 5) L/(g-min), (30 £ 5) L/(g-min) and (40 = 5) L/(g-min) in the presence of 5, 20 and
500 mg/L NaCl, respectively.

It was demonstrated earlier in this work that the concentration of the catalyst
Ccu = 100 mg/L was essential to avoid the accumulation of DCM in the system. As could be
demonstrated, a second alternative to mitigate DCM accumulation in the reactors during the
dechlorination of CF is to use either Ag or bimetallic Ag/Cu particles. However, Ag (whose cost
is about USD 0.84/g Ag) (Silver Prices, 2021) costs more than Cu (USD 0.009/g Cu) by a factor
of about 90 on a mass basis. Since Ag is expensive and also a lower specific Ag activity, bimetallic
Ag/Cu particles are recommended for dechlorination of CF. For the bimetallic systems, about
25 wt-% Ag onto Cu could achieve similar product selectivity patterns as monometallic Ag.
Therefore, only catalytic amounts of metallic Ag onto Cu are necessary. Nevertheless, it cannot be
disregarded that the selectivities of MCM are an order of magnitude higher with Ag-containing
catalysts (5 mol-% compared to 0.3 mol-% with monometallic Cu).

A third alternative to eliminate the accumulation of DCM in the reactor during the
dechlorination of CF is to combine Cu® + NaBH, with vitamin B12. As shown in Figure 14, the

combination of Cu®+ NaBH4 and vitamin B12 decreased selectivity towards DCM from
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(13 £ 2) mol-% to (2 = 1) mol-%. This was due to the accelerated dechlorination of DCM. Hence
it is not a true selectivity. The specific metal activity Am for dechlorination of DCM as educt using
CuP + NaBH4 + vitamin B12 was (15 * 3) L/(g-min) which was higher by a factor of 68 than for
Cu (Acupcm = (0.22 £ 0.02) L/(g-min)). The selectivity to MCM using
CuC + NaBH4 + vitamin B12 was (3 + 1) mol-%, which was higher by a factor of 10 than for
Cu (Smcm = (0.3 £ 0.2) mol-%). Nevertheless, the MCM was not a dead-end product but further
dechlorinated in a second step when the reaction was continued for 120 min.

The specific metal activity Am for the dechlorination of CF (Am,cr = (260 + 20) L/(g-min))
was higher by a factor of 2 than for monometallic Cu (Acu,cr = (130 £ 10) L/(g-min)). Therefore,
the system comprising Cu® + NaBH4 + vitamin B12 accelerates dechlorination reactions for both
CF and DCM. As shown in Figure 14, the system comprised of Cu/Co + NaBH4 increases
selectivity towards DCM (Spcm = (25 £ 5) mol-%) and also as shown in Figure 15, has a lower
specific metal activity (Am = (20 £ 5) L/(g-min)). In separate experiments for dechlorination of CF,
the selectivity to DCM using vitamin B12 + NaBH4 was (40 + 5) mol-%. Therefore, a kind of
synergy between Cu® + NaBH4 and vitamin B12 exists that accelerates the dechlorination of CF
and DCM. Thus vitamin B12 as a chelating agent or redox molecule provides an electronic
environment that is beneficial for the dechlorination reactions. As described earlier in chapter 2.5,
reductive dehalogenation of HOCs by vitamin B12 in the presence of reducing agents such as
titanium (I11) acetate and NaBH4 has been considered to involve two-electron transfer processes
to the electrophilic carbon by the super-reduced form of vitamin B12 (Co'*, assigned B12s) (Burris
et al., 1996; Huang et al., 2013, 2015; Shey and van der Donk, 2000; Shimakoshi et al., 2005). In
the presence of Cu®+ NaBHs, vitamin B12 was considered to act as an electron mediator for

dechlorination of DCM (Huang et al., 2013, 2015). Therefore, two-electron transfer processes
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could be responsible for the accelerated dechlorination of CF and DCM by
Cu® + NaBHs + vitamin B12.

For the system comprising Cu® + NaBH + vitamin B12, the ratio of the specific metal
activities for dechlorination of CF and DCM is Amcr/Ampbcm =17 which is more-or-less
comparable to Aagcr/Aagpcm =9.5. Due to the higher specific metal activities for the
dechlorination of both CF and DCM by Cu® + NaBH4 + vitamin B12, vitamin B12 provides a
better alternative to Ag. In conclusion, the system Cu® + NaBH4 + vitamin B12 can be considered
as an optimal catalysts combination for the dechlorination of CF in water. Nevertheless, the high
cost of vitamin B12 as a fine chemical (currently USD 96/g) must be put into consideration during

the decision making process.

Dechlorination of CF using CIC, S/CIC, Cu/CIC, and Cu/S/CIC

As described earlier for Pd + Hz and Pd® + NaBHy, the type of reductant had no marked
effect on product selectivity patterns during the dechlorination of CF. As stated earlier, Cu is
unable to activate molecular hydrogen into active H* under ambient conditions. Therefore, it was
combined with ZV1 as a source of activated hydrogen with the intention to allow nascent hydrogen
to interact with the Cu surface. ZVI-containing composite colloids (Carbo-Iron®) with and without
sulfide doping for corrosion protection (CIC and S/CIC) were applied as sorption active reagents
and additionally modified by 2 wt-% Cu to obtain Cu/CIC and Cu/S/CIC. CIC consists of colloidal
activated carbon and embedded nZV1 structures (Bleyl et al., 2012; Mackenzie et al., 2012). The
product selectivity patterns for the dechlorination of CF using CIC, Cu/CIC, S/CIC, and Cu/S/CIC
are presented in Figure 16. The corresponding chloride yields and kops data are presented in the

appendix Table A3-2.
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Figure 16: Product selectivity patterns during the dechlorination of CF using CIC, S/CIC, Cu/CIC,
and Cu/S/CIC (ccic = Ccuicic = Ccwsicic =500 mg/L; cocr =10 mg/L; pH=8). Selectivities
determined at CF conversion > 95 %.

The dechlorination of CF using CIC and S/CIC combines both adsorptions onto the AC
carriers and electron transfer from the embedded nZVI reagent. As shown in Figure 16, the
dechlorination of CF using CIC and S/CIC shows that selectivities towards MCM, DCM, and CH4
were in the range 3-10, 40-45, and 45-50 mol-%, respectively. The sum of C2Hs and CoHs was
about 2-3 mol-% of the CF converted, an indication of the formation of higher chlorinated
compounds due to radical coupling reactions. Higher molecular weight substances were not
detected by headspace analysis. Solvent extraction was not performed. Thus their formation cannot

be fully ruled out. The selectivity towards DCM and CHj4 during the dechlorination of CF using

CIC and S/CIC were similar to the other iron metal reagents, such as nZVI8" (data presented earlier
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in Table 6). Thus adsorption of CF onto the AC carrier and sulfidation of the embedded ZV1 has
no marked effects on the product selectivity patterns.

The deposition of metallic Cu onto nZV1 led to the formation of galvanic elements. During
nZVI corrosion, adsorbed H* ions can gain electrons and are then transformed to nascent hydrogen
on the Cu surface. The catalytic dechlorination of CF then occurs at the Cu surface mediated by
active H*. Note that no borohydride was used as a reductant for all the systems in Figure 16. As
shown in Figure 16, for Cu/CIC, selectivities to DCM and CHs were (14 +2) mol-% and
(82 £ 2) mol-%, respectively. The product selectivities were comparable to those observed by
CuP + NaBHa. Hence the AC carrier and nZVI as a source for nascent hydrogen have no marked
effect on the selectivity patterns. For Cu/S/CIC, selectivities towards DCM and CHs4 were
(25 + 5) mol-% and (65 + 5) mol-%, respectively. As described earlier, for Cu® + NaBHj4 in the
presence of Na.S (Figure 13 (b)), the formation of CuS may explain the increased selectivity
towards DCM for Cu/S/CIC. For Cu/CIC and Cu/S/CIC, DCM was not a dead-end product but
was subsequently dechlorinated when the reaction was continued for 72-100 h, and the final
selectivities towards MCM, DCM, and CHs were in the range 1-2, 1-3, and 95-96 mol-%,
respectively.

As carried out for pure Cu NPs, further modification of Cu/CIC and Cu/S/CIC was done
using Pd, Ni, and Ag to evaluate product selectivity patterns during the dechlorination of CF in
water as shown in Figure 17. The corresponding chloride yields and kons data are presented in the

appendix Table A3-2.
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Figure 17: Product selectivity patterns during the dechlorination of CF using metal-modified
Cu/CIC and Cu/S/CIC (Cpdicurcic = Cnircuicic = Cagicucic = Cagicusicic = 500 mg/L; co,cr = 10 mgl/L,;
pHo = 6.5). Selectivities determined at CF conversion > 95 %.

As shown in Figure 17, the metals Pd and Ni have no marked effects on the selectivity
towards DCM. Similar to the bimetallic Ag/Cu particles in the presence of NaBH4 (Figure 14),
upon deposition of Ag onto Cu/CIC and Cu/S/CIC, the selectivities to CH4, DCM and MCM were
in the range 86-92, 2-5, and 5-6 mol-%, respectively. The product selectivity patterns were
independent of Ag loading on the Cu/CIC. This suggests that only catalytic amounts of Ag are
required. Since the product selectivities during dechlorination of CF using Cu/CIC, Cu/S/CIC and
their Ag-modified materials were comparable to those of Cu®+ NaBH, and bimetallic Ag/Cu
particles, the nature of the primary reductant, i.e. NaBH4 or ZVI, when used with Cu or Ag
catalysts has no marked effect on the product selectivities. From the mechanistic point of view,
this is a very significant finding. Apparently, the various primary reductants generate the same
reactive species (electrons or active H*) which are responsible for the initial surface-mediated

(catalytic) dechlorination steps. Hydride species are less likely to be involved therein.
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Dechlorination of CF using Cu/AC, Cu/ACF, Cu/zeolites, and Cu/resin

As it was demonstrated earlier for Cu/CIC and Cu/S/CIC, the AC carrier does not bring
any benefit in the product selectivities during the dechlorination of CF. Nevertheless, Cu-modified
AC, ACF, zeolites, and amberlite resin were also tested for the dechlorination of CF in the presence
of NaBH4. The Cu-modified materials were cleaned to ensure that CF dechlorination was due to
copper within the material but not due to copper-leached into the aqueous phase. For Cu/AC,
Cu/ACF, Cul/resin, and Cu/zeolites, the selectivities to MCM, DCM, and CH4 were in the range
0.5-1, 12-14, and 81-86 mol-% (details are presented in the appendix Table A3-3). The product
selectivity patterns were within the same range as that for Cu® + NaBH4 which shows that all these

carriers for the Cu metal present no marked benefit in terms of dechlorination selectivities.

Dechlorination of CF under the influence of external electric potentials

The product selectivity patterns from the dechlorination of CF can as well be considered
to be controlled by the competition between i) a second electron-transfer step and ii) a saturation
of surface intermediates by active H* as shown in reactions 30 and 31. In reaction 30, n refers to

the moles transferred.

(‘CHC]Z)surface +e — (:CHCl)surface +ClI'+ nH* »—»— CH4 (30)

(’CHCIZ)surface + e + H*surface — (CH2C|2)surface - (CHZC|2)dissolved (31)

The dual role of surface-bound hydrogen species becomes obvious: they are necessary for

the formation of methane from all intermediates (reaction 30) and they are responsible for the

stabilization (and afterward release) of chlorinated intermediates (reaction 31). Therefore, two

93



hypothetical strategies were considered: i) are the two hydrogen species in reactions 30 and 31
identical or different? If different, can one favor the ‘right’ hydrogen? and ii) an optimal interplay
between electron delivery, hydrogen availability, and adsorption state (physisorption versus
chemisorption) is the key.

A possible smart way to control one of these parameters independently was by application
of cathodic potential on Cu electrodes. The electrochemical setups are presented in the appendix
Figure A1-1. Cu mesh and Cu/ACF were used as the working electrodes for electrochemical
dechlorination of CF. Since Cu metal acts as a catalyst, the experimental conditions were adjusted
such that Cu exists in its oxidation state O (details are presented in the appendix Figure A1-3). ACF
as conductive support material for Cu was applied at potentials where water electrolysis was
minimized (details are presented in the appendix Figure Al1-4).

