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Abstract

Hydrodechlorination (HDC) using noble-metal catalysts in the presence of H-donors is a
promising tool for the treatment of water contaminated by halogenated organic compounds
(HOC:s). Cu is an attractive alternative catalyst to noble metals since it is cheaper than Pd, Rh, or
Pt and more stable against deactivation. Cu with borohydride (BH4?) as reductant (copper-
borohydride reduction system; CBRS) was applied here for the treatment of saturated aliphatic
HOCs. The HDC ability of CBRS was evaluated based upon product selectivities during reduction
of CCl:—-R compounds (R = H, F, Cl, Br, and CHz3). For CHCIs, CH2Cl,, and CHCI>—CHs, the
dechlorination reaction proceeds predominantly via a-elimination with initial product selectivities
to CH4 and C2Hs of 84-85 mol-% and 70-72 mol-%. For CCls, CBrCls, CFCls, and CCls—CHs,
stepwise hydrogenolysis dominates. CH>CI-R compounds are formed as recalcitrant intermediates
with initial selectivities of 50-72 mol-%, whereas CH4 and C,He are minor products with 16-
35 mol-% and 30-35 mol-%. The effect of reaction conditions on product selectivities were
investigated for CHCI3 as target. Solution composition, variation of reducing agents (BHs, H*
from Hy) and increase of electron pressure (electric potential at Cu electrode and Fe® as support)

did not have marked influence on the selectivities (ratio of CH4:CH2Cl>). Product selectivities for
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reduction of CCl3—R compounds were found to be substrate-specific rather than reductant-specific.
Since the formation of halogenated by-products could not be avoided, transformation via a second
reduction step was optimized by higher catalyst dose, addition of Ag, and vitamin B12 to the
CBRS. Comparison between Pd and Cu based on costs, catalyst activities, selectivities, metal
stability, and fate of halogenated by-products shows that the CBRS is a potent alternative to
conventional HDC catalysts and can be recommended as ‘agent of choice’ for treatment of a-

substituted haloalkanes in heavily contaminated waters.

Keywords: Copper catalysts, borohydride, halogenated organic compounds, reduction processes,

product selectivity patterns.

Introduction

Chemical reduction of halogenated organic compounds (HOCSs) in aqueous media is a
common and convenient means for detoxification of contaminated water. This is achieved through
selective removal of the halogen atoms (R-X + reducing agent — R—-H + X°) with a minimal
requirement of redox equivalents. Although sometimes less-halogenated intermediates may
remain, coupling chemical reduction with biological methods can achieve the desired clean-up
performance (Dong et al., 2019; Vogel et al., 2018). Saturated aliphatic compounds with the
general formula CCI-R, including chloroform (CF), carbon tetrachloride (CTC),
trichlorofluoromethane (CFCIs), bromotrichloromethane (CBrCls), and 1,1,1-trichloroethane
(1,1,1-TCA), are pollutants of interest for environmental catalysis. Hydrodehalogenation of these
CCl3-R compounds to produce the fully dehalogenated products, CHs and CzHs, is desirable.

Partial dehalogenation to halogenated by-products such as dichloromethane (DCM),
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monochloroethane (MCA), and substances with intact C—F bond that remain in the system more
or less as dead-end products, are undesired in a water treatment technology.

An evaluation of the literature shows that the product patterns during the reduction of
saturated aliphatic chlorohydrocarbons in water vary greatly depending upon which reductants and
catalysts are applied. After application of zero-valent iron (ZVI) and other Fe-based materials
(e.g. Fe20g) for dechlorination of saturated chloroaliphatics, significant amounts of chlorinated by-
products remain (Balko and Tratnyek, 1998; Danielsen et al., 2005; Elsner et al., 2004; Fennelly
and Roberts, 1998; Li and Farrell, 2000; McCormick, 2002; McCormick and Adriaens, 2004; Song
and Carraway, 2006; Song and Carraway, 2005). As an alternative to ZVI, platinum-group
catalysts (Pd, Rh, Pt) generate fewer chlorinated by-products. Among the platinum group catalysts,
Pd is most widely applied due to its high catalytic activity. Pd is rather resistant in water against
self-poisoning by halide (X°) especially in the presence of bases, e.g. NaOH (Benitez and Del
Angel, 2000; Urbano and Marinas, 2001). The hydrodechlorination (HDC) of CTC and CF at Pd
surfaces produces CH4 as the major product and only traces of chlorinated by-products (Lowry
and Reinhard, 1999; Ordéfiez et al., 2000; Velazquez et al., 2013; Wang et al., 2009). Nevertheless,
monochloromethane (MCM) and DCM persist more-or-less as dead-end products. Therefore, a
treatment system that can minimize the accumulation of such slowly reacting and toxic chlorinated
by-products under mild reaction conditions will be a better alternative to Pd and other platinum-
group catalysts.

In the current study, Cu catalysts in combination with borohydride (BHa4") as reductant were
investigated for the dehalogenation of saturated aliphatic HOCs. Cu is much cheaper than the Pt-
group metals and is readily available on the world market. For example, one gram of Pd costs

about USD 80 (Palladium Prices, 2021) while one gram of Cu costs approximately USD 0.009
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(Copper Prices, 2021), meaning that Cu is cheaper by about four orders of magnitude than Pd.
Furthermore, Cu is moderately tolerant against deactivation by common catalyst poisons,
including sulfite and sulfide, whereas Pt-group metals suffer from total and permanent deactivation
of the catalysts whereby full regeneration is hard to achieve (Angeles-Wedler et al., 2008; Angeles-
Wedler et al., 2009; Han et al., 2016; Lim and Zhu, 2008; Lowry and Reinhard, 2000). Cu is not
able to utilize molecular hydrogen (H2) in HDC reactions. However, metallic copper in
combination with the strong reductant borohydride, herein referred to as copper-borohydride
reduction system (CBRS), is a potent reduction system. The CBRS has also been demonstrated to
dechlorinate DCM (Huang et al., 2012) and 1,2-DCA (Huang et al., 2011) at reasonable rates.
These substances resist reduction by ZVI and Pd + Hz. The objective of this study was a deeper
insight into the performance of the CBRS, based upon the evaluation of a potential application in
the treatment of saturated aliphatic HOCs, in order to provide information regarding: i) product
patterns from compounds with the general formula CCls-R, ii) the influence of reaction conditions
on the product patterns, and iii) the optimal reaction conditions for treatment of the target

contaminants.

