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Abstract

Two different types of nanoscale nZVI derived from a commercial iron salt (p.a.):

zero-valent iron (nZVI) were GD @ é
synthesized according to the same

standard procedure: reduction of | "ZVIderived from ultrapureiron:

L cl
dissolved  Fe(Il) with  sodium .‘ ‘%
borohydride — one starting from a

commercial iron salt having pro analysi (p.a.) purity, and another from microscale iron with

an extraordinary degree of purity, derived from the decomposition of iron pentacarbonyl. The
ZV1 samples exhibited similar hydrodechlorination activities towards hexachlorobenzene as
an example for higher chlorinated aromatics and carbon tetrachloride as an aliphatic model
substance. However, only the sample derived from the iron salt (p.a.) was able to dechlorinate
monochlorobenzene (MCB) at a measurable rate whereas the nZVI derived from the very

pure precursor (nZVlpure) did not show this ability. Closer inspection lead us to the finding
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that the observed activity could be attributed to a Ni content as small as 0.005 wt.-% of the
former nZV1 sample which was named nZV limpure accordingly. It was demonstrated that such
a small amount of Ni develops its catalytic activity for the hydrodechlorination of MCB only
under acidic conditions. Although acidic conditions might not be common for studies with
ZV1, higher Ni contents (e.g. of reagent grade iron sources) could have an influence under

ambient conditions.
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1. Introduction

For more than two decades, zero-valent iron (ZVI) has been used as a versatile reducing agent
for a broad spectrum of chemicals in groundwater [1-5]. To maximize the reduction
efficiency, many variations of ZVI have been investigated, e.g. nanoscale particles with larger
specific surface areas [3, 6-14], ZVI combined with sorbents such as activated carbon [15-20]
or doped with catalytically active noble metals or Ni [15, 20-27]. One of the major target

groups are chlorinated organic compounds which react with ZV1 according to equation (1):

Fe’+R-Cl+H" —  Fe**+R-H+CI (1)
Regarding the reactivity of ZVI towards organic compounds, there has to be distinguished
between aliphatic and aromatic substances. It is known that the cleavage of aromatic carbon-
chlorine bonds driven by electron transfer proceeds with more difficulty than that of aliphatic
ones [28]. Therefore, chlorinated aromatic compounds are commonly degraded with
bimetallic particles because the desired reaction is catalyzed by metals which provide
hydrogenation activity, such as Pd, Pt and Ni [6, 21, 22, 24, 27, 29, 30]. Their mode of action
is based on two processes: first, those metals exhibit higher standard redox potentials (E°)
than iron, hence they function as a cathode whereas ZVI acts as an anode. Thus, a local
galvanic cell is formed and the corrosion of the reactive metal is enhanced. Second, the noble
metals can stabilize reactive intermediates, e.g. atomic hydrogen, through surface adsorption
[31]. While all of the above has been elaborately described over the years, we still came
across some peculiarities when evaluating results from published studies: there are
publications which state the observation of the complete dechlorination of aromatic rings with
undoped nanoscale ZVI (nZV1) [6, 13, 32-34]. Especially the work of Poursaberi et al. [33]
attracted our attention because they explored the reactivity of nZVI under quite unusual
conditions: their application of an initial pH of 2 rapidly consumes the metal by dissolution
but might also provide a highly reactive iron surface. Under these conditions, Poursaberi ef al.

[33] reported the complete dechlorination of 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane



(DDT) within 4 h where 1,1-diphenylethane was the only product detected. This and other
publications motivated us to investigate the key question: is pure nZVI — without any
additives — able to reduce chloroaromatic compounds in which only one chlorosubstituent is
connected to the benzene ring (Cl-Caromatic)? T0 closely investigate this query, we examined
two different nZV1 samples: ZVlimpure derived from a commercial iron salt (analytical grade)
and ZVlpure derived from a microscale iron with an extraordinary degree of purity (from the
decomposition of iron pentacarbonyl). To characterize their hydrodechlorination activities, the
degradation of carbon tetrachloride (CCls) as an aliphatic model substance,
hexachlorobenzene (CsCls, HCB) as an example for higher chlorinated aromatics and
monochlorobenzene (CsHsCl, MCB) as a representative for lower chlorinated aromatics was
explored in batch reactions. As our research aim is rather fundamental, our experiments
include strongly acidic conditions, which are usually not appropriate for the application of

ZV1.