For comparison purposes, the selectivity patterns during the dechlorination of CF were also
investigated in the absence of applied potential (open-circuit system) and the presence of cathodic
potential and NaBH, as shown in Table 7. For further comparison, electrochemical dechlorination

of CF was carried out using the Cu electrode at a cathodic potential of -1.1 V.

94



Table 7: Product selectivity patterns during the dechlorination of CF in water using Cu- and
Cu/ACF-electrodes under an external electric potential and in the presence or absence of NaBH4
(Mcu-electrode = 370 MQg; Mo wt-% cwac = 6.3 Mg; Cocr =5 mg/L; ConasHa =300 mg/L; pHo = 7;
Velectrolyte = 400 mL of 0.1 M Na,SOgs; Vh = 100 mL)

Electrode type and reaction conditions Nproduct / Ntransferred CFX Cl yield
100 (%) (mol-%)
MCM | DCM CHa

Cu electrode + NaBH4 (open circuit system) 51 14+2 |82+2 |84+3

-11 V* + Cu electrode (electrochemical |2+ 1 13+£2 |82+2 |85%2
dechlorination of CF)

-0.8 V2 + Cu electrode + NaBH4 3+x1 11+3 [(84+3 [84+2
-1.0 V2 + Cu electrode + NaBH4 4+2 12+3 [(85+2 | 85%3
-0.8 V& + Cu/ACF electrode + NaBH4 3+1 10+2 |85+2 |88+2

2 Applied potential of the working electrode measured against Ag/AgCl.

Product selectivities were determined at 30-40 % CF conversion.

The chloride yields were determined at a CF conversion of > 95 %.

For all CF dechlorination reactions, the sum of C,H4 and C,;He¢ accounts for 1-2 mol-% measured at CF
conversion > 95 %.

Control experiments showed that CF was stable for at least 12 h when the applied potential
was maintained at -0.5 and -0.8 V versus Ag/AgCl and the electrolyte and headspace having been
purged with H. gas before the addition of CF. Thus it shows that activation of dissolved H> at the
Cu electrode to form active H* due to the applied potential did not occur. As shown in Table 7,
there was no marked change in selectivity patterns during the dechlorination of CF at the different
electrodes in the presence or absence of applied potentials. Also, the combination of NaBH4 and
applied potential had no significant effect on the selectivity patterns. From the mechanistic point
of view, these results indicate that the electron-transfer steps to CF adsorbed at the surfaces of Cu
and Cu/ACF are not driven by the potential of free electrons (in the conduction band) but more

likely by reactive hydrogen species, resulting from BH4  decomposition (possibly hydride species).

Surprisingly, similar product selectivity patterns were obtained for the i) borohydride-assisted
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dechlorination of CF and ii) electrochemical dechlorination reaction at cathodic potential of -1.1 V
(data in Table 7). A similar study for the electrochemical dechlorination of CF in water using a
graphite electrode showed that an increase in cathodic potential from -0.75to -1.3 V had no marked
effect on the selectivity patterns (Battke, 2006). Apparently, these results (Table 7) show that both
reactive species (active H” or electrons) are responsible for the initial surface-mediated (catalytic)
dechlorination steps. The advantage of the cathodic potential of -1.1 V at the Cu electrode was that
DCM was not a dead-end product but was subsequently dechlorinated when the reaction was
continued for 50 h (i.e. Socmson = (2 = 1) mol-%).

In conclusion, the results presented in this chapter with CHCIs as the substrate show that
similar selectivity patterns (ratio of CH.Cl,: CHa) are observed for very different reduction
systems. This is the opposite in comparison to the findings of Farrell et al (Li and Farrell, 2000,
2001; Wang et al., 2004; Wang and Farrell, 2003). Nevertheless, it supports the view that presently
we are not in a position to explain or even predict initial product selectivity patterns in

heterogeneous reductive dechlorination of CHCI3 in aqueous suspensions.

4.1.2 Dehalogenation of CCls, CFCls, CBrCls and CClz—CHs using Cu® + NaBH4

As presented earlier, selectivities towards CH4, DCM, and MCM were (84 £ 2) mol-%,
(13 +2) mol-%, and (0.3 +£0.2) mol-%, respectively for the dechlorination of CF using
CuC + NaBHa. The influence of the R-substituent on selectivity patterns for the dehalogenation of
CCl4, CFCl3, CBrCls and 1,1,1-TCA was investigated. The selectivities were determined at the
point where the educt conversion was >95 % and at the point where the conversion of the
immediate first intermediates CHCIs, CHCIzF, and CHCI>-CH3z was >95 %. The data for the

product selectivity patterns during the dehalogenation of the halogenated methanes and their first
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daughter products are presented in Figure 18. The corresponding chloride yield data are presented

in the appendix Table A3-4.
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Figure 18: Product selectivity patterns during the dehalogenation of CCls, CFCl3 and CBrCls
using Cu® + NaBH4 a) Selectivities at > 95 % conversion of the parent CCls-R compound and
b) Selectivities at > 95 % conversion of the immediate CHCI>—R intermediate (ccu = 0.2-2 mg/L;
Co,educt = 20 mg/L; ConaeH4 = 300 mg/L; pH = 10).
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The product selectivity patterns at > 95 % conversion of CCls, CFCl3 and CBrCls are as
shown in Figure 18 (a). For CCls and CFCls, CF and CHCI.F were the major intermediates,
respectively, and accounted for 52-72 mol-% of the educt converted. The selectivity to CF was
about 15 mol-% of CBrCls converted. A slightly higher DCM selectivity of 40 mol-% was
observed for CBrCls than that for CCls and CH2CIF from CFClz. That means the second
dehalogenation step is not as preferred as we could observe for the reduction of the C—Br bond.
For CCls and CBrCls, the selectivities to CHs were 16 and 35 mol-%, respectively. Both CH4 and
F were not detected during the dehalogenation of CFCls implying that cleavage of the C—F bond
using Cu® + NaBHj4 did not occur. Therefore, the dehalogenation reaction occurred preferably via
hydrogenolysis which led to the high selectivities of the halogenated intermediates during the
dehalogenation of CCls, CFCl3, and CBrCla.

The intermediates CF and CHCI.F did not accumulate but were further transformed as can
be seen in Figure 18 (b) by the further generation of MCM, DCM, and CHa. Similarly, the further
transformation of CHCI2F led to an increase in the daughter products CH>CIF and CH3z—F. MCM,
DCM, CH:CIF, and CHs-F persisted when the reaction was continued for 30h
(c3on,naBHa = 38 mg/L), hence they were considered more-or-less as dead-end byproducts under the
chosen reaction conditions with low Cu concentrations. Therefore, when F, CI, and Br replace the
chloroform’s H-substituent, there was a shift in selectivities which may be due to the electron-
withdrawing and steric effects at the electrophilic carbon.

To simulate steric effects, dechlorination of 1,1,1-TCA, where the chloroform’s H-
substituent was replaced by the more bulky methyl group, was investigated using Cu® + NaBH4

to evaluate the product selectivity patterns as shown in Figure 19.
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Figure 19: Product selectivity patterns during the dechlorination of 1,1,1-TCA using Cu® + NaBH4

a) Selectivities at > 95 % conversion of 1,1,1-TCA and b) Selectivities at > 95 % conversion of

the 1,1-DCA intermediate (Ccu = 1 mg/L; Co,1,1,1-tca = 20 mg/L; Co,naBH4 = 300 mg/L; pH = 10).
As shown in Figure 19 (a), the selectivitiesto 1,1-DCA, MCA, CzHa, C4H10 and CoHe were

56, 1.5, 1.5, 1 and 35 mol-%, respectively. The speculated first step during the dechlorination of

1,1,1-TCA involves the transfer of one electron to the adsorbed molecule according to the reaction
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CCI3CHs + e — *CCI.CH3 + CI" (Fennelly and Roberts, 1998). 1,1-DCA as the major product
could be formed by a second electron transfer step combined with protonation of the intermediate
dichloroethyl radical anion according to the reaction (*CCI2CHs + e+ H* — CHCI>CHs). Since
the selectivity to 1,1-DCA was about 56 mol-%, hydrogenolysis can be considered the main
reaction pathway for the initial dechlorination of 1,1,1-TCA.

As shown in Figure 19 (b), further dechlorination of 1,1-DCA leads to the increased
amounts of MCA, C2H4, C4H10, and C2He t0 9, 7, 3, and 71 mol-%, respectively. MCA was more-
or-less a dead-end byproduct at the low catalyst concentration (ccy = 1 mg/L). Its dechlorination
could be observed when the catalyst concentration was increased to ccy = 100 mg/L. The specific
Cu activity for the dechlorination of MCA was (Acumca = (0.010 £ 0.005) L/(g-min)). The
formation of CsH10 shows that radical coupling reactions are involved albeit to a minor extent.

Fennelly and Roberts, (1998), suggested that the formation of C2H4 from 1,1,1-TCA may occur

through H-rearrangement reactions involving ethyl carbene (:CHCH3) intermediates.

For CFCI; and CCls, the F and CI substituents at the CCls-group have an electron-
withdrawing effect on the carbon, making it more electrophilic, hence destabilizing C-centered
radicals. For 1,1,1-TCA, the methyl substituent may stabilize radical intermediates via
hyperconjugation. Since the selectivities for the generation of the first intermediates CF, CHCI.F,
and 1,1-DCA from CCl4, CFCl3, and 1,1,1-TCA, respectively, were similar, electronic effects of
the substituent play no significant role on the reaction selectivities. To further evaluate whether
selectivity depends on the steric effects of the geminal R-substituent, the dechlorination of DCM

and 1,1-DCA using Cu® + NaBH4 was investigated. The results are presented in Figure 20.
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Figure 20: Product selectivity patterns for the dechlorination of DCM and 1,1-DCA using
Cu®+ NaBHs (ccu=50-100 mg/L;  Coeduct = 10-20 mg/L;  Conasha = 300 mg/L; pH = 10).
Selectivity patterns determined at educt conversion > 95 %. Grey and blue bars represent products
from the dechlorination of DCM and 1,1-DCA, respectively.

As shown in Figure 20, CH4 and C2He were the major products during the dechlorination
of DCM and 1,1-DCA, respectively. Similar to 1,1,1-TCA, the formation of CsH1o during
dechlorination of 1,1-DCA shows that radical coupling reactions are involved albeit to a lower
extent. Since CH4 and C2Hs were the major products, it suggests that a-elimination reaction is the
main reaction pathway for the initial dechlorination of DCM and 1,1-DCA. As shown in Figure
18 (a), for CCl4, CFCls, CBrCls, and 1,1,1-TCA (Figure 19 (a)), hydrogenolysis was the main
reaction pathway. Therefore, the R-substituent that replaces the chloroform’s H-substituent
suggests that steric effects may be a limiting factor for the simultaneous removal of geminal

chlorine atoms from the electrophilic carbon during the dehalogenation of CCls—R compounds via

a-elimination.
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4.2 Application areas for Cu-, Pd- and nZVI-based systems

As discussed in the earlier chapter 4.1 for the dechlorination of CF, the choice of the
metallic reagent or catalyst determines the quantity and fate of the intermediate reaction
byproducts, DCM and MCM. When reactivity, product selectivity, and the fate of intermediates
are considered, Cu® + NaBH4 was best suited for the dechlorination of CF in comparison to Pd + H;
and nZVI. An evaluation of the three reduction systems also for a broader span of water
contaminants is therefore advised. The evaluation of the dehalogenation capabilities of nZVI-, Pd-
and Cu-based systems are not comparing like with like. Pd and Cu metals are true catalysts while
nZV1 is a reagent that is consumed by the target reaction. Besides, nZVI undergoes corrosion,
where depending on the conditions, a considerable proportion of reduction equivalents is “lost”.
Furthermore, various mechanisms are used by the three metals. nZV1 is predominately an electron-
transfer reagent and the activation of hydrogen plays a minor role. Metallic Pd as an effective
catalyst for hydrogenation and HDC reactions can adsorb and dissociate hydrogen forming
adsorbed surface hydrogen (Conrad et al., 1974) and absorb “subsurface hydrogen” (Teschner et
al., 2010). Metallic Cu itself is not a potent reducing agent hence an external reducing agent such
as NaBH4 should be supplied where H-species may act as reducing agents. Since CuH has been
detected (Bennett et al., 2015; Schlesinger et al., 1953; Vaskelis et al., 1998), hydrides may as well
be involved especially as dehalogenation agents at the surface. However, as in hydrosilylation
(Diez-Gonzélez and Nolan, 2008), where insertion of Cu-species leads to the cleavage of the C—X
bond, such insertion may as well be implicated here. The variation in active reducing species
concerning Cu-, Pd- and nZVI-based systems also suggests a wide range of underlying
mechanisms and dehalogenation “abilities”. For all here-discussed systems, overall pollutant

treatability, necessary metal input, expected treatment times, and knowledge about possible
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byproducts are crucial decision tools needed for any application at field sites. Comparing metal-
mass-based reaction rate constants or specific metal activities can therefore be used to transport

these information sets to users.