Experimental Section
Chemicals and reagents

All chemicals and reagents used were of the highest analytical grade available. They were
used as received without further purification. The names and suppliers of the various chemicals

and reagents are provided in the Supporting Information (SI) section in TABLE SI 1.
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Preparation of Cu, Pd, and nZV1 nanoparticles

Cu nanoparticles (Cu NPs) were synthesized using a protocol similar to that described
elsewhere (Huang et al., 2011). Typically, the pH value of a 60 mL aqueous solution of
CuS04-5H20 (ccu = 100 mg/L) was adjusted to 10 using 1 M NaOH to form Cu(OH). as an
intermediate. The solution was then deoxygenated by purging with nitrogen followed by the
addition of an aqueous solution of NaBH4 (conasHs = 300 mg/L) to produce the Cu NPs. The
Cu NPs prepared by this technique had mean particle size dso =50 nmas determined by
nanoparticle tracking using NanoSight LM10 and NTA 2.0 Analytical Software. The Brunauer-
Emmett-Teller (BET) surface area as determined by means of Nz-adsorption-desorption
measurements for Cu NPs was 15 m?/g.

Palladium nanoparticles (Pd NPs) were synthesized from aqueous palladium (I1) acetate
by adapting a similar procedure reported elsewhere (Hildebrand et al., 2009). An agqueous solution
of the Pd salt solution was flushed with hydrogen for 60 min. The Pd NPs were isolated from the
aqueous suspension by centrifugation and the mean particle size of the nanoparticles was
dso = 60 nm as determined by NTA analysis.

nZV | particles were generated by reduction of an aqueous solution of FeSO4-7H20 using
NaBH. adapting a procedure described elsewhere (Feng and Lim, 2007). The nZV1 particles were
isolated from the aqueous media by centrifugation, and the excess borohydride was removed by
several washing steps with oxygen-free water. The nZVI particles had a mean size dso = 75 nm as

determined by NTA analysis and were in the size range of 50 to 100 nm.

Page 5 of 34



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

Dehalogenation experiments

Batch experiments were carried out in 120 mL serum bottles sealed with Teflon™-lined
butyl rubber septa and aluminum crimp caps. 20 mL headspace was applied for CTC, CFC-11
while 60 mL headspace was used for CF, DCM, 1,1-DCA, and 1,1,1-TCA. For each
dehalogenation experiment, freshly prepared Cu NPs (ccu = 0.2-100 mg/L) were applied with
NaBH3 (conasHa = 300 mg/L) as the reductant. The Cu NPs were applied as prepared without their
separation from the aqueous phase. The aqueous suspension was deoxygenated by purging with
nitrogen followed by spiking a methanolic solution of the educt into the suspension in order to
initiate the dehalogenation reaction (¢ = 0). The batch reactors were shaken horizontally at 130 rpm.
Control experiments were performed using either Cu NPs or NaBH4 in separate experiments under

identical conditions.

Analytical techniques

Standard aqueous solutions of the test substances were used to prepare calibration curves.
Analysis of the educts and products was done by gas chromatography coupled with mass
spectrometry (GCMS-QP2010, Shimadzu). The GC was equipped with a DB-1ms capillary
column (J & W, 60 m x 0.25 mm x 0.25 um). The temperature conditions for the injector port,
column oven, interface, and detector were set to 180, 40, 200, and 250 ‘C, respectively. At each
sampling time, 25 pL of the headspace was extracted using a gastight syringe and injected into the
GC. The split ratio for the GC was set to 5. Methane (CHa), ethane (C2Hs), and ethene (C2H4) were
quantified by means of a GC (GC 2010 Plus, Shimadzu) equipped with a wide bore column (GS-
Q, 30 m x 0.53 mm x 1.00 um) and flame ionization detector (FID). The temperature conditions

for the GC were set to 200, 40, and 280 "C for the injector, column oven, and detector, respectively.
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Similarly, a 25 pL gastight glass syringe was used for headspace hydrocarbon sampling for GC
analysis. The GC split ratio was set to 5. The concentration of educt and each product was
determined by the external standard method using calibration curves. Since the decomposition of
NaBHg4 in water leads to H> production during the course of the reaction, resulting in an expanded
headspace volume, propane and to some extent methyl tert-butyl ether were used as internal
standards. Raw experimental data were corrected based upon the internal standard peak areas at
each sampling point. Chloride, bromide, and fluoride were analyzed via ion chromatography (IC)
(IC25, Dionex, lonPac AS15/AG15). 1 mL aliquots were extracted from the batch reactor and
filtered through a filter membrane (0.45 pum) before injection into the IC.

In order to determine the efficiency of the dehalogenation reaction, the product yields and

selectivities were calculated according to equations 1 and 2, respectively:

n
Yiproduct = Lot % 100 % 1)
’ NHOC,0

Tl'l d
Si product = -PIOTEE— % 100 % 2)
’ Nconverted HOC

where Yiproduct 1S the yield of a given product i (mol-%), niproduct refers to the moles of product i
obtained at a given time (mol), and nHoc o refers to the moles of educt fed into the reactor at time
¢t =0 (mol). For equation 2, Siproduct IS the selectivity to a given product i (mol-%) and rconverted HoC
refers to the moles of educt converted at the given time (mol).

In order to evaluate the reaction rates of the HOCs during the dehalogenation reaction, the
specific metal activity (4m) was applied as a rate parameter. Am is equivalent to a second-order rate

constant derived from the observed first-order rate constant kobs. In cases where clear first-order
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kinetics cannot be observed, 4m is approximated from the first half-life ., of the educt. 4m was

calculated based upon equation 3:

Ap = —2 = 1 = _obs [L/(g-min)] @3)

m- Ty, Cm Ty, In2-cy

where Vi is the volume of contaminated water (L), m is the metal mass (g), = is the HOCs half-
life (min) obtained from the dehalogenation profile of the test substance and c¢m is the metal

concentration (g/L).