2. Materials and Methods

2.1. Chemicals

Ferrous sulfate heptahydrate (99.5 %, p.a.), nickel(ll)-sulfate heptahydrate (> 99 %), ultrapure
iron (> 99 %), sodium borohydride (> 98.0 %), sodium hydroxide (> 99 %, p.a.), nitric acid
(60 wt-%, ultrapure), hydrochloric acid (30 wt-%, ultrapure), methanol (99.8 %), acetone (gas
chromatographic grade, SupraSolv®), benzene (gas chromatographic grade, SupraSolv®) and
toluene (99.8 %) were obtained from Merck, Germany. Monochlorobenzene (MCB)
(>99.5%) was purchased from Fluka, Germany. Carbon tetrachloride (>99.9 %),
hexachlorobenzene (HCB) (99 %) and pyrene (99 %) were obtained from Sigma-Aldrich,
Germany. 1,1,1-Trichloro-2,2-bis(4-chlorophenyl)ethane (DDT) (99.3%) was from Institute
of Organic Chemistry (ANOPOL 6, Warshaw, Poland). Ultrapure sulfuric acid (95 %) was
obtained from Chemsolute, Germany, and diluted to the desired concentration with high-
purity water (conductivity 0.05 puS cm™) prepared with the Simplicity® ultrapure water system
from Merck, Germany.

2.2. Preparation of the nZVI particles and batch experiments

The nanoscale iron particles were prepared as previously described in literature [6] with slight
modifications. Primary differences compared to the previous method were that shaking was
used rather than magnetic stirring and NaBH4 was added in a solid form rather than as an
aqueous solution. In this study, 50 mL of a 0.36 M solution of ferrous sulfate were mixed with
the triple molar amount of NaBH4 and shaken until the hydrogen and heat evolution subsided.
The resulting nZVI suspension was centrifuged and the precipitate was washed once with
deoxygenated, deionized water. Due to noticeable heavy metal impurities of the precursor
material, this type of nZVI is marked “nZVIimpure” in the following. For nZVI with a lower
content of impurities, called “nZVIue”, ultrapure iron, produced by the decomposition of iron
pentacarbonyl, was dissolved in sulfuric acid diluted with high-purity water. After the

adjustment of the pH value with NaOH, the ferrous solution was processed as described



beforehand. To generate nZVI with a defined Ni content, an aliquot of an aqueous NiSO4
solution was added to the dissolved iron precursor prior to the reduction with borohydride. In
each case, 1.2 g of the freshly synthesized nanoscale particles were transferred in the wet state
under argon flow to a screw neck bottle with 200 mL of deoxygenated high-purity water and
40 mL of argon headspace. These batch reactors were closed with a Mininert® valve
(Supelco) and placed in an ultrasonic bath for 10 min in order to dissipate agglomerated iron
particles. MCB and carbon tetrachloride were dissolved in methanol; DDT and HCB were
dissolved in acetone. To start the dechlorination reaction (¢ =0), an aliquot of the particular
stock solution was added to the reaction mixture and the vessels were continuously shaken at
ambient temperature, either on an end-to-end rotary shaker with 11 revolutions per minute
(rpm) or on a horizontal shaker with 240 motions per minute (mpm). At the beginning of the
reaction, the pH of the aqueous nZVI suspension was 8.8 = 0.1. For experiments in the lower
pH range, the reaction mixture was acidified with sulfuric acid (50 wt.-%). Blank experiments
were conducted without any iron particles. All dechlorination experiments were conducted at
least twice.

2.3. Analytical methods

The morphology of the nZVI samples was analyzed with a Zeiss Orion NanoFab helium ion
microscope. The beam current amounted to 0.7 pA, the ion landing energy was 25 kV.
For imaging secondary electrons were collected using an Everhard-Thornley detector.