4.2.1 Specific metal activities for the reduction of HOCs using Cu-, Pd- and nZVI-based systems

The appropriate kinetic parameter for a heterogeneous reaction such as dechlorination in
aqueous suspension should be a surface-normalized parameter rather than a mass-related one.
However, when comparing solid metal particles with no inner surface, the mass is a good
alternative as a reference when the particles are roughly in the same size range and therefore having
a similar surface area. The mass-related specific metal activities can then be used to provide an
approximate comparison base. Mackenzie et al. (2006) have determined the specific Pd activities
Apq for the reduction of various HOCs in water using a sieve fraction (63-125 pum) of the supported
catalyst Pd/y-Al>Os. However, it is inappropriate to directly use these data here for comparisons
of specific Pd activities to those achieved with Pd nanoparticles for two reasons: (i) supported Pd
clusters have a higher dispersity than the unsupported nanoparticles (Npq surface: Ned total) @and (i) the
reactants have to overcome two mass-transfer barriers in the porous catalyst: external film
diffusion and intraparticle pore diffusion. The two phenomena act contrarious on the observable
catalyst activities. The extent of the mass-transfer limitation depends on the specific reactivities;
it is low for low reaction rate constants and vice versa. Nevertheless, the data can be used to gain
insights into reactivity gradation of the reductive dehalogenation of HOCs belonging to a particular
class and forecast reaction trends using other particle sizes or the same type of reductant.

In the current study, specific Pd activities for the reductive dehalogenation of selected

HOCs were determined experimentally at pH 10 (adjusted by 1 M NaOH) using colloidal Pd NPs
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with mean particle sizes of 60 nm. pH 10 was applied to minimize self-poisoning of the catalyst
by HX released during the dehalogenation reaction (Aramendia et al., 2002; Aramendia et al.,
2001; Coqg et al., 1986). For nZVI, HOCs reactivity data were obtained from batch experiments (at
unbuffered pH 7-8) using particles with a mean size of 75 nm and also from the literature for nZV1
with particle sizes 80-100 nm (Song and Carraway, 2005). Even though nZV1 is usually consumed
during dehalogenation reactions, it is generally accepted that the core-shell structure and overall
particle size of nZV1 with its metal-core and oxidic shell more-or-less remain during iron oxidation
(Nurmi et al., 2005). Therefore, the kons Values for the dechlorination of chlorinated ethanes
obtained from the literature were further processed using equation 19 by taking into account the
initial nZVI concentration. Table 8 shows an overview of the specific metal activities for the
dehalogenation of various HOCs in water using Cu-, Pd- and nZVI-based systems. Also presented
are the weakest C—X bond dissociation energy values for the various HOCs. The particle size
distribution (dso and doo) as determined by NTA analysis for Cu, Pd, and nZV1 nanoparticles are

presented in the appendix Table A2-3.
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Table 8: Specific metal activities for the dehalogenation of single HOCs in water using Cu-, Pd- and nZVI-based systems together with
the corresponding weakest C—X bond dissociation energies (ccu=0.2-2500 mg/L; cConasHa =300 mg/L; cpq =0.2-1500 mg/L;
pH2 = 100 kPa; cnzvi = 0.4-5 g/L; CoHocs = 2-50 mg/L)

Halogenated organic compound classes BDE Specific metal activities Am [L/(g-min)]
(kd/mol) | m=Cu m = Pd m =nZVI
Saturated aliphatic | CTC, CCls 293% 1100 + 100 200 £ 20 0.30 £ 0.05
compounds with a CF, CHCIs 3222 130 + 10 5+1 0.003 + 0.001
higher chlorination | 1,1,1-TCA, 309? 170+ 20 n.a. 0.102 + 0.006°
degree CClIs—CHs
1,1,2-TCA, 318° 6+1 1.3+0.2 0.0016 + 0.0002¢
CHCI>-CHCI
1,1,1,2-TeCA, 2952 900 + 200 380+ 20 0.36 £ 0.03¢
CCIs-CHCI
1,1,2,2-TeCA, 3142 60+5 n.a. 0.021 £ 0.003¢
CHCI>-CHCI;
HCA, 3042 2500 + 500 n.a. 0.52 + 0.04°9
CCIs-CCls
Saturated aliphatic | DCM, CH.Cl, 3392 0.22 £0.02 n.a. n.a.
compounds with MCM, CH3ClI 3512 0.0020 £ 0.0002 | n.a. n.a.
lower chlorination | MCA, CH,CI-CHs 3522 0.010 £ 0.005 n.a. n.a.
degree 1,1-DCA, 3282 5+1 3+1 0.000014 + 0.000003°
CHCI>—CHs
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1,2-DCA, 3452 0.10+0.04 0.0010 + 0.0005 < 0.000003¢
CH2CI-CH:CI
1,2-DCP, 319° 0.40 £ 0.08 0.006 + 0.001 n.a.
CH2CI-CHCI-CHs
1,2,3-TCP, n.a. 0.30+0.01 0.007 + 0.002 n.a.
CH2CI-CHCI-CHxCI
1,2-DCB, n.a. 0.50 £ 0.03 0.004 + 0.002 n.a.
CH,CI-CHCI-CH2—CHj3
Brominated bromotrichloromethane, | 231% 1300 + 100 n.a. n.a.
compounds CBrCls
BF, CHBr3 2752 2000 £ 300 300 =50 0.060 + 0.005
DBM, CH:Br 2762 390+ 20 40 + 10 0.03+0.01
MBM, CH3Br 2942 20+ 3 n.a. n.a.
VB, CHBr=CH: 3382 67 +10 2500 £ 500 0.0028 + 0.0002
Chlorofluoroorganic | CFC-11, CFCls 3212 280 £ 30 4+1 n.a.
compounds CFC-113, 3592 1050 + 150 n.a. n.a.
CCIl2F-CCIF
Chlorinated VC, CHCI=CH: 452° 4+2 1600 + 200 n.a.
ethylenes 1,1-DCE, CCl»=CHz> 3944 10+1 590 + 50 n.a.
trans-DCE, 373¢ 17+5 1200 + 100 n.a.
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Cl H
H>_<CI
cis-DCE, 370¢ 5+2 840 + 60 n.a.
Cl Cl
H>_<H
TCE, CCl,=CHCI 392¢ 17+1 220 + 50 0.00024 + 0.00004
PCE, CCl,=CCl; 382¢ 3+1 110+ 10 0.00040 + 0.00022
Halogenated CB, 399f 0.00004 £ 500 £ 150 n.a.
aromatic 0.00001
compounds CI@
BB, 337 80 £ 10 900 + 100 n.a.
O

2 Ref. (Luo, 2007).

b Ref. (Cioslowski et al., 1997).

¢ Ref. (Liu et al., 2000).

4 Ref. (Desai D'sa et al., 1988).

¢ Ref. (Chen, 2003).

fRef. (Lide, 1995).

9 kons data for the reduction of chloroethanes were obtained from (Song and Carraway, 2005) where the nZVI mean particle sizes used for the study
were in the range 80-100 nm. The kops data and nZV1 concentrations were used to calculate the specific nZV1 activities according to equation 19.
The specific metal activities for the reduction of HOCs using Cu-, Pd- and nZVI-based systems were calculated from three replica experiments using
nanoparticles of comparable particle sizes i.e. 50 -75 nm. The error ranges are mean deviations of the single values from the average.

pH = 10 for HOCs dehalogenation experiments using Cu® + NaBH4 and Pd + Hy. pHo = 7-8 for nZVI experiments which increased to 9-9.5 at the
termination of the reaction where the HOCs conversions were > 95 %. BDE refers to the gas-phase weakest C—X bond at standard state (1 atm and
25 °C). n.a. = not analyzed.

107



As shown in Table 8, the reactivity of the different HOCs presented as specific metal
activities is structure-sensitive and varies depending on the type of remediation system used.
Cu® + NaBH4 and Pd + H; can be applied to nearly all HOCs classes containing F, Cl, and Br.
However, it is noteworthy to point out that where Cu® + NaBH4 and Pd + Hz were applied for the
dehalogenation of CFCls and CCI.F—CCIF», fluoride, methane, and ethane were not detected. Thus
these systems failed in the cleavage of C—F bonds. Cleavage of the C—F bond was only observed
by using Cu® + NaBH4 + vitamin B12 for the dehalogenation of CFCls where the yields to CHa4, F
and CI" were (75%5)mol-%, (10 +2) mol-%, and (70 +£5) mol-%, respectively. The
dehalogenation of CCl,F—CCIF, using Cu® + NaBH, + vitamin B12 was not evaluated.

The two catalysts, Cu and Pd, show much higher specific activities for all HOCs classes
than with nZV1 as a reagent. The difference in the specific metal activities between catalysts and
reagents can be considered as a combination of the intrinsic properties of the metal and their
dehalogenation mechanisms. Since Pd and nZVI have been extensively studied for the reduction
of various HOCs and relevant information regarding the rate-determining steps and product
patterns are available, the dehalogenation pathways for reduction of HOCs using Cu® + NaBH4
were evaluated in this study. Figure 21 shows the correlation between specific metal activities for
dehalogenation of the various HOCs using Cu®+ NaBH; and Pd+ H; presented as
log Am versus BDE. It is noteworthy to point out that for heterogeneous systems, reactions are
determined by both adsorption and dehalogenation steps. Non-dissociative adsorption cannot be
correlated with bond strengths. The correlation between specific metal activities (log Am) versus
BDE in Figure 21 is used only to provide insights into the possible reduction steps for the different

compound classes.
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a) Variation of specific Cu activities A, with the weakest C—X BDE
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Figure 21: Correlation of specific metal activities as log Am with the weakest C—X bond
dissociation energies for saturated chlorinated compounds and chlorinated ethylenes (a) using
Cu® + NaBHzand (b) using Pd + H.. Dotted lines are used to indicate reactivity trends for the HOC

classes.

As shown in Figure 21, the specific metal activities for the dehalogenation of saturated

aliphatic compounds (chlorinated methanes and ethanes) using Cu®+ NaBHs and Pd + H>

109



decreases with an increase in BDE. For chlorinated ethylenes, no clear dependency between
specific metal activities and BDE can be read from the graphs. This is an indication of two distinct
rate-determining steps between saturated aliphatic chlorinated compounds and the chlorinated
ethylenes. For the dehalogenation of HOCs carried out in the gas phase, dissociative adsorption
and homolytic cleavage of the C—X bond were rate-determining using Pd (Chen, 2003; Rioux et
al., 2000; Zhou et al., 1999) and Cu catalysts (Ahmed et al., 2018). Hence the HOC affinity to the
catalyst's surface and the strength of the C—X bond are crucial in determining its reactivity.
Therefore, for Cu and Pd catalysts, the homolytic cleavage of the weakest C—X bond for saturated
aliphatic chlorinated compounds could be rate-determining (R—X — Re + Xe).

Since the C-Br (285 kJ/mol) is weaker than the C-CI bond (337 kJ/mol), specific Cu
activities for the reduction of brominated compounds were higher than for their chlorinated
counterparts. For example, as shown in Table 8, the specific Cu activities for the reduction of BF
(Acupr = (2000 + 300) L/(g'min)) was higher by a factor of 15 than that of CF
(Acucr = (130 = 10) L/(g'min)). Similarly, the specific Cu activities for the reduction of DBM
(Acupem = (390 £ 20) L/(g'min)) was higher by a factor of 1800 than that of DCM
(Acupcm = (0.22 + 0.02) L/(g-min)).