Results and Discussions
Product selectivity patterns during the dechlorination of chloroform

CF is a prominent member of the group of saturated aliphatic chlorinated compounds, is
commonly found as a disinfection by-product in water and is therefore an important target of
environmental catalysis. CF was selected in the present study as a probe compound in order to gain
relevant information regarding product selectivity patterns. Reductive dechlorination of CF by
Pd + Hz and ZV1 is characterized by low reaction rates and formation of DCM and MCM as dead-
end by-products (Mackenzie et al., 2006; Song and Carraway, 2006). As can be seen in FIGURE 1,

CF is readily transformed by the CBRS.
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179 FIGURE 1. Reaction progress during the dechlorination of CF in water by CBRS:
180  a) product yields and b) product selectivities (ccu = 1 mg/L; conasHa = 300 mg/L; cocr = 10 mg/L;
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pH = 10). Note that for MCM, the values in both graphs are multiplied by a factor of 20. The limit
of detection for MCM using GCMS under SIM mode was 0.001 mg/L.

In FIGURE 1 (a), it can be seen that from the beginning of the dechlorination reaction,
CH4, DCM, and MCM are produced as primary products. At ¢ = 40 min, where the CF conversion
was > 95 %, the products yields were divided into (76 £1) mol-%, (12 +1) mol-%, and
(0.5 £ 0.2) mol-% for CH4, DCM, and MCM, respectively. The scattering ranges result from three
parallel experiments. FIGURE 1 (b) shows product partitioning in the course of the dechlorination
reaction. At r = 4 min, as can be seen in FIGURE 1 (b), the selectivities to MCM, DCM, and CHa4
were (0.3 £0.2) mol-%, (13 +2) mol-%, and (84 + 2) mol-%, respectively. These selectivities
were nearly constant over the entire CF conversion range. Therefore, the CF dechlorination
reaction can be described by three main parallel pathways forming the various products, and
consecutive reaction pathways play only a minor role within this time window. Other products
detected were C2Hs and C2Ha, which accounted for < 0.5 mol-% of CF converted. The Cl yield at
t =60 min was (80 £ 2) mol-%, which conforms to 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
amounts of Cy-hydrocarbons is an indication that radical coupling reactions do not take place but
play only a minor role. In similar studies for the dechlorination of CF and CTC, the radical
coupling products C2Hs, PCE, and TCE were also reported (Feng and Lim, 2007; McCormick and
Adriaens, 2004; Velazquez et al., 2013). In the present study, TCE and PCE were not detected.
Considering both the chlorine and carbon balances, a fraction of about 11.5 mol-% of non-detected
(non-identified) chlorinated reaction products remains. Part of the balance gap may be due to gas-
phase losses, due to hydrogen gas formation from borohydride, despite the internal standard

application.
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For evaluation of kinetic data, the decomposition rate of NaBH4 may become significant.
NaBHjs is readily hydrolyzed in water (NaBH4 + 2H2,0 — NaBO: + 4H>) and the decomposition
rate is pH sensitive (BHs + H* + 3H20 — 4H, + H3BO3) (Liu and Li, 2009; Retnamma et al.,
2011). For example, the half-life for decomposition of NaBH4 at pH 6.5 is 7 s (Wade, 1983). In
order to control the decomposition of NaBHj4, the experimental conditions had to be adjusted. In
this study, the half-life for decomposition of NaBH4 at pH 10 and c¢cy = 1 mg/L was about 10-12 h.
Hence, the BH4™ concentration under the reaction conditions can be considered constant during the
CF dechlorination time window. Based on the products detected as shown in FIGURE 1, the

possible reaction pathways for the dechlorination of CF using CBRS are presented in FIGURE 2.

4,
CHCI, » CH,
A, / /‘
A, A, /
CH,Cl, A /
v -
Coupling /
products < CH,CI

FIGURE 2. Proposed reaction pathways for the dechlorination of CF in water using CBRS.
(ccu =1-100 mg/L; coNaBH4 = 300 mg/L; coHocs = 2-10 mg/L; pH = 10). The reaction scheme is
based on the product selectivity pattern in FIGURE 1 (b).

Using additional experiments presented later in this chapter, the specific Cu activities Acy

for the expected by-products were determined by using them as educts in separate dechlorination

tests under H gas phase. The specific copper activities are presented in TABLE 1.

Page 11 of 34



224
225
226

227
228
229
230
231
232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

TABLE 1. Specific Cu activities Acy for the dechlorination of CF, DCM, and MCM using CBRS
according to FIGURE 2 from educts (ccu=1-100 mg/L; conasHs = 300 mg/L; pnz2 = 100 kPa;
pH = 10).

Specific Cu activity | Acr | A1 A2 | As Apcm | A4 As As

Acu [L/(g-min)] 130+ | 110 |17 |0.6% 022+ |0.19+ |0.029+ | 0.0020 +
10¢ | +£5° |+5°|02° |0.02¢ [001¢ |0.002¢ |0.0002°
“ Ace represents the overall specific Cu activity for the dechlorination of CF.

b\/alue calculated from CF as the educt.

“ Apcm 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.

In order to determine whether DCM and MCM are ‘free’ intermediates on the pathway

from CF to CHg, separate experiments were done for the dechlorination of DCM and MCM using
CBRS under reaction conditions similar to those applied for CF. As shown in TABLE 1, these
resulted in  Acupcm = (0.22 £0.02) L/(g'min) and Acumem = (0.0020 £ 0.0002) L/(g'min).
Therefore, CH4 is formed directly from CF, not through stepwise hydrogenolysis via DCM and
MCM. Hence, reactions 4, 5, and 6 do not significantly contribute to the overall dechlorination
during the CF conversion. We surmise the dechlorination of CF through the a-elimination (-HCI)
pathways via dichlorocarbene intermediates (:CClz), as this may account for the formation of CH4
(McCormick and Adriaens, 2004; Song and Carraway, 2006). Based on the product patterns
(FIGURE 1), three main parallel reactions 1, 2, and 3 (FIGURE 2) can be applied in order to
describe the dechlorination of CF by CBRS. The complete dechlorination reaction 1 leading to
CHy is to be preferred in water-treatment applications. The partial dechlorination reactions 2 and
3 leading to DCM and MCM, respectively, are undesired. Both DCM and MCM persist even after
the CF dechlorination reaction shown in FIGURE 1 was continued for 20 h (c2on,NaHs = 75 mg/L).
Hence, they can be considered more-or-less as dead-end products under the experimental
conditions (ccu =1 mg/L). From a remediation perspective, the accumulation of partially

dechlorinated products (which in most cases are toxic) is highly undesired. In this study, DCM
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was the major undesired by-product and is a water contaminant of public health concern due to its
carcinogenic potential (Dekant et al., 2021; Schlosser et al., 2015). Further studies were performed
in order to minimize DCM formation under different experimental conditions. FIGURE 3 shows
apparent product selectivities using Cu NP concentrations in the range ccy = 0.1 to 100 mg/L and

co,NaH4 = 300 mg/L.