The concentrations of educts and products were measured by means of gas chromatography-
mass spectrometry (GC-MS). The GCMS-QP2010 (Shimadzu) used was equipped with a HP-
SMS column (30 m % 0.32 mm x 0.25 pm). For sufficiently volatile compounds (Henry’s law
coefficients Ky > 0.1, CCls and C¢HsCl), 25 pL gas samples from the headspace above the
reaction suspension were injected into the GC (Tinjector = 150 °C, Teorumn = 60 °C). For higher-
chlorinated compounds with lower Ky values (HCB and DDT), the aqueous suspension was

extracted for 30 min with 10 mL toluene using pyrene as an internal GC standard.



Furthermore, the iron was completely dissolved in H2SOs4 (5 wt-%) in order to release
adsorbates enclosed in the iron oxide/hydroxide surface layer of the particles. As the acidic
extraction was performed in the presence of the extracting agent, it was assumed that the
target compounds (HCB and DDT) were instantly absorbed by the extractant and thus
protected against further reaction. 2 mL of the extract were then concentrated to around
100 uL, of which 1 pL was injected into the GC-MS at Tigjector = 280 °C. The separation was
carried out with the following temperature program: from 60 °C (3 min) to 280 °C (10 min) at
a heating rate of 20 K min™.

The pH value was measured with a glass electrode (InLab® Micro, Mettler Toledo) and a
pH meter (MP225, Mettler Toledo). Fig. 1 shows the experimental setup in order to follow the
pH development of the nZVI suspension under inert
conditions on the horizontal shaker over time.

In order to keep the nZVI suspension oxygen-free

during pH measurements, the pH electrode (a) was e

immersed through an air-tight septum (c) into the pH meter

reaction vessel (b) which was put on a horizontal

shaker (d). The pH electrode was also fastened (e) b

on the horizontal shaker and moved with the same M

Fig. 1. Experimental setup for the
the setup had to be changed: the batch reactor was  time-resolved measurement of the pH
evolution of the nZVI suspension
periodically shortly paused from shaking and  ynder inert conditions. Symbols (a) to

(e) are elucidated in the text.

frequency as the vessel. On the end-to-end rotator,

opened in order to insert the pH electrode.
Dissolved Fe species were measured photometrically 30 min after acidification when the
pH was neutral again. For sampling, the particulate iron was precipitated with a magnet and

an aliquot of the clear solution was withdrawn, diluted and mixed with Spectroquant® for



bivalent and trivalent iron (Merck). The absorption of the violet iron complex was measured
with a GENESY'S 20 photospectrometer (Spectronic) at a wavelength of 562 nm.

Contents of metal impurities of the two mainly used nZVI types (“pure” and “impure”)
were determined by means of mass spectrometry with inductively coupled plasma excitation
(ICP-MS) using the Element XR (Thermo). For this purpose, 300 pL nitric acid (60 wt-%)
and 900 pL hydrochloric acid (30 wt-%) were added to 50 mg of the dry nZVI sample. A
blank sample consisted of the acids only. These samples were further diluted with an acid
mixture containing 0.2 wt-% HNO3, 0.12 wt-% HCI and 0.0006 wt-% HF to a total volume of
5 mL and treated in an ultrasonic bath for 20 min. Afterwards, the iron concentration was
further decreased to 1 gL' by adding the diluted acid mixture specified above. For
calibration, indium was used as an internal standard.

3. Results and Discussion
3.1. Reactivities of the different nZVI samples — pure and impure
At first, the morphology of the two nZVI types — “pure” and “impure” — was characterized by

means of helium ion microscopy (Fig. 2). Both samples look very similar: they consist of
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Fig. 2. Helium ion microscopy of nZVIimpure (left) and nZVlpure (right)



rather spherical primary particles which form chain-like aggregates. The mean diameter of the
observed primary particles is (91 +24) nm for nZVImpure and (92 + 15) nm for nZVlpyre
respectively. This kind of morphology and size range is well known from literature [6, 7, 9,
10, 13, 24, 30, 35].

