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Investigation of Corrosion Minerals from the Remediation for
TCE-Contaminated Groundwater
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ABSTRACT : The objective of this study was to investigate mineral precipitates, which derived from
the zero valent iron (ZVI) corrosion during TCE dechlorination and to find the controlling factors in
mineral precipitates. A series of column experiemnts were conducted to evaluate the location of ZVI
and the effects of electrode arrangements in electro-enhanced permeable reactive barrier (E2PRB)
systems. Based on mineralogical study, ZVI samples near the influent port had more lepidocrocite,
ferrihydrite or Fe (oxy)hydroxide, and (phospho)siderite while backward samples had more akaganeite,
magnetite/maghemite, and intermediate green rust (GR) 1 and GR Il. A suite of mineral distribution
was preferabley related to the dissolved oxygen and the increased pH. Controlling factors of mineral
precipitates in an E2PRB system were found to be (1) pH, (2) dissolved oxygen, (3) the types of Fe
intermediates, and (4) anionic species to form complex strongly.

Key words : zero valent iron, corrosion, mineral precipitate, electro-enhanced permeable reactive
barrier
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Introduction

Out of most commonly identified contaminants
at hazardous waste sites in the US, 10 are
chlorinated organic compounds (COCs), com-
monly originating as cleaning and degreasing
solvents. The use of zero valent iron (ZVI) for
in-situ degradation of dissolved COCs is rapidly
gaining acceptance as a cost-effective technology
for groundwater remediation.

The ZVI media are inexpensive and the most
widely used materials that have shown encour-
aging results in removing contaminants from
groundwater (Matheson and Tratnyek, 1994).
However, the permeable reactive barrier (PRB)
system entrance is plugged due principally to
mineral precipitation promoted by dissolved oxy-
gen (DO) in the groundwater inflow (Mackenzie
et al., 1999). To control precipitation and hence
porosity losses, it is important to investigate
precipitated minerals and to understand some
factors that affect mineral precipitation under
given hydrochemical conditions. Factors that
possibly affect the type and extent of precipita-
tion include; pH, carbonate level, iron corrosion
rate, and residence time in the system. Major
phases in the reactive ZVI barrier installed at
several field sites generally include iron oxides,
carbonates, iron sulfides, and elemental sulfur
depending on the degree of iron oxidation,
groundwater chemistry, iron corrosion rate,
microbial activity, and residence time in the
system. The removal of trichloroethylene (TCE)
occurred via reductive dechlorination in the
presence of ZVI. In turn, the precipitates crys-
tallize into minerals with several anions.

There are various possible reasons for the
different dechlorination efficiency since the reac-
tion rates are sensitive to redox-related param-
eters including pH, DO, dissolved organics, and
anionic species in the groundwater. Anions
promote corrosion of ZVI by disrupting the
protective oxide layers (Gui and Devine, 1994),
thus facilitating continued anodic dissolution of
the iron and hydrogen generation (Phelps et al,,
1991; Reardon, 1995).

The direct current (DC) applied on the ZVI-
based PRB controls the oxidation rate of the
iron as electrons transverse an external circuit to
a Fe’ cathode, where they engage in reductive
TCE degradation (Roh et al., 2000c; Moon et
al., 2001). When, remediating a certain TCE-
contaminated site, hydrogeochemical conditions
such as kinds and levels of contaminants as well
as groundwater chemistry are usually fixed,
while engineering factors such as ZVI installa-
tion and electrode arrangements must be set for
maximum TCE removal in field electro-
enhanced permeable reactive barrier (E2PRB)
system. The objective of this study was focused
on the mineralogical characterization of corro-
sive precipitates of ZVI media using one or two
ZVI zones in the column experiments and
controlling factors of ZVI corrosion. Detailed
mineralogical characterization is, therefore, im-
perative to predict the long-term performance of
the ZVI-based passive reactive wall.

Materials and Methods

TCE-contaminated Water, Fé’ Filing Materials,
and Column Set-up

Trichloroethylene (99.5%, Sigma-Aldrich)-con-
taminated groundwater (Table 1) was used for
this experiment. During the continuous column
experiments, the TCE-contaminated simulation
water was kept in a 10 liter-collapsible Tedlar
sample bag (SKC Inc., PA) with no headspace
and was pumped to the column using a
peristaltic pump (Diqi-Staltic, Masterflex, Vernon
Hills, IL) at 1 mL/min flow rate. Actual flow
rates determined by measuring the discharge
were varied from 0.828 to 1.10 mL/min. The
consistent TCE concentration levels were kept
by stirring the water in Tedlar bags using
magnetic stirrer during the experiment.