In addition to the strength of the C—X bond to be cleaved, the specific Cu activities were
higher for compounds with an increased degree of substitution at the electrophilic carbon and also
with longer alkyl chains. For example, as shown in Table 8, the specific Cu activity for the
dechlorination of CF (Acucr = (130 £ 10) L/(g'min)) was three orders of magnitude higher than
that of DCM (Acupcm = (0.22 £ 0.02) L/(g'min)). Similarly, the specific Cu activity for the
dechlorination of 1,1,1-TCA (Acu,11-1ca = (170 £ 20) L/(g'min)) was two orders of magnitude

higher than that of 1,1-DCA (Acuy,1,1-oca = (5 = 1) L/(g'min)), respectively. This increase in catalyst
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activity due to higher X-substitution degree at the electrophilic carbon could be due to i) the
weakening of the C—X bonds, and ii) the stronger initial attachment of halogen atoms to the catalyst
surface.

The saturated aliphatic chlorinated compounds with lower chlorination degrees such as
1,2-DCP, 1,2,3-TCP, and 1,2-DCB were easily dechlorinated using Cu® + NaBH4 compared to
1,2-DCA. The difference in specific Cu activities for these compounds could be due to the
weakening of the C—CI bond as a result of increased substitution. For example, 1,2-DCA with a
stronger C—ClI bond (345 kJ/mol) was more difficult to dechlorinate than 1,2-DCP with a weaker
C—CIl bond (319 kJ/mol). Therefore, the specific Cu activities for dechlorination of 1,2-
DCA (Acu,12-pca = (0.10 £ 0.04) L/(g'min)) was lower by a factor of 4 than that of 1,2-DCP
(Acu,1,2-pcp = (0.40 £ 0.08) L/(g'min)). Since the specific Cu activities for the dechlorination of
1,2-DCP and 1,2,3-TCP were similar, it showed that the Cl-atoms substitution pattern within the
alky chain has no marked effect on the reactivities. In other words, geminal substituents affect
dechlorination rates much more than vicinal substituents.

Further comparison between Cu and Pd catalysts shows that the specific Cu activities for
the dehalogenation of the saturated aliphatic HOCs with > 3 halogen atoms are one to two orders
of magnitude higher than those of Pd. Furthermore, the specific Cu activities for the dechlorination
of compounds with lower chlorination degrees (i.e. 1,2-DCA, 1,2-DCP, 1,2,3-TCP, and 1,2-DCB)
were two orders of magnitude higher than specific Pd activities. In contrast to Pd catalysts, Cu
catalysts can be applied for the dehalogenation of nearly all saturated aliphatic compounds and
eliminate the danger of accumulation of the lower chlorinated byproducts. Using the specific metal
activities for the reduction of saturated aliphatic HOCs as a basis for comparing the dehalogenation

abilities of the catalysts and reagent, the metal order is as follows: Cu >> Pd >> nZVI.
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For chlorinated ethylenes, the specific Pd activities Apq Were one to three orders of
magnitude higher than the specific Cu activities Acu. The high specific Pd activities for these
compounds have been attributed to the strong interaction between m-electrons at the Pd surfaces
through di-8-bond formation followed by the addition of active H* to the double bond (Andersin
and Honkala, 2011; Barbosa et al., 2002; Gomez-Sainero et al., 2002; Mackenzie et al., 2006). For
the dechlorination of chlorinated ethylenes using Cu® + NaBHa, such atomic H* species are not
available. In contrast to the saturated aliphatic chlorinated compounds, increased chlorination
degree and the Cl-substitution pattern for chlorinated ethylenes have no marked effect on the
specific Cu activities. For example, the specific Cu activities for dechlorination of VC, cis-DCE,
and PCE were Acuve = (4 £ 2) L/(g-min), Acucis-oce = (5 = 2) L/(g-min) and
Acupce = (3 £ 1) L/(g-min), respectively. Similar specific Cu activities Acy were also observed for
the dechlorination of trans-DCE, 1,1-DCE, and TCE. Based on the specific metal activities for
dechlorination of chlorinated ethylenes using the three remediation systems, the metal order is
Pd >> Cu >>nzZVI.

Despite existing literature claiming that bare nZVI is able to cleave aromatic C—Cl bonds
especially those with lower chlorination degree e.g. chlorobenzene (Poursaberi et al., 2012; Sevci
etal., 2017; Shih et al., 2011; Wang and Zhang, 1997), these results could not be confirmed by us
and therefore should be considered artifacts. Successful cleavage of aromatic C—Cl bonds by nZV1
were explained due to the presence of trace levels of hydrogenation-active metals such as Ni in
ZV| precursors (Balda and Kopinke, 2020). In this study, Cu®+ NaBH4 was able to cleave
aromatic C—X bonds. As shown in Table 8, the specific Cu activities for the dehalogenation of CB
and BB were Acucs=(0.00004 +0.00001) (L/(g-min) and Acugs= (80 % 10) L/(g'min),

respectively. The low specific Cu activity for dechlorination of CB is not significant for any
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practical application. Hence Cu® + NaBH4 is more appropriate for the cleavage of aromatic C—Br
bonds. In contrast to Cu catalysts, Pd catalysts can smoothly cleave aromatic C—X bonds. As
shown in Table 8, the specific Pd activities for the reduction of CB and BB were
Apd,ce = (500 + 150) L/(g-min) and Apg,ge = (900 + 100) L/(g'min), respectively.

In conclusion, the specific metal activities for the reductive dehalogenation of HOCs with
catalysts and reagents depend on: i) the strength of the C—X bond, ii) the presence of functional
groups next to the C—X bond to be cleaved (i.e. geminal substitution pattern and presence of =n-
electrons), and iii) the intrinsic nature of the metal which determines the dehalogenation
mechanisms. When comparing the reactivities of the three ‘metals’, one has to take into account
that actually different ‘reduction systems’ are compared rather than metals because all three

systems use their own reductants (BH4", Hz, and Fe°).

4.2.2 Water matrix effects on the stability of Cu catalysts

The performance of a remediation system usually differs greatly when used under
laboratory and field conditions. When treating HOCs present in real effluents, water matrix effects
may alter the performance of the Cu catalysts. In this work, the performance of Cu catalysts for
dechlorination of CF in the presence of common water solutes was evaluated and then compared
with the baseline for Cu without co-solutes (Acu.crwithout co-solute = (130 % 10) L/(g-min)). The
results are presented in Table 9. The aim was to identify which co-solutes have a negative or
positive effect on the specific Cu activities. As a baseline for further comparison, the performance
of Cu catalysts for dechlorination of CF was also evaluated in laboratory-supplied tap water and

synthetic freshwater as shown in the appendix Table A3-5.
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Table 9: Effect of various co-solutes on the specific Cu activities Acu for the dechlorination of CF compared to the baseline for Cu
without co-solutes (Acu,crwithout co-solute = (130 + 10) L/(g-min)) (co,cr = 10 mg/L; conasH4 = 300 mg/L; pH = 8 for NaHCO3; pH = 10 for
the other experiments)

Aqgueous co-solutes supplied Solute Specific Cu activities Acuin | Acu,crwith co-solute/ ACu,CF without co-solute [-]
concentrati | the presence of co-solute
on (mg/L) | [L/(g-min)]
Co-solutes NaF 5 140 + 20 1.1
with no 20 160 + 30 1.2
marked effect | NaCl 5 130 £ 15 1.0
on specific Cu 500 140 £ 40 1.1
activities KBr 5 140 £ 10 1.1
10 130 = 20 1.0
Na2SO4 5 130 £ 15 1.0
500 140 + 10 11
Na2SOs3 5 140 = 20 11
500 130+ 10 1.0
SRHA as a surrogate for | 5 130 £ 10 1.0
organic matter 20 140 £ 10 1.1
Co-solutes Na2CO3 100 260 + 20 2.0
with a positive | NaHCOs 100 330+ 30 2.5
effect on
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specific Cu

activities
Co-solutes MgSQO4-7H20 50 90 + 40 0.7
with a negative 500 60 + 10 0.5
effect on CaCl-2H:0 50 120 + 30 0.9
specific Cu 500 80+ 20 0.6
activities FeSO4-7TH20 10 100 + 20 0.8
100 3010 0.2
MnSQO4-H20 2 100 + 20 0.8
100 60 + 10 0.5
Co-solutes NaNOs 10 100 £ 10 0.8
containing 20 90+ 10 0.7
redox-sensitive 50 60 £ 10 0.5
anions and NaNO: 10 100 £ 10 0.8
their negative 20 90 + 10 0.7
effect on 50 70 + 10 0.5
specific Cu
activities
Co-solute that | Na2S-H20 1 13+2 0.10
deactivates Cu 10 3x1 0.02

catalysts

115



The co-solutes NaF, NaCl, and KBr have no significant effect on the specific Cu activities.
Similar to Pd catalysts, the marginal effect on the stability of Cu catalysts by halide ions could be
due to rapid desorption and solvation effects which may remove these ions from catalyst surfaces
into the bulk solution. Also, Na>SO4 and Na>SOsz have no marked effect on the specific Cu
activities. Therefore, the reduction of SO4> or SOs? to HS™ (a known catalyst poison) under the
experimental conditions may be considered not to occur. Compared to Pd catalysts which are
readily deactivated by sulfite (Han et al., 2016; Lim and Zhu, 2008; Lowry and Reinhard, 2000),
this study shows that Cu catalysts are moderately tolerant to deactivation by sulfite. This is a major
advantage for Cu catalysts over Pd catalysts for reductive dehalogenation reactions in water.

Natural organic matter has been found to adsorb onto catalysts such as Pd leading to
catalyst inhibition (Chaplin et al., 2006; Kopinke et al., 2010; Zhang et al., 2013). In this study,
SRHA was used as a surrogate for NOM in the concentration range of ¢.srHa = 5-20 mg/L. Under
the experimental conditions (pH = 10), SRHA had no marked effect on the specific Cu activities.
SRHA like other humic substances contain phenolic and carboxylic functional groups that are
deprotonated at pH > 7 (Baglieri et al., 2014; Brigante et al., 2007; Klu¢akova and Pekat, 2005).
Deprotonated SRHA would have minimal interaction with the surface of Cu NPs hence no marked
effect on catalysts performance. However, it should be noted that SRHA precipitation at neutral
and acidic conditions may affect the performance of Cu catalysts (Qi et al., 2017; Wang et al.,
2015).

As shown in Table 9, Na,COs and NaHCOs increase the specific Cu activities by a factor
of 2 and 2.5, respectively. So far, it’s unclear how the addition of Na,CO3z and NaHCO3 enhances
Cu performance. Despite having a positive effect on the specific Cu activities, Na.CO3z and

NaHCO3 had no marked effect on the product selectivity patterns. The co-solutes CaCl,, MgSQa,
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MnSOg, and FeSO4 decreased the performance of the Cu catalysts. As shown in Table 9, increased
concentrations of these co-solutes led to a decrease in catalysts performance. The precipitation of
hydroxides of Ca, Mg, Mn, and Fe under the reaction conditions (pH = 10) may contribute to the
loss of catalyst activities. The performance of Cu catalysts was also inhibited by NaNOz and
NaNOy. The redox-sensitive species NO3z™ and NO2™ may be subject to reduction to form N, and
NHs under the experimental conditions (Chaplin et al., 2006; Guy et al., 2009; Lowry and
Reinhard, 2001; Soares et al., 2008). Although NHz and N2 were not measured in this study, the
reduction of NO3s and NO, by Cu® + NaBHa under the experimental conditions cannot be ruled
out.