The hydrodechlorination activities of the two nZVI samples were initially investigated by
the degradation of CCls as an aliphatic model substance. For the kinetic evaluation, a pseudo-
first order model was chosen as it is common in literature for reactions of chlorinated organic
substances with ZVI [2, 5, 9, 10, 18, 26, 29, 35-37]. The observed rate constants kobs Were
1.3 h'! for nZVIimpure and 1.1 h! for nZVIpure and thus in the same range for both nZVI types
(Fig. SI1). The reactivities towards HCB as an example for a higher chlorinated aromatic
compound were about 4 orders of magnitude lower: after 16 days, only 6 % of HCB was
converted to pentachlorobenzene by both nZVI samples (Fig. S2). The large difference in
dechlorination rates of CCls and HCB was expected due to the different dechlorination
mechanisms. Aliphatic compounds undergo a dissociative electron transfer, meaning the latter
occurs concerted with the C-Cl bond cleavage. The dehalogenation of aromatic compounds,
however, proceeds according to a two-step mechanism where a radical anion results after the
electron transfer as a true intermediate [28].

Furthermore, it is noticeable from Fig. S2 that no traces of tetrachlorobenzene were detected.
This could be assigned in part to the deactivation of nZVT after longer contact times due to the
formation of an iron oxide/hydroxide layer [29, 37]. Another explanation for the stoppage of
dechlorination beyond pentachlorobenzene is the decreasing electron affinity of the
chlorobenzenes with decreasing number of chlorosubstituents [38, 39]. At this point, it is
important to state that the two nZVI samples behaved very similarly in the preceding
experiments. Obviously, trace contaminants do not play a significant role here. The nZVI
reactivities towards less chlorinated aromatics were tested by means of dechlorination

experiments with MCB. The latter can be considered as the least reactive probe compound in
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the group of chlorinated aromatics. The electron affinity of MCB (Ph-CI + e — [Ph-CI]™) is
about -0.14 eV [38, 39]. It increases with increasing number of chlorine substituents at the
benzene ring up to +0.98 eV for HCB. Even the monochlorinated biphenyls have significantly

higher electron affinities (+0.19 to +0.24 eV) than MCB [38, 39]. If one assumes that the

transfer of the first electron is the : = I ! : 0.03
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reaction medium was acidified with ~ Fig. 3. Top: Formation of benzene during the reaction
of MCB with nZVIimpure depicted along with the pH
value; half-hourly acidifications to pH=2 were
performed with H>SOu, (represented by the vertical
lines); curved lines are a guide for the eyes only;
increase of the hydrodechlorination ~ ¢omcs = 100 mg L', cozvi=6gL", 1.5<pH<6.6,
horizontal shaker 240 mpm
activity as well as the iron Bottom: Higher time-resolution of the first
acidification.

sulfuric acid in the following

experiments. This should lead to an

corrosion rate [37].
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As the pH rose rapidly after acidification due to iron dissolution, the suspension was re-
acidified periodically every half hour. In order to gain a closer insight into the correlation
between the pH value and hydrodechlorination rates, these two parameters were closely
investigated for nZVIimpure. From Fig. 3 it can be seen that 0.015 % of the initial MCB was
dechlorinated to benzene during the first three acidic periods in the presence of nZVlimpure
(please note the trace impurity of 0.01 % of benzene of the MCB used). After the 4"
acidification, no additional benzene was formed although the nZVI was not completely
dissolved until the 5™ acidification step as can be deduced from the exhausted buffer capacity.
This observation indicates that the formation of benzene is not ensured in the presence of
nZVI. Furthermore, the benzene evolution strongly correlates with the pH value: benzene is
formed only under acidic conditions in the pH window from about 2 to 4.5, whereas a
stagnation of the dechlorination reaction was observed at higher pH values and a lag period
below pH 2. In order to investigate this observation further, an experiment was conducted
where the reaction suspension was acidified only to pHo =3 in the first acidification and
probed for product formation. However, no significant benzene formation was observed under
these conditions (data not shown here). We conclude that a kind of ‘surface cleaning’ of the
nZVI could be necessary for its hydrodechlorination activity. Apparently, pH < 3 is necessary
for such a cleaning step. Above pH = 4.5, presumably the precipitation of iron oxide and
hydroxide species covers the particle surface again and inhibits further hydrodechlorination.
The favored pH range (2 - 4.5) was only available during a short time window when the nZVI

suspension was shaken vigorously on the horizontal shaker.