The ZVI filings are stock Fe’ filing purchased
from Peerless Metal Powders and Abrasives
(Detroit, MI). The peerless Fe° filings had
following characteristics: (1) mesh size between
8 and 50 (i.e., 2.38 to 0.30 mm); (2) 86% Fe',
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Table 1. Physical characteristics and chemical composition of filing materials and simulated waters

Simulated waters

Filing materials

Min Max
Peerless Fe’ pH 5.51 6.91
Fe Fe’, Fe’'Fe’",04 Eh (mV) 612.1 957.9
C (%) <4 EC (uS/cm) 913 196.2
Pb (mg/kg) 58.46 DO (mg/L) 3.62 5.60
Ni (mg/kg) 256.8 Temperature (OC) 18.8 26.9
Co (mg/kg) 946.5 HCO3 (mg/L) 7.52 14.98
Mn (mg/kg) 5105 CI' (mg/L) 6.20 8.62
Mg (mg/kg) 41.48 NOs (mg/L) 12.02 12.70

3

Cu (mg/kg) 3823 HPOZ (mglL) 8.94 9.49
Ca (mg/kg) 803.4 . 8.99 9.73
Al (mg/kg) 61.1 80,7 (mg/L) 14.79 20.82
Na (mg/kg) 298 Na (mg/L) < 0.01 < 0.01
SSA* (mY/g) 1213 Fe" (mg/L) < 001 < 0.01
CEC (meqg/mol) 0.56 Total Fe (mg/L)
Porosity (%) 65.0 MES** 597.4 2485
Quartz sand TCE (ug/L)
Porosity (%) 45.0

*SSA: specific surface area. **MES: [2-(N-morpholino)ethenesufonic acid.

3~4% carbon, <3% silicon and other trace
metals; and (3) mostly Fe’ with tracer amount
of magnetite. Iron and other trace metals were
measured by inductively coupled plasma-atomic
emission spectroscopy (ICP-AES, Jobin Yvon
138 Ultrace) at Seoul Branch of Korea Basic
Science Institute (Table 1).

Glass columns (Ace Glass, Vineland, NJ) used
for the experiment were 35 cm long with 1.5
cm inner diameter, and had 2 thread ports for
electrodes installation at 8 and 27 cm from the
inlet. The used electrode material was iridium-
coated titanium oxide (3 mm outer-diameter).
Both ends were tightly sealed using Teflon
thread end fittings and polyethylene filter disc
with O-rings. Twelve column set-ups were used
to treat TCE-contaminated groundwater with
different combination of ZVI installation and
electrode arrangement (Fig. 1). In this paper,
each type of column set-up was described in
italic to reduce confusion such as 4, B, C, D, a,
b, and c. Single E2PRB is defined as a set-up
using one ZVI portion such as Ba~Cc. On the
contrary, double E2PRB is done as a set-up
using two ZVI portions such as Da~Dc.

A type (da, Ab, Ac) columns were controls,
tested only the effect of external DC and its
electrode arrangement without ZVI. B type (Ba,
Bb, Bc) and C type (Ca, Cb, Cc) simulated
conditions that ZVI was installed either at
hydraulic up or down gradient. D type (double
PRB) employed ZVI installation at both up and
down gradient sides to test any synergistic
effects using two ZVI zones rather than one (B
and C type). Each a type is a control without
DC. For b and c¢ type, cathode or anode was
connected to an iridium-coated titanium oxide
electrode in contact with carbon pad (5 mm
thickness, 90+35 mg) at hydraulic up gradient.
The remaining column space was packed with
quartz sand (15~20 mesh, Junsei Chemical,
Japan).

Sampling and Analysis

Dissolved oxygen (DO), pH, Eh, and electric
conductivity (EC) were measured in a closed
glass micro-cell in line. The pH, Eh, and EC
measurements were conducted using an MMS
Phuture pH/conductivity meter equipped with
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Fig. 1. Schematic diagrams showing experimental setup used for ZVI corrosion.