Replacing deionized water with tap water and synthetic freshwater for the dechlorination
of CF led to a slight decrease in activities where Acu,cr tap water or freshwater/ Acu,CF without co-solute = 0.8
(data is shown in the appendix Table A3-5). The presence of cations such as Ca?*, Mg?*, and anions
e.g. NOz™ in tap water and synthetic freshwater could contribute to the slight loss of catalyst
activities. As shown in Table 9, the ratio of specific Cu activities in the absence and presence of
Na.S were 0.1 and 0.02 for 1 and 10 mg/L NaS, respectively. Under the experimental conditions
pH =10, HS (pKans =12.9) is the main species (Linkous et al., 2004; Wu et al., 2018).
Chemisorption of HS™ onto copper to form sulfur-adlayers (Cu2S or CuS) blocks active sites for
the CF dechlorination reaction (Jiang et al., 2020; Prokkola et al., 2020; Sugimasa et al., 2003;
Twigg and Spencer, 2001). Deactivation of Cu catalysts by bisulfide is therefore detrimental to
catalyst performance. Regeneration of sulfide-deactivated Cu NPs using oxidants such as KMnQO4
or hypochlorite was not attempted in this study.

In conclusion, this study shows that Cu catalysts are rather stable in the presence of

common water solutes other than sulfide/bisulfide. Hence Cu® + NaBHa can be applied directly
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for the treatment of HOCs in groundwater (only for pump & treat systems) or wastewater without
the need for pre-treatment to remove water solutes. However, the protection of Cu catalysts against

sulfide is still necessary.

4.2.3 Regeneration and lifetime of Cu-doped cation-exchange resin

The deactivation of catalysts such as Pd and Cu by solutes such as sulfide presents a major
drawback in the treatment of contaminants. The frequent need for catalyst replacement or
regeneration presents an economic burden and makes the utilization of such catalysts in
environmental technologies less attractive. It has been shown that embedding catalysts such as Pd
onto hydrophobic polymers e.g. poly(dimethylsiloxane) (PDMS) (Comandella et al., 2017;
Comandella et al., 2016), silicone coatings (Kopinke et al., 2010; Navon et al., 2012), and Y-
zeolites (Schth et al., 2000) could minimize catalysts deactivation. In this study, the stability and
regeneration of copper embedded onto amberlite cation-exchange resin were evaluated. The
Cu/resin (1.4 wt-% Cu) was first soaked for 120 min in aqueous NaS solutions whose
concentrations were 1 mg/L and 20 mg/L to give molar Cu : S ratios of 8.6 and 0.43, respectively.
The performances of the catalysts were evaluated before deactivation, upon deactivation, and
regeneration by rinsing with deionized water. The variation in specific Cu activities Acy for the

original, deactivated, and washed Cu/resin are presented in Figure 22.
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Figure 22: Variation of specific Cu activities when Cu/resin is deactivated with Na,S and
regenerated upon rinsing with deionized water (Ccuresin=300 mg/L; cCo.cr= 10 mg/L;
Co,NaBH4 = 300 mg/L; pH = 10. “w” in the sample is the description for washed; Acy Was calculated
from 4.2 mg/L Cu within the resin).

As shown in Figure 22, the embedding of Cu in amberlite resin could not prevent its
deactivation by sulfide. The ratio of specific Cu activities between the sulfide deactivated and non-
deactivated catalysts (Acu,cr deactivated/ Acu,cForiginal) Was in the range of 0.13 to 0.10 which was more-
or-less similar despite the different concentrations of Na.S supplied. The implication was that
already a small amount of sulfide led to the deactivation of the catalyst, whereas a significant
fraction of Cu (about 10 %) was in a more protected state. Note that 10 mg/L Na>S-H20 led to
98% deactivation of freely suspended Cu NPs (compare Table 9). Rinsing the sulfide-deactivated
Cu/resin with water restored partially the catalyst activity. For Cu/resin (1 mg/L Na.S), washing
restored about 80 % of the original catalyst activity. Exposure to a high sulfide concentration
(20 mg/L) and subsequent washing resulted in the restoration of a third of the original catalyst

activity. Washing, therefore, may remove physisorbed sulfide. However, chemisorbed sulfide on
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the copper may require stringent conditions such as oxidation processes especially under
conditions with a high concentration of sulfide. Also, the contact to borohydride during the
reduction process is not enough to fully re-reduce the copper function.

The lifetime and reusability of Cu/resin catalysts were further investigated through

consecutive reaction cycles by multiple CF injections as shown in Figure 23.
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Figure 23: Variation in specific Cu activities during recycling of Cu/resin during dechlorination
of CF (Ccumesin=300 mg/L; Cocr=10 mg/L; conasra= 300 mg/L; pH=10). One cycle was
120 min where CF conversion was > 95 % while Acy was calculated from 4.2 mg/L Cu within the
resin.

As shown in Figure 23, there was no significant change in the specific Cu activities Ac, for
the dechlorination of CF even after 9 reaction cycles under laboratory operation. Since no Cu-
species were detected from the effluent after each reaction cycle, this implied that the copper
remained bound to the resin. This is a major advantage since it shows the system may be deployed

for environmental clean-up in closed areas and the danger of copper leaching can be minimized.
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Nevertheless, long-term tests may be necessary under application-near conditions with real
wastewater and for longer periods to evaluate copper leaching from the resin especially at pH < 7

and catalyst lifetime.

4.2.4 Limitations of Cu® + NaBH4 and the recommended application areas

The estimated cost of NaBHj is in the range of USD 15-40/kg (Chou et al., 2015) which is
more expensive than the estimated cost of USD 6/kg for hydrogen (Hydrogen Council, 2020). The
difference becomes even more evident when comparing costs on the basis of reduction equivalents:
USD15/kg NaBHa corresponds to USD 71 per kmol reductant electrons (assuming that 8 electrons
per BH4 can be used), whereas USD 6/kg H. corresponds to USD 6 per kmol reductant electrons.
This is a factor of 12 at least between the costs of the two reductants. The high cost of borohydride
is a significant drawback for large-scale treatment of HOCs using Cu® + NaBHs. However, the
handling of NaBHj is seen easier than that of hydrogen by many potential users. Hydrolysis of
NaBHs and formation of borates e.g. sodium metaborate (NaBO2-nH.O) (Liu et al., 2006;
Schlesinger et al., 1953) is also a problem. Boron and its derivatives are toxic to microorganisms,
animals, and humans (Duydu et al., 2011; Fail et al., 1998; Schoderboeck et al., 2011). The
recommended limits for boron in drinking water according to the World Health Organization
(WHO) and the European Union are 0.5 and 1 mg/L, respectively (Weinthal et al., 2005; World
Health Organization, 1998). Furthermore, the hydrolysis of NaBH4 in water produces effluents
with pH between 9 and 10 (Liu et al., 2006; Schlesinger et al., 1953). Therefore, the pH of the
treated effluent may need readjustment to between 6 and 9 before discharge into receiving water

bodies and to municipal sewerage systems (Tilche and Orhon, 2002; U.S. EPA, 2012).
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Copper is an essential metal present in several proteins essential for biological activities in
humans (de Romafa et al., 2011; Wang et al., 2021). Despite the benefits of copper in trace
amounts, higher dosages are toxic to humans. The drinking water limit for copper as recommended
by WHO is 2 mg/L (World Health Organization, 2004). Therefore, Cu® + NaBHa is best suited for
small-scale ex situ applications where copper leaching into the environment can be controlled. In
comparison to Cu NPs, supported Cu, e.g. Cu/resin should be considered to improve catalysts
handling and regeneration. Sorption active materials e.g. zeolites may be useful as support for Cu
catalysts to enhance the enrichment of the pollutants before reduction by the addition of
borohydride. The recovery of leached copper from resin or any sorption-active supports can be
done by placing metallic Fe (which can be prepared from scrap Fe as the cheaper source) at the
exit of the effluent before discharge into the environment.

In conclusion, Cu® + NaBHys is a robust system for the dehalogenation of HOCs in water
under controlled conditions, but its application is limited to relatively small amounts of highly
contaminated wastewaters and to chemical regeneration of adsorbents (such as ACs or zeolites)

which are loaded with halogenated alkanes.
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5 Summary

The present thesis contributes to the development of metallic copper in combination with
NaBH; as a reducing agent (Cu® + NaBH.), as an alternative system to Pd catalysts, and nZV1 as
a reagent for the reduction of HOCs in water. Cu® + NaBHa can be applied to compounds such as
CHCI; and CH2CI-CH2CI which are hardly transformed using Pd + H, and nZVI. Since the
dechlorination of compounds such as CHCI3 using Cu® + NaBHa supports reaction pathways that
lead to the fully dechlorinated hydrocarbons, e.g. CH4 from CHCIs, as well as separate reaction
pathways that lead to chlorinated byproducts such as CH,Cly, selectivity patterns under various
reaction conditions were studied and the effects of various additives were ascertained.
Furthermore, optimal reaction conditions that minimize the accumulation of chlorinated
byproducts are presented. In order to evaluate the suitability of Cu® + NaBH4 in water treatment
applications, two priority research lines were followed: i) selectivity assessment and system
optimization, and ii) comparison of reagents and catalysts in order to recommend the most

appropriate application areas.

Selectivity assessment and system optimization

In this part, Cu® + NaBH. was applied in order to: i) determine product selectivity patterns
during the dehalogenation of CCls—R compounds, where R = Cl, F, Br or CHeg, ii) evaluate the
effects of reaction conditions upon the product selectivity patterns, and iii) optimize reaction
conditions so as to minimize the accumulation of chlorinated byproducts.

The product selectivity patterns during the reduction of CCls—R compounds were
determined. In environmental catalysis, the production of chlorinated byproducts is undesired but

in many cases cannot be avoided. CCls—R compounds were selected and the product selectivity
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patterns were determined and interpreted based upon i) electronic and steric effects of the R-
substituent, ii) nature and type of reductants, and iii) influence of co-solutes.

Product selectivity patterns are influenced by the degree of halogenation at the
electrophilic carbon. Using CHCI3 as a prominent member of the CCls—R compounds, the product
selectivity patterns under various experimental conditions were successfully evaluated. The
product selectivity patterns for dechlorination of CHCls using Cu®+ NaBH4 divided to
(84 + 2) mol-%, (13 + 2) mol-%, and (0.3 £ 0.2) mol-% for CH4, CH2Cl>, and CH3ClI, respectively.
The term ‘product selectivity pattern’ is used in this study in the sense that the selectivities were
calculated from converted educt under conditions where halogenated byproducts are more-or-less
stable. Under identical conditions, it was observed that a combination of electronic and steric
effects influences the selectivity patterns. For example, with the replacement of the chloroform’s
H-substituent, i.e. for the compounds CCls, CBrCls, CFCls and CCl:—CHs, the product
selectivities to the immediate halogenated intermediates were 50-72 mol-%. For these compounds,
product selectivity patterns to the fully dechlorinated products, CHs and C2Hs, were only 16-
35 mol-% and 33-37 mol-%, respectively. CH4 and fluoride as products were not detected during
the reduction of CFCls, implying that cleavage of the C—F bond did not occur. The initial product
selectivity patterns show that for CCls, CBrCls, CFCls, and CClz—CHs, stepwise hydrogenolysis
was the main dechlorination mechanism, in contrast to a-elimination to the fully dechlorinated
products.

With the replacement of the chloroform’s Cl-substituent, e.g. for the target compounds
CH2Cl; and CHCI>—CHs, selectivities to CH4 and C2Hs were (85 £ 2) mol-% and (63 + 2) mol-%,
respectively. Hence, for CHCIs, CH2Cl>, and CHCI>—CHz, a-elimination reaction steps to the fully

dechlorinated products, CH4 and C2He, were the main dechlorination mechanisms, in contrast to
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stepwise hydrogenolysis. Therefore, these results suggest that steric effects may be a limiting
factor for the simultaneous removal of geminal chlorine atoms from the electrophilic carbon during
the dehalogenation of CClz—R compounds in water via the a-elimination mechanism.

