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In contrast to previous studies which employed zero-valent iron powder, this paper investigated reductive dechlorination of
hexachloroethane (HCA) using iron shavings and bimetallic iron shavings modified with Cu, Ag, or Pd. Results clearly show that
iron shavings offer superior reductive dechlorination of HCA. In addition, surface-normalized pseudo first-order dechlorination
rates of 0.0073 L-m 2-h™}, 0.0136 L-m~2-h ™%, 0.0189 L-m 2-h™}, and 0.0084 L-m~2-h~* were observed in the presence of iron shavings
(Fe®) and the bimetallic iron shavings Cu/Fe, Ag/Fe, and Pd/Fe, respectively. Bimetallic iron shavings consisting of Cu/Fe and
Ag/Fe could greatly enhance the reductive reaction rate; Pd/Fe was used to achieve complete dechlorination of HCA within 5
hours. The additives of Ag and Pd shifted product distributions, and the reductive dechlorination of HCA occurred via f reductive
elimination and sequential hydrogenolysis in the presence of all iron shavings. This study consequently designed a reaction pathway
diagram which reflected the reaction pathway and most prevalent dechlorination products. Iron shavings are a common byproduct
of mechanical processing plants. While the purity of such Fe metals may be low, these shavings are readily available at low costs

and could potentially be used in engineering applications such as contamination control technologies.

1. Introduction

Since zero-valent iron (ZVI) was applied to perform the
reductive dechlorination of chlorinated alkanes in the early
1990s [1], the use of ZVI to treat contaminants has been an
attractive research topic [2, 3]. As a result, numerous relevant
studies have been performed on such reductive transfor-
mation of contaminants including aromatic compounds [4],
heavy metals [5, 6], radioactive pollutant [7], and azo dyes
[8]. Iron media have also been investigated for remediation
of nitrate in contaminated groundwater [9]. Possible mecha-
nisms considered for contaminant reduction on iron media
include (i) direct reduction at the metal surface, possibly via
pitting in the oxide surface, (ii) reduction by Fe(II) formed in
situ, and (iii) reduction by atomic hydrogen [10, 11].

In order to enhance the reactivity and functionality of
ZV1, depositing the other metals such as Ni, Cu, Pt, or Pd
as a catalyst onto the iron surface leads to the synthesis
of bimetallic iron particles. Fennelly and Roberts employed
individual metals and several bimetals (Ni/Fe, Cu/Fe) to

investigate the reductive degradation of 1,1,1-trichloroethane
(LLI-TCA) [12]; this work proved that bimetals can not only
boost the dechlorination reaction rate, but they can also
exert a large influence on the types of final products. In
addition, there have been many reports concerning the use
of nanoscale ZVI and nanoscale bimetallic iron to study the
reductive treatment of pollutants [13-15]. Nanoscale iron has
high dechlorination reactivity but it is very costly to produce
and also highly vulnerable to inactivation and aggregation.
The most relevant prior research has focused on the
use of ZVI powder or nanoscale iron to investigate the
reductive transformation of contaminants in groundwater.
But iron powder and nanoscale-iron consist of extremely
fine particles; they readily form inactive films. Iron shav-
ings, which are a common solid waste generated in many
mechanical processing plants with an abundant local supply
and relatively low cost are a superior reducing agent. In actual
engineering applications, iron shavings offer stable long-
term performance. Ma and Zhang have already employed
filler produced from iron shavings in large-scale engineering



applications containing 910,000 kilograms of iron shavings
(60,000 m*/d), which have chiefly consisted of industrial
wastewater pretreatment, and the material has been shown to
improve wastewater biodegradability [16]. However, there has
been no systematic research on the specific reaction processes
and detailed mechanisms when iron shavings are used to
perform the reductive transformation of pollutants. Works
on the amended iron shavings by Cu, Ag, and Pd are very
limited as well, particularly, the Ag/Fe bimetallic iron. One
of the primary goals of this study is to fill this gap. Wiist et
al. observed a combined zero- and first-order kinetic model
in describing the dechlorination of TCE and cis-DCE by
ZV1 [17]. Arnold and Roberts adapted a modified Langmuir-
Hinshelwood-Hougen-Watson (LHHW) kinetic model to
describe iron mediated dechlorination of chlorinated ethy-
lene and acetylene [18]. However, reported reaction rates for
various chlorinated compounds are highly variable among
different investigators.