Pentrode probe (Thermo Orion, Boston, MA).
Dissolved oxygen was measured using a com-
bination of Orion DO probe (83005A model)
and 830A DO meter (Orion, Berverly, MA).
Aqueous samples were collected directly from
the sampling port (T-shaped plug valve, Ham-
ilton, Reno, NV) using 20 mL glass syringe
adapted with retrofit syringe valve (Alltech,
Deerfield, IL) to prevent volatilization of VOCs
and oxidation of dissolved iron in the treated
water. The Cp samples were directly collected
from the influent using a needle adapted to 20
mL syringe to penetrate Norprene tube. Samples
were split into several bottles for measurements
of TCE, Fez+, total Fe, and matrix electrolyte
concentrations.

The concentration levels of TCE and by-
products were analyzed by Method 5035 purge-
and-trap system (SRI, Torrance, CA) and gas
chromatography (GC, SRI 8610B, Torrance, CA)
equipped with a flame ionization detector (FID).
Analyses for the concentration levels of dis-
solved ferrous iron (Fe’') and total iron were
done by a UV spectrophotometer (UV-1601PC,
Shimadzu, Japan), and for the anionic species by

high performance liquid chromatography (HPLC,
DX-80 Ion Analyzer, Dionex) and 796 Titro-
processor model (Metrohm, Switzerland). Detailed
analytical methods were the same as the pro-
cedures adopted in Moon ef al (2002).

Mineralogical Characterization of Precipitates

After the completion of the flow-through
experiments, the columns were disassembled.
ZVI portion was divided into two parts based on
the center of length when ZVI filing was filled
in the column (Fig. 1). The filing ZVI matenals
including corroded samples were immediately
rinsed and immersed in acetone for next
mineralogical and morphological study. Corroded
by-products were separated by sonication (about
1 min). To obtain X-ray diffraction patterns,
solid phases immersed in acetone were mounted
using transfer pipette, then repeatedly measured
when the acetone almost evaporated. A X-ray
diffractometer (XRD, MXP-3 system, Mac Sci-
ence Co., Japan) with Ni-filtered Cu-Ka radia-
tion, 40 kV and 30 mA, divergent and scattering
slits of 1 mm, a receiving slit of 0.15 mm and a
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0.02°28 were used. Counting time of 2 sec for
each step was set.

A subportion of wet Fe’ filings was prepared
for mineralogical analysis by rapidly drying
using an acetone rinse to minimize oxidation,
then examined by scanning electron microscopy
(SEM) with energy-dispersive X-ray (EDX)
analyses (JSM 5600, JEOL, Japan) for surface
morphology and the chemical composition of the
minerals semi-quantitatively.

Infrared spectra of corroded phases separated
by sonification were obtained with a Fourier
Tansformed Infrared Spectroscopy (FTIR, IFS
120HR/FRA106, Bruker, Germany) at Daegu
Branch of Korea Basic Science Institute with a
spectral range from 4,000 to 400 em’. The
pressed-pellet technique was used to prepare
samples for infrared examination by mixing 0.5
mg of the corroded with 250 mg of KBr in an
agate mortar after 2 hour vacuum drying, prior
to forming a 12 mm diameter KBr disk by
pressing.

Results

Mineral Precipitates in the Single PRB

The principal corrosion products of reactive
ZVI medium are intermediate products (green
rusts of GR I and GR II), hydrated forms of
ferric oxides such as akaganeite (B-FeOOH), or
lepidocrocite (Y-FeOOH), magnetite/maghemite,
ferrihydrite, (phospho)siderite, and amorphous Fe
phases (Fig. 2). The occurrence and relative
contents of iron phases were slightly different
according to column set-up with the electrode
arrangement and the ZVI installation, the loca-
tion of ZVI portion, which was either forward
or backward from the influent entrance (Table
2). Because dissolved oxygen could be rapidly
consumed at the entrance to the column by
reacting with ZVI (Vogel and McCarthy, 1985),
resulting in the generation of strong reducing
condition behind portion of ZVI, the mineral
assemblage of corrosive precipitates showed
difference. A suite of minerals identified by the

XRD patterns, which were formed in situ within
the forward portion of ZVI barrier, were mainly
akaganeite, lepidocrocite, magnetite/maghemite,
(phospho)siderite, and ferrihydrite as well as the
backward portion commonly included akaganeite,
magnetite/maghemite, and green rusts (GRs).
Amorphous Fe phases occurred in irregular
distribution, and mackinaweite and iron sulfide
were not found in this system.