Product selectivity patterns are independent of the reactive species at the surfaces of
Cu and Pd catalysts during the dechlorination of chloroform in water. In this part of the thesis,
combinations of different reductants for Cu and Pd catalysts were used for the dechlorination of
CHCl3 under similar reaction conditions. NaBH4 and H2 were used as sources of active H* for Pd.
Since metallic copper is unable to activate molecular hydrogen under ambient conditions, it was
combined with ZV1 as a source of activated hydrogen in order to allow nascent hydrogen to interact
with the Cu surface. ZVI-containing composite colloids (Carbo-lron®) with and without sulfide
doping for corrosion protection (CIC and S/CIC) were modified by 2 wt-% Cu in order to obtain
Cu/CIC and Cu/S/CIC. Another set of experiments was performed where cathodic potentials in
the range of -0.8 to -1.0 V at Cu-electrodes were applied in the presence or absence of NaBH4 to
generate reactive species (electrons or active H*) for the surface-mediated dechlorination reaction.
Also, electrochemical dechlorination of CF in water was done at Cu electrodes and cathodic
potential of -1.1 V. Under all these reaction conditions where different reactive species (electrons
or active H*) were generated at the surfaces of either Cu or Pd catalysts, similar product selectivity
patterns (ratio of CH2Cl> : CH4) were observed. Therefore, this thesis work shows that product
selectivity patterns during dechlorination of chloroform in water using either Cu or Pd catalysts
are not system-specific but rather substance-specific (i.e. selectivity patterns are dependent upon
the substitution degree at the electrophilic carbon).

Inhibition and deactivation of Cu catalysts by sulfide increased the product

selectivities in the undesired direction, towards CHsCl and CH2Clz. In this part of the thesis,
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the product selectivities for dechlorination of CHCIs were further evaluated using Cu® + NaBHa in
the presence of i) metal additives and ii) the co-solutes NaNOs, NaNO,, and NazS. It was
demonstrated that the metal additives Zn, Ce, Al, Sn, and Co led to inhibition of the dechlorination
reaction accompanied with higher selectivities to CH>Cl> and CH3Cl. For the metal mixtures
comprised of Cu/zn, Cu/Ce, Cu/Al, Cu/Sn, and Cu/Co, the product selectivities to CHs, CH2Cl>,
and CHsClI were in the ranges of 65-72 mol-%, 22-25 mol-%, and 2-3 mol-%, respectively. These
selectivities shifted towards the undesired direction where selectivities to CH3Cl and CHCl, were
nearly 7 and 2 times higher than the baseline of Cu®+ NaBHs in deionized water with
Schscl = (0.3 £ 0.2) mol-% and Schzciz = (13 + 2) mol-%, respectively.

The redox-sensitive species NO3  and NO>" led to the loss of specific Cu activity (i.e. 20-
50 % loss of catalyst activities) due to competition with CHCIs molecules at the Cu surfaces for
reduction. This resulted in higher CHsClI selectivities (Schaci = 4-5 mol-%), which were 13-17
times higher than the baseline of Cu® + NaBH4 with Schaci = (0.3 % 0.2) mol-%.

Sulfide had the most negative effect on the performance of Cu® + NaBHa, in terms of both
product selectivity patterns and specific catalyst activities. Significant catalyst deactivation was
observed in the presence of sulfide, where the ratio between the specific Cu activities in the
presence of 1 mg/L Na;S and deionized water Acu,cHcia,Na2s/Acu,CHcl3 deionized water = 0.1, The
consequence of strong interaction between sulfide/bisulfide with Cu resulted in the modification
of catalyst surface (formation of CuS). This modification altered the product selectivity patterns
in the undesired direction, i.e. the selectivities to CH>Cl, and CH3Cl were higher by a factor of 2
and 40, respectively in comparison to the baseline of Cu® + NaBH4 in deionized water. Therefore,
the protection of Cu catalysts against inhibition or deactivation is necessary for stable performance

under real water treatment conditions.
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Optimal reaction conditions that minimize the accumulation of chlorinated
byproducts in the reactor were established. Based on own and literature data, the dechlorination
of CCls and CHCI3 using Pd + Hz and nZVI usually produces CH2Cl, and CH3Cl as undesired
dead-end byproducts. Similarly, in the current work, CH2Cl, was an intermediate that was more-
or-less a dead-end byproduct at low catalyst concentrations of ccy =0.5-10 mg/L. Since the
formation and accumulation of the toxic chlorinated byproducts are undesired during water
treatment, this thesis work presents the optimal conditions under which the further dechlorination
of these intermediates could easily be achieved.

The optimum catalyst and reductant concentrations needed were established. In order
to generate finally lower amounts of chlorinated byproducts, the optimal catalyst and reductant
concentrations required were ccy > 100 mg/L and conasH4 ~ 300 mg/L. Under these conditions, the
chlorinated byproducts CHCl,, CH3Cl, and CH2CI-CH3 undergo sufficiently fast further
dechlorination steps to the fully dechlorinated products, CHs and C;He. As stated earlier,
compounds with lower chlorine substitution degrees, e.g. CH2Clz, CH3Cl, and CH,CI-CHjs are
rather resistant to dechlorination using Pd + Hz and nZVI. In comparison to Pd- and nZVI-based
systems, this thesis work shows that maximized Cu and NaBH4 concentrations can prevent the
accumulation of the less-chlorinated byproducts during the dechlorination of CCls, CHCl3,
CCI3CHs, and CH.CI-CH3 as educts. Hence, for the dehalogenation of CClz—R compounds,
CuP + NaBHa is preferable to Pd + Hz and nZV1 when product selectivity patterns, specific metal
activities, and the fate of chlorinated byproducts are considered.

Desired selectivities towards less CH2Cl2 and more CHa were achieved using metallic
Ag or bimetallic Ag/Cu particles. For the first time, this thesis shows that in the presence of

ConaBH4 =300 mg/L as a reductant, lower concentrations of catalysts comprised of
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Ag (cag =2 mg/L) or bimetallic Ag/Cu (cagcu=2 mg/L) can achieve the desired selectivities
towards higher CH4 and lower CH2Cl: selectivities. For example, using Ag and bimetallic Ag/Cu
particles for the dechlorination of CHCIs, the selectivities to CH4, CH2Cl>, and CHsCI were found
to be in the range of 90-92, 2-3, and 5-6 mol-%, respectively. The selectivity to CHCly, in this
case, is nearly 7 times lower than the baseline of Cu® + NaBHs with Schaciz = (13 + 2) mol-%.
Furthermore, the systems Ag°+ NaBHs and Ag/Cu+ NaBH; were more potent for the
dechlorination of CH,Cl; than Cu® + NaBHa. The specific metal activities for the dechlorination
of CH2Cl: as the educt using either Ag or Ag/Cu were one order of magnitude higher than for the
baseline of Cu® + NaBH4 ie., Aag.craciz = (2.1 + 0.5) L/(g-min),
AnagicucHociz = (1.0 £ 0.5) L/(g'min) and  Acucheciz = (0.22 £ 0.02) L/(g-min),  respectively.
Although both Ag and bimetallic Ag/Cu particles could achieve the desired product selectivities
(i.e. towards CH4 and the subsequent dechlorination of CH2Cl, as an intermediate), bimetallic
Ag/Cu particles are recommended due to the higher specific metal activities for the dechlorination
of CHCIz, with Amchciz = (80 =5) L/(g-min) compared to the specific Ag activity with
Ang,cHeiz = (25 £ 5) L/(g-min). Also, Ag costs more than Cu by a factor of 90. Hence small
amounts of Ag onto Cu should be considered as an alternative to pure Ag.

Cu® + vitamin B12 + NaBHs represents an optimal system combination for the
dechlorination of CHCIs in water. For the system comprising Cu® + NaBH4 + vitamin B12, the
apparent selectivities to CH4, CH2Cl, and CHsCl were (90 + 2) mol-%, (2 + 1) mol-% and
(3 £ 1) mol-%, respectively. The term ‘apparent selectivities’ is used in this case due to the
accelerated dechlorination of CH,Cl; as an intermediate. For the system Cu® + NaBH. + vitamin
B12, the specific metal activities for the dechlorination of CHCIlz and CH.Cl, were

Am,cHeiz = (260 = 20) L/(g-min) and AmcHzciz = (15 £ 3) L/(g-min), respectively. These specific
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metal activities were 2 and 68 times higher than the baseline of Cu®+ NaBHa, respectively.
Therefore, the system Cu® + NaBH4 + vitamin B12 represents an optimal catalyst combination for
the dechlorination of CHCIs in water when the specific metal activities, product selectivity

patterns, and the fate of chlorinated byproducts are considered.

Comparison of reagents and catalysts; recommended application areas

In this part of the thesis, the dehalogenation potential of Cu® + NaBHa, Pd + Hz, and nZVI
were investigated for various HOCs commonly encountered as water contaminants. Using own
experimental data and literature data which were further processed, the specific metal activities for
dehalogenation of similar HOCs using Cu-, Pd- and nZVI-based systems were determined by
tuning the sizes of nanoparticles in the range of 50-75 nm. The scope and spectrum for application
of each metal were evaluated based upon the following criteria: i) the reduction rates of the target
compounds where specific metal activities were calculated, ii) the product yields iii) the fate of
chlorinated intermediates, and iv) metal cost and catalyst stability in water. Based on these criteria,
the recommended application areas for each remediation system are presented.

Cu® + NaBHa4 should be considered for the dehalogenation of saturated aliphatic
HOCs in water. From experimental data, it was derived that Cu® + NaBH4 can be applied to nearly
all HOC classes containing F, Cl, and Br at ambient conditions. However, as it was demonstrated
for CFCls and CCI.F-CCIF, it is noteworthy to clarify that Cu® + NaBHj fails for the cleavage of
C—F bonds. Nevertheless, the cleavage of the C—F bonds during the dehalogenation of CFClz was
easily achieved using the system comprised of Cu® + NaBH4 + vitamin B12. Based on the specific
metal activities for dehalogenation of saturated aliphatic HOCs, the following order of metal
activities was observed: Cu >>Pd >>nzZVI. For example, the specific metal activities for the

dechlorination of chloroform using Cu, Pd and nZVI were AcucHciz = (130 + 10) L/(g'min),
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Apd,cHeiz = (5 £ 1) L/(g'min), and AnzvicHeiz = (0.003 £ 0.001) L/(g'min), respectively. Although
these metal activities are mass-based (L/(g'min), the ranking can approximately be applied to
surface activities because the investigated metal particles have similar sizes and are all non-porous.
Furthermore, in this thesis, it was demonstrated that compounds with low chlorine substitution
degrees which include CH2Cl,, CHzCl, CH2CI-CH3, CH>CI-CH2CI, CH,CI-CHCI-CH3s, and
CH2CI-CHCI-CH>—CHs which are difficult to dechlorinate using Pd and nZVI, were in this case
easily dechlorinated by Cu® + NaBH4. Based on the higher specific Cu activities for the reduction
of saturated aliphatic compounds, copper catalysts which are cheaper by a factor of about 8500
than palladium catalysts on a mass basis are recommended for the dechlorination of these
compounds in water treatment technologies. On the other hand, NaBH4 as a reductant costs more
by a factor of 12 than H. (comparison based on reduction equivalents), and the release of borate in
the treated water may be an issue. Nevertheless, Cu® + NaBHys is a promising system for small-
scale ex situ applications; especially the regeneration of HOC-loaded adsorbents.

Supported Cu catalysts as an alternative to Cu nanoparticles for treatment of
saturated aliphatic HOCs in water. As a precautionary measure, supported Cu catalysts should
be considered as an alternative to Cu nanoparticles in order to allow copper recovery from the
treated effluent. Supported Cu catalysts can also be handled more easily than Cu nanoparticles.
Furthermore, Cu as a moderately toxic heavy metal is undesired in the environment and the
allowable drinking-water limit as set by the World Health Organization is 2 mg/L. Despite the
benefits of supported Cu catalysts, mass-transfer limitations and variation in particle sizes show
that the specific catalyst activities for supported Cu catalysts were much lower than for Cu
nanoparticles. Therefore, Cu/resin (refers to Cu-modified amberlite resin) was prepared and used

for dechlorination of CHCI3 under reaction conditions similar to Cu nanoparticles. For example,
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in this thesis the specific catalyst activities for the dechlorination of chloroform using Cu
nanoparticles and  Cu/resin  catalysts in the presence of NaBHs were
AcucHeiz = (130  10) L/(g'min) and Acurresinchciz = (15 £ 2) L/(g'min), respectively.