FIGURE 3. Effect of Cu NPs concentration on the apparent product selectivities during the
dechlorination of CF (conasHs = 300 mg/L; co.cr = 10 mg/L; pH = 10). Selectivity patterns were
determined at the termination of reaction after 60 min where CF conversion was > 95 %.

Using low catalyst concentrations in the range of 0.1 to 0.5 mg/L (FIGURE 3), product
patterns were more-or-less similar. The ‘apparent’ DCM selectivity decreases at elevated catalyst
amounts. At the maximal catalyst concentration (ccu = 100 mg/L), ‘apparent’ selectivities to CHa
and DCM were (98 £ 1) mol-% and (0.5 = 0.2) mol-%, respectively. These are not primary product
selectivities (Siproduct for CF conversion ) but are affected by subsequent DCM dechlorination.

Nevertheless, an approximation of the DCM half-life from the activity data in TABLE 1 shows
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that even in the presence of 100 mg/L Cu catalyst, the DCM should be relatively long-living:
7 = 1/(Acy-ccu) = 1/(0.2 L/(g min)-0.1 (g/L)) =50 min. This means that the specific catalyst
activity or/and its selectivity is also affected by its concentration. It may be explained by the
nanoparticulate state of the suspended Cu catalyst. Although this approach prevents the
accumulation of DCM, it comes at the expense of a much higher catalyst concentration, with
consequences for a technical application.

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

From the data on dechlorination of CF using the CBRS, it can be seen that there are parallel
reaction pathways to CHs, DCM, and MCM. Therefore, we pose the question: what is the role of
borohydride as the reducing agent in this selectivity pattern? In order to answer this question, the
dechlorination of CF in water and under ambient conditions was further investigated using

Pd + Hz, Pd + BH4 and nZVI (TABLE 2).

TABLE 2. Selectivity patterns during the dechlorination of CF in water using Cu+ BHa4',
Pd +BHs, Pd+H, and nZVI under ambient conditions (ccu=1mg/L; cpd=3-5mg/L;
coNaHa = 300 mg/L; cnzvi =5 g/L).

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

CHa DCM MCM activities Am (mol-%0)
L/(g'min)

Cu + BHy (this study) 84 +2 13+2 03+0.2 13010 80+2

Pd + BHy4™ (this study) 78+4 15+3 542 10+2 75+3

Pd + H> (this study) 80+3 11+2 812 51 78+3

Pd/AlOs + Ho (Velazquez et | 90 10 n.a. n.a. n.a.

al., 2013)

PdAU/Al,O3 + H2 94.4 55 0.1 n.a. n.a.

(Velazquez et al., 2013)

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

Reinhard, 1999)

nZVI1 (this study) 24 £ 2 40+5 35+5 0.003+0.001 |50x5

n.a. = not analyzed
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Selectivities were calculated at 25-35 % CF conversion; pHo for nZVI1 was 8.3 which increased to 9 at the
termination of the reaction. No BH.™ or H, was added into the reactor during CF dechlorination by nZ VI,
pH for the systems Pd + BHs, Pd + H,, and Cu + BH. remains about 10. Chloride yield measured at
termination of reaction where CF conversion was > 95 %. Selectivities for the systems Pd/Al,Os + H, and
PdAu/Al;O3 + H, were obtained from literature. For the remediation systems which were tested in this
study, the sum of C,Hs and C>H4 accounts for 0.5-2 mol-% of CF converted. The specific metal activities
Am Were calculated using nanoparticles of comparable sizes, i.e. dso.cunes = 50 M, dso, pa nes = 60 NM and
dsonzvi = 75 nm (particle sizes are presented in TABLE Sl 2).

The synthesis of nZV1 was done by reduction of FeSO4-7H>0 using borohydride, adapting
a procedure described elsewhere (Feng and Lim, 2007). Pd nanoparticles were prepared by
reduction of an aqueous solution of Pd (1) acetate with hydrogen using a procedure similar to that
reported elsewhere (Hildebrand et al., 2009). Based on literature data and own experimental
results, the product selectivity patterns during the dechlorination of CF using Cu-, Pd- and nZVI-
based systems are shown in TABLE 2. When comparing the dechlorination abilities of Cu-, Pd-
and nZVI-based systems, one has to take into account that different ‘reduction systems’ are
compared rather than metals because each of the three systems uses its own reductant (BHa4", Hz,
and Fe?, respectively). Metallic Cu and Pd are true catalysts: 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. nZVI, however, is a reagent, whereby some catalytic properties
are possible. As shown in TABLE 2, the selectivity to CHs, DCM, and MCM during the
dechlorination of CF changes depending upon which catalyst or reagent was used. Since CHa,
DCM and MCM selectivities were nearly the same using the systems CBRS, Pd + H, Pd + BH4",
and Pd/Al;Os + Hz, one can speculate that the dechlorination reaction follows a similar
mechanism, despite the quite different catalysts and reductants (NaBH4 or Hz). As shown in
FIGURE SI 1, the initial reductant concentration (co,nasHs = 25-500 mg/L) supplied had no marked
effect on product patterns under standard reaction conditions (pH =10, cocr =10 mg/L and

ccu =1 mg/L). For the Pd-based catalysts, the type of reductants (NaBH4 or Hz) has no marked
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effect on selectivities. As shown in TABLE 2, the specific Pd activities 4pq for the dechlorination
of CF using Pd + Hz and Pd + BH4 were (5 £ 1) L/(g'min) and (10 £ 2) L/(g'min), respectively.
This difference in Pd activities is rather small, indicating that NaBHa plays the role of a hydrogen
source only, rather than participating directly in the dechlorination reaction. DCM selectivity was
lower by a factor of 2 for PdAuU/Al>O3 + Hz than for Pd/Al2O3 + Ha systems. As will be discussed
later, Ag, which is in the same group as Au in the periodic table, has a marked effect in decreasing
DCM selectivities. This implies that the choice of metal or metal combinations may be an
appropriate tool for achieving the desired low selectivity towards DCM. Since the selectivities
were nearly the same for Pd/AlO3 +H,, Pd+ Hz and Pd+ BHs, 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 a factor of 17), which might be due to the
higher availability of active H* at the Pd surface, necessary for stepwise hydrogenolysis of
chemisorbed intermediates. Mackenzie et al. (2006) have determined specific Pd activities Apq for
HDC of various chlorinated hydrocarbons in water, among them CF and DCM, under identical
reaction conditions with Pd/y-Al,O3 + Ho. The obtained values Apgcr= 0.8 L/(g'min) and
Apd,pcm = 0.0015 L/(g'min) yield a ratio Apqg,cr/Apd,pcm = 530. For CBRS, the corresponding ratio
IS Acu,cr/Acupcm = 590 (data from TABLE 1). Surprisingly, the two ratios are quite similar despite
the different catalysts and reductants applied. This may be a coincidence or an indication of similar
initial rate-controlling steps. From the remediation point of view, it means that Pd + H, and CBRS
both have similar problems in principle concerning the formation of DCM during the
dechlorination of CF. However, whereas DCM remains as a recalcitrant by-product for Pd systems,
DCM is not a problem for CBRS when using higher Cu amounts. Copper is by far the cheaper