Iron Oxyhydroxide (FeOOH) Precipitates

Akaganeite was the dominant phase because it
transformed from Fe(OH),™ with the nucleation
of chloride ions (Schwertmann and Cornell,
2000) which was introduced by the dechlori-
nation of TCE. Lepidocrocite was identified at
the forward portion of ZVI, as mentioned above,
due to the oxidation of GRs. Compared to that
of unpacked fresh peerless Fe’ filings (left), the
corrosion surface of Bc column (right) filled
with iron oxyhydroxides (akaganeite and lepi-
docrocite) had a GR mineral morphology,
pseudo-hexagonal form (Fig. 3). Magnetite/ma-
ghemite was detected in every sample in our
experiments.

Green Rusts

The GRs (GR I and GR II} showed two types
of distribution in the column. One 1is only
detected in the backward portion of ZVI, and
the other is found in both of forward and
backward portion (Fig. 2). This means that the
consumption of DO at the forward portion made
reducing condition at the backward. The gradual
oxidation of GRs at pH 7.5 took over about 4
hours to lepidocrocite and some goethite in air
(Schwertmann and Cornell, 2000; Phillips et al.,
2003). This indicates that the GRs occurring at
the forward portion could readily transformed to
lepidocrocite due to DO and pH increase. The
XRD analyses could not confirm the type of
GRs due to the trace amounts of this mineral.
However, GR I (chloride and carbonate form),
which had 7.5 A peak and GR II (sulfate
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Fig. 2. Representative X-ray diffraction patterns. Front, back, and num-

bers mean the sampling site from the ZVI portion illustrate in Fig. 1.

Abbreviations: A; akaganeite, F; ferrihydrite, G; goethite, G1; green rust

I, G2; green rust II, L; lepidocrocite, M; magnetite/maghemite, S; (phos-

pho)siderite, Q; quartz. Broad mound between 20~40° (28) indicates

amorphous phases.

form), which had 9.0 A peak were separately
identified in the Bb-forward and Cb-backward
samples (Génin et al, 1998). SEM images
showed some difference in shape. Forward

portion had more irregular shaped Fe amorphous
phases (Fig. 4a) and ferrihydrite (Fig. 4b). On
the other hand, backward portion had more
hexagonal shaped GRs (Fig 4e and f).
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Table 2. Relative contents of mineral composition resulting from the TCE dechlorination

Sample A F G Gl G2 L M S Q
Ba-forward *kek * ok Hkk *
Ba-backward ok * *ok * k% o
Bb-forward *Ek * *k * * XK *
Bb-backward HHE ok * S *
Be *EE * * * *ok Kk *

Ca Hkx * *% *k ok * *%
Cbh-forward #okek * * Fokek %
Cb-backward ok * *% * e kok * *%
Cc-forward *rx * ok ok * *k
Ce-backward ok * *rE * **
Da-2 *k * *% *
Da-3 ok * *ak *
Db-2 kK * * *% *okk *
Db-3 *kk * Ak
Db-6 *¥ *okk

Hokk * Kk *k Kk *
gc-§ *kk *k * Kk *

-

Symbols: *** major; **, minor; *, trace component.

Abbreviations: A; akaganeite, F; ferrihydrite, G; goethite, G1; green rust I, G2; green rust 1I, L; lepidocrocite, M;

magnetite/maghemite, S; (phospho)siderite, Q; quartz.

Iron Carbonate/phosphate Precipitates

Gui and Devin (1994) found that the passivated
iron film consisted of a mixture of ferrous and
ferric oxyhydroxides and that their composition
depended on the specific anions present in the
solution. Because no other di- or tri-valent
cations were added in the influent solution,
(phospho)siderite [Fe(POs-2H,0),(COs)] was found
to be the dominant carbonate/phosphate precip-
itate in the forward portion where groundwater
enters the barrier.

