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GRAPHICAL ABSTRACT

Electron Transfer

ABSTRACT

Dechlorination of dichlorodiphenyltrichloroethane (DDT) as a model compound was
performed with zero-valent iron (micro-ZVI and nano-ZVI) as reductant and
carbonaceous adsorbents as sink and catalyst in water. DDT is rapidly converted to
dichlorodiphenyldichloroethane (DDD) in direct contact with ZVI. However, up to 90%
of the DDD is transformed into non-identified, most likely oligomeric products. There is
no indication of dechlorination at the aromatic rings. DDT is still rapidly dechlorinated
when it is adsorbed on carbonaceous adsorbents, even though ZVI particles have no
direct access to the adsorbed DDT. The carbonaceous materials function as adsorbent

and catalyst for the dechlorination reaction at once. From electrochemical experiments,
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we deduced that direct physical contact between ZVI particles and the adsorbent is
essential for enabling a chemical reaction. Electron conduction alone does not effect
any dechlorination reaction. We hypothesize hydrogen species (H*) which spill from
the ZVI surface to the carbon surface and initiate reductive transformations there. The
role of carbonaceous adsorbents is different for different degradation pathways: in
contrast to hydrodechlorination (reduction), adsorption protects DDT from

dehydrochlorination (hydrolysis).

Keywords: Dechlorination, Zero-valent iron, DDT, Spill over, Hydrolysis

1. Introduction

Zero-valent iron (ZVI) is a powerful reductant in remediation technologies (Phenrat
et a., 2019; Fu et al., 2014; Raychoudhury and Scheytt, 2013; Miehr et al., 2004). It can
chemically reduce a variety of environmental pollutants, such as chlorinated organic
compounds, including chlorinated methanes and ethenes (Fennelly and Roberts,
1998; Arnold and Roberts, 2000; Wang and Farrell, 2003). The dominant reaction in
aqueous media is a hydrodechlorination according to Fe® + R-Cl + H20 — Fe?* + R-H
+ CI + OH". Usually, ZVI is used as micro-ZVI (uZVI, dpartice = 1-100 um) or as nano-
ZV1 (nZVI, dpariicie = 20-100 nm). Despite its many environmentally benign properties,
ZVI has also some limitations and shortcomings, among them a relatively low sorption
affinity for nonpolar organic pollutants (Dries et al., 2004; Burris et al., 1998, 1995;
Allen-King et al., 1997). This affects the overall efficiency of chemical reactions on iron
surfaces. More importantly, ZVI is not able to degrade a number of chlorinated organics
at viable rates, such as dichloromethane, 1,2-dichloroethane, chlorobenzene etc.

(Andrieux et al., 1986; Fennelly and Roberts, 1998). The low sorption affinity of iron
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oxide surfaces for organic pollutants can be compensated for by combination of ZVI
with carbon-based adsorbents, such as activated carbon (AC) or graphite, yielding a
promising new class of reactive materials (Vogel et al.,, 2019; Guan et al., 2015;
Amezquita-Garcia et al., 2013; Su et al., 2013; Yang et al., 2012, 2010a; Tseng et al.,
2011; Chang et al., 2011; Sunkara et al., 2011, 2010; Choi et al., 2009a, 2009b, 2008).
Carbo-Iron™ is one representative of this class (Mackenzie et al., 2012, 2008; Bleyl et
al., 2012). However, adsorption can affect reaction rates either positively or negatively:
(i) enrichment of the target pollutants in close vicinity to the chemical reagent, giving
rise to enhanced degradation rates, or (ii) protection of the same pollutants from
chemical degradation by entrapment in sorption sinks, where they are not accessible
to chemical attack (Dries et al. 2004). When chemical reactions take place on
carbonaceous surfaces they may play the role of a catalyst rather than a reagent. This
can effect reaction rates and product selectivities.