metal (cheaper than Pd by a factor of 8500), but NaBH4 compared to H> is the more expensive
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reductant, and the aqueous suspension must be alkaline. As can be seen in TABLE 2, nZV1 as an
electron-transmitting reagent is not useful for dechlorination of CF due to the higher selectivities
to chlorinated by-products. From TABLE 2, the selectivities to CH4, DCM, and MCM were
(24 £ 2) mol-%, (40 £5) mol-%, and (35 £ 5) mol-%, respectively. Both DCM and MCM are
stable to transformation using nZVI, and hence remain as dead-end by-products. Comparison of
CBRS, Pd + Ho, and nZV1 based upon the specific metal activities for dechlorination of CF (data
in TABLE 2) shows that Acucris the highest by two and five orders of magnitude compared to
Apd,cr, and Anzvicr, respectively. Although alkaline conditions (pH = 10) are necessary in order to
control the rate of NaBH4 decomposition in water, CBRS is by far the most potent HDC system
compared to the common HDC systems e.g. Pd + Hz, taking into consideration specific metal
activities, the ability for dechlorination of DCM and MCM, metal cost and metal stability.
Nevertheless, adjusting the pH of the treated effluent from 10 to 6-8 will presumably be necessary

before discharge into the environment.

Effect of reaction conditions on product selectivity patterns during the dechlorination of CF

In general, product selectivity patterns may differ greatly when reactions are carried out in
the presence of background electrolytes commonly present in natural waters. In order to test this
for the CBRS, NaF, NaCl, KBr, SRHA, Na>SO3, Na;SO4, NaHCO3, MgSOa, CaClz, MnSQOg,
FeSO4, NaNO3, NaNO2, and NazS were supplied. Except for Na.S (FIGURE Sl 2), all these co-
solutes (10 mg/L) had only negligible effects on the DCM selectivity patterns. Na>S was present
under the experimental conditions (pH = 10) as bisulfide (HS", pKa = 12.9). The strong interaction
of HS with Cu modifies the catalyst surface (partial formation of CuS). Due to this modification,
selectivities to CHs, DCM, and MCM under the applied conditions were (60 + 5) mol-%,

(24 £ 2) mol-%, and (12 £ 2) mol-%, respectively. The DCM and MCM selectivities were higher
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by factors of 2 and 40, respectively, compared to the baseline for clean Cu®. Hence, prevention of
Cu deactivation by sulfur species may be necessary for optimal performance. However, re-
reduction of the Cu surface by borohydride could take place in parallel to sulfidation
(see FIGURE SI 3).

Next, multimetal catalysts comprising Cu/Zn, Cu/Ce, Cu/Al, Cu/Sn, and Cu/Co were
prepared by reduction of mixtures of metal ions in the same batch reactor with NaBHas. The
speciation of the metals in the resulting particles (separate particles, coatings, or alloys) was not
analyzed. For all these multimetal catalysts, a slight increase in DCM selectivity (FIGURE Sl 4)
was observed compared to the monometallic Cu NPs. This shift was combined with a gradual loss
of catalyst activity (FIGURE SI5). A significant change in selectivities was obtained when CF
dechlorination was carried out using Ag (cag =2 mg/L) + BH4 and Ag/Cu (cag = 0.5 mg/L and
ccu = 1.5mg/L) + BHy4. For all Ag-containing catalysts, the primary selectivities to CH4, DCM,
and MCM were 90-92, 2-3, and 5-6 mol-%, respectively. The DCM selectivity was lower by a
factor of 6.5 than the baseline for pure Cu NPSs (Scupcm = (13 £ 2) mol-%), but the MCM
selectivity was higher by a factor of 17. With all Ag-containing catalysts, MCM remained as a
dead-end by-product. DCM does not accumulate but is subsequently dechlorinated. The specific
activities for dechlorination of DCM using Ag and Ag/Cu were Aagpcm = (2.1 £ 0.5) L/(g-min)
and Aagicupem = (1.0 £ 0.5) L/(g-min), respectively. These activities were 9.5 and 4.5 times higher
for Ag and Ag/Cu, respectively, compared to the baseline for pure Cu. The specific activity of pure
Ag NPs for dechlorination of CF was Aagcr = (20 £ 5) L/(g-min), which is lower by a factor of
6.5 than the baseline activity for pure Cu NPs (4cucr = (130 = 10) L/(g-min)) and a factor of 4
lower than that of the mixed Ag/Cu NPs (4agicu.ck = (80 £ 5) L/(g-min)). The ratio of activities for

dechlorination of CF and DCM is Aag.cr/Aagpem = 9.5 and Aagicu,cr/Aagicupem = 80 for Ag and
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Ag/Cu, respectively. Considering the activity ratios Acu,cr/Acu,pcm = 590 and Apd,cr/Ard,ocm = 530,
it becomes obvious that Ag-containing catalysts can better handle the DCM issue. Ag-doped Cu
is recommended for dechlorination of CF. However, it cannot be disregarded that MCM
selectivities are an order of magnitude higher with Ag-containing catalysts (5 mol-% compared to
0.3 mol-% with pure Cu). In the frame of the reaction scheme in FIGURE 2, this points to a faster
reaction pathway with the reactions (2) and (5), whereas reaction (6) is not accelerated. In addition,
Ag is more expensive than Cu by a factor of about 90 (about USD 0.84/g Ag) (Silver Prices, 2021)
versus USD 0.009/g Cu).