Several factors such as pH, levels of car-
bonate, and Ca concentration may contribute to
the above observation. Relatively high pH and
high bicarbonate in combination with anaerobic
environment, but low calcium concentrations
favor the formation of siderite. Similarly siderite
precipitation has been observed by Mackenzie et
al. (1999). On the other hand, in this study, iron
dissolved from ZVI and phosphate ions that
have the highest electronegativity among used
anions complexed and precipitated as (phospho)

siderite.
Mineral Precipitates in the Double PRB

According to SEM examinations, the samples
of portions 2 and 3, which were defined by the
location of the ZVI portion (Fig. 1), showed
predominantly uniform corrosion and were
similar to forward and backward portion of ZVI
in the single PRB. However, 6 portion sample
looked like unreacted ZVI (Fig. 5).

The (phospho)siderites of portion 2 of Dc
column occurred as an aggregate, which ap-
peared similar to spherical shaped framboids
(Fig. 6a). On the contrary, the distribution and
occurrence of these aggregates at portion 3 was
lower than those at portion 2 (Fig. 6i). The
platy, hexagonal shaped GR had been trans-
forming to FeO(OH) or magnetite/maghemite
only having GR habit (Fig. 6b), because lepi-
docrocite and magnetite/maghemite were identified
with GR by the XRD patterns. Ferrihydrite was
also identified at front ZVI portion. However it
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Fig. 3. Scanning electron microscopic
images and EDX patterns of a repre-
sentative corrosion surface of Bc col-
umn (b), (d), (f,) and (h) in comparison
with unpacked peerless Fe’ filings (a),
(¢), (e), and (g). Magnification was
increased at the same site from (a) and
(b) to (e) and (). 0 2

showed delicate structure under the SEM
observation at portion 2 (Fig. 6e) while lath-
shaped ferrihydrite occurred at portion 3 (Fig.
6j). The (phospho)siderite is classified to mono-
clinic, so the rounded morphology of (phospho)
siderite comes from the underlying mineral, par-
ticularly the rounded clusters of siderite crystals.
This can be induced from the fact that HCOs
ions were also removed, but carbonate minerals
were not detected. Therefore, with the initial,
nucleated and precipitated siderite was subse-
quently coated and cemented by the phosphate
ions. EDX patterns of spherical surface of (phos-
pho) siderite just showed elemental P (Fig. 6i).

GR in backward portion of some columns had
relatively low chloride content and the area of
GR T was larger than that of GR II. Considering
carbon coating for SEM observation, we cannot
believe accuracy of carbon content, but amount
of removed HCOs; ions might be used in
production of the seed of (phospho)siderite,
which occurred as a dominant cement material.
Also, phosphate ions might be removed to form
cement materials, (phospho)siderite, and amor-
phous Fe phosphate phases.
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Fig. 4. Scanning electron microscopic
images and EDX patterns of a repre-
sentative corrosion surface of Cb col-
umn. (a) amorphous Fe phase, and (b)
ferrihydrite in forward portion, (e)
platy, hexagonal GR shaped FeO(OH),
and (f) GR in backward portion, (c),
(d), (g), and (h) EDX patterns of upper

images.

Infrared Spectroscopic Characteristics of Cor-
rosion Materials

In Fig. 7, infrared spectra showed distinct
bands from the mixture of corrosion materials.
Basically, absorption bands appearing at 3400
and 1630 cm’ were caused by OH-stretching
and H-O-H deformation due to adsorbed mo-
lecular water. Because pellets were pressed right
after 2 hours vacuumed drying, consequently the
bands could be normally identified as hydrox-
ides and water molecules of iron (oxy)hy-
droxide, GR, etc. However, uniform, broad, band
at 3427~3367 cm” could indicate ferrihydrite
(Russell and Fraser, 1994).

In the range of 800~400 cm’, absorption
bands indicate the bond between oxygen and
other cations such as Si, Fe, Al, etc. (Van der
Marcel and Beutelspacher, 1976). Small and

.
iCt
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1 3 by z ® T
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sharp bands at 799 and 779 em” were found to
be quartz and overlapping Si-O bond on Fe-O
bond caused strong band at around 470 em™,

A small band (1082 cm™) may be attributed
to magnetite (Van der Marcel and Beutelspacher,
1976), although typical bands of maghemite
were detected at 1170, 691, and 636 cm™. Other
band (1021 cm‘l) is attributed to lepidocrocite.
Broad band at 1385~1362 om’ were maybe
attributed to carbonates (Roh er al.,, 2000b),
which were detected as (phospho)siderite by
XRD.