The present study investigates the interplay between adsorption and ZVI driven
dechlorination in the presence of various carbon-based adsorbents with DDT (1,1'-
(2,2,2-trichloro-1,1-ethanediyl)bis(4-chlorobenzene)) as target compound. DDT has a
number of features which make it a suitable target for this study: (i) it is of significant
environmental concern (Rani et al., 2017), (ii)) DDT has aliphatic and aromatic carbon-
chlorine bonds in the same molecule which allow direct comparison of reactivities, (iii)
there are several studies on DDT degradation in the literature with widely divergent
results which are in need of clarification (Ding et al., 2019; Ortiz and Velasco, 2019;
Khunita et al., 2019; Zhu et al., 2016; Han et al., 2016; El-Temsah et al., 2016, 2013a,
2013b; Singh and Bose, 2015; Poursaberi et al., 2012; Yang et al., 2010b; Cao et al.,
2010; Tian et al., 2009; Pirnie et al., 2006; Satapanajaru et al., 2006a, 2006b; Merica
et al., 1999; Sayles et al., 1997), and (iv) DDT is highly hydrophobic (log Kow = 6.36)

(Schwarzenbach et al., 2003) and can thus be efficiently removed from aqueous
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matrices by adsorption on carbonaceous materials. This poses the question: can DDT
be degraded by chemical reactions in the adsorbed state where it is not in contact with
particulate reductants such as ZVI? After answering this question positively, the issues
of reaction mechanisms and transferable reactive species — electrons or hydrogen
species — are discussed. Finally, the effect of adsorption on AC on the competition
between DDT reduction and hydrolysis is considered.

From the methodological point of view, DDT'’s low aqueous solubility (5 pug L?)
(Pontolillo and Eganhouse, 2001; Paschke et al., 1998) challenges the experimenter
with respect to its speciation and analytics. We are not aware of any previous study in
which DDT degradation has been investigated starting below its water solubility
concentration. In the present study we did not oversaturate the water phase by DDT,
neither did we add co-solvents (Tian et al., 2009; Lowry and Johnson, 2004) nor
surfactants (Satapanajaru et al., 2006a, 2006b; Merica et al., 1999; Sayles et al.,
1997). We kept the initial DDT concentration strictly below its maximum water solubility.

It is useful and common practice in the literature to address the members of the
DDT family having the same carbon backbone with their abbreviations. Table 1 gives
an overview of chemical structures and frequently used abbreviations for the DDX

family.

Table 1. Chemical structures and common abbreviations for DDT and its metabolites.

Abbreviation Formula Abbreviation Formula

DDT i DDMU Grcl

[+

DDD N DDNU
CIC CICI
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DDMS CH.CI DDOH CH,OH
DDNS or DDO CH, DDA

COOH
DDE ~r DDX Sum of the DDT-
mm derived metabolites

2. A more detailed inspection of literature findings for DDT degradation

The reductive degradation of DDT in environmental compartments has generated
wide interest in the recent scientific literature (Khunita et al., 2019; Rani et al., 2017;
Han et al., 2016; Zhu et al., 2016; and refs. cited there). Nevertheless, a number of
significant issues remain open, some of which are briefly reported here on the basis of
selected literature studies.

Sayles et al. (1997) were the first who investigated the dechlorination of DDT, DDD,
and DDE by ZVI in aqueous suspension. The applied initial DDT concentration (Co,oot
= 120 uM) was about 4 orders of magnitude above its water solubility (Soor). This
means that all apparent reaction kinetics were affected by the DDT crystal sizes and
their dissolution rates. The mass balance of DDX was incomplete (<50 mol-% total
recovery). All investigated DDX compounds disappear from aqueous suspensions with
similar rates. Such a similarity in rate constants is hardly plausible for chemically
controlled rates [6] and is in contrast to the results of the present study (koo : koop :
kope ~ 500 : 1 : <0.2). DDD, when investigated as a separate feedstock (Co,pop =
12 uM), disappeared from the aqueous ZVI suspension, but no GC-detectable

products were found. This is in conformity with our observations.
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Tian et al. (2009) discussed two DDT reaction pathways with nzZVI. (i) electron
transfer yielding DDE (dehydrochlorination pathway), and (ii) H transfer yielding DDD
as intermediate (hydrodechlorination pathway). If this distinction holds, the H transfer
pathway dominates over the electron transfer pathway in all of our ZVI-based reaction
systems, including DDT adsorbed on porous adsorbents, because DDD but not DDE
is the dominant primary product from DDT. A careful inspection of the experimental
data reveals a large gap (>70%) in the mass balance between disappearing DDT and
the sum of detected products (DDD + DDE).

