Cases and solutions

Characterization of corrosion
products in the permeable reactive

barriers

Y. Roh - S.Y. Lee -

Abstract The impact of geochemical processes and
microbial activity has been a major concern for the
long-term performance of reactive iron barriers be-
cause corrosion products and precipitates during
the water treatment with reactive materials will de-
crease the reactivity and permeability of the iron
bed. This study characterizes corrosion products in
reactive iron barrier as well as evaluates the effect
of the iron corrosion products and precipitates on
iron wall performance during contaminated-water
treatment under varying conditions. Major phases
in the reactive iron barrier include iron oxides, car-
bonates, iron sulfides, and elemental sulfur, de-
pending on the degree of iron oxidation, ground-
water chemistry, and microbial activity. Detailed
geochemical and mineralogical characteristics are
imperative for long-range predictions of the reac-
tive iron wall performance on water treatment be-
cause the surface coating materials reduce the ef-
fectiveness of the zero-valent iron media.
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23>2381J) and chlorinated organic compounds (COCs) such
as trichloroethene (TCE), trichloroethane (TCA), and
dichloroethene (DCE) isomers. A commonly-used method
for remediating groundwater contaminated with COCs is
called “the pump-and-treat technology”, which pumps
water from the ground and treats it ex situ. After pump-
ing, conventional separation technologies for removing
uranyl carbonate complexes and the pertechnetate anion
include anion exchange resins or coprecipitation by fer-
rous sulfate and sodium hydroxide treatment (Lee and
Bondietti 1983). However, such chemical treatment not
only generates secondary wastes but also leaves chemicals
(Na™, SO%) in the treated waters.

Use of barriers filled with reactive media such as zero-
valent metals to clean contaminant plumes is an emerg-
ing technology for in situ and ex situ remediation of con-
taminated groundwaters (Matheson and Tratnyek 1994).
The reactive media degrade, sorb, or precipitate chlori-
nated solvents, metals, radionuclides, and other pollu-
tants as the contaminant plume flows through the treat-
ment wall. Zero-valent iron (Fe®) is the leading treatment
medium to dechlorinate halogenated hydrocarbons (Gill-
ham and O’Hanneisin 1994; Orth and Gillham 1996;
Liang and others 1997; Roh and others 2000a), and to
precipitate heavy metals (Powell and others 1995) and ra-
dionuclides (Cantrell and others 1995; Roh and others
1996; Roh and others 2000b). Other media that can be
used in treatment walls include zeolites and activated
carbon, which sorb and entrap contaminants on the bar-
rier surface, and limestone, which neutralizes acidic, lead-
contaminated groundwater and traps lead in the barrier

Many US Department of Energy sites have problems as-
sociated with wastewater and groundwater plumes con-
taining unacceptable levels of radionuclides (e.g. *°Tc,

(Morrison and Spangler 1993; Haggerty and Bowman
1994; Environmental Protection Agency 1996).

Several types of geochemical reactions, such as iron cor-
rosion, redox reactions, sorption, and precipitation, can
occur in this reactive permeable wall. The geochemical
changes in reactive media, depending upon the inorganic
characteristics of the water, can result in the formation of
iron oxides, carbonate minerals, and other solid phases.
Precipitates formed within the reactive media can, over
time, fill the pore spaces, thereby reducing the permeabil-
ity. Precipitates also adhere to the Fe® surfaces, blocking
the reaction sites and thus reducing the reactivity of the
Fe®. This study characterizes corrosion products in a
reactive Fe® barrier under varying conditions such as
groundwater chemistry (i.e. alkalinity, pH, etc.) and types
of contaminants in the field and laboratory.
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Materials and methods