Like samples showing similar XRD patterns,
semi-quantitative result through IR analysis
indicated that more lepidocrocite and ferrihydrite
or Fe (oxy)hydroxide formed in the forward
samples, while backward samples have more
magnetite/maghemite.
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Anionic Characteristics of Effluents

While background solution passed through the
columns, the relative concentration levels of
nitrate and sulfate remained unvaried except
small increase at the initial stage and that of
chloride decreased to the termination of de-
chiorination of TCE. On the other hand, bicar-
bonate level showed severe wvariation, and
phosphate remained the lowest level among five
major anions (Fig. 8).

For a background solution, sodium salts of

28kY K16, 00P

Fig. 5. Scanning electron microscopic images
of a representative corrosion surface of Da
column. (a) peerless ZVI filing grains and
(b) their surface from front 2 portion, (c)
peerless ZVI filing grains and (d) their
surface from front 3 portion, (e) peerless
ZVI filing grain from back 6 portion.

chloride, nitrate, phosphate, sulfate, and bicar-
bonate were used as an equivalent amount (0.1
or 0.2 mM). Based on the anion analysis,
phosphate removal was dominant, and bicar-
bonate was the next. The increase of chloride
was due to dechlorination of TCE and
intermediate by-products such as dichloroethy-
lene (DCE) isomers and vinyl chloride (VC),
and that of sulfate and nitrate might be due to
the break of MES buffer.

The trends of nitrate and sulfate ions which
were mentioned above might reflect the pH
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Fig. 6. Scanning electron images and
EDX patterns of a representative cor-
rosion surface of Dc column. (a) aggre-
gates of (phospho)siderite, (b) transformed
FeO(OH) from GR, (e) fine structured
ferrihydrite, and (f) amorphous Fe phase
from front 2 portion, (i) rarely occurred
(phospho)siderite from front 3 portion
than front 2, and (j) lath-shaped ferri-
hydrite from front 3 portion. (c), (d),
(g), (h), (k), and (I) EDX patterns of

upper images.

variations during the column experiment owing
to the by-products, nitrate and sulfate, of MES
buffer, although we can’t estimate the anionic
competition of these anions for precipitation
under the different column set-up of E2PRB.

Discussion
Corrosion By-products During TCE Dechlorination

Mainly lepidocrocite, ferrihydrite, and (phospho)
siderite identified by the XRD pattern, SEM

images, and IR patterns were formed within the
forward part of ZVI barrier, and magnetite/
maghemite and green rusts distinctively were in
the backward part. Slightly more akaganeite was
produced in backward part. The poorly crys-
talline akaganeite, which is, in general, easily
formed and stable under the reduced ground-
water conditions of the Fe' barrier for TCE
remediation site (Phillips et al., 2000; Roh et
al., 2000a), occurred with goethite (a-FeOOH).
However, goethite occurred at only one sample
during the column experiments. This means that
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Fig. 7. Infrared spectra for corrosion materials of representative columns.
Forward, backward, and numbers mean the sampling site from the ZV1 portion

illustrate in Fig. 1.

akaganeite was preferably formed by the nu-
cleation of chloride ions (Schwertmann and
Comell, 2000) that were sufficiently supplied by
the TCE dechlorination. Therefore, rare goethite
distribution might be caused by the reductive
environment, the short-term monitoring, and the
anionic competition.

On the contrary, formation of lepidocrocite,

which was favorable to forward portion, can be
explained by the two facts of that GR occurred
either at only backward portion or at both
portions, and that the lepidocrocite is formed
from the oxidation of GR (Schwertmann and
Cornell, 2000). The influent containing DO con-
sumed it at forward portion, so reducing con-
dition in backward portion favord for the
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formation of GRs. Therefore, GRs oxidized to
lepidocrocite at forward portion, and could
sustain at the backward portion. Sagoe-Crentsil
and Glasser (1993) also showed similar result
that GR was a stable corrosion product of pure
iron at high pH and low Eh in the presence of
chloride.