Poursaberi et al. (2012) described a complete hydrodechlorination of DDT with nZVI
in acidic aqueous suspension (Co,oot > Soot, pHo = 2), yielding diphenylethane as the
only detectable final reaction product. This is one of the few studies wherein a rapid
scission of Caromatic-Cl bonds by ZVI has been not only claimed, but also substantiated
on the basis of detected reaction products. We attempted to repeat the key
experiments according to Poursaberi’s protocol, but failed to detect diphenylethane
(Kopinke and Balda, 2019). There are strong chemical arguments against a complete
dechlorination of benzene rings by undoped ZVI (Martin et al., 2016; Rajeshwar and
Ibanez, 1997; Wiley et al., 1991). In contrast, polychlorinated biphenyls may be
reactive for partial dechlorination (Sevcu et al., 2017; Liu et al., 2016, 2010; Chen et
al., 2014; Zhuang et al., 2011; Lowry and Johnson, 2004; Wang and Zhang, 1997).

Recently, EI-Temsah et al. (2016) investigated the DDT degradation with two types
of nZVI at Copor >> Sppr. DDT disappeared rapidly from its aqueous crystal
suspension, forming DDD and DDE as intermediates, which disappeared in turn with

similar rates. No final reaction products were identified.

3. Materials and methods
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3.1. Materials

Details regarding the materials used including ZVI and carbonaceous adsorbents
are provided in the Sl part (chapter 1). The sorbents were spiked from an acetone
stock solution of DDT (1 g L) by shaking them overnight in the minimum amount of
solvent. The acetone was then slowly evaporated under nitrogen gas flow, yielding

DDT loadings from 0.1 wt-% on graphite up to 0.5 wt-% on AC.

3.2. Experiments with initially dissolved DDT

130 mL of aqueous 3 mM bicarbonate solution were spiked with 100 pL stock
solution containing DDT and fluoranthene (as an internal standard) in acetone, yielding
initial concentrations of 5 pug L each. The spiked solution was warmed up to about
40°C and shaken for a few minutes in order to ensure complete dissolution of spiked
DDT. It was then spiked at ambient temperature with 100 g of uZVI as a pre-activated
agueous suspension (pH = 8.0-8.5, cf. Sl part, chapter 2) under argon purging. The
250-mL-reaction vessel was filled up to a final water volume of 150 mL. 10 reaction
vessels were prepared in the same way. They were shaken end-over-end for defined
reaction periods from 5 min to 3 d. All experiments were conducted as duplicates at
ambient temperature, i.e. at (22 = 2)°C.

Preliminary experiments were conducted in order to elucidate the speciation of DDT
in the reaction bottles. The separation of the reaction mixture after 5 min of contact
time (sedimentation of uZVI + decantation of the aqueous phase) revealed that 290%
of DDT (inclusive rapidly formed DDD) was present on the iron sediment, indicating a
fast and almost complete adsorption of dissolved DDT on the ZVI surface. DDT
adsorption on glass walls and the PTFE-lined septum was found to be negligible. More

details are presented in the Sl part (chapter 4).
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3.3. Experiments with non-agitated reactants: DDT on activated carbon felt (FAC)
embedded in a fixed bed of pzVi

50 mg of FAC was loaded with 0.5 wt-% of DDT from an acetone stock solution by
equilibration for >48 h followed by slow evaporation of the solvent. 10 g of uZVI was
pre-activated and dispersed in 40 mL of 3 mM aqueous bicarbonate solution. The 50
mg FAC was added as a single slice (1 x 2 cm?) to the iron suspension, purged for a
few minutes with an argon flow and then allowed to precipitate. The FAC was tightly
embedded in the pZVI packing (pH of the supernatant 8.5). 5 vials were prepared in
this way. After certain periods of contact time without any agitation of the packing (up
to 24 h), the FAC was withdrawn, washed with deionized water (to remove adhering

iron particles) and extracted for 1 h by 5 mL of a methanol/toluene(1:4)-mixture.

3.4. Electrochemical cell experiments

In order to distinguish between different reaction mechanisms, pZVI and FAC were
spatially separated but electrically connected (Figure 2). The DDT-impregnated FAC
sample (100 mg FAC, 0.5 wt-% DDT) was encapsulated in (i) an open glass tube (di =
10 mm x length = 50 mm) or (ii) a closed dialysis tubing (Carl Roth, Germany, cut-off
150 kDa, di = 25 mm x length = 50 mm x wall thickness = 18 um), and electrically
contacted via a steel wire with the pZVI bed. The glass tube was terminated at both
ends with loose plugs of glass wool. The steel wire connecting the FAC sample with
an ampere-meter was electrically isolated from the ZVI bed by a thin PTFE tubing. The
FAC capsules were filled with the same electrolyte as used in the pzVI bed (3 mM
NaHCOs). They were permeable for the electrolyte and all kinds of dissolved species

but impermeable for uzZVI particles. After 24 h of electrical contacting, the FAC
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capsules were removed, purged with water and extracted with 10 mL of a

methanol/toluene(1:4)-mixture.