In order to prolong the time frame
where the pH increases from 2 to 4.5,
the shaking intensity was decreased.
This was realized on an end-to-end
rotator in order to avoid precipitation
of nZVI agglomerates. In this setup,
the pH indeed rose more slowly than
on the horizontal shaker (Fig. 4). The
time span for the pH range from 2 to
4.5 expanded from about 7 min to
35 min. This elongation effected a

significantly higher benzene yield of
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Fig. 4. Rise of the pH value after acidification of the
suspension with H,SO4, where the batch reactor was
fixed on either a horizontal shaker (240 mpm) or an
end-to-end rotator (11 rpm); lines are a guide for the
eyes only; conzvi=6 g L'!.

0.25 % already after the first acidification, which increased to almost 2 % after 4 acidification

steps (Fig. 5, left).
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Fig. 5. Left: Benzene formation during the reaction of MCB with nZVIimpure; acidifications to
pH = 2 with H2SO4, are represented by the vertical lines;

Right: First order kinetics of the benzene formation with nZVIimpure in four subsequent
acidification steps to pH = 2 with H2SO4;

come =100 mg LY, conzvi=6 g L', 1.5 <pH < 6.6, end-to-end rotator 11 rpm.



13

As depicted in Fig. 5, the experimentally obtained rate constants for the benzene formation
are (1.3+0.1) - 10* min’, i.e. identical throughout all four acidification steps. The apparent
constancy of the dechlorination rates is remarkable taking into account that (i) the nZVI
concentration decreased from the first to the fourth reaction period and (ii) the proton
concentration decreased within every reaction period by more than two orders of magnitude.

The amount of nZVI consumed per acidification step was determined photometrically and is

shown in Fig. 6. After the first

acidification, 1.3 g L'! iron can

5
be found as dissolved species
o 4
in the nZVI suspension. 2
g
However, during the following 3 3
(0]
acidifications, including the 4% S

one, the dissolved Fe content in

the solution does increase only

0 1 2 3 4 ) 6 7
number of acidifications

slightly.  Therefore, it is

assumed that part of the Fijg, 6. Dissolved Fe content after stepwise acidification of
the NZVimpure Suspension; conzvi=6 gL, 1.5 < pH < 6.6
(sampling at pH = 6.6),

end-to-end rotator 11 rpm.

initially dissolved Fe
precipitates again as iron-
(hydr)oxide species at neutral pH. After the last acidfication the Fe’ content of the particles
presumably is so low that the pH does not increase above 3 anymore (cf. Fig. 3) and thus the
iron species remain in the dissolved state. Unfortunately, it was not possible to determine the
Fe? content of the iron particles with this procedure.

Nevertheless, the apparent independence of the hydrodechlorination rates of the proton
concentrations over two-and-a-half pH units (Fig. 5, right) is a curious observation which
deserves closer inspection. Possible rate-controlling steps for the observed