Huang et al. have found that vitamin B12 (with its Co center) can accelerate the Cu-
catalyzed dechlorination of DCM (Huang et al., 2013; Huang et al., 2015). Based on this finding,
CBRS + vitamin B12 was tested for dechlorination of CF. This combination decreased the
apparent selectivity towards DCM from (13 x 2) mol-% for pure Cu to (2 = 1) mol-%. This was
due to the further dechlorination of DCM and therefore it is not a “true’ selectivity effect. The
specific metal activity (4m,ocm = (15 = 3) L/(g-min)) was higher by a factor of 70 than for pure
Cu (4cu,pem = (0.22 £ 0.02) L/(g-min)). MCM selectivity was (3 = 1) mol-% which was higher by
a factor of 10 than for Cu (Smcm = (0.3 = 0.2) mol-%). Nevertheless, MCM was not a dead-end
product but was subsequently dechlorinated when the reaction was continued for 120 min. Also,
CBRS + vitamin B12 was more potent for the dechlorination of CF, resulting in
Acunvsiz,cr = (260 = 20) L/(g-min)), which is higher by a factor of 2 than for pure Cu. When
Cu/Co + BH4s and vitamin B12 + BH4 without particulate metals were applied for the
dechlorination of CF, the selectivities to DCM were (25 +5) mol-% and (40 +5) mol-%,
respectively. The DCM remained more-or-less as a dead-end by-product. Therefore, one can

conclude that there is a synergy between CBRS and vitamin B12, which is beneficial for the
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dechlorination reactions (1) to (6) in FIGURE 2. The reductive dehalogenation of HOCs by
vitamin B12 in the presence of reducing agents such as titanium (111) acetate and NaBHs is
considered to involve two-electron transfer processes to the electrophilic carbon by the super-
reduced form of vitamin B12 (Co'*, assigned as B12s) (Burris et al., 1996; Huang et al., 2013;
Huang et al., 2015; Shey and van der Donk, 2000; Shimakoshi et al., 2005). In the presence of
CBRS, vitamin B12 acts as an electron mediator (Huang et al., 2013; Huang et al., 2015). Hence,
two-electron transfer processes could be responsible for the accelerated dechlorination of CF and
DCM by CBRS + vitamin B12. For CBRS + vitamin B12, the ratio of the specific metal activities
for dechlorination of CF and DCM is Amcr/Ampcm =17, which is comparable to
Ang,crlAngpem = 9.5. The advantage of CBRS + vitamin B12 compared to Ag-containing catalysts
is seen in its subsequent ability to transform MCM. Therefore, CBRS + vitamin B12 can be
considered as an optimal combination for the dechlorination of CF in water. However, vitamin
B12 as a fine chemical (cost is about USD 96/g) (Vitamin B12, 2021) is even more expensive than

Pd. Thus, it may not be a viable co-catalyst with Cu in full-scale water treatment applications.

Dechlorination of CF at Cu and Cu-modified surfaces under borohydride-free conditions

It was demonstrated earlier that for Pd + Hz and Pd + BH4", product selectivity patterns
were independent of the type of the primary reductant used. Since under ambient conditions Cu is
unable to activate molecular hydrogen into active H*, it was combined with zero-valent iron (ZV1)
as a source of activated hydrogen in order to allow nascent hydrogen to interact with the Cu surface.
ZV1-containing composite colloids (Carbo-Iron® colloids) without and with sulfide doping for
corrosion protection (CIC and S/CIC, respectively) were applied as sorption-active reagents and
then modified by 2 wt-% Cu to obtain Cu/CIC and Cu/S/CIC. CIC consists of colloidal activated

carbon with embedded nZV1 structures (Bleyl et al., 2012; Mackenzie et al., 2012). Further
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modifications of Cu/CIC and Cu/S/CIC were made with Pd, Ni, and Ag. The selectivity patterns
during the dechlorination of CF using CIC, S/CIC, and their metal-amended derivatives are
presented in TABLE 3. The analyses of educt and chlorinated by-products were determined by
solvent extraction, while kons values were calculated from methane formation (further details in
SI 2). CF dechlorination by CIC and S/CIC combines adsorptions onto the activated carbon (AC)
carriers with electron transfer from the embedded nZV1 reagent. As shown in TABLE 3, similar
selectivity patterns were observed for both CIC and S/CIC. The product patterns were similar to
freely suspended nZVI1 (data in TABLE 2). Therefore, the adsorption of CF onto the AC carrier

and sulfidation of the embedded ZV1 has no marked effects on the product selectivity patterns.

TABLE 3. Selectivity patterns during the dechlorination of CF in water using CIC, S/CIC and
their metal-modified forms (co,cr = 10 mg/L; pH = 8; ccic = ¢scic = ccucic = €1 wt-% Nilcu/CIC = €1 wt-
% PA/CUICIC = C0.02 wt-% Ag/CU/CIC = €0.2 wt-% Ag/Cu/CIC = C1 wt-% Agicu/cic = 300 mg/L).

Reduction system Nproduct / Nconverted CF X Kobs (1/min)
100 (%)
CHa4 DCM | MCM

Unmodified CIC 45+4 [40+4 | 10+2 | 0.0040 £ 0.0005
sorption-active s/CIC 50+2 [45+2 [3+1 |[0.005+0.001
reagents
Cu-modified Cu/CIC 82+2 (14+2 | 1+£0.3 | 0.013+£0.003
reagents Cu/S/CIC 65+5 | 25+3 [5+2 0.008 £ 0.002
Cu-modified 1 wt- 70+2 [13+2 |2+1 |0.0020 +0.0002
reagents amended % Ni/Cu/CIC
with hydrogen- 1wt 75+2 |15+3 | 1£0.2 | 0.0030 £ 0.0005
activating metals % Pd/CU/CIC
Cu-modified 0.02 wt- 88+2 |51 62 0.045 £+ 0.005
reagents amended % Ag/Cu/CIC
with Ag 0.2 wi- 00+2 |4+1 |51 |0.0750.005

% Ag/Cu/CIC

1 wt- 92+2 |2+x1 |5z%1 0.30 £ 0.05

% Ag/Cu/CIC

1 wt- 86+2 [5x1 |61 0.0040 £ 0.0005

% Ag/Cu/S/CIC
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ZV1 was the only reductant here. No borohydride was used.