3.5. Experiments with agitated reactants: DDT on suspended adsorbents

100 mg of graphite powder loaded with 0.1 wt-% of DDT were mixed with 40 g of
pre-activated pZVI in 20 mL of 3 mM aqueous bicarbonate solution (pH = 8.8). The
glass vials were shaken end-over-end for defined reaction periods up to 10 d. The
graphite and pZVI particles were then separated using an external magnet. The
agueous graphite suspension was extracted with 5 mL of toluene, containing pyrene
as an internal standard. The extract was filtered (PTFE, 0.45 um), dried over Na2SO4
and analysed by means of GC-MS. The same procedure was applied to DDT adsorbed

on colloidal AC (0.5 wt-% DDT).

3.6. Extraction of DDT from agueous suspensions

Usually, DDT and its organic reaction products were extracted from aqueous
suspensions by shaking the entire reaction bottles (250 mL) containing water (150 mL),
puZVI1 (100 g) and sorbents with 10 mL of toluene as extractant on an end-over-end
shaker for various time periods. Two internal standards were applied: fluoranthene in
the aqueous suspension and pyrene in the extraction solvent. The extraction of DDT
raises the question of its chemical stability under multi-phase extraction conditions in
the presence of uZVI. Therefore, the extraction procedures were carefully evaluated.
Two requirements were found to be essential: (i) we applied a magneto-separation
step which separates carbon and iron particles prior to extraction. (i) ZVI suspensions
were acifidified in a second extraction step in order to open oxide/hydroxide surface
layers. A detailed description of the optimized extraction procedures is given in the Sl

part (chapter 3).
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3.7. Analytical methods

Aliquotes of the organic extracts of aqueous samples were dried over NazSOa, pre-
concentrated by solvent evaporation, and analyzed by means of GC-MS (QP 2010
ultra from Shimadzu, HP-5MS capillary column, 30 m x 0.32 mm x 0.25 um) in SIM
and SCAN modes (m/z = 45-400 amu, Tec = 50°C (1 min), 10 K mint up to 280°C (15
min)). 1 pL of toluene extract was injected in the split mode (1:10, Tinj = 230°C). The
detection limit of DDT (S/N = 3) from aqueous solution analyzed according to this

procedure was about 0.02 pg L.

4. Results and discussion

Initial experiments were specifically designed to elucidate the speciation of DDT in
agueous solution and recovery by various extraction procedures. Data are presented
in the Sl part (chapters 3 and 4). We learnt from these data that toluene extraction of
the aqueous pZVI suspensions at alkaline conditions (pH = 8.5 to 9) may not always
be sufficient for complete recovery of analytes. However, a temporary acidification
which dissolves the iron oxide/hydroxide layers around the ZVI core enables their

release into the solvent phase.

4.1. Experiments with initially dissolved DDT in the absence of carbonaceous
adsorbents

Experiments with ‘truly dissolved’ DDT in aqueous suspensions are difficult to
conduct due to its very low aqueous solubility and consequently its high tendency to
adsorb rapidly onto surfaces. Thus, we found that even for an initial DDT concentration
of 1 ug L1, the addition of pzVvI (667 g L) gave rise to fast and almost complete

adsorption (> 95% within 5 min) and partial conversion of DDT on the iron surface.
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We observed that DDT in direct contact with pZVI is rapidly dechlorinated (60 to
80% conversion in about 5 min) forming DDD (> 90% vyield), which is slowly degraded
further yielding DDMS (1% after 1 h) and DDNS (0.5% after 1 h). A more detailed DDX
product pattern is presented in Table S1. Unsaturated products such as DDE, DDMU
and DDNU were not detected. Obviously, hydrodechlorination dominates over
dehydrochlorination as reaction pathway (Scheme 1). Diphenylethane was not
detected in any experiment, indicating that dechlorination at the benzene ring is

beyond the reduction power of ZVI.

— Please insert Scheme 1 here.