hydrodechlorination reaction are an electron transfer or a hydrogen attack from the ZVI
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surface to the adsorbed substrate molecule. It is assumed that surface-bound hydrogen species
(H*surface) play a key role for the hydrodechlorination of aromatic substrates [25, 34, 40]
however in our case their precursors Hgissolvea do not affect the reaction rate. This can
possibly be explained by a saturation phenomenon: All reactive surface sites are most likely
charged to capacity by H* in the investigated pH range. This assumption, as well as the
observation that the benzene formation is not guaranteed in the presence of nZVlimpure
(cf. Fig. 3, 4™ acidification step), both indicate that additional active surface sites other than
the iron-based ones must be responsible for the observed reactivity of nZVIimpure. In addition,
the analogue of the experiment shown in Fig. 3, performed with MCB and nZVlpue, showed
no significant benzene formation beyond the range of background scattering
((0.011 £0.002) %, Fig. 7). This leads to the conclusion that pure nZVI is not able to
dechlorinate MCB in aqueous suspension, irrespective of the applied pH conditions. The low
but significant hydrodechlorination activity of nZVIimpure indicates that one or several of the
trace impurities in this nZVI sample are key components for the observed dechlorination
reaction. This is known for noble metals such as palladium and platinum, which however can
be ruled out as impurities according to the manufacturer’s information on the FeSO4-7 H,0
used as iron precursor. From literature it is known that also the implemented boron content
due to the applied nZVI synthesis (reduction with NaBH4) can promote the hydrogenation
activity of the generated nZVI [10]. However, in the present work both nZVI samples were
prepared in the same way therefore the boron content is not a plausible reason for different

chemical activities.
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Other metal impurities were determined by means of Tab. 1. Trace metal contents of

the synthesized nZVI samples
ICP-MS analysis. Tab. 1 shows that the foreign metal (pure and impure) determined by

ICP-MS and specified in g g
contents of nZVIyue are indeed very low, as they are all and spectlied I 1g g

<2ppm. On the contrary, nZVlmpuwe contains 0ZVIpure 0ZVimpure
significantly higher amounts of metal impurities. From [Mn] 0.74 410
the three main detected contaminants, Ni is known for [Co] 0.02 10
its hydrogen activation and hydrodechlorination activity | [Nj] 2 45

[36, 41] and is therefore suspected to be the active component in the observed

hydrodechlorination reaction.

To check if a small content of around 50 ppm Ni can develop the observed
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Fig. 7. Formation of benzene during the reaction of MCB with nZVIimpure, NZVIpure and
nZVlpure (50 ppm Ni) depicted along with a blank sample without any nZVI; half-hourly
acidifications to pH = 2 were performed with H>SOg, (represented by the vertical lines); solid
lines are a guide for the eyes only; comcs =100 mg L', conzvi=6 gL', 1.5<pH<6.6,
horizontal shaker 240 mpm.

hydrodechlorination activity, a defined amount of NiSO4 was added to the precursor solution

of nZVI,ue prior to the reduction with NaBH4 (cf. section 2.2). As depicted in Fig. 7, a
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significant dechlorination activity of nZVI,ue (+50 ppm Ni) was observed, which was in the
same order of magnitude as for nZVlimpuwe. Based on this finding, the observed
hydrodechlorination activity of nZVIimpure towards MCB is assigned to the small Ni content of
this nZVI sample derived from its precursor salt. It is clear that the herein described
conditions, under which the activity of a contamination of 50 ppm Ni was observed, might not
be relevant for most of the nZVI applications. However, higher Ni contents (e.g. of reagent
grade iron sources) could have an influence even under ambient pH conditions. As described
in literature, already an amount of 0.5 wt.-% of Ni related to the Fe shows a significant

catalytic effect on the hydrodechlorination of PCBs under ambient conditions [42].

3.2. Reconsidering findings from literature studies
Based on the preceding findings, it might also be useful to reconsider literature reports on
interactions between ZVI and chlorinated aromatic compounds. Most of the literature studies
were conducted with polychlorinated biphenyls (PCBs). The obtained results are, however,
quite divergent. Characteristic examples are the two studies by Lowry and Johnson [9] and by
Sevcu et al. [13]. They used the same type of nZVI (dissolved ferrous iron reduced with
borohydride; specific surface area=~35m?g') to degrade similar substrates
(trichlorobiphenyls) in a comparable experimental setup (batch experiments in the presence of
co-solvents). However, the difference in surface-normalized dechlorination rate constants
amounts to 7 orders of magnitude, i.e. ksa=4-10°Lm?h! and 6 -102Lm?h?,
respectively. This difference could be due to the different iron sources used. While Lowry and
Johnson [9] utilized a high purity iron salt (99.4 % from Fisher), Sevcu et al. [13] did not
specify source nor purity of their iron salt (FeSO4 - 7 H20). Thus, possible Ni contamination
cannot be evaluated. One has to take into consideration that Ni is a kind of ‘natural’
contamination for iron sources due to the close relation of the two elements.