The characteristics of iron shavings differed from iron
powder greatly, and there has been no research reports con-
cerning the potential reduction processes and mechanisms
of chlorinated hydrocarbons by iron shavings. Furthermore,
because most past research on reaction kinetics focused on
the overall kinetics of removal of parent compounds, there
has been limited research on the entire kinetics of final
reaction products and intermediate products. This study uses
iron shavings, which possess tremendous engineering appli-
cation potential, as the main reducing agent, and compares
the reaction performance of iron shavings and conventional
iron powder. Taking hexachloroethane as the target pollutant,
the reductive reactivity of iron shavings and bimetallic iron
shavings was investigated in batch experiments, as well as
the detailed entire reaction kinetics, reaction products, and
pathways. This study might facilitate the development of iron
shaving wastewater treatment techniques by providing a full-
scale understanding of the mechanism that iron shavings
bring about on the reductive transformation of pollutants.

2. Experimental Section

2.1. Materials and Reagents. The chief experimental material
consisted of metallic iron shavings, which were obtained from
the machine shop at Tongji University; the shavings made
of 38CrMoAl steel, with a carbon content of approximately
0.3-0.4%, also contained trace elements, including Si, Mn,
Cr, Mo, and Al (detailed elemental composition is shown
in Table 1). A lathe was used to cut the iron into curly
shavings with a width of 0.5-1.0 cm, length of 3-10 cm, and
thickness of 0.2 mm. The specific surface area of the iron
shavings was 0.3 m”/g (tested by application of the Brunauer-
Emmett-Teller (BET)); the appearance of the shavings is
shown in Figure 1. The experiment used 100 mL reaction
bottles (marked volume of 100 mL, actual volume of roughly
120mL) to ensure that the reaction occurred in a tightly
sealed vessel, and 1mL gas-tight sample collectors were used
to collect samples for analysis. Deionized water from Milli-
Q (Millipore Corp.) deoxygenated by purging with high-
purity N, was used in all experiments. The reagents of
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TaBLE 1: Elemental composition of iron shavings used (%).

Elemental Content (wt%)
Fe >95

C 0.35~0.42

Si 0.2~0.45
Mn 0.3~0.6

Cr 1.35~1.65
Mo 0.15~0.25
Al 0.70~1.10

FIGURE 1: Image of the unwashed shavings (38#CrMoAl steel).

hexachloroethane, pentachloroethane, tetrachloroethylene,
trichloroethylene, and dichloroethylene were all HPLC grade
and were purchased from the Sigma Company. The NaOH,
NaHCO;, HCl, CuSO,, AgNO;, and PdCl, used in this
study were analytically pure and were purchased from the
Sinopharm Chemical Reagent Co., Ltd. All chemicals were
used as received. The purity of the iron powder was 99%; it
was purchased from the Shanghai Runjie Chemical Reagent
Co., Ltd.

2.2. Methods. Stock solutions of hexachloroethane were
prepared in methanol. 20 uL of stock solution was spiked
into 1000 mL of aqueous solution to achieve the desired
initial concentration. Iron shavings were washed in NaHCO,
solution to remove any surface oil or grease and were soaked
in water for several days to allow the surface to rust. The
rusty iron shavings were then washed in deaerated 0.1 mol/L
hydrochloric acid (HCI) and rinsed 5 times with deaerated
water. 50 g of the shavings was packed into reaction bottles
with marked volume of 100 mL, and an aqueous solution of
hexachloroethane with a predetermined concentration was
added. The bottles were immediately sealed using Teflon-
coated stoppers and crimp-sealed with aluminum foil caps
to provide a better seal. The reaction bottles were placed in
a water bath on a constant temperature shaking incubator,
which shook at a constant rate of 180 r/min. Each experiment
was performed in triplicate including a set of control vials
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containing the introduced hexachloroethane solution with
the same concentration as that used in the experiment but
without iron, and a set of blank vials containing only the iron
and deaerated Milli-Q water. At intervals, gas-tight sample
collectors were used to take samples for analysis of reactants
and their transformation products. Each sample was 1mL;
the samples were then rapidly added to automatic sampling
bottles containing 29 mL of deionized water for analysis
by purge and trap-gas chromatograph. Analysis of organic
carbon mass in the controls indicated that the mass varied
by less than 5% over the course of a typical experiment.

Preparation of Cu/Fe, Ag/Fe, and Pd/Fe bimetallic iron
shavings. The bimetallic iron shavings were prepared using
a chemical deposition method by soaking the iron shavings
in CuSO,, AgNO;, and PdCl, solutions, respectively, which
involved the deposition of 0.1 wt% of the other metals on the
surface of the iron shavings. In this method, CuSO,, AgNO;,
and PdCl, solutions with desired concentrations were added
to reaction bottles filled with 50 g of iron shavings. After
reaction, it is assumed that all the other metals were coated
on the iron shavings to give 0.1% Cu, Ag, and Pd by weight,
respectively. These shavings after being washed were added
to hexachloroethane-water solutions employing the same
method as described above, and samples were taken at fixed
intervals for analysis.

2.3. Analysis. Qualitative and quantitative analyses of chlori-
nated alkanes were performed using XPT-GC/MS (purge and
trap-gas chromatography/mass spectrometry). A TEKMAR
AQUALteK70 automatic sampler was used to inject samples,
with a sample volume of 5 mL. Pretreatment conditions in
the purge and trap concentrator. Purge time: 11 minutes;
purge temperature: room temperature (25°C); purge gas
flow: 40 mL/min (high-purity N,). Dry purge time: 1min;
preheating temperature: 245°C; sample inject temperature:
180°C; furnace temperature: 150°C; transmission line tem-
perature: 150°C. GC/MS analytical conditions: US Thermal
GC/MS multipurpose instrument equipped with HP-5 cap-
illary tube column (inner diameter: 0.25 mm, liquid film
thickness: 0.25pm); length: 30 m; carrier gas: high-purity
He, flow rate: 1.0 mL/min. The temperature program was
initiated at a temperature of 35°C for 5 minutes, heating rate:
25°C/min, and final temperature: 200°C held for 1 minute.
Sampler temperature: 200°C, ions source temperature: 250°C;
MS transmission line temperature: 250°C. The sample was
automatically injected with a split ratio of 10: 1.

3. Results and Discussion

3.1. Reductive Dechlorination of HCA by Various Iron Shav-
ings. When investigating the reductive dechlorination reac-
tion rate of HCA in presence of various iron shavings, the
study focused on the effect of iron powder (Fe?), iron shavings
(Fe?), and bimetallic iron shavings (Cu/Fe, Ag/Fe, Pd/Fe) on
the rate of reductive dechlorination of HCA. Because the
specific surface area of iron powder is 5.4 m*/g, while that
of iron shavings is 0.3 m*/g, in order to ensure that the iron
powder and iron shavings in reactor had the same surface
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FIGURE 2: Removal rate of HCA obtained with various iron shavings.
Initial concentration of HCA was 60 umol'L_l. (®) Fe° (powder),
(m) Fe° (shavings), (O) Pd/Fe (0.1wt%), (a) Cu/Fe (0.1wt%), (x)
Ag/Fe (0.1 wt%).

area, 2.78 g of iron powder was added to the bottle. As shown
in Figure 2, because HCA is highly chlorinated, it readily gave
rise to reductive dechlorination by iron, and relatively high
reaction rates were observed in all of the iron shavings system.
However, it is clearly demonstrated that HCA removal rates
observed in the presence of iron shavings are much more than
those obtained in the presence of iron powder. This implies
that, insofar as the specific surface area of the iron is the same,
iron shavings possess better reductive activity than iron pow-
ders. The primary mechanism of organic chloride compound
dechlorination is thought to be an electron transfer from ZVI
to the chloride organic compound [1, 19]. Thus, the electron
transfer at the iron’s surface is certainly a probable process
for HCA dechlorination in this system and is assumed to
be the reaction mechanism in this paper. Presumably, many
elementals that also consist of iron shavings can serve as the
cathode to accelerate electron transfer from iron to organics
and lead to the improvement of dechlorination reactions.
Identification of reaction products indicated that the
variety of bimetallic iron shavings could shift the product dis-
tributions. Figures 3-6 showed the concentration of different
substances as a function of time during reductive dechlorina-
tion of HCA. The initial HCA concentration was 50 gmol-L ™"
HCA that underwent reductive dechlorination at a very fast
rate was observed in the Fe’ (shavings) reduction system.
The HCA removal rate reached 90% after 2h of reaction
time, and the chief reaction product was perchloroethylene
(PCE). PCE underwent an extremely slow reductive dechlo-
rination reaction in the presence of Fe’ alone, and almost no
dechlorination products of PCE were observed within 5 h. It
can be seen from Figure 4 that the HCA reacted at an even
faster rate in the Cu/Fe reduction system when compared
with the Fe’ alone, and the HCA removal rate reached 80%
within 0.5h. As before, the chief reaction product was also
PCE. Because PCE underwent reductive dechlorination at
an extremely slow rate in the Cu/Fe system, the PCE did
not continue to undergo reductive dechlorination, forming
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FIGURE 3: Dechlorination of HCA obtained with iron shavings
alone. Initial concentration of HCA was 50 ymol-L ™" and dosage of
iron shavings was 500 g-L™". () HCA, (A) PCE, () mass balance
(control).
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FIGURE 4: Dechlorination of HCA obtained with Cu/Fe (0.1 wt%).
Initial concentration of HCA was 50 yumol-L™" and dosage of
amended iron shavings was 500 g-L'l. (®) HCA, (A) PCE, (*) mass
balance (control).

other products within the time allotted for the experiment.
However, the removal rate of HCA was found to be faster by
Cu/Fe than by Fe’ alone.

Figure 5 clearly reveals that HCA is reduced even faster
in the Ag/Fe system than in the Fe’ and Cu/Fe reduction
systems. The products are more complex, because the chief
reductive dechlorination product, PCE, can continue to
undergo reductive dechlorination to form products such as
TCE and DCE. The chief reduction products of a dilute
HCA solution with Ag/Fe consist of PCE, TCE, and DCE.
In addition, since DCE is ordinarily composed of the two
isomers—cis-DCE and trans-DCE—HCA, it has a relatively
complex reaction pathway. The addition of Ag can accelerate
the dechlorination rate of HCA and PCE significantly, achiev-
ing nearly 100% removal rate within 2h and 6 h, respectively,
at a near neutral pH. Previous researches have shown that in
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FIGURE 5: Dechlorination of HCA obtained with Ag/Fe (0.1wt%).
Initial concentration of HCA was 50 umol-L™' and dosage of
amended iron shavings was 500 g-L”". () HCA, (A) PCE, (0) TCE,
(¢) trans-DCE, (O) cis-DCE, (*) mass balance (control).
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FIGURE 6: Dechlorination of HCA obtained with Pd/Fe (0.1 wt%).
Initial concentration of HCA was 50 umol-L™" and dosage of
amended iron shavings was 500 g-L_l. (®)HCA, (A) PCE, (a) TCE,
(o) DCE, (O) C,H,, (*) mass balance (control).

bimetallic iron system, other metals can serve as a cathode to
accelerate electron transfer from iron [20].

The dechlorination of HCA by Pd/Fe was shown in
Figure 6. Unlike the Fe alone, Cu/Fe, and Ag/Fe materials,
the chief reduction product of HCA with Pd/Fe is ethylene,
and the chief intermediate products are PCE and TCE. This
indicates that the dechlorination of HCA first occurs f3 reduc-
tive elimination forming PCE, and then quickly undergoes
sequential hydrogenolysis to TCE, and TCE is in turn rapidly
dechlorinated to ethylene. Compared with the Fe’, Cu/Fe,
and Ag/Fe, HCA is even more thoroughly dechlorinated in
the Pd/Fe catalytic reduction system, and the final product
is the chlorine-free substance, ethylene. Research literature
indicates that Pd is an excellent hydrogenation catalyst
and can achieve the complete reductive dechlorination of
chlorinated organic compounds without producing chlorine-
containing compounds. The H generated by iron corrosion
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can be catalyzed on the Pd surface to produce atomic
hydrogen (H*) for the chlorinated compounds dechlori-
nation via Pd-catalyzed hydrodechlorination reactions [21].
The use of palladium-plated iron shavings in this research
similarly caused HCA to undergo a fully dechlorinated
reaction yielding the final product, ethylene. Bimetallic irons
are frequently more reactive towards organohalides than
unamended iron and can also alter product distributions.
Cwiertny et al. demonstrated that not all additives enhanced
rates of 1,1,1-trichloroethane (1,1,1-TCA) reduction nor was
there any clear periodic trend in the observed reactivity [22].
And results suggested that absorbed atomic hydrogen, rather
than galvanic corrosion, is responsible for the enhanced
reactivity of bimetallic reductants.

3.2. Reaction Kinetics. The reduction of chlorinated organic
compounds by the iron shavings is a typical solid-liquid inter-
face reaction and has the following main reaction formula:

RCIx + Fe” + H,0 — RHCIL_, + Fe** + OH +CI” (1)

In the reaction process, solid Fe’ is always in excess. The
vast majority of surface reactions can be described using the
Langmuir-Hinshelwood kinetics model. When the reaction
takes place in a dilute solution of the reactants, the reaction
rate equation can be expressed as

dcC
-2 = kbC =K,
dt °

.C. @
In this equation, K is the observed reaction rate constant,
which is the experimental reaction rate constant, and C
represents the concentration of reactants. It is well established
that the pseudo first-order kinetics could be applied in the
reductive dechlorination of chlorinated organics by ZVI and
bimetallic iron [1, 23]. While a dilute solution of HCA
will quickly undergo a reductive dechlorination reaction by
any of the iron shavings. The first step in the reductive
dechlorination of HCA is f8 reductive elimination, which
yields PCE. Unlike Fe’, Cu/Fe, or Pd/Fe, the reductive
dechlorination of HCA by Ag/Fe is consequently a reaction
network comprising of both one-way continuous reactions
and parallel reactions as in Figure 7.

We can write the following reaction rate equations for
each species based on the above pathway:

d[HCA] _
T = kl [HCA] ’ (3)
% = k; [HCA] ~ k, [PCE], @
@ = ky [PCE] - (k; + k,) [TCE],  (5)
d [cis-DCE] _
T = k3 [TCE] > (6)
dltrans-DCE] _; \pop @

dt

5
cis-DCE
%
HCA K PCE K, TCE
Ky
trans-DCE
FIGURE 7: Reaction pathways for HCA reduction by Ag/Fe.
Solving (3), (4), and (5) yields
[HCA] = [HCA],e ¥,
ky kgt —kyt
[PCE] = P (e — &) [HCA,,
[TCE] = k,k,[HCA],
Kyt
. { ; ®)
(ky = ky) (ky — k3 = ky)
oot
+
(ky = ky) (ky = k3 = ky)
. e*(k3+k4)t }
(ks +ky—ky) (ks +ky—Ky) |

Zhou et al. have established the entire kinetics of 2,4,6-
trichlorophenol by Pd/Fe including parent compounds and
daughter compounds [21]. In accordance with data from
dechlorination experiments using individual species of HCA,
PCE, and TCE, we can derive that K, = 2.842h™', K, =
1.251h7", and K; + K, = 0.463h™". Following product
analysis, it was found that in this experiment the mole ratio of
the products cis-DCE and trans-DCE was 2.1, and therefore
K;/K, = 2.1. It can then be calculated that K; = 0.149h™"
and K, = 0.314h™". When [HCA], = 50 umol - L™! and all
K values are substituted into the foregoing reaction kinetics
equations, one obtains

[HCA] = 50e 2842

[PCE] = 89 (6—1.251t B e—2.842t) ’ )

[TCE] = 47¢ > — 142¢ %" 4 9507046,

According to the mass balance,

[HCA], = [HCA] + [PCE] + [TCE]

(10)
+ [cis-DCE] + [trans-DCE].
One obtains
[trans-DCE] = 0.323 (50 — 8¢ > + 53¢~ %!
_956—0.463t) ’
(11)

[cis-DCE] = 0.677 (50 _ 86—2.842t + 536—1.2511‘

_956—0.463t) .
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FIGURE 8: Proposed pathway for the dechlorination of HCA by iron shavings and amended iron shavings.

As a result, the entire reaction kinetics of the reductive
dechlorination of an HCA solution with an initial concentra-
tion of 50 umol-L ™" in the presence of Ag/Fe can be expressed
using the foregoing equations, in this way the curve expressed
by the kinetics equation fits the experimental data. Similarly,
the kinetics of HCA reduction by various iron shavings could
be calculated according to reaction pathways. All the kinetic
equations were summarized in Table 2.

After normalization of the surface of the iron
shavings, the rate constants Kg, are 0.0073L-m >h7',
0.0136Lm>h™", 0.0189L-m>h™", and 0.0084L-m>h",
respectively. It was found that the Ag/Fe and Cu/Fe could
enhance reductive dechlorination of HCA obviously. The
Cu/Fe can speed up the reaction rate nearly twofold, and
the Ag/Fe can increase it about 3 times compared to iron
shavings alone. While the Pd/Fe catalytic material has
relatively little effect on the HCA removal rate, however, it

can make HCA dechlorination to nonchlorinated products
due to Pd as an excellent hydrogenation catalyst.

3.3. Intermediate Products and Reaction Pathways. Fennelly
and Roberts observed different 1,1,1-trichloroethane (1,1,1-
TCA) product distributions in Ni/Fe and Cu/Fe systems [12].
In order to perform a thorough evaluation of the products
resulting from the reductive dechlorination of HCA, a high-
concentration aqueous solution of HCA was prepared and
the GC/MS system was used. The results of this experi-
ment clearly indicated that, apart from transformation to
PCE via 8 reductive elimination, HCA can also undergo
hydrogenolysis to produce pentachloroethane (PCA) and
tetrachloroethane (TeCA) and then trichloroethane (TCA)
and dichloroethane (DCA). Furthermore, PCE also under-
goes further dechlorination in the Ag/Fe and Pd/Fe reduction
systems via hydrogenolysis yielding other products such
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as trichloroethylene (TCE), dichloroethylene (DCE), vinyl
chloride (VC), and ethylene. The reduction of PCE by
p-elimination produces dichloroacetylene (DCAc), which
can be further reduced to chloroacetylene (CAc) and then
acetylene [24]. Reduction products are consequently highly
dependent on the bimetallic materials.

In Ag/Fe reduction systems, as many as 10 species may
be presented, including some products of side reactions.
Determination of how these dechlorination products are
generated is an extremely significant issue in research on
the reaction pathway and reaction mechanism for the reduc-
tive dechlorination of HCA by various iron shavings. The
proposed degradation pathways of HCA with various iron
shavings based on the detected dechlorination products and
the theoretical derivation were shown in Figure 8.

Results suggest that the pathway of the reductive dechlo-
rination of HCA by iron shavings was found to be predomi-
nantly reductive 3 elimination. Apart from this, hydrogenol-
ysis and dehydrochlorination reactions also occur. Previous
research showed that the chemical degradation of chlorinated
hydrocarbons also progressed with a stepwise dehalogenation
mechanism [1]. Reductive f elimination has been shown
to be a preferential pathway for compounds possessing «,
B-pairs of chlorine atoms [25, 26], while hydrogenolysis
or reductive « elimination is the primary transformation
pathway for compounds possessing only a-chlorines [12, 27].
In addition, dehydrohalogenation becomes important under
basic conditions [28].

4. Conclusions

The presented study gave insight into the entire dechlorina-
tion kinetics and dechlorination pathways of HCA by iron
shavings and amended iron shavings. Iron shaving is a more
effective reducing agent than traditional iron powder that is
used in early research for dechlorination of HCA in water.
The deposition of Cu, Ag, and Pd on the surface of iron
shavings was found to significantly increase the rate of HCA
reduction, Ag/Fe shavings increased the HCA reduction rate
nearly threefold compared to iron shavings alone, and Pd/Fe
shavings can promote the complete reductive dechlorina-
tion of HCA within 4h, yielding products containing no
chlorine. The dechlorination of HCA by all types of iron
shavings followed pseudo first-order reaction kinetics. The
pathway of reductive dechlorination of HCA predominantly
consists of 8 reductive elimination, and hydrogenolysis and
dehydrochlorination reactions also occur. Iron shavings are
widely available inexpensive waste products and possess good
reactivity and longevity usage in treatment of wastewater, and
they can be readily used in engineering applications.
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