The observed initial DDT dechlorination rate (with kppruzvi * 10-20 ht) can be
converted into apparent second-order rate coefficients kootuzviend # 15-30 L kgt ht
and normalized to the ZVI surface area (SA) koptuzvisa ~ 0.1 L m? h'l. These values
are likely to be lower limits of the true chemical rate coefficients. After 3 d of contact
time, about 1% of the initial DDT and only 6% of the initially formed DDD (with kppp,uzvi
~ 0.04 h'Y) were still extractable. All other DDX products were only detectable at a
trace level. The question of the fate of DDD on the iron surface will be considered later.

The concentration of DDE as impurity in DDT (1 mol-%) did not change significantly
during the first hour of contact with pzVI. After 3 d, about 60% of the DDE was still
detectable. This indicates that its reactivity is several orders of magnitude lower than
that of DDT, and at least a factor of 5 lower than that of DDD.

In a series of experiments, uZVI was replaced by nZVI. These data are presented
in the SI part (chapter 5). Surface-normalized rate coefficients for dechlorination of

DDT and DDD were found to be similar for nZVI1 and pzZVI. Table S3 gives a summary
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of rate constants for conversion of DDX compounds in direct or indirect contact with

ZV|, determined in the the present study.

4.2. Experiments with non-agitated reactants: DDT adsorbed on activated carbon
felt in direct contact with a fixed bed of pzVi

In the second part of this study, the reactivity of DDT adsorbed on the inner surface
of porous adsorbents such as AC is considered. In this arrangement, no direct contact
between adsorbates in the pores and externally attached pzZVI particles was possible.
If a chemical conversion should take place, chemical reactivity must be transferred
from puZVI to adsorbates by means of mobile species. The most probable candidates
are electrons or reactive H-species (H*). (Kopinke et al., 2016; Tang et al., 2011; Oh
et al., 2002; Li and Farrell, 2001 and references cited there). The nature of H* is not
yet fully understood, but H-species able to long-range migration across the surface of
metal catalysts and catalyst carriers are well known in the literature (e.g. Prins, 2012).
Alternatively, one could hypothesize a certain mobility of adsorbed DDT enabling its
diffusion from the inner pores to the external surface of AC. This explanation was
carefully checked but disproved (see Sl part, chapter 6). Figure 2 shows the setup for
the following fixed-bed experiments.

The reduction of DDT adsorbed on FAC (0.5 wt-% DDT) which was embedded in a
fixed bed of pzVI particles (non-encapsulated FAC slice in Figure 2) follows a first-
order kinetics with an apparent rate constant of kpotonFacuzvi = 0.175 h! (inset in Figure
1). The first-order kinetics indicates that either (i) all the adsorbed DDT is equally
available to the reducing species or (ii) the DDT is sufficiently mobile on the AC surface
to reach the preferred reduction sites. Figure 1 shows the FAC extract composition

along the reaction time. The overall mass balance is closed with (105 = 7) mol-%. Note
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that the fixed bed remains static, meaning that the contact points between FAC fibers

and iron particles are not refreshed during the reaction time.

— Please insert Figure 1 here.

The data in Figure 1 allow some insights into the reaction pathways (see also Sl
part, chapter 7). The DDE concentration remains almost constant over the reaction
period. Thus it is neither formed nor converted significantly under reaction conditions.
This is remarkable with respect to the high chemical reactivity of chlorinated ethenes
with ZVI as reductant (Phenrat et al., 2019; Liu et al., 2005; Arnold and Roberts, 2000)
as well as with ZVI/carbon composites (Vogel et al., 2019; Kopinke et al., 2016; Su et
al., 2013; Tang et al. 2011; Tseng et al. 2011). Chemical reasons for this behavior are

discussed in the later paragraph ‘Reactivity of DDE'.

4.3. Experiments with non-agitated reactants: DDT adsorbed on activated carbon
felt in electrical contact with a fixed bed of uzZVi

Reducing species transferred from pzZVI to the FAC can be electrons or mobile
hydrogen species. The following experiment was designed to further elucidate their
roles. FAC loaded with DDT (0.5 wt-%) was either in direct contact with pzZVI (Figure
2, right vial) or connected only electrically with the fixed bed while the DDT-loaded FAC
was either placed in the glasswool-plugged tube or in a dialysis tubing (Figure 2, left
setup). Actually, the two electrochemical setups shown together in Figure 2 (left part)

were carried out in separate vials.