However, Srinivasan et al. (1996) found that
the formation of lepidocrocite by a pathway
involving GR 1II is an oversimplication of the
actual process. During this process, small, dense,
hexagonal Fe;Os particles were formed in
addition to, or instead of, the GR II hexagonal
crystals. Abundant magnetite/maghemite co-exist-
ing with GR and lepidocrocite in the ex-
periments, therefore, forward and backward
portion might have Iepidocrocite and more
magnetite/maghemite, respectively, by oxidation
of GR, although widely distributed platy hex-
agonal shaped by-product looked like GR.

In this study, the most widely occurring
corrosion by-products, Fe oxyhydroxides, formed
as a result of the corrosion of ZVI filings in
groundwater with a concurrent release of Fe*'
and increased pH (Schwertmann and Taylor,
1989). The presence of Fe’* and mixed Fe’* and
Fe** is due to DO in the groundwater (Watson
et al., 1999), and more oxidation from ferrous
to ferric ion for TCE dechlorination, resulted in
formation of GR I, GR II, Fe oxyhydroxides
(akaganeite, lepidocrocite > goethite), and mag-
netite/maghemite. Precipitates composed of fer-
rous ion was just (phospho)siderite, which
occurred at the forward portion.

Controlling Factors of Precipitation and Ce-
mentation

Many factors such as pH, the nature and the
concentrations of anions, temperature, drying
conditions, etc., may play significant roles in the
evolution of the shape and structure of the final
product (Srinivasan et al., 1996). Controlling
factors of precipitation and cementation was
found to be pH, dissolved oxygen, the type of
intermediate, anionic species to form complex

strongly in this study. The pH condition was
examined by abundant Fe oxyhydroxide and
increased pH in the effluent Therefore, pH
factors will be discussed here briefly.

pH

Another possibility of pH increase might be
attributed to simulated groundwater, which had
low ionic strength and buffering capacity (av-
eraged EC value of 14 sources: 117 uS/cm) like
a natural groundwater in equilibrium. Since used
reagents having 0.1~-0.2 mM concentration levels
in simulated groundwater showed alkali in pH
value (NaHCOQ;, pH 8.86; NaNOs, 8.45; NaySOs,
8.39; NaCl, 8.38 in its concentration level), we
controlled pH by adding acidic 2-(N-morpho-
lino)ethanesulfonic acid (MES, molecular biology
grade) as the biological buffer. However, the
loss of buffer function of MES, as dechlori-
nation with/without external DC processed,
might cause pH increase with the hydrolysis at
the cathode.

In Fig. 8, nitrate concentration in the effluent
was high in Ba, Bb and Cb columns, and sulfate
concentration was high in Bb, Ca, and Cbh
columns. These nitrate and sulfate anions, which
were detected above the unit level of relative
concentration (=1), might be derived from the
break of MES buffer, therefore, it indicates that
these columns had undergone rapid pH increase.
Subsequently, high pH hindered the dissolution
of ZVI and these columns showed relatively low
removal efficiency (Moon ef al., in press).

The Type of Intermediates and Dissolved
Oxygen

In precipitation reactions forming inorganic
salts, the type of precursor may influence the
structure and properties of the end products and
one or more solute complexes may be involved
(Srinivasan et al., 1996).

Corrosion materials were mostly iron oxy-
hydroxide, magnetite/maghemite > GRs, ferri-
hydrite, (phospho)siderite, and lesser amount of
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Fig. 8. Variations of relative concentrations of anion species through columns
packed with different ZVI installation and electrode arrangement. C/Cy, the
relative anion concentration; C and C, each anion concentration in the column

effluent and influent, respectively.

amorphous Fe phases. Mackenzie et al. (1999)
found that plugging occurred with water with no
carbonate and high DO and did not occur with
water with high carbonate and low DO. It could

by varified by the fact that (phospho)siderite
occurred at the forward portion rather than
backward, because the forward portion was sup-
plied with influent from the artificial ground-
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water source including DO like the initial.

Anion species

HCO; and SO,”, which commonly occur in
groundwater (Odziemkowskie er al., 1998), are
corrosive to ZVI (Gu et al, 1999), and are
expected to cause ZVI filings to disintegrate in
reactive barriers. The accumulation of some
precipitates, cither individually or as a mixture,
such as iron and calcium carbonate (Shoemaker
et al, 1995; Liang et al., 1997), green rust
(Edwards er al., 1996), and iron oxyhydroxides
may resirict flow and eventually clog the system
(Mackenzie et al, 1999, Shoemaker et al.,
1995).