For the first time the reusability of Cu/resin catalysts is reported in this thesis where the
catalysts were used in repeated reaction cycles under laboratory conditions. No copper leaching
from the resin was observed, even after 9 reaction cycles, and the specific catalyst activities for
dechlorination of chloroform using Cu/resin catalysts remained more-or-less the same during the
entire operation. This is a significant improvement that could be of relevance for technical
application when the Cu/resin catalysts are considered for long-term operation under field
conditions.

nZVI as a reagent should be considered for the dechlorination of chlorinated
ethylenes. Based on the specific metal activities for dechlorination of chlorinated ethylenes, the
order of metal performance is as follows: Pd >> Cu >> nZVI. Although specific metal activities
suggest that Pd should be preferred for the dechlorination of chlorinated ethylenes, nZVI is
recommended due to the benefits it offers. The benefits of nZV1 as a reagent include: i) it is much
cheaper than Pd and Cu, ii) it is environmentally compatible, and iii) it does not require the addition
of a further reductant e.g. Hz or NaBH4. Cu® + NaBH4 can to some extent be recommended for the
reduction of the less-chlorinated ethylenes such as vinyl chloride and the dichloroethylene isomers,
which are more difficult to dechlorinate using nZVI.

Cu® + NaBHa should be considered for the reduction of brominated aromatics. In this
part, the comparison for dehalogenation of halogenated aromatics is made between Cu and Pd
catalysts. Although in the literature several authors report that nZVI1 without amendment with

hydrogenation-active metals can cleave aromatic C—Cl bonds especialy for chilronated aromatics
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with lower chlorination degree e.g. chlorobenzene, own experimental data support the thesis that
these results can be considered artifacts. Comparisons between Cu and Pd catalysts for the
reduction of brominated and chlorinated aromatic compounds show that the specific Pd activities
Arq are higher than the specific Cu activities Acu. For example, the specific Pd activities for the
dehalogenation of chlorobenzene and bromobenzene in water were
Apd chiorobenzene = (500 £ 150) L/(g-min) and Apd bromobenzene = (900 + 100) L/(g-min), respectively.
Specific Cu activities for the reduction of chlorobenzene and bromobenzene were
Acuchlorobenzene = (4 = 1) X 10 L/(g-min) and Acu,bromobenzene = (80 + 10) L/(g-min), respectively.
The low specific Cu activity for the dechlorination of chlorobenzene is therefore not significant
for practical application. As stated earlier, Cu costs less by a factor of 8500 than Pd. The lower
catalyst cost and adequate activity make Cu® + NaBHs suitable for the reduction of aromatic C—Br
bonds.

Copper catalyst stability, reuse, and ease of regeneration of deactivated catalysts. This
part of the thesis shows that Cu nanoparticles and Cu/resin catalysts were readily deactivated by
sulfide in water. For example, the specific Cu activity for the dechlorination of CHCI3 using Cu
nanoparticles was decreased by the addition of NaS (ncu :ns ~0.8) at pH=10 from
(130 + 10) L/(g-min) to (13 £ 2) L/(g-min), respectively. The dominant sulfur species is HS™ under
the applied reaction conditions (pH = 10). Incorporation of copper onto amberlite resin could not
prevent bisulfide-induced catalyst deactivation. Nevertheless, 30-80 % original activity could be
restored by rinsing the sulfide-deactivated Cu/resin with deionized water to remove physisorbed
sulfide/bisulfide. For example, using Cu/resin catalysts for the dechlorination of CHCIs, the
specific activities for non-deactivated, deactivated (by 1 mg/L Na,S) and regenerated catalysts

were (15 £ 2) L/(g-min), (1.0 £ 0.5) L/(g-min), and (12 + 1) L/(g-min), respectively. This simple

132



regenerative treatment process (for conditions with lower sulfide concentrations) could contribute
to the reuse of sulfide-deactivated catalysts, which is a critical application point in industrial and
environmental catalysis.

Niche application for Pd catalyst. In this thesis, it was demonstrated that Cu nanoparticles
were moderately resistant to deactivation by sulfite, which is an advantage over Pd catalysts. The
deactivation of Pd by sulfite and sulfide is well known; extensive work in the literature has been
devoted to protecting the catalysts against deactivation by macromolecular and ionic catalyst
poisons, e.g. by incorporation onto hydrophobic polymers such as PDMS and silicone coatings.
Since polymers such as PDMS are expensive and therefore may further increase treatment costs,

the niche application for protected Pd catalysts should be the reduction of aromatic C—CI bonds.

Conclusions and Outlook

Dehalogenation reactions of various HOCs were successfully conducted using
Cu° + NaBHz; the potential and limitations of the system are hereby presented.

Regarding product selectivities. In the current study with CHCI3 as a target pollutant, we
observed similar product selectivity patterns (ratio of CH>Cl> : CH4) for very different reduction
systems. This supports the view that the nature of reactive species (electrons or active H*) at the
surfaces of Cu and Pd catalysts have no marked effect on the product selectivity patterns. The
product selectivity patterns were not system-specific but rather substance-specific. For compounds
such as CHCl3, CH2Cl,, and CHCI,—CHg, selectivities were in preference of the fully dechlorinated
products, CH4 and C2Hs. In contrast by replacing the chloroform’s H-substituent as in CCls, CFClg,
CBrCls, and CClz—CHs, product selectivities were in preference of the halogenated intermediates

namely CHCl3, CH2Cl,, CHCI,F, and CHCI>—CHs. Hence for CHCI3, CH2Cl,, and CHCI,—CHs,
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a-elimination was the main dechlorination mechanism, whereas stepwise hydrogenolysis was the
main mechanism for CCls, CFCl3, CBrCls, and CCls—CHa. In conclusion, this study suggests that
steric effects could be the limiting factor for the simultaneous removal of geminal chlorine atoms
at the electrophilic carbon during the dehalogenation of saturated aliphatic chloroalkanes in water
via a-elimination.

Regarding the optimization of the system to generate fewer chlorinated byproducts. In
industrial and environmental catalysis, the accumulation of toxic halogenated byproducts such as
CHCI, greatly affects the efficiency of the treatment system. In order to reduce chlorinated
byproducts through a second dechlorination step, in this thesis the following optimal reaction
conditions were established: i) use ccy > 100 mg/L and ConasHa ~ 300 mg/L, ii) use either Ag or
bimetallic Ag/Cu particles as catalysts, and iii) the optimal catalyst combination consists of
Cu® + NaBHjy + vitamin B12.

Regarding copper catalysts stability, reuse, and regeneration. This thesis work showed
that Cu nanoparticles were stable against deactivation by sulfite, which is a major advantage over
Pd. However, sulfide is still a major problem that led to the significant deactivation of Cu catalysts.
For Cu/resin catalysts as an alternative to Cu nanoparticles, reusability and regeneration abilities
were considered. After repeated reaction cycles, no copper leaching from the resin was observed,
and the specific catalyst activities remained more-or-less constant. Furthermore, the sulfide-
deactivated Cu/resin catalyst was easily regenerated by rinsing with deionized water and drying at
100 °C.

Regarding application areas for reagents and catalysts. From own experimental data as
well as literature data, the recommended application areas for Cu, Pd, and nZV1 are as follows:

i) Cu® + NaBH4 is recommended for use in the treatment of saturated aliphatic HOCs and
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chlorinated ethylenes as well as for the cleavage of aromatic C—Br bonds, ii) nZV1 as a reagent is
recommended for highly chlorinated HOCs, especially the chlorinated ethylenes, and iii) the niche
application of sulfide-protected Pd catalysts is the cleavage of aromatic C—Cl bonds.

In conclusion, this research work has significantly broadened the scientific knowledge on
the application of Cu® + NaBH4 as a robust reductive dehalogenation system for the treatment of
water contaminated with HOCs. Although Cu/resin catalysts could minimize copper leaching into
the water and therefore improve the reusability and regeneration of the catalysts, further catalyst
development might be necessary in order to improve performance. Measures for the protection of

Cu catalysts against deactivation by sulfide/bisulfide are also desirable in future works.
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Appendix

Al Additional experimental details

Table Al-1: Laboratory tap water characteristics (supplied by the city of Leipzig, 2018)

Water constituent

Concentration (mg/L, except pH)

pH 7.7
Ca 743

Fe 0.028

K 6.0

Na 29.8

Mg 14.9

Mn 0.003

Ni 0.0045
Cr < 0.0005
Pb <0.001
SO.* 160
NOs" 12.5
NOy <0.01
NH,* <0.03
F 0.4

Cr 49.4

Table A1-2: Details of electrodes and Pt wires used in electrochemical studies

Details Copper gauze Platinum plate Platinum wire

Manufacturer Sigma-Aldrich, Sigma-Aldrich, Sigma-Aldrich,
Germany Germany Germany

Form 100 X100 mm mesh | 25 X 25 mm foil Wire

Assay n.a. 99.99 % 99.99 %

Resistivity (uQ-cm) at | 1.673 10.6 10.6

20 °C

Thickness (mm) 0.25 1.0 0.2

n.a. = not available
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Electrochemical set-ups for the characterization of electrodes and chloroform dechlorination

The electrochemical set-ups for characterization of the Cu and Cu/ACF electrodes and the
dechlorination of chloroform are as presented in Figure Al-1. Charge-transfer measurements were
conducted under diffusion-controlled conditions. The electrolytes were mixed using a magnetic
stirrer during chloroform dechlorination experiments.

a) Electrochemical set-up for characterization of Cu electrode

Ag/AgCl

© O

Il

b) Electrochemical set-up for characterization of Cu/ACF electrode

Ag/AgCl

® &)

il

. = ==

Figure Al-1: Experimental setup for electrochemical measurements using: a) Cu electrode
and b) Cu/ACF electrode.
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The cyclic voltammograms of Cu electrode by CV in the two electrolytes, 0.1 M NaOH
and 0.1 M NaxSO4 are as shown in Figure Al-2 and Figure Al-3, respectively. The CV profiles

were obtained after immersing the Cu electrode for 30 min in the electrolytes.

Current density (mA/cm?)

Potential (V) versus Ag/AgCl

Figure A1-2: Cyclic voltammogram of Cu electrode in 0.1 M NaOH at 20 °C and a scan rate of
25 mV/s.

-1.5 - -1.1 -0. -0.7 -0. 0.3 -0.1 /0.1 03 0.5

Current density (mA/cm?)

Potential (V) versus Ag/AgCl

Figure Al1-3: Cyclic voltammogram of Cu electrode in 0.1 M Na>SO4 at 20 °C and a scan rate of
25 mV/s.
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As shown in Figure Al-2, the anodic cycle in the presence of 0.1 M NaOH gives two
distinct peaks. The small peak at -0.1 V was due to the formation of Cu.O while CuO is formed at
0.2 V. Further increase in potential beyond 0.7 V results in water hydrolysis. The cathodic cycle
shows the reduction of CuO to Cu20 at -0.5 V. Further reduction of Cu20 results in the formation
of metallic Cu at -0.9 V. The CV in the presence of Na>SO4 (Figure Al1-3) shows a very small
broad peak at -0.2 V during the anodic cycle. This peak was ascribed to the formation of both
Cu20 and CuO which precipitate as a result of reaction with electrolyte (the solution turned pale
blue). During the reduction cycle, a single broad peak was observed at -0.2 V due to simultaneous
reduction of Cu20 and CuO to metallic Cu. A further increase in negative potential beyond -1.0 V
results in water electrolysis. Similarly, to minimize water electrolysis, the potential should not

exceed -1.0 V for Cu/ACF as shown in Figure Al-4.

Current density (mA/cm?)