— Please insert Figure 2 here.
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The electrical resistance between the iron bed and the central point of the FAC
was about 100 Q. When the wire from the FAC was connected to the amperemeter,
an electrical current ran between the iron bed (anode) and the embedded FAC
(cathode). It decreased steadily from initially 100 pA to about 30 pA after 24 h. We
attribute this charge transfer to the polarization of the FAC surface (Fe® — Fe?* + 2e-
and AC + e — AC"). The transferred charge corresponds to about 50 pmol electrons.
This amount is much larger than the amount of adsorbed DDT (1.4 pumol). After 24 h
of electrical contacting with the iron bed, the FAC capsules were withdrawn, purged
with water and extracted as described above. The GC-MS analyses revealed no
significant DDT conversion for DDT on FAC in the dialysis tubing (<0.5 mol-%
products) and a very low conversion for DDT on FAC in the glass tube (about 1 mol-%
DDD). However, the possibility cannot be completely ruled out that a small amount of
HZVI particles may have penetrated the glasswool plugs at the ends of the glass tube,
such that they indeed came into direct contact with the FAC. This could possibly
explain the low extent of reductive dechlorination. Note that 98.5% of DDT was
converted within 24 h when the FAC was in direct contact with the iron bed.

We conclude from these electrochemical experiments that the direct physical
contact between pzZVI particles and the carbonaceous adsorbent is an essential
requirement for the reduction of adsorbates such as DDT, and probably other
chlorinated compounds. This poses the question: if the transfer of electrons from pzVi
to the carbon matrix is not sufficient for reductive dechlorination, which other processes
and species are involved? We hypothesize hydrogen species (H*) which spill from the
ZVI surface to the carbon surface and initiate reductive transformations there (Tang et
al., 2011; Oh et al., 2002). If their spillover is made impossible by breaking the surface
contact, the chemical reaction is suspended. Our experimental findings are in

conformity with the spillover phenomenon hypothesized in Kopinke et al. (2016) for
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the dechlorination of TCE adsorbed on AC by nzZVI. A similar approach using an
electrochemical cell has been applied by Ding and Xu (2016) for the sulfide-driven
reduction of DDT, DDD and DDE adsorbed on graphite powder in aqueous
suspension. All three DDX compounds were converted when sulfide was in direct
contact with the graphite particles, whereas DDT and DDD were not converted when
sulphide was electrically connected but spatially separated from the graphite.
Obviously, reduction of DDT and DDD needs direct access for sulfur species. Sole
delivery of electrons from the graphite matrix is insufficient. This finding is again in

conformity with our results on ZVI-driven DDT reduction.

4.4. Experiments with agitated reactants: DDT adsorbed on suspended activated
carbon particles

In a number of experiments, FAC was replaced by suspended AC particles (dso =
1.0 um) as DDT carriers in order to change the quality of the contact between the
reactive particles, from a static to a highly dynamic contacting. Independent of the
particle size, DDT adsorbed deeply in AC pores will practically not come into direct
contact with uZVI particles. Hence, any chemical reaction between DDT and pzZVI has
to be mediated by the AC matrix.

DDT adsorbed on colloidal AC is converted rapidly in suspension with uzZVI1 (Cuzvi =
667 g L), forming DDD as the main product. 95% DDT conversion within 1 h results
in a first-order rate constant of kootonac,uzvi 3 h. This is an order of magnitude faster
than the reduction of DDT on FAC in static contact with pZVI (kootonFacuzvi = 0.175 h
1). The higher rate constant is possibly due to the smaller size of the carbon particles
(dso = 1.0 pm vs. dcarbon_fibre = 12 pm). The DDT conversion kinetics with AC colloids is

too fast to be properly resolved in time with the applied batch suspension/extraction
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technique. The observed conversion rate is comparable to that when DDT is brought
into direct contact with suspended pzVI in the absence of AC (kootuzvi = 10-20 h1),

In addition to DDD, small fractions of DDMU (0.8% of Co,ppt), DDNU (0.4%), DDMS
(0.3%) and DDNS (0.5%) were detected. DDD disappears slowly from the reaction
mixture with a half-life of about 500 h (kopbonacuzvi = 10 hl) and without any
detectable product pattern.

A larger fraction of DDE (about 25%) was already formed by dehydrochlorination of
DDT during the loading procedure on AC. Its concentration remained almost constant
up to 10 d reaction time in suspension with pZVI, with an uncertainty of £10%. This
results in an upper limit for its reaction rate constant of kppeonac,uzvi < 4:104hL. This is

at least 4 orders of magnitude slower than the conversion of DDT.