We have to state that we could not reproduce the findings of Poursaberi et al. [33], who

detected the complete hydrodechlorination of DDT (co = 3 mg L) to 1,1-diphenylethane with



17

nZVI (30mgL") in acidic suspension cl
within 4 h. In our experiments, 1,1- cl / (’-‘-\) ) ¢ </(/\)\>
‘\/_‘ I:ee \\\‘_'/ e+H \:/
diphenylethane was detected only at a / (/\‘)\
o'\ =T
S 4 . 0
trace level (0.01 % of the initial DDT N& /#\ R </\>\>
WL \
N\ 74 &

concentration, Tab. S1) with nZVlIimpure.

In this study, the observed main product Scheme 1. Hydrodechlorination of chlorinated
aromatic compounds by ZVI in the absence and

was DDD, which results from presence of Ni.

hydrodechlorination in the aliphatic part of the molecule. However, the diverging findings of
Poursaberi et al. [33] could possibly be explained by the iron sources used: while our nZVI
precursor was analytical grade, they used a reagent grade iron salt without further
specification. The latter could have contained a significantly higher Ni content which may
catalyze the hydrodechlorination at the benzene ring of DDT. The ability of Ni to enhance the
reactivity of ZVI for hydrodechlorination reactions is well known and extensively described
in the literature [4, 22, 25, 30, 35, 36, 42, 43]. A possible mechanistic explanation of the Ni
effect is illustrated in Scheme 1: because of the ability of Ni to adsorb and stabilize hydrogen
atoms at the particle surface [43] the unfavorable electron transfer from ZVI to a
monochlorinated aromatic ring [38, 39] could be replaced by a more favorable H transfer as
initial step of the hydrodechlorination reaction.

Recently, Birke et al. [44] investigated the impact of trace elements and impurities in
technical ZVI brands on the reductive dechlorination of tetrachloroethene (PCE). The varying
content of trace elements such as Cr, Mn, Co, Ni, Cu and S of the examined ZVI types
significantly influenced their reactivities. Compared to various technical ZVI brands,
ultrapure carbonyl ZVI showed a very low reactivity for the reductive dechlorination of PCE
which was assigned to the absence of impurities [44]. Birke et al. [44] did not involve
chlorinated aromatics in their study as they investigated technical ZVI samples for the

application in permeable reactive barriers. In contrast, our study was of a more general



18

interest regarding especially the group of aromatic chlorocompounds. Nevertheless, one
aspect of our findings is quite similar: while Birke et al. [44] showed that the technical ZVI
brand should be chosen with care for the application in groundwater remediation, we came
across a comparable finding when working with fine chemicals on a lab scale: it is important
to consider contaminants in the ZVI and its precursor, as even a very small amount of
0.005 wt.-% of Ni can change the hydrodechlorination properties of a ZVI sample
substantially.

4. Conclusions

This study showed that pure nZVI is not capable to completely dechlorinate chlorinated
aromatic rings in aqueous suspension. Furthermore, it was observed that even minor Ni
impurities (50 ppm) of the nZVI, derived from a commercial precursor (analytical grade
purity), can catalyze the hydrodechlorination of aromatics under certain conditions. Thus, the
Ni content of ZVI is an issue for the hydrodechlorination of aromatic rings with a low degree
of chlorination, such as monochlorobenzene. Apparently, it is not essential or less significant
for the reactivity of ZVI towards more reactive, highly chlorinated compounds, such as
carbon tetrachloride and hexachlorobenzene. Based on these findings, it might be possible to
re-evaluate some literature studies which reported the cleavage of all carbon-chlorine bonds at
the aromatic ring with putatively undoped nZVI. Future research on ZVI reactivity should
have a closer look at the trace-level contaminations of the final ZVI as well as of the iron

source used.
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