The deposition of metallic Cu onto nZVI1 leads to the formation of galvanic elements. In
the process of ZVI corrosion (Fe®+ 2H,0 — Fe?" + H, + 20H"), adsorbed H* ions can gain
electrons and are then transformed to nascent hydrogen H* on the surface of Cu. Dechlorination
of CF then takes place at the Cu surface, driven by active H*. Similar product patterns for Cu/CIC
(data in TABLE 3) and CBRS (data in TABLE 2) indicate that the source of active H* for Cu,
from ZVI1 or BH4, has no marked effect on the product patterns. The presence of sulfide in
Cu/SICIC led to an increase in DCM selectivity by a factor of 2 compared to Cu/CIC. This is
similar to CBRS in the presence of NaxS. Hence, the presence of sulfur species favors stepwise
hydrogenolysis, leading to higher DCM selectivity. Modification of Cu/CIC with Pd and Ni had
no marked effects on the selectivity towards DCM. Ag deposition onto Cu/CIC has a selectivity
effect similar to that described for Ag + BH4 and Ag + CBRS. The selectivities were independent
of the extent of Ag loading onto Cu/CIC (between 0.02 and 1 wt-%). Thus, Ag is only required in

small amounts.

Electrochemical dechlorination of CF at Cu and Cu-modified surfaces

The electron pressure for Cu catalysts provided by ZVI (in Cu/CIC and its modified forms)
can also be provided electrochemically by the application of an external electric potential. Cu-
based working electrodes were used for the dechlorination of CF. The electrochemical setup for
dechlorination of CF using a Cu electrode is presented in FIGURE Sl 6. Since metallic Cu acts as
a catalyst, the experimental conditions were adjusted such that Cu existed in its oxidation state 0
(FIGURES Sl 7 and SI 8). Cu® on activated carbon felt (ACF) as conductive support material was

prepared and applied at potentials where water electrolysis was minimized (FIGURE Sl 10).
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Baseline experiments were performed in the absence of applied potential (open-circuit system).
Control experiments were carried out with a Cu electrode maintained at -0.5 and -0.8 V versus
Ag/AgCI, whereby the electrolyte and headspace were purged with H,. For further comparison,
electrochemical dechlorination of CF was carried out at -1.1 V using a Cu-mesh electrode. The
results for the dechlorination of CF at Cu and Cu/ACF electrodes are presented in TABLE 4. In
control experiments, CF remained stable for 12 h. Hence the activation of dissolved H: at the Cu
electrode to form active H* due to the applied potential (-0.5 and -0.8 V) did not occur. As shown
in TABLE 4, applied potential has no marked effect on product selectivity patterns. From a
mechanistic point of view, these results suggest that the electron-transfer steps to CF adsorbed at
Cu and Cu/ACF surfaces are not driven by the potential of free electrons (in the conduction band)

but more likely by reactive hydrogen species from BH4 (possibly hydride species).

TABLE 4. Product patterns during the dechlorination of CF in water using Cu- and Cu/ACF-
electrodes with external electric potentials and with/without NaBHa (mcu-electrode = 370 MQ; 1105 wt-
wcuwac =6.3mg; cocr=5mg/L; conaBHa =300 mg/L; pHo=7; Velectrolyte =400 mL of
0.1 M NaZSO4; Vheadspace =100 mL)

Electrode type and reaction conditions Nproduct / Ntransferred cF X 100 Cl yield
(%) (mol-%o)
CHs DCM MCM

Cu electrode + NaBHj4 (open circuit system) 82+2 14+2 |(5%1 84+3

-1.1 V¥ + Cu electrode (electrochemical | 82 +£2 13+2 (2+1 85+2
dechlorination reaction)

-0.8 V2 + Cu electrode + NaBH4 84 +3 11+3 (3%1 84+2
-1.0 V2 + Cu electrode + NaBH4 85+2 12+3 (42 85+3
-0.8 V& + Cu/ACF electrode + NaBH4 85+2 10+£2 (3z%1 88 +2

2 Applied potentials of the working electrodes were measured against Ag/AgCI.

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

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

For all CF dechlorination reactions, the sum of C,Hs and C,He accounts for 1-2 mol-% measured at CF
conversion > 95 %.
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Surprisingly, the electrochemical dechlorination reaction (due to electrons in the
conduction band) had similar selectivity patterns to the borohydride-assisted reaction. Similar
selectivity patterns have also been reported elsewhere for the electrochemical dechlorination of
CF in water at a graphite electrode with cathodic potentials in the range -0.75 to -1.3 V versus
Ag/AgCI (Battke, 2006). Comparison between the current results and those of Battke (2006) show
that a higher cathodic potential has no marked effect on initial product patterns.

The formation of similar product patterns in the presence of various primary reductants
(i.e. NaBHa4, H2, ZV1, and external electric potentials) for Cu, Ag, and Pd catalysts is a significant
finding from the mechanistic point of view. Apparently, the primary reductants generate similar
reactive species (active H” or electrons) which are responsible for the initial surface-mediated

(catalytic) dechlorination steps.

Dehalogenation of CCls, CFCls, CBrCls, CCls—CHs, 1,1-DCA and DCM using CBRS

Another objective of this study was to determine how substance structure affects product
selectivity patterns. Substances similar to CF but different in their substitution patterns were
selected. The dehalogenation of these substances by CBRS was carried out under identical reaction
conditions to CF. The product selectivity patterns during the dehalogenation of CCls, CFCl3, and
CBrCls and their first daughter products are presented in FIGURE 4. Further details are shown in
FIGURES SI 11-13.