4.5.Dechlorination of DDT adsorbed on suspended graphite particles

DDT (0.1 wt-%) adsorbed on graphite particles (dpartice = 1-2 um) is also rapidly
dechlorinated by contact with uZVI in aqueous suspension (Figure 3). The initial rate
constant amounts to about KppTon_graphite.uzvi = 0.1 h™t up to 95% DDT conversion. This
value is a factor of 30 smaller than observed for DDT on colloidal AC (kpbTonac,uzvi = 3
h1). Since the electron conductivity of graphite is higher than that of AC, the higher
chemical reactivity of DDT adsorbed on AC compared to graphite points to rate-
controlling steps other than electron transfer.

DDE does not show a significant reactivity even under these favorable reaction
conditions (Kppeon_graphiteuzvi < 1072 h'1). DDD is clearly the main product from DDT,
accompanied by minor products of deeper reduction, such as DDMS and DDNS. No
significant DDD disappearance was observed within 10 d (<10%). These findings
suggest that the adsorbent graphite protects DDD from further reduction. In the

absence of graphite, DDD would be converted with a half-life of about 6 h in the
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presence of 2 kg Lt pzVl. The yield of DDNS is much higher on graphite (8%)
compared to AC (0.5%). This comparison shows that the nature of the adsorbent
significantly affects the competition between several reduction pathways, in this case

partial vs. total hydrodechlorination (i.e. formation of DDD vs. DDNS) in Scheme 1.

— Please insert Figure 3 here.

4.6.Reactivity of DDE

DDE was found to be much less reactive than DDT towards ZVI-driven reduction.
This statement holds for pure ZVI as well as for reactions at the surface of
carbonaceous adsorbents such as graphite and ACs. This ranking in reactivities is
different from that known for aliphatic chlorinated hydrocarbons, where trichloroethene
(ktcenzvi = 1.4-102 L m2 h) (Liu et al., 2005) was found to be much more reactive
than chloroform (kcr.nzvi = 5:104 L m2 h'1) (Feng and Lim, 2005).

However, this comparison does not take into account two characteristic features of
the DDE molecule: (i) the electronic stabilization of the double bond in DDE, whereby
its cross-conjunction with two aromatic rings possibly makes it less reactive, and (ii)
the DDE molecule has a planar structure due to its conjugated n-electron systems,
which determines its mode of adsorption on surfaces and consequently its reactivity in
surface reactions. It is not unlikely that the formation of iron-chlorine bonds as a pre-
stage of a dechlorination reaction (Wang and Farrell, 2003; Arnold and Roberts, 2000;
Andrieiux et al., 1986) is significantly impeded for DDE compared to non-conjugated
chloroethenes.

It is worth mentioning that DDE was found to be much more reactive than DDT and
DDD under conditions where only electrons but no H-species were delivered to a

graphite adsorbent (Ding and Xu, 2016). This finding supports our view that H-species
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play a key role in ZVi/carbon systems, because DDE was found to be less reactive

there.

4.7.Final reaction products from reductive DDT degradation

The dominant primary product of reductive DDT degradation under all conditions is
DDD. However, the DDX mass balance becomes incomplete when DDD is converted
further. The expected products of a stepwise hydrodechlorination of DDD, namely
DDMS and DDNS, were only detected in low yields or not at all. There was no
indication of ring-dechlorinated products, such as diphenylethane. Up to 90 mol-% of
the DDD products were missing with uZVI. This poses the question of the fate of the
DDT backbone in the presence of ZVI. Obviously, the missing products are not
accessible to conventional GC-MS analysis. Therefore, we applied two additional
analytical techniques: (i) LC-MS, and (ii) in-source thermodesorption/pyrolysis MS (IS-
TD/Py-MS). The latter method is able to detect volatile compounds and decomposition
products from non-volatile substrates up to molecular weight (MW) of 1000 g mol* (cf.
Sl part, chapter 9). Neither LC-MS nor IS-TD/Py-MS produced indications of additional,
potentially higher-MW products from DDT transformation.

In conclusion, we are aware of a large mass-balance gap in the reduction pathway
of DDT beyond DDD which is also common to most of the literature studies on this
topic (Tian et al., 2009; Sayles et al., 1997; Satapanajaru et al., 2006a, 2006b) but
mostly not explicitly addressed. In the end, it is hard to evaluate a degradation
technique (reduction with ZVI) where the final products are not identified.