The lowest relative concentration levels of
phosphate mean that complexation with dis-
solved iron was the strongest even though we
applied DC to the system (Fig. 8). In fact,
carbonate shows stronger complexation (Lang-
muir, 1997), so that the reason of wide variation
can be; one is analytical error due to air-
exposure during the titration, and the other is
bicarbonate, we supplied, transformed to car-
bonate by production of OH due to iron
corrosion and electrolysis. This induction was
supported by that the dominant carbonate
mineral was (phospho)siderite, and that the nu-
cleation of siderite consumed the transformed
carbonate, then, siderite grew and was covered
with (phospho)siderite.

The chemical formula of the carbonate GR I
is [Fe*sFe’",(OH)2][COs-2H,0] (Drissi ef dl.,
1995). In the absence of DO, Odziemkowski ef
al. (1998) found that the formation of carbonate
GR I is thermodynamically unfavorable. In this
study, occurrence of GR 1 was more dominant
than GR 11, this can be also explained by the
competition among anions. However, we could
not characterize if the GR I is either chloride or
carbonate form due to carbon coating and poor
peak separation on the EDX patten by close
position. The strong complexation of carbonate
and low C/Cp with the initial of bicarbonate
might be consumed for the nucleation of (pho-

spho)siderite.

On the contrary, slight increase of chloride
content was.due to dechlorination of TCE and
those of nitrate and sulfate were owing to the
breakdown of MES buffer. To date, there is no
direct evidence showing an abiotic reduction of
SO by ZVI. The SO green rust is also
referred as GR II with a chemical formulation
of [4Fe(OH),-2FeOOH -FeSOQ4-4H,0] (Refait and
Génin, 1994). A continuous input of influent
solution containing a low but nonzero con-
centration of DO would be expected to result in
oxidation of some ferrous ions to ferric species
even though the influent solutions were initially
purged with Ny, Gui and Devine (1994) showed
that in mildly acidic SO,” solutions, SO ions
were not only adsorbed on to the surface of the
passivated iron film but also covalently bonded
and thus incorporated in the passivated film
(presumably as GR II minerals). Although, GR
I was detected by the XRD patterns (Fig. 2),
the delay in formation of FeS was perhaps due
to the greater length of time needed for an
accumulation of a microbial population to
facilitate SO4” reduction.

Conclusion

The changes in degradation processes with
time are attributed to (1) reduction in Fe surface
reactivity caused by passivation of Fe’ by
precipitates, including Fe (hydr)oxides and other
Fe phases as intermediate and end products of
corrosion and Fe carbonate and phosphate as
cementing and binding materials, and (2) al-
ternation of flow paths through Fe filings as a
result of precipitation and cementation.

Based on mineralogical study including XRD,
SEM-EDX, FT-IR analysis, forward samples in
the ZVI-based E2PRB, which had single ZVI
portion, have more lepidocrocite, ferrihydrite or
amorphous Fe phase, and (phospho)siderite
while backward samples have more magnetite/
maghemite and intermediate GR I and GR II. A
suite of mineral distribution was related to the
dissolved oxygen and increased pH. Double

— 121 —



Ji-Won Moon - Hi-Soo Moon - Yungoo Song - Jin Kyoo Kang - Yul Roh

E2PRB systems, which had two ZVI portions,
produced similar corrosion products with a single
E2PRB at 2 and 3 samples in the front ZVI.

Conclusively, removal efficiency considering
precipitation, which implies loss of remediation
capacity, was found to be more related to the
electrode arrangement, basically cathodic protec-
tion. Controlling factors of E2PRB system were
found to be (1) pH, (2) dissolved oxygen, (3)
the type of intermediate, and (4) anionic species
to form complex strongly.

Therefore, close attention should be given to
locations in barriers that seem more vulnerable
to corrosion (i.e. where groundwater first enters
barriers), precipitation and subsequent cementa-
tion of Fe’ filings. Future problems with PRB
systems can be predicted and avoided with
information gathered from mineralogical and
geochemical studies of preexisting PRB systems.
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