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A standardized batch test procedure was developed and used to evaluate the reactivity of twelve newly
designed microscale zerovalent iron (mZVI) particles and two biogenic iron sulfides towards a mixture of
chlorinated aliphatic hydrocarbons (CAHs) and their breakdown products. For comparison, commercially
available mZVIs, nanoscale zerovalent irons (nZVIs), iron sulfides (FeS) and granular zerovalent iron were
also tested. Reactivity of the particles was based on observed (k,»s) and mass normalized (ky) pseudo-
first-order degradation rate constants, as well as specific surface area normalized reaction rate constants

Izt{;ﬁﬁiit irons (ksa). Sorption characteristics of the particles were based on mass balance data. Among the new mZVls,
Iron sulfides significant differences in reactivity were observed and the most reactive particles were identified. Based

on ky data, nZVI degraded the examined contaminants one to two orders of magnitude faster than the
mZVIs. ky values for biogenic iron sulfides were similar to the least reactive mZVIs. On the other hand,
comparison of kss data revealed that the reactivity of some newly designed mZVIs was similar to highly
reactive nZVIs, and even up to one order of magnitude higher. kss values for biogenic iron sulfides were
one to two orders of magnitude lower than those reported for reactive mzZVls.

© 2013 Elsevier B.V. All rights reserved.

CAHs remediation
Reactivity screening

1. Introduction

Zerovalent iron (ZVI) has been widely used for site remediation
by permeable reactive barriers (PRBs) because of its passive
character, low cost, availability and high ability to dehalogenate
chlorinated aliphatic hydrocarbons (CAHs) over wide concentra-
tion ranges [1-3]. Mostly, granular sized ZVIs have been used in
PRBs [4]. In respect to fine injectable ZVI particles for in situ reme-
diation of CAHs, mainly nanoscale zerovalent iron (nZVI) particles
were studied because of their extreme reactivity, although their
efficiency in the field is not completely clear [5,6]. Loss in reactivity
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and decreased mobility of uncoated nZVIs is explained by rapid
aggregation and agglomeration forming micron sized aggregates
[7]. In comparison with the nanoscale ones, microscale zerovalent
iron (mZVI) particles are less expensive, have a longer lifetime and
pose less risk for human health [8-10]. The capacity of soil mineral
iron sulfide (FeS) to transform several CAHs has been reported
by several research groups [11-15]. At least one study compared
the reactivity of FeS with granular ZVIs [12]. However, no detailed
study on comparison of FeS, mZVIs and nZVIs has been reported.
Comparison of mZVIs and nZVIs in respect to their efficiency
for degrading chlorinated ethenes has been extensively reported
[16-19]. Generally, mZVI particles remove CAHs slower than the
same mass of well suspended nZVIs. The higher reactivity of nZVIs
is explained by the greater specific surface area [16,20]. On the
other hand, when focusing on surface area normalized reaction rate
constants, similar reactivity is obtained for nZVIs and mZVIs [21].
Following the research of Mace [22], conducted to prove advantages
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of nZVIs over microscale and bimetallic nanoscale iron particles,
Combaetal. [23] collected 112 field case studies available in the lit-
erature where fine ZVIs were used for in situ remediation of CAHs.
According to statistical analysis, a higher degree of CAHs degrada-
tion was observed for mZVIs than for nZVIs when the ZVI material
is not combined with other technologies (e.g. addition of organic
component, presence of a catalyst) [23].

A number of papers have been published focusing on the
reactivity of different ZVI particles deduced from batch studies
[16,19,24-29]. This resulted in a wide range of reactivity within
ZVls towards various CAHs. The characteristics of the iron mate-
rial are an explanation, but also different experimental conditions
(pH, buffer, temperature etc.), iron pretreatment kinetic and type of
organic pollutants [30]. Additionally, many of these batch studies
were limited to a single CAH-compound. Degradation of a mixture
of contaminants has been generally reported in numerical experi-
ments [31]. Consequently, large reactivity data sets using consistent
experimental conditions for different iron based particles including
iron sulfides and mixtures of different pollutants are limited.

The primary objective of the present study was to evaluate the
reactivity of 23 different iron based fine particles towards a mixture
of chlorinated ethenes and ethanes, using consistent experimental
conditions. This paper focuses mainly on mZVI particles (17 mate-
rials, from which 12 newly designed) and biogenic iron sulfides (2
materials). One granular ZVI, one commercial FeS and two nZVIs
were included as reference materials. In contrast to other studies,
where batch and column experiments were mainly performed for
one chlorinated aliphatic hydrocarbon [16,24,28,32-34], the study
reported herein evaluates the reactivity of different iron based
particles towards an environmentally relevant mixture of four
chlorinated compounds: tetrachloroethene (PCE), trichloroethene
(TCE), cis-dichloroethene (cDCE) and 1,1,1-trichloroethane (1,1,1-
TCA) under standardized batch test conditions. The motivation
behind using the selected standardized degradation procedure for
a mixture of CAHs, was to compare the CAH-removal kinetics of
newly designed mZVIs as well as biogenic iron sulfides with com-
mercially available ZVI materials within a reasonable time frame
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and with a reasonable amount of effort. Mixtures of pollutants are
also representative for most contaminated sites. The formation and
degradation of breakdown products of the tested CAHs (i.e. 1,1-
dichloroethane) was also considered, rendering information about
the reactivity towards these compounds.