Considering possible reaction routes, one common feature applies for all saturated
members of the DDX group: they have a highly reactive tertiary C-H bond which could

be the target of H abstraction. The resulting tertiary benzyl-type radical Ph2RC- can be
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assumed to be long-living, i.e. subject of buildup reactions. Higher-MW hydrocarbons,

although still chlorinated, may be considered as part of a detoxification approach.

4.8.Reduction vs. hydrolysis of DDT

Beside hydrodechlorination, DDT is subject of dehydrochlorination (B-elimination
of HCI, cf. Scheme 1) yielding DDE under environmental conditions (Roberts et al.,
1993). As we could show, DDE is less reactive towards reduction by ZVI than DDT and
DDD. Therefore, ‘hydrolysis’ of DDT to DDE is counterproductive with respect to its
reductive degradation. In the present study, we also investigated the effect of DDT
adsorption on AC on its hydrolysis rate (for kinetic data see Sl part, chapter 10). Briefly,
DDT hydrolysis is inhibited due to adsorption on AC by a factor of 500 compared to the
homogeneous reaction (kopthomon?>C = 1:102 M s? (Roberts et al., 1993) vs.
KopT het,ac,0H-23C = 2-10° M? 51 this study). This means, adsorption of DDT shifts the
competition between hydrodechlorination and dehydrochlorination in favor of the
reduction (Mackenzie et al., 2005a, 2005b). This may be considered as an additional

positive effect of carbonaceous adsorbents.

5. Conclusions

All studies reviewed in section 2 describe high reactivities of DDT with various ZVI-
based reductants. However, the findings differ largely with respect to the reactivity of
the intermediates. In addition, mass balances are typically not closed. Final products
of DDT conversion are uncertain. Moreover, the main portion of converted DDT ends
up in non-identified, presumbly chlorinated high-MW products. These will be even less
water-soluble than DDT itself. Nevertheless, it is hard to assess the environmental

impact of non-identified compounds.
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The present study overcomes some of the addressed shortcomings. We have to
admit - in conformity with the literature findings - that the final sink of DDD remains
unresolved. DDD reduction to DDMS and DDNS is a major conversion pathway with
nZVI (about 75%, cf. Sl part, chapter 5) but accounts for only a minor fraction with pzVi
(<10%). The main focus of this study was the reactivity of DDT and its metabolites
towards pZVI when adsorbed on carbonaceous adsorbents. The results show clearly
that DDT is available for the reducing species from uZVI even when it is not accessible
for direct contact with the metal particles. Some findings indicate that active hydrogen
species rather than electrons are responsible for DDT reduction in the pore space of
carbonaceous adsorbents brought into contact with ZVI. Irrespective of the reaction
mechanism, the carbonaceous adsorbents play the role of chemical catalysts in the
dechlorination reaction: DDT adsorbed on their surface is reductively converted
whereby the reductants are delivered from ZVI. There is no need for direct contact
between ZVI particles and the DDT substrate.

Recently, Pignatello et al. (2017) have reviewed the present state of knowledge
about the impact of carbonaceous adsorbents for reactivity of organic compounds in
natural and engineered environments. They conclude that sorption can effect both,
shielding of contaminants from reaction and mediation of chemical conversion. The
present study understands as a contribution for rounding this interplay on hand of the

prominent example of DDT and its metabolites.
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Appendix A. Supplementary data
Supplementary data and methodical comments associated with this article can be

found in the online version, at http://dx.doi.orq ...
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List of figure captions:

Scheme 1. Reaction pathways of DDT in aqueous suspension with pzVl.

Figure 1. Conversion of DDT adsorbed on FAC (50 mg, 0.5 wt-% DDT) in static contact
with pZVI (10 g) under 3 mM NaHCOs solution (40 mL) as electrolyte (pH = 8.5). One
data point (pink circle in the inset) was not included in the regression. The lines are

guides for the eye only.

Figure 2. Experimental setup for reaction between DDT adsorbed on FAC and pzVi
in a fixed-bed arrangement with two different modes of contact: (i) direct physical
contact (right vial), and (ii) electrical contact without physical contact between FAC and

MZVI (glass tube and dialysis tubing as separating walls, left vial).

Figure 3. Conversion of DDT loaded on graphite (0.1 wt-%) in agqueous suspension
with uZVI (Cuzvi = 2 kg L, Cgraphite =5 g L2, 3 mM NaHCO3, pH = 8.0). The inset shows

a semi-logarithmic plot of the DDT conversion kinetics.
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