As can be seen in FIGURE 4 (a), the immediate daughter products from the reduction of
CCls and CFClIs were CF and CHCIF; they accounted for 52-72 mol-% of the educt converted.
For CBrCls, the selectivities to CF and DCM were 15 and 40 mol-%, respectively. For CCls and

CBrCls, selectivities towards CH4 were 16 and 35 mol-%, respectively. CHs and F were not
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detected during the dehalogenation of CFCls. Hence, CBRS fails to cleave C-F bonds. CF and
CHCI2F as intermediates were further transformed (FIGURE 4 (b)) by the subsequent generation
of MCM, DCM, CHa, CH2CIF, and CHs-F. MCM, DCM, CHCIF, and CHs—F remained as dead-
end by-products under the chosen reaction conditions (ccu = 0.2-2 mg/L). Hence, by replacing the
chloroform’s H-substituent with F, Cl, and Br, hydrogenolysis becomes dominant over o-
elimination. This is plausible because the preferred elimination of HCI is not possible from these
molecules. In addition, electron-withdrawing and steric effects at the electrophilic carbon might

be significant.
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a) Selectivities at = 95 % of parent CCl,-R (R =Cl or F)
100

80

60

40

40

20

nproducl / Pleonverted CCBARX 100 (%0)

1.8

CFCI3 CBrCI3

EICHCI2-R BCH2CI-R ECH3-R ECH4

b) Selectivities at > 95 % conversion of CHCl,—R intermediate (R = Cl or F)
100

80

60

40

nproduct / Mconverted CCBARX 100 (DA’)

CCl4 CFCI3 CBrCI3

OCH2Cl-R EBCH3-R @CH4

FIGURE 4. Product selectivity patterns during the dehalogenation of CCls, CFCl3 and CBrCls by
CBRS. a) Selectivities at > 95 % conversion of the parent CCl;—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; conasHa = 300 mg/L; pH = 10).

In order to investigate steric effects, dechlorination of CCls-CHs (1,1,1-TCA), where the

chloroform’s H-substituent is replaced by the bulkier methyl group, was performed. The resulting

selectivity patterns are shown in FIGURE 5. Further details are shown in FIGURE Sl 14.
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a) Selectivities at = 95 % conversion of 1,1,1-TCA
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b) Selectivities at > 95 % conversion of 1,1-DCA
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FIGURE 5. Product selectivity patterns during the dechlorination of 1,1,1-TCA by CBRS. 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,1,1,1-1ca = 20 mg/L; conaeHa = 300 mg/L; pH = 10).

As can be seen in FIGURE 5 (a), 1,1-DCA with S1.1-pca = (56 + 2) mol-% was the major

chlorinated intermediate, while C2He accounted for only (35 % 2) mol-% of the 1,1,1-TCA

converted. This implied that hydrogenolysis was preferred over o-elimination. Further

Page 27 of 34



536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

dechlorination of 1,1-DCA (FIGURE 5 (b)) led to increased amounts of MCA, C2Hs, CsH1o, and
CoHe, i.e. 9, 7, 3, and 71 mol-%, respectively. MCA remained more-or-less as a dead-end by-
product at the low catalyst concentration (ccu=1mg/L). However, with a high catalyst
concentration of ccy = 100 mg/L, MCA was further dechlorinated. The specific Cu activity Acy for
the  dechlorination of MCA in  water under ambient conditions  was
Acumca = (0.010 £ 0.005) L/(g-min).

For the CCl>—R compounds with R = F, CI, Br, and CHg, similar initial product patterns
were observed, indicating that the initial dehalogenation reaction at the Cu surfaces follows similar
reduction steps. For CFCls and CCls, F and Cl as substituents at the CCls-group have an electron-
withdrawing effect on the carbon, making it more electrophilic, hence destabilizing C-centered
radicals. In contrast, for 1,1,1-TCA, the methyl substituent has a radical stabilization effect.
Nevertheless, all CCl>-R compounds show similar initial product patterns regarding the first
intermediates CF, CHCIzF, and 1,1-DCA. This suggests that the electronic effects of the
substituent play no significant role in the initial dehalogenation steps. In order to further whether
initial selectivity patterns are influenced by steric effects, dechlorination of DCM and 1,1-DCA by
CBRS were performed. The results are shown in FIGURE 6.

By replacement of one Cl-substituent in CF and 1,1,1-TCA, it can be seen from FIGURE 6
that the dechlorination of DCM and 1,1-DCA produces CH4 and C2He, respectively, as the major
products. This indicates that the o-elimination reaction pathway was preferred in the

dechlorination of DCM and 1,1-DCA.. Both molecules can eliminate HCI.
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FIGURE 6. Product selectivity patterns for the dechlorination of DCM and 1,1-DCA by CBRS
(ccu=50-100 mg/L; co,educt = 10-20 mg/L; conasra = 300 mg/L; pH = 10). Selectivity patterns
determined at educt conversions > 95 %.
Conclusions and Outlook

This study presents Cu in the presence of borohydride as a system that is more suitable
than Pd + H> for the degradation of saturated aliphatic chloroorganic compounds in water. Cu is a
much cheaper catalyst than Pd, but NaBH4 is a more expensive reductant than H,. In order to
determine the application potential of CBRS, product selectivity patterns for the reduction of
several CCls—R compounds were evaluated. For the dechlorination of CHCI3 as a target pollutant,
similar product selectivity patterns (ratio of CH2Cl>: CH4) were observed for several very different
reduction systems. Therefore, the nature of reactive species (electrons or active H*) at the surfaces
of Cu and Pd catalysts seems to play no significant role during the initial surface-mediated
dechlorination steps. Initial product selectivity patterns were substance-specific rather than
system-specific. Selectivity patterns depend on the substitution degree at the electrophilic carbon.

For CHCIs, CH.Cl,, and CHCI,—CHs, initial product selectivities were in preference of the fully
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dechlorinated products, CHs and C;Hes. For the highly substituted compounds, CCls, CFCls,
CBrCls, and CCls—CHs, initial product selectivities were in preference of the halogenated
intermediates CHCI3, CH2Cl>, CHCI2F, and CHCI>—CHzs. The availability of HCI at the reactive
carbon during the dehalogenation of saturated aliphatic chloroalkanes in water favors the a-
elimination pathway.

Although the formation of less-chlorinated by-products such as CH2Cl, and CH3Cl is
inevitable during the dechlorination of CCls and CHCIs by both CBRS and Pd + Ha, these by-
products are further converted at reasonable rates only by CBRS. The optimum conditions for
preventing accumulation of chlorinated by-products are ccy = 100 mg/L and co,naeH4 = 300 mg/L.
A higher catalyst dose is acceptable for the cheaper catalyst, Cu instead of Pd. Instead of using a
higher catalyst dose, other options for fast transformation of chlorinated by-products through a
second dechlorination step include i) use of bimetallic Ag/Cu particles and ii) combination of
CBRS with vitamin B12. In conclusion, CBRS is presented in this study as a robust reduction
system that is superior to Pd + H» for the treatment of saturated aliphatic HOCs in water under
controlled conditions. However, its application is limited to small-scale treatment plants where Cu

recovery from the effluent can be achieved and the amounts of borohydride are manageable.
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