Materials used as a reactive media
Reactive media used for TCE dechlorination and uranium
immobilization in the laboratory were mineralogically
characterized, and geochemical changes in the influent
and effluent waters were determined. Three separate
boro-silicate glass columns (2.0-cm diameter and 35-cm
long) were filled with 10-cm long Cercona Fe® foam,
Master Builder Fe? filings, and Peerless Fe filings. Direct
current (30 V, 0.05 A) and without direct current applica-
tion were also used to treat groundwater contaminated
with radionuclides and TCE. The direct current applied
on the iron-based reactive wall controls the oxidation
rate of the iron as electrons transverse an external circuit
to a Fe® cathode, where they engage in reductive immo-
bilization of radionuclides and reductive TCE dechlorina-
tion (Roh and others 2000a,b).
Effluent waters and reactive media used at two sites, the
X-625 groundwater treatment facility at the Portsmouth
Gaseous Diffusion Plant in Portsmouth, Ohio and the Y-
12 Plant in Oak Ridge, Tennessee, were characterized for
field study. The X625 groundwater facility was con-
structed to evaluate ex situ reactive iron barriers with
Master Builder or Peerless iron filing for remediating
TCE-contaminated groundwater (Liang and others 1997).
In addition, the Bear Creek Valley treatability study at
the Y-12 site in Oak Ridge was designed to remediate ra-
dionuclide-contaminated groundwater using ex situ reac-
tive iron barrier walls with Master Builder or Peerless
iron filings (Science Applications International Corpora-
tions 1998).
The characteristics of the reactive Fe® barrier media used
for the laboratory and field study are summarized in Ta-
ble 1. These Fe® media are inexpensive and the most used
materials that have shown encouraging results in remov-
ing contaminants from groundwater (Matheson and Trat-
nyek 1994; Liang and others 1997; Roh and others
2000a,b).

Geochemical and mineralogical characterization
The chemical parameters of the influent water for the
two field studies are summarized in Table 2 (Liang and
others 1997; Science Applications International Corpora-
tions 1998). The major aqueous components of radionu-
clide-contaminated water from the Y-12 site are bicar-
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bonate, sulfate, and calcium (Ca), which reflect inputs
from the underlying carbonate strata of the contaminated
site, S-3 pond (Science Applications International Corpo-
rations 1996). The Portsmouth X-625 and Y-12 water has
pH values of 6.1-6.2 and 5.5-5.7 respectively. The alkalin-
ity ranged from 83 to 85 mg/l in the X-625 water and
from 300 to 500 mg/l in the Y-12 water. The dissolved
oxygen varies from 0.2 to 5 mg/l and Fe®* ranged from
0.3 to 0.6 mg/l in the X-625 water. The Portsmouth X-625
water is contaminated with TCE (150-200 pg/l) and the
Y-12 water is contaminated with mainly uranium

(~2 pCi/l). The X625 water has much less Ca, Na, and al-
kalinity than the Y-12 water, but the X-625 water has a
slightly higher pH than the Y-12 water.

Chemical parameters monitored in the effluent following
passage at the contaminated water through a reactive
barrier included pH, dissolved oxygen, ferrous ion, alkal-
inity, and sulfate ion for field and laboratory observa-
tions. Effluent water from both Fe® filing and foam co-
lumns was collected directly into glass bottles or with-
drawn by attaching a 5-ml glass syringe to prevent oxida-
tion of dissolved iron in the treated water. Effluent pH
was determined using an Orion model 920A pH meter
equipped with an Orion combination electrode (Orion
Inc., Boston, MA). Dissolved ferrous ion was determined
using FerroVer iron reagent and sulfate concentration
was determined with the methylene blue method (Hach
DR/2000 Spectrophotometer Handbook, Loveland, CO).
Dissolved oxygen was measured by using self-filling am-
poules for colorimetric analysis from CHEMets (CHEMe-
trics, Inc., Calverton, VA). Alkalinity was determined by
titration. The analytical precision for Fe**, SO;~, and dis-
solved oxygen were +0.006, +0.003, and 0.002 mg/l
respectively.

The immobilization of radionuclides by Fe® was con-
ducted in the laboratory using either uranyl carbonate
and pertechnetate solutions that were diluted with tap
water or the uranium-contaminated Y-12 water (Table 3).
Gamma activity of the ?>*U and **™Tc isotopes in the so-
lutions was determined using a high purity intrinsic ger-
manium gamma-ray detector equipped with a Nuclear
Data Model 6700 microprocessor programmed in 4096
channels (Cutshall and Larsen 1980). The counting error
(20) was kept at <2% for all solutions.

The dechlorination of TCE by Fe® was determined in the
laboratory using simulated groundwater that has a com-

Table 1
Reactive Fe® media used for treatment of contaminated waters
Reactive Fe® Medium Size Compositions Mineralogy
Master Builder Fe® Filing 40 mesh ~95% Fe® and carbon, Zero-valent iron (Fe?),

and 5% other metals and silicon
~86% Fe® 3-4% carbon,

3% silicon, and other metals
92-94% Fe® balanced

with aluminosilicate
(A1,05:2Si0,)

Peerless Fe” filing +8 to 50 mesh

Cercona Fe® Foam +2 to 8 mesh

magnetite (Fe;O,)
Zero-valent iron (Fe?),
magnetite (Fe;0,)
Zero-valent iron (Fe?),
magnetite (Fe;0,),
hercynite (FeAL,O,)
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Table 2
Chemical composition in influent and effluent streams of the reactive barrier used in the field. nd Not determined
Parameter X625 water, Portsmouth GW-837 water, Y-12 Plant,
Gaseous Diffusion Plant, OH Oak Ridge, TN
Influent® Effluent® Influent* Effluent®
Dissolved oxygen (mg/1) 0.2-5 <0.1 nd nd
pH 6.1-6.2 6.9-7.3 5.6-5.7 6.9-7.5
Eh (mV) 400 -200- -400 420 0-200
Anions (mg/l)
Alkalinity 83-85 50-270 300-500 50-100
Sulfate 400 150 461 461
Dissolved metals (mg/l)
Calcium 21.3 nd 1681 nd
Fe(II) 0.3-0.6 55-125 14.3 17-250
Magnesium 13.3 nd 158 nd
Potassium 1.7 nd 42 nd
Sodium 18.7 nd 705 nd
Contaminants
Uranium (pCi/l) nd nd 2.1-2.9 0.002-0.1
TCE (ng/l) 150-200 <2 nd nd
* Annual Report for 1997 Groundwater Monitoring Quarterly " Values and value ranges of more than five samples analyzed
Sampling Results from Portsmouth Gaseous Diffusion Plant, ¢ Science Applications International Corporations (1996)

Ohio, and Liang and others (1997)

Table 3
Chemical composition in influent and effluent streams of the reactive barrier used in the laboratory. DO Dissolved oxygen
Parameter Simulated ***U-and Y-12 water Simulated TCE
mTc_contaminated water® contaminated water®

influent effluent influent effluent influent effluent

DO (mg/l) 4-5 <0.01 3-5 <0.01 4-5 <0.01

pH 5.2 7.5-9.0 5.6-5.7 6.5-7.5 6.2 7.0-8.7

Eh (mV) 400 -50-400 420 0-400 430 0-200

Fe(II) <0.01 100-150 14.2 75-120 <0.01 1.5-15

Contaminants

Tc-95m (mg/l) 2.92E-9 BDL¢

U-235 (mg/l) 7-2500 <25 2.1-2.9 BDL

TCE (pg/l) 150-3200 <2-750

* Values and value ranges of more than five samples analyzed ¢ Simulated Portsmouth water

b Simulated water using tap water 4Below detection limit

position similar to that of the Portsmouth Gaseous Diffu- groundwater treatment were opened and media used
sion Plant (Table 3). Samples for TCE and byproducts were sampled for morphological and mineralogical char-
were collected from the influent and effluent lines using a acterization. Portions of the column materials were used
5.0-ml glass syringe. The aqueous samples were injected  for the characterization of precipitated materials, corro-
into a purge-and-trap concentrator (Teker 3000, Tekmar, sion products, and contaminant phases. Precipitates in
Cincinnati, OH) and then analyzed for reaction bypro- the treated water were collected from treated water be-
ducts by gas chromatography (GC) (HP-5890 Series II, fore and after aging by filtration with 0.45-um Millipore
Hewlett-Packard, Wilmington, DE) equipped with a flame filters. Precipitates on Fe® were isolated by sonification

ionization detector (FID) and a 0.53-mm capillary co- (~30 min) in acetone, filtered using a Millipore filter
lumn (DB624, J&W Scientific, Folsom, CA). The method (<0.45 pm), and used for mineralogical characterization.
detection limit (MDL) for chlorinated organic com- Mineralogical characterization of the precipitates was per-

pounds, as determined by the US EPA method (Environ- formed using (1) X-ray diffraction (XRD) using Scintag
mental Protection Agency 1988), was 0.005 mg/l for TCE. ~ XDS 2000 diffractometer (Scintag Corporation, Sunnyvale,
For the field and laboratory study, columns used for CA) at 45kV, 40 mA, and (2) JEOL-JSM35CF scanning
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electron microscopy (SEM) with energy dispersive X-ray
(EDX) analyzer (Tokyo, Japan).

Results and discussion

Iron hydroxide precipitation

A potential limitation of the reactive iron barrier is the
deterioration of the Fe materials by corrosion and sub-
sequent precipitation of minerals that may cause cemen-
tation and decreased reactivity and permeability of the
Fe® barrier. When the treatment column or reactor