-60 -

80
Potential (V) versus Ag/AgCl

Figure Al-4: Cyclic voltammogram of Cu/ACF electrode in 0.1 M Na,SO;4 at 20 °C and a scan
rate of 25 mV/s.
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A2 Characterization of particles and materials

Table A2-1: Results of iron analysis in CIC, S/CIC, and nZVI

Materials FeO content (wt-%6)
CIC 26
SICIC 24
nZVI 97

Table A2-2: Results of copper analysis in prepared materials determined by ICP-MS and UV-VIS

spectrophotometry

Cu-modified material Cu content (wt-%0o)
Cu/AC 0.5and 1.0
Cu/ACF 0.5

Culresin 1.4

Cu/MFI 24 (i) 0.6

Cu/MFI 24 (w) 0.5

Cu/MFI1 90 (i) 0.1

Cu/MFI1 90 (w) 0.1

“i”” in the sample is the description for Cu-modified zeolite prepared by ion-exchange method

“w” in the sample is the description for Cu-modified zeolite prepared by incipient wetness impregnation

method

Table A2-3: Sizes of nanoparticles determined by NTA analysis

Nanoparticles type

Particle size (nm)

dso doo
Cu 50 110
Pd 60 113
nZVI 75 127
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A3 Additional results from the dehalogenation of CCls—R compounds

Table A3-1: Chloride yields at > 95 % conversion of CF in various systems

Dechlorination system ClI yield (mol-%0)
Pd/Cu 80+2
Ni/Cu 81+3
Cu/Zn 78+3
CulCe 77+2
Cu/Al 81+3
Cu/Sn 82+2
Cu/Co 83+2
Ag 95 + 3
Ag/Cu (co-red) 94 +4
Ag/Cu (mix) 95+3
Ag/Cu (sep) 94 +2
Cu + vitamin B12 96 + 2

Table A3-2: Chloride yields and kons Values for dechlorination of CF using bare and amended CIC

and S/CIC

Dechlorination system

ClI yield (mol-%0)

Kobs (1/min)

CIC 70+4 0.0040 + 0.0005
S/ICIC 65+ 2 0.005 + 0.001
Cu/CIC 81+2 0.013 +0.003
Cu/S/CIC 82+2 0.008 = 0.002
1.0 wt-% Pd/Cu/CIC 84+2 0.0030 + 0.0005
1.0 wt-% Ni/Cu/CIC 8l1+1 0.0020 + 0.0002
0.02 wt-% Ag/Cu/CIC 85+3 0.045 = 0.005
0.20 wt-% Ag/Cu/CIC 86 +2 0.075 + 0.005
1.0 wt-% Ag/Cu/CIC 90 +2 0.30 £ 0.05

1.0 wt-% Ag/Cu/S/CIC 88 +2 0.0040 + 0.0005
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Table A3-3: Product selectivities determined at >95 % conversion of CF in water using

Ag/Cu (Hz-red) and Cu-modified materials

Co,cr = 10 mg/L; pH = 10)

(CCu-materiaI =500 mg/L;

Co,NaBH4 = 300 mg/L;

Catalyst Cu Nproduct / Nconverted cFX 100 (%) | Specific Cu | Cl yield
system content MCM DCM CHa4 activites Acu | (mol-%0)
(Wt-%0) [L/(g-min)]
Ag/Cu (Hz-red) | none 62 3z1 92+2 |31 94 +2
Cu/AC 0.5 05+02 |14%2 85+2 |4+1 84+2
Cu/AC 1.0 1+05 14 +3 83+2 |85%1 85+2
Cu/ACF 0.5 1+£05 12+ 2 82+2 |52 86 +2
Cu/resin 1.4 1+05 12+1 86+2 |15%2 85+2
Cu/MFI 24 (i) 0.6 1+05 16 +2 80+2 |[15%2 885
Cu/MF124 (w) |05 1+0.2 14 + 2 76+2 |14+1 0+5
Cu/MFI1 90 (i) 0.1 1+£05 12+ 2 80+2 |61 86 +2
Cu/MFI 90 (w) | 0.1 1+05 14 +2 77+2 |10+2 88+3

“i”” in the sample is the description for Cu-modified zeolite prepared by ion-exchange method
“w” in the sample is the description for Cu-modified zeolite prepared by incipient wetness impregnation

method

Table A3-4: Chloride yields upon dechlorination of the CClz—R educt and the daughter HCCI>-R
intermediates as well as the educts DCM and 1,1-DCA

Compound ClI yield (mol-%0)
CCls 305
CFCls 15+3
CBrCl3 40+ 4
1,1,1-TCA 92+4
1,1-DCA 9% +4
DCM 93+2
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Table A3-5: Specific Cu activities, Acy for the dechlorination of CF in tap water and synthetic
freshwater compared to the baseline for Cu (Acucruwithout co-solute = (130 £ 10) L/(g-min))
(Co.cr= 10 mg/L; conasHa = 300 mg/L; pH = 10)

Water type Water hardness | Specific Cu activities | Acu,CFtap water or
(mg/L) Acuin the presence of | freshwater/ Acu,CFwithout co-solute [-]°
co-solute [L/(g-min)]
Tap water Details are | 100 + 10 0.8
presented in the
appendix  Table
Al-1
Synthetic 80-100 mg | 100 + 10 0.8
freshwater CaCOa/L
(United States | 280-320 mg | 100 £ 10 0.8
Environmental | CaCOs/L
Protection
Agency, 2002)
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Ad List of abbreviations

1,1,1,2-TeCA
1,1,1-TCA
1,1,2,2-TeCA
1,1,2-TCA
1,1-DCA
1,1-DCE
1,2,3-TCP
1,2-DCA
1,2-DCB
1,2-DCP
AC

ACF
Ag/Cu/CIC
AOPs

Bi2r or B12s
BB

BDE

BET

BF

C.E.

CoHs

CoHs

1,1,1,2-tetrachloroethane
1,1,1-trichloroethane
1,1,2,2-tetrachloroethane
1,1,2-trichloroethane
1,1-dichloroethane
1,1-dichloroethylene
1,2,3-trichloropropane
1,2-dichloroethane
1,2-dichlorobutane
1,2-dichloropropane
Activated carbon
Activated carbon felt
Silver-modified Cu/CIC
Advanced oxidation processes
Reduced or super-reduced form of vitamin B12
Bromobenzene

Bond dissociation energy
Brunauer-Emmett-Teller
Bromoform

Counter electrode
Ethylene

Ethane

159



CsHs

CB
CBrCls
CF
CFC-11
CFC-113
CHg4

CIC
cis-DCE
CMC
CN
Co—R
CTAB
CTC

Cu NPs
Cu/AC
Cu/ACF
Cu/CIC
Cu/MFI 24 (i)

Cu/MFI 24 (w)

Cu/MFI1 90 (i)

Propane

Chlorobenzene
Bromotrichloromethane

Chloroform

Trichlorofluoromethane
1,1,2-trichloro-1,2,2-trifluoroethane
Methane

Carbo-Iron® colloids
cis-dichloroethylene

Carboxymethyl cellulose

cyano group (—-C=N)
Alkyl-cobalamin complexes
Cetyltrimethyl ammonium bromide
Carbon tetrachloride

Copper nanoparticles
Copper-modified activated carbon
Copper-modified activated carbon felt
Copper-modified CIC
Copper-modified MFI 24 zeolite synthesized by ion-exchange
Copper-modified MFI 24 zeolite synthesized by incipient wetness
impregnation

Copper-modified MFI 90 zeolite synthesized by ion-exchange
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Cu/MFI1 90 (w)

Culresin

Cul/resin (1 mg/L NaxS)
Cul/resin (20 mg/L Na.S)
Cu/S/CIC

CVv

C-X

DAAD

DBM

DCEs

DCM

DNAPLs

Eior E2

ELumo

FID

GC

GC-FID

GC-MS

HCA

HDC

HOCs

HS

Copper-modified MFI 24 zeolite synthesized by incipient wetness
impregnation

Copper-doped cation-exchange resin

Copper resin soaked in 1 mg/L NazS

Copper resin soaked in 20 mg/L NaxS
Copper-modified S/CIC

Cyclic voltammetry

Carbon-halogen bond

Germany Academic Exchange Service
Dibromomethane

Dichloroethylene isomers

Dichloromethane

Dense non-aqueous phase liquids

One-electron reduction potential or two-electron reduction potential
Energy of the lowest unoccupied molecular orbital
Flame ionization detector

Gas chromatography

Gas chromatography flame ionization detector
Gas chromatography mass spectrometry
Hexachloroethane

Hydrodechlorination

Halogenated organic compounds

Bisulfide
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HX

ICP

ICP-MS

IHSS

LFERs

MBM

MCA

MCM

MeOH

MS

MTBE

n.a.

NOM

NTA

ORP

PAA

PCA

PCE

Pd NPs

PDMS

PRBs

PSS

Hydrogen halide

lon chromatography
Inductively coupled plasma
Inductively coupled plasma mass spectrometry
International Humic Substances Society
Linear free energy relationships
Monobromomethane
Monochloroethane
Monochloromethane

Methanol

Mass spectrometry

Methyl tert-butyl ether

not analyzed or not available
Natural organic matter
Nanoparticle tracking analysis
Oxidation-reduction potential
Poly(acrylic acid)
Pentachloroethane
Perchloroethylene

Palladium nanopatrticles
Poly(dimethylsiloxane)
Permeable reactive barriers

Poly(styrene sulfonate)
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PTFE

PVP

R.E.

R-H

RNIP

mm

R-X

SICIC or S/InZVI

SET

SHE

SRHA

TCD

TCE

trans-DCE

usD

uv

VB

VC

W.E.

wCu/resin (1 mg/L NaxS)

wCu/resin (20 mg/L NazS)

WHO

ZV1 ornZVI

Poly(tetrafluoroethylene)

Poly(vinylpyrrolidone)

Reference electrode

Organic compound

Reactive nanoscale iron particles

Revolutions per minute

Representative structure of any HOCs

Sulfidated Carbo-1ron® colloids or Sulfidated nZVI
Single electron transfer

Standard hydrogen electrode

Suwannee river humic acid

Thermal conductivity detector

Trichloroethylene

trans-dichloroethylene

United States Dollar

Ultraviolet radiation

Vinyl bromide

Vinyl chloride

Working electrode

Washed Cu/resin after deactivation by 1 mg/L NaxS
Washed Cu/resin after deactivation by 20 mg/L NaxS
World Health Organization

Zero valent iron or nanoscale zero valent iron



A5 List of symbols

Symbol
Ang

Acuy

Am
Anzvi
Apg

as

C

Ci
Ci,product
Cm
Cproduct,max
Ci1

Ci2

dso, doo

E°orE

HOCsw

Units
[L/(g-min)]
[L/(g-min)]
[L/(g-min)]
[L/(g-min)]
[L/(g-min)]
[m?/g]

[mg/L or g/L]
[mg/L]
[mo/L]

[9/L]

[mg/L]
[mo/L]
[mg/L]

[um]

[mV or V]

[Hz]
[-]
[A]

[A/m?]

Description

Specific Ag activity

Specific Cu activity

Specific metal activity

Specific nZV1 activity

Specific Pd activity

Metal specific surface area

Mass concentration

Concentration of contaminant

'I_'he concentration of a product i at a given sampling
time

Concentration of metal

The maximum concentration of product

The concentration of a contaminant at sampling time
EI%he concentration of a contaminant at sampling time
tCztharacteristics particle size distribution (50 % or
90 % of the particles are smaller than the specified
value

Electrical Potential at standard state or applied
potential

Frequency

The fraction of contaminant in water

Electrical current

Current density

164



KH [-] Dimensionless Henry’s constant

Kobs [1/min] Observed first-order rate constant

Kobs,corr [1/min] Corrected observed first-order rate constant

Ksa [L/(m?-min)] Surface area-normalized rate constant

m [a] Metal mass

M [mol/L] The concentration of solute in moles per liter of
water

n [mol] Moles of solute

Nconverted,HOC [mol] Moles of educt converted at the given time

NHOC,0 [mol] Initial moles of educt fed into the reactor

NHoC t [mol] Moles of educt at a given time

Ni product [mol] Moles of product i

P [Watts] Electrical power of a device

R [Q] Electrical resistance

Socm Of Scrzciz [Mol-%] Selectivity to dichloromethane

Si product [mol-%] Selectivity of a given product i

Smcm Or SchHscr  [mol-%] Selectivity to monochloromethane

T [°C] Temperature

t [s, min or h] Time

t, 2 [min] Initial and final sampling times

Velectrolyte [mL] Volume of electrolyte

Vh [mL] The volume of the headspace in a reactor

Vw [mL] The volume of the aqueous phase in a reactor
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XAg

Xcu
XHoc
Yi,product

p

TYs

[wt-%]

[wt-9]

[-]

[mol-%]

[N/m?, Pa or atm]

[min]

Mass fraction of Ag in a material
Mass fraction of Cu in a material
Conversion of a contaminant
The yield of a product i

Pressure

The half-life of a contaminant in a reaction
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