2. Materials and methods
2.1. Media

Artificial groundwater used for the batch tests consisted of
anaerobic autoclaved MilliQ water supplemented with 0.5 mM
CaCl;.2H,0, 0.5mM MgCl,.6H,0, 0.5mM NaHCO3; and 0.5mM
KHCOs3 [35]. Under anaerobic conditions, the pH was adjusted to
neutral by adding 1 M HCl and the artificial groundwater was spiked
aiming at a final concentration of approximately 5mgL~1 of PCE,
TCE, cDCE and 1,1,1-TCA each. The chemicals PCE (> 99% purity),
TCE (> 99%) and cDCE (97%) were supplied by Acros Organics
(Belgium). 1,1,1-TCA (97%) was purchased from JT Baker Chemicals
(The Netherlands).

2.2. Iron based particles

The reducing iron based particles included in the test comprise
zerovalent irons (micron, nano and granular size) and iron sulfides.
Details on size, specific surface area, supplier, production process
of all the studied iron based particles are given in Table 1. Twelve
mZVI types with different particle size distributions, morpholo-
gies and slightly different chemical compositions were prepared by
Hoganas using two different production methods. The two biogenic
iron sulfides were freshly produced at small scale by growing two
different mixed enrichment cultures of sulfate-reducing bacteria
in Postgate’s medium B [36]. Biogenic iron sulfides were harvested
by centrifugation at 4000 rpm for 10 min. at room temperature.
The supernatant was discarded and the precipitates were used in
degradation experiments. The final concentration of biogenic iron

Table 1

Properties of studied iron based particles.
Iron name PSD D19, Dsg, Dgo | [om] BET® [m?2g!] Production process Supplied by Form
FeA4‘ 300-1300 mm¢ 1.15 Granulated grey cast iron Gotthart Maier (DE) Iron Filings
FeH1N 8,26, 50 0.27 Iron oxides Hogands (SE) N Powder
FeH3N 36, 84, 168 0.06 Atomization
FeH4N 22,41,62 0.09 Atomization
FeH6N 41,98, 162 0.09 Iron oxides
FeH7N 44,96, 158 0.12 Iron oxides
FeH8N 34, 63,97 0.35 Iron oxides
FeHON 3,7,16 0.50 Iron oxides
FeH10N 9,22,42 1.21 Iron oxides
FeH11N 6,19, 38 3.98 Iron oxides
FeH12N 6,17,32 3.62 Iron oxides
FeH13N 7,18,34 1.50 Iron oxides
FeH14N 21,79,162 11.40 Iron oxides
FeQ2€ 8, 26,44 0.40 Iron oxides Hoganads (SE) Powder
MS200¢ 2.1,42,7.2 0.36 Carbonyl irons BASF (DE) Powder
MS200+¢ 1.7,3.7,71 0.47 Carbonyl irons
SMC 1.4,2.5,4.1 0.48 Carbonyl irons
HQC 0.6,1.2,2.4 0.82 Carbonyl irons
Nanofer25s¢ Dso <0.05¢ 25.0¢ Surface modified nanoscale iron NANOIRON (CZ) Suspension
RNIPC¢ Dsg < 0.07¢ 497 Fe®/Fe30, core-shell nZVI particles TODA (JP) Suspension
FeS Aldrich® 12, 89, 268 0.90 Iron sulfides Aldrich Powder
FeS BIO1N 0.002-001¢ 3.40 Biogenic iron sulfides VITON Suspension
FeS BIO2N 0.002-0014 3.40 Biogenic iron sulfides

@ Particle Size Distribution measured by laser diffraction with a Sympatec Helos/Rodos dry particle size analyzer.

Producers data.
According to Ohfuji and Rickard in Earth and Planetary Sc. Lett. 241 (2006) 227-233.
Newly prepared for this study.

b
c
d
N
€ Commercially available.

BET: Specific Surface Area analyzed with a Micromeritics Flowsorb Il according to the Brunauer-Emmett-Teller (single point measurement).
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sulfides included in the tests was calculated via dry weight mea-
surement and precipitation of organic matter.

2.3. Degradation experiments

Batch experiments were performed to study degradation of a
mixture of CAHs by different iron based particles. Glass vials con-
tained 50 gL~ of granular or microscale ZVI, FeS, approximately
40gL-! of biogenic iron sulfides or 5gL~1 of nZVI. Lower con-
centrations of nanoscale particles were used due to their high
reactivity. Subsequently, 100 ml of anaerobic, artificially contam-
inated groundwater was added to the vials in an anaerobic glove
box (nitrogen), leaving a 60 ml headspace. The bottles were capped
with butyl/PFTE grey septa. The experiments were carried out in
triplicates and at a groundwater temperature of 12 +1 °C. As the
role of mass transport processes in determining degradation kinet-
ics is very important, all vials were placed on an Edmund Biihler SM
30-control shaker (125 rpm/min). Each series included a control set
without iron particles to identify losses of CAHs (e.g. photodegra-
dation, adsorption, leakage, samplings). In the control sets, no
formation of metabolites was observed and losses of the examined
CAHs were ~ 10-15%. Mass transfer resistance at the vapor/liquid
interface was not considered as these phases are assumed to be in
equilibrium with each other [37]. As a function of time, the con-
centration of CAHs was followed along with pH and ORP values.
For nanoscale particles, samples were taken 0, 3, 6, 8 and 22 days
after the start of the test, for the other particles after 0, 14, 28, 49
and 105 days.

The concentrations of CAHs, intermediate- and end-products
were determined via direct headspace measurements using a Var-
ian GC-FID (CP-3800 with CTC-autosampler) equipped with a Rt-U
plot column for the detection of ethene, ethane and acetylene
or a split-splitless injector followed by a Rt-X column (Restek)
and a DB-1 column (J&W Scientific) for analysis of CAHs. At
each sampling time 1.5 ml of sample was removed for measure-
ments of the oxidation-reduction potential (ORP) and pH using
a redox/pH meter (Radiometer). Mass recoveries were made on
molar basis (PCE + TCE + cDCE+VC+1,1,1-TCA + 1,1-dichloroethane
(1,1-DCA) + acetylene + ethene + ethane) to determine if sorption
occurred. To determine acetic acid, diethyl ether extraction was
used. Samples were analyzed by a Focus GC-FID, while the quan-
tification was done according to the internal standard method.
Based on triplicate analysis of samples, analytical errors were
typically ~ 5%.

2.4. Data analysis

A pseudo-first-order model was applied to describe the reduc-
tive dechlorination of a parent compound by the reactive materials
[24]:

C = CoeFonst (1)

where C is the concentration at any time and Cy is the initial
concentration of parent compound (mgL-1), k,ps is the pseudo-
first-order rate constant (h~1) and t (h) is the reaction time. The
natural logarithmic transformation of eq. (1) yields a linear equa-
tion with the first-order rate constant ks as slope:

In(C/Co) = —Kopst (2)

Mass normalized rate constants (ky;, Lg~1 h~1) and specific sur-
face area normalized rate constants (ks4, Lm~2 h~1)were calculated
using the following relationship [21,24]:

Kobs = kmpm = ksalspm = ksapa (3)

with as as the specific surface area of iron based particles
(m? g~1), py as the mass concentration of the iron based particles

(gL-1) and p, as the surface area concentration of iron based
particles (m2 L~ of solution).

3. Results and discussion

Comparison of the CAH removal kinetics of different reactive
iron based particles was based on observed (k,ps) and mass nor-
malized (k) pseudo-first-order degradation rate constants, as well
as specific surface area normalized reaction rate constants (kss)
under similar experimental conditions. Disappearance rate curves
of parent compound by the reactive materials are presented and
discussed in detail in supporting information (SI1 and SI2). Gener-
ally, pseudo-first-order behavior was found predominant for most
examined iron based particles. Exceptions were mainly related
with sorption effects. The evolution of pH and redox potential dur-
ing the test are summarized in SI3. On average, the pH increased
rapidly above pH 9.9+0.7 due to the iron corrosion [38], and
remained constant afterwards.

3.1. CAH-removal efficiencies by different iron based particles

Data on selected pollutant removal efficiencies are given in
Table 2. After 105 days, the granular iron (FeA4), used as a reference
material in this study, degraded >95% of PCE, TCE and 1,1,1-TCA
and >40% of cDCE. Nanofer25s, the most efficient iron among all
examined iron based particles, removed 100% of the pollutants mix-
ture within a 22 days reaction period. The most reactive mzZVIs
capable of PCE, TCE, cDCE and 1,1,1-TCA removal of >98% within
the test period (105 days) are: FeH4, FeH8, FeH14 and FeQ2. In
contrast, the least reactive mZVI particles were FeH1 and FeH9. The
observed fast pH increase from pH 7.20 to approximately 11 with
no observed change in the redox potential shows the low reduction
capacity of these particles. Possible explanations for this comprise
inhibition of reactivity due to the high pH or passive film of iron
oxides and/or iron-oxyhydroxides on the surface. pH values above
11 may be an indication for less reactive mZVI particles. The lowest
pH (9.33) was observed for FeH3 and FeH4 which are both produced
via atomization process where low amount of iron oxides on the
iron surface is expected. At the end of the test period, FeS Aldrich
removed 95% of TCE and 20% of cDCE, while complete degrada-
tion of PCE and 1,1,1-TCA was observed. Biogenic FeS BIO1 realized
a slow degradation of PCE (37%) and 1,1,1-TCA (62%) after 105
days. However, FeS BIO2 was not reactive towards the examined
CAHs. Moreover, 70% of all studied irons were capable of efficient
removal of 1,1,1-TCA. Despite the high percentage of tested pollut-
ants removal, the microscale particles FeH11 and FeH12 showed
mainly sorption tendencies which was concluded from calculated
mass recoveries (26-27%) and no increase of the degradation prod-
ucts (ethene and ethane) and no pressure build-up. Low calculated
mass recoveries were also obtained for highly reactive materials
such as nZVIs, HQ, FeH4 and FeH14, where high production of
ethene and ethane and high pressure build-up were observed (data
not shown). A loss of volatile reactants and products during the
sampling process due to the high pressure build-up in batch reac-
tors has also been observed by other researchers [3]. In addition,
incomplete mass recoveries can be explained by the fast transfor-
mation of 1,1,1-TCA and formation of acetic acid as degradation
end-product.

The PCE, TCE, cDCE and 1,1,1-TCA observed degradation rate
constants (k,ps) are summarized in Table 3. The range in reported
kops corresponds to half life time (t;,,) from 6h to 866 days,
depending on the type of iron based particles used and the specific
pollutant. Considering k,ps data, Nanofer25s, the iron with the high-
est surface area and tested in ten times lower concentration, is the



M. Velimirovic et al. / Journal of Hazardous Materials 252-253 (2013) 204-212 207

Table 2

Summary of results for PCE, TCE, cDCE and 1,1,1-TCA removal efficiency by studied iron based particles.

Treatment (concentration) Mass recovery pH ORP PCE (5mgL~')* TCE(5mgL-!)* ¢DCE(5mgL-1)* 1.1.1-TCA(5mgL-1)?
% Initial Attheend Initial Attheend % reduced % reduced % reduced % reduced
FeA4 (50gL") 67 7.68 9.34 249 -113 97 100 42 100
FeH1 (50gL1) 93 7.18 11.00 260 -14 31 25 16 19
FeH3 (50gL1) 60 7.20 9.33 60 11 98 98 51 100
FeH4 (50gL1) 43 7.20 9.33 60 —289 100 98 98 100
FeH6 (50gL1) 68 7.20 10.24 60 —47 91 99 65 100
FeH7 (50gL1) 68 7.20 9.65 60 —-152 96 99 42 100
FeH8 (50gL1) 54 7.20 10.09 60 —-227 98 100 100 100
FeH9 (50gL1) 97 7.20 10.89 60 1 9 5 3 4
FeH10 (50gL1) 69 7.20 9.39 60 -94 88 51 30 46
FeH11 (50gL-1) 29 720 1055 60 —396 100 100" 100" 100"
FeH12 (50gL") 31 720  10.59 60 272 100 99 87 98’
FeH13 (50gL1) 66 7.18 10.02 260 —-224 95 100 45 100
FeH14 (50gL1) 44 7.68 10.06 249 —-294 100 100 99 100
FeQ2 (50gL1) 44 7.68 10.37 249 -314 100 100 100 100
MS200 (50gL1) 108 7.18 9.58 260 -27 69 8 1 100
MS200+ (50gL-1) 75 7.18 9.74 260 —153 79 61 34 100
SM (50gL1) 83 7.18 9.15 260 —-67 30 24 21 100
HQ(50gL1") 51 6.00 10.40 340 —140 99 100 88 100
Nanofer25s (5gL1) 11 7.87 8.45 39 -205 100 100 100 100
RNIP (5gL-1) 32 7.87 10.91 39 -270 97 99 33 100
FeS Aldrich (50gL~1) 65 7.68 6.48 249 -156 100 98 20 100
FeS BIO1 (40gL-')° 74 7.68 7.85 249 —-299 37 26 16 62
FeS BIO2 (40gL-1)> 91 7.68 7.95 249 -279 25 16 6 28

2 Initial concentration or concentration range;

b Concentration calculated according to dry weight measurement and precipitation of organic matter.

" Sorption.

most reactive iron used in this study. A significantly high degrada-
tion capacity was also observed for the newly designed FeH14 iron.

In general, when comparing the reduction rates of the tested
CAHs for the different irons (Table 4), 1,1,1-TCA is clearly degraded
at the fastest rate (complete reduction was achieved within 14
days) by most of the studied irons. This might be explained by dif-
ferences in bond strength between ethenes and ethanes (sp2 > sp3)
[25]. cDCE was the least reactive examined pollutant as possible
competition between ¢DCE and TCE can occur [39]. For the other
pollutants, no fixed order of degradation was observed; it was
dependent on the reaction mechanism [39-41] and in certain cases
on the specific surface areas. Effect of iron surface area on the degra-
dation kinetics was observed for irons produced from the same raw
material (from FeH10 to FeH14). The iron with the lowest specific
surface area (FeH10) had the slowest degradation rate of the exam-
ined chloroethenes, while the fastest degradation was observed for
FeH14 iron (the highest specific surface area). A one-way analy-
sis of variance (ANOVA) reported in SI4 revealed that lower ORP
values were responsible for significant reduction of PCE, TCE and
cDCE (p<0.01). There was no correlation between k,p; and maximal
observed pH values (SI5).

Furthermore, VC as an intermediate product did not increase
significantly. Acetylene was detected in low concentrations indicat-
ing that the reductive-B-elimination pathway was followed with
further degradation of acetylene to ethene and ethane. This is in
accordance with previous studies [30,42]. In respect to iron sulfides,
production of acetylene as an intermediate product was observed
for both the commercial FeS and FeS BIO1, indicating on abiotic
degradation of contaminants via the S-elimination pathway. This
is consistent with conclusions from others research [14-16].

3.2. Mass normalized CAH-removal kinetics for different iron
based particles

To obtain removal kinetic data that are independent of the mass
of iron based particles, mass normalized degradation rate constants
(kpn) were used (Table 3) and plotted for comparison in Fig. 1. Focus-
ing on mZVI, FeH14 was found to be the most reactive microscale

iron among all other newly produced mZVIs. FeH3 and FeH4, which
are both different size fractions of the same metal powder, had a
similar reactivity. This observation suggests there is no significant
impact of particle size on iron efficiency in CAHs removal. A more
detailed correlation analysis based on the data presented herein
revealed that particle size and shape do not have a strong impact on
observed mZVI reactivity (SI6 and SI7). This was also suggested for
nZVIs by another research group [28]. Comparing the ky; values of
the newly developed FeH14, FeH3 and FeH4 to the reactivity of the
most reactive commercial microscale product (HQ), it is evidenced
that these new irons have the similar or faster degradation rate for
tested CAHs.

Calculated kjy; values for PCE, TCE, cDCE and 1,1,1-TCA degra-
dation by granular reference material (FeA4) and by mZVIs were
similar. For Nanofer25s the kj; values were one to two orders of
magnitude higher than the values for FeH14, FeH3, FeH4 and HQ.
Nanofer25s is the most reactive among all studied iron based parti-
cles. FeS Aldrich gave ky, values for PCE, TCE and 1,1,1-TCA similar
to the ky; values of highly reactive mZVIs and FeA4 iron, but was
the least reactive towards cDCE among all examined irons (Fig. 1).
After mass normalization, the reactivity of FeS BIO1 is one to two
orders of magnitude lower than reference granular iron and similar
to less reactive commercially available mZVIs (SM and MS200).

3.3. Surface area normalized kinetics for iron based materials

As reductive dehalogenation of CAHs by ZVI is a surface medi-
ated process, the available ZVI surface is an important parameter.
Several studies revealed that it is not just k,,s and ky data that
should be considered for examination of the zerovalent iron par-
ticles reactivity [24,25]. Also specific surface area normalized data
(ksa) can serve as general descriptor of iron reactivity [24,26], espe-
cially due to the higher reactive surface area of nanoscale particles
(4-25 m2g-1) over microscale ones (0.1-4 m2g-! for most of
examined mZVIs). ks, data for all iron particles tested in this work
are presented in Table 3 and compared in Fig. 2.

Fig. 2 shows that differences in reactivity between iron parti-
cles are large (up to three orders of magnitude). The obtained kg,
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Table 3
Summary of kinetic data for dehalogenation of PCE, TCE, cDCE and 1,1,1-TCA by studied iron based particles.
PCE (5mgL~1)? TCE (5mgL-1)? cDCE (5mgL-') 1,1,1-TCA (5mgL-1)?

Treatment kop (h=1)P R2Z (n)C km ksa (Lm ko (h"1)® R2(n)  ky ksa (Lm  kop (h=1)>  R2 (n)° km ksa (Lm  kop (h™")>  RZ(n)°  ky ksa (Lm
(concentration) (Lg'h1)d -2p-1)e (Lg-Th1)d  -2p-1)e (Lg'h1)d -2p-1ye (Lg-'h1)d  -2p-1)e
FeA4 (50gL~1) 1.6E-03 0.78(5) 3.2E-05 2.8E-05 24E-03 0.83(5) 4.9E-05 42E-05 2.0E-04 0.91 (5) 3.9E-06 3.4E-06 1.9E-02 1.00(2) 3.9E-04 3.4E-04
FeH1 (50gL") 3.9E-04 099(3) 7.8E-06 2.9E-05 3.8E-04 0.99(3) 7.6E-06 2.8E-05 2.6E-04 1.00 (3) 5.3E-06 1.9E-05 2.7E-04 0.99(3) 5.3E-06 2.0E-05
FeH3 (50gL") 1.5E-03 0.98(5) 3.1E-05 49E-04 2.8E-03 0.96(4) 5.6E-05 8.8E-04 2.5E-04 0.90 (5) 5.1E-06 8.1E-05 4.4E-03 0.99(4) 8.7E-05 1.4E-03
FeH4 (50gL-1) 1.7E-03 0.97(3) 3.5E-05 3.7E-04 3.1E-03 0.98(4) 6.1E-05 6.5E-04 1.2E-03 0.79 (5) 2.4E-05 2.6E-04 6.2E-03 1.00(2) 1.2E-04 1.3E-03
FeH6 (50gL") 9.0E-04 097(5) 1.8E-05 2.0E-04 2.9E-03 0.99(4) 5.7E-05 6.4E-04 3.6E-04 0.87 (5) 7.3E-06 8.2E-05 6.3E-03 0.96(3) 1.3E-04 1.4E-03
FeH7 (50gL~") 1.3E-03 099 (5) 2.6E-05 2.1E-04 3.9E-03 0.91(4) 7.7E-05 6.2E-04 1.9E-04 0.90 (5) 3.8E-06 3.1E-05 5.9E-03 0.99(3) 1.2E-04 9.4E-04
FeH8 (50gL1) 1.3E-03 0.92(5) 2.7E-05 7.7E-05 2.2E-03 0.97(4) 4.4E-05 1.3E-04 8.0E-04 0.98 (4) 1.6E-05 4.6E-05 1.6E-02 1.00(2) 3.2E-04 9.2E-04
FeH9 (50gL") 9.6E-05 0.87(3) 1.9E-06 3.8E-06 4.2E-05 0.98(3) 8.3E-07 1.7E-06 3.3E-05 0.57(3) 6.7E-07 1.3E-06 3.3E-05 0.84(3) 6.7E-07 1.3E-06
FeH10 (50gL~") 3.2E-03f 0.68(3) 6.3E-05 5.2E-05 7.0E-04 0.71(3) 1.4E-05 1.1E-05 1.3E-04 0.93 (5) 2.6E-06 2.1E-06 2.5E-04 0.75(5) 5.0E-06 4.1E-06
FeH11 (50gL-") 2.0E-02 1.00(2) 3.9E-04 9.9E-05 1.2E-02 1.00(2) 24E-04 5.9E-05 3.6E-03 1.00 (2) 7.3E-05 1.8E-05 8.8E-03 1.00(2) 1.8E-04 4.4E-05
FeH12(50gL-')  1.9E-02  1.00(2) 3.7E-04 1.0E-04 1.1E-02 1.00(2) 2.1E-04 59E-05 3.0E-03  1.00(2) 6.1E-05 1.7E-05 7.8E-03  1.00(2) 1.6E-04 4.3E-05
FeH13 (50gL-") 3.8E-03 1.00(2) 7.6E-05 5.1E-05 7.1E-03 1.00(2) 1.4E-04 9.5E-05 2.0E-04 0.80 (5) 3.9E-06 2.6E-06 1.8E-02 1.00(2) 3.5E-04 2.3E-04
FeH14 (50gL1) 2.3E-02 1.00(2) 4.7E-04 4.1E-05 9.8E-03 0.80(3) 2.0E-04 1.7E-05 2.1E-03 0.81(5) 4.1E-05 3.6E-06 2.0E-02 1.00(2) 4.0E-04 3.5E-05
FeQ2 (50gL1) 2.1E-03 092(3) 4.1E-05 1.0E-04 4.5E-03 0.97(4) 9.1E-05 23E-04 1.4E-03 0.87 (3) 2.8E-05 6.9E-05 2.5E-02 1.00(2) 5.1E-04 1.3E-03
MS200 (50gL-')  4.9E-04 0.62(5) 9.8E-06 2.7E-05 4.1E-04 0.98(5) 8.3E-06 2.3E-05 6.3E-05 0.98 (5) 1.3E-06 3.5E-06 1.3E-02 1.00(2) 2.6E-04 7.3E-04
MS200+(50gL~') 4.9E-04 0.62(5) 9.8E-06 2.1E-05 3.8E-04 0.79(5) 7.7E-06 1.6E-05 1.8E-04 0.52 (5) 3.6E-06 7.6E-06 2.5E-02 1.00(2) 5.1E-04 1.1E-03
SM(50gL-1) 1.3E-04 0.94(5) 2.5E-06 52E-06 1.0E-04 0.99(5) 2.1E-06 43E-06 9.2E-05 0.93(5) 1.8E-06 3.8E-06 4.0E-03 0.88(3) 8.0E-05 1.7E-04
HQ (50gL1) 7.0E-03 099(3) 14E-04 1.7E-04 3.3E-03 0.99(3) 6.7E-05 8.2E-05 9.8E-04 0.82 (5) 1.9E-05 24E-05 2.5E-02 1.00(2) 4.9E-04 6.0E-04
Nanofer25s 1.4E-02 097 (4) 2.7E-03 1.1E-04 1.2E-02 0.91(5) 2.5E-03 9.8E-05 1.0E-02 0.99 (4) 2.0E-03 8.2E-05 1.2E-01 1.00(2) 2.3E-02 9.4E-04
(5gL1)
RNIP(5gL1) 7.1E-03 0.92(5) 1.3E-03 2.6E-04 9.6E-03 0.81(5) 1.8E-03 3.5E-04 8.8E-04 0.62 (5) 1.6E-04 3.2E-05 1.5E-02 099(4) 2.8E-03 5.6E—-04
FeS Aldrich 4.2E-03 1.00(4) 8.4E-05 93E-05 6.6E-03 0.85(3) 1.3E-04 1.5E-04 5.8E-05 0.46 (5) 1.2E-06 1.3E-06 2.5E-02 1.00(2) 5.0E-04 5.5E-04
(50gL™")
FeSBIO1 (40gL~') 6.4E-04 0.76 (3) 1.7E-05 49E-06 4.2E-04 0.74(3) 1.1E-05 3.2E-06 2.9E-04 0.75(3) 7.5E-06 2.2E-06 4.3E-04 0.80(5) 1.1E-05 3.2E-06
FeSBIO2 (40gL~') 1.4E-04 0.73(5) 3.8E-06 1.1E-06 1.3E-04 0.99(4) 3.4E-06 1.0E-06 1.8E-04 0.98(3) 4.8E-06 14E-06 1.5E-04 0.88(5)  4.0E-06 1.2E-06
2 Initial concentration or concentration range;
b

kop the first order decay constant (h~1);

¢ n, number of data points included in fitting the disappearance kinetic;
d ky the mass normalized first order decay constant (Lg~1h-1);

e kss surface area normalized reaction rate constants (Lm=2h-1);

f Underlined data present sorption rate constants.
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Fig. 1. Distribution of mass normalized rate constants for the reduction of PCE, TCE, cDCE and 1,1,1-TCA by different zerovalent iron particles and iron sulfides. Quantitative

results are summarized in Table 3.

values for all tested mZVIs are similar or one to two orders of mag-
nitude different than representative average literature kg4 values of
2.142.7x103Lm —2h-! (PCE), 3.94+3.6 x 104Lm 2 h~! (TCE),
414+1.7x107>Lm 2h!(cDCE)and 1.1 x 10-2Lm ~2h~1 (1,1,1-
TCA) for commercial iron particles [24]. Based on kg4 data, FeH3 and
FeH4 were the most reactive towards CAHs among other mZVIs.
Interestingly, ks4 (PCE, TCE and cDCE) obtained with FeH3 and FeH4
were approximately 1 to 5 times higher than for Nanofer25s. The
rate constants obtained for the granular reference material (FeA4)
and commercially available mZVIs are in the same order of mag-
nitude. The distribution of kg4 values shows that the reactivity of
the commercially available FeS (Aldrich) and granular ZVI are in
the same order of magnitude. Moreover, the kg4 values for biogenic
iron sulfides are similar to the ks4 values of the least reactive mZVls.
This implies that biogenic iron sulfides are not highly reactive, but
can contribute to slow reduction of CAHs in natural systems.
Finally, data in Fig. 2 suggest that some newly designed
microscale zerovalent iron particles, and especially FeH4, can be

Table 4
Comparison of the PCE, TCE, ¢cDCE and 1,1,1-TCA reduction rates for each iron based
particles.

Order of reduction rates Iron based particle

1,1,1-TCA > TCE > PCE > cDCE FeA4; RNIP; FeH3; FeH4; FeH6; FeH7; FeH8;
FeH13; FeQ2; HQ

FeS Aldrich; MS200; SM; MS 200+; Nanofer25s
FeH1; FeH10; FeH11; FeH12; FeH14

FeH9

FeS BIOT1, FeS BIO2

1,1,1-TCA>PCE > TCE > cDCE
PCE>TCE>1,1,1-TCA>cDCE
cDCE>PCE>1,1,1-TCA>TCE
PCE = 1,1,1-TCA>TCE > cDCE

70
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Fig. 3. Reduction of different CAHs by 50gL~" of FeH4 iron.

considered as promising particles for remediation of the studied
CAHs. FeH4 was capable of removal of all pollutants, as well as slow
degradation of intermediate product 1,1-dichloroethane (1,1-DCA)
as shown in Fig. 3.

34. 1,1-DCA
1,1-DCA is a degradation product of 1,1,1-TCA that has been

reported to be degradable by ZVI1[33,43]. Degradation of this pollut-
ant, however, is slow and a laboratory abiotic degradation half-life
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Fig. 2. Distribution of surface area normalized rate constants for the reduction of PCE, TCE, cDCE and 1,1,1-TCA by different iron particles and iron sulfides. Quantitative

results are summarized in Table 3.

Table 5

1,1-DCA appearance with degradation rates for studied iron based particles (values

reported as a mean of triplicates) in the batch reactors.

1,1-DCA

Treatment (% produced) @ kop (R=1)P R2 (n)°
FeA4 (50gL~1) 40.7 7.5x 1073 1.00 (2)
FeH1 (50gL-1) 0.37 : :

FeH3 (50gL-1) 5.90 43x1074 0.99 (3)
FeH4 (50gL-1) 5.71 24%x1073 0.81(3)
FeH6 (50gL~1) 9.27 22x1074 0.96 (3)
FeH7 (50gL~1) 8.73 2.7%x1074 0.93(3)
FeH8 (50gL~1) 25.1 25%x1074 0.93(3)
FeH9 (50gL-1) 0.19 ’ :
FeH10 (50gL~1) 1.87 : !

FeH11 (50gL~1) 1.38 : :
FeH12 (50gL-1) 2.26 : :
FeH13 (50gL-1) 26.9 22%x1074 1.00 (2)
FeH14 (50gL-1) 4.00 5.7x 1074 0.98 (4)
FeQ2 (50gL-1) 25.9 34x104 0.87 (4)
MS200 (50gL1) 65.8 ) :
MS200+ (50gL~1) 65.2 8.8x104 0.99 (4)
SM (50gL-1) 20.0 20x1074 1.00 (2)
HQ(50gL~1) 424 23%x1074 0.91 (4)
Nanofer25s (5gL~1) 18.6 1.2x1073 0.99 (4)
RNIP (5gL~1) 6.29 : :

FeS Aldrich (50gL-1) 26.1 40x10% 0.08 (4)
FeS BIO1 (40gL—1) 3.25 ) :

FeS BIO2 (40gL~1) 3.11 : :

2 1,1-DCA  production as an intermediate product in 1,1,1-TCA

degradation-expressed as maximal observed percentage of total 1,1,1-TCA;

b k,p the pseudo-first-order decay constant (h~1);
¢ n, number of data points;
" No degradation observed.

of 61 years has been reported [44]. In this study, increased 1,1-
DCA concentrations were observed for most tested iron based
particles, but the maximal observed amount of 1,1-DCA produced
during 1,1,1-TCA degradation was found to depend on the parti-
cles type (Table 5). The most pronounced production of 1,1-DCA
was observed for FeA4, MS200, MS200+ and HQ (40-65%), while
the lowest levels were measured for FeH1 and FeH9 (<0.4%).
In respect to 1,1-DCA degradation, the fastest degradation rates
24%x1073h! and 1.2x10°3h~! were observed for FeH4 and
Nanofer25s respectively.

An additional batch degradation experiment with 1,1,1-TCA as
single pollutant was performed using FeH4 to examine 1,1,1-TCA
degradation and 1,1-DCA formation/degradation more in detail
(SI8). Approximately 70% of the 1,1,1-TCA was found to be trans-
formed to acetic acid by hydrolysis. The 1,1,1-TCA hydrolysis
pathway has been reported before [45]. The remaining 28 percent
obtained herein were transformed to ethane, while only 2 percent
were transformed to 1,1-DCA by reductive dechlorination. The pro-
nounced production of 1,1-DCA observed for several irons involved
the a-elimination and hydrogenolysis pathway in degradation of
1,1,1-TCA. Chemical transformation of 1,1,1-TCA by these pathways
has also been reported previously [33].

4. Conclusions

Reactivity data were collected for 23 reactive iron based parti-
clesviastandardized test procedure allowing reactivity comparison
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between the different materials towards different pollutants within
a reasonable amount of time. The reactivity of the particles was
compared based on k,,s and ky data, as well as kss values. As an
appropriate descriptor of the overall surface reactivity of the parti-
cles and contaminants degradation Kinetics, k4 data were used for
the selection of the most promising iron for in situ application.

The obtained kg, values show that the microscale iron particles
FeH3 and FeH4 perform mostly better than Nanofer25s and com-
mercially available mZVIs. The kg, values of commercial FeS were
similar to that of the granular ZVI material selected as a reference
material. The reactivity of commercial FeS and granular ZVI towards
1,1,1-TCA was in the same order of magnitude as Nanofer25s and
some mZVIs. On the other hand, their PCE, TCE and cDCE degra-
dation kinetics were one to two orders of magnitude slower than
Nanofer25s and some mZVIs. This study also suggests that biogenic
iron sulfides may contribute to the reductive degradation of mainly
1,1,1-TCA, although they were the least reactive among all studied
irons. No correlation was found between reactivity of the exam-
ined particles and particle size or pH. Except for pH increase to
approximately 11 where particles were found non-reactive. In gen-
eral, significantly reduced ORP values were found good indicators
for reactive particles. The impact of the particle composition on its
reactivity is under investigation (manuscript being submitted).

The large data set resulting from this study, shows that some of
the newly designed mZVI particles introduced in this study have
promising reactive properties for in situ remediation applications,
also towards 1,1-DCA. These particles are relatively low-cost and
easy to handle compared to nZVIs.
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SI1. PCE, TCE, cDCE and 1,1,1-TCA reaction rate constants for different iron based particles. Lines present pseudo-first-order fit of data.
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SI2. Calculation approach used for determination of Kgps.

Kops Was determined via linear regression of In-transformed data (Eg. 2). The slope of the degradation
rate curves (see SlI1) represents Koqps. This is @ commonly used approach to determine first order
degradation rate constants, where it is known that low concentration data may have overestimated
impact on the result. Generally, all measured data points were used to determine the curves.
However, low concentration data were omitted when already proceeding by low concentration data
(e.g. FeH3, FeH4, FeH6 ). For a number of iron particles the CAH-concentration decrease stopped
after the second data point, indicating the sorption effects were dominant. In these cases, the
sorption rates were calculated. For irons with a mixed removal mechanisms (degradation and
sorption), the first order degradation rates were calculated and the lower correlation coefficient
indicated the mixed effect.

More in detail, most of the examined iron based materials reduced 1,1,1-TCA rapidly, and gave first-
order disappearance rate for PCE, TCE and cDCE. However, five of all tested mZVI materials
(FeH3, FeH4, FeH6, FeH7 and FeQ2) gave first-order disappearance rate of TCE with tailing after
105 days of experiment that might be due to the accumulation of reaction products as previously
reported by Miehr et al. (2004). For these irons, the last data point was omitted. For FeH1 and FeH9
slow or no reduction was observed and these data were assumed to be first-order rate. Rapid initial
loss of PCE, TCE, cDCE and 1,1,1-TCA with no further reduction for FeH11 and FeH12 is due to
the sorption properties as deduced from no detection of degradation products and no pressure build-
up in batch reactors. To obtain disappearance rate constants, only first data were fitted and reported
as a sorption. Similar was observed for FeH10 and FeH13 (PCE and TCE reduction), HQ (PCE
reduction), FeS Aldrich (TCE reduction), FeS BIO1 (PCE, TCE, cDCE). FeS BIO2 showed slow
degradation of PCE and 111TCA with tailing of TCE as a possible byproduct of PCE degradation
and cDCE as a byproduct of TCE degradation. For this iron only first data for TCE and cDCE were
fitted.



SI3. Change of pH and ORP values in time (days).
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S16. SEM images of several investigated microscale iron powders: (a) FeH4; (b) FeH7; (c¢) FeHS; (d)

FeH12, () FeH13 and (f) BASF MS200.



SI7. Correlation between ks (h) and iron particle size distribution Doy (um) for all tested reactive materials.
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SI18. Reduction of 1,1,1-TCA by 50 g L™ of FeH4 iron. Symbols are average concentrations from

triplicate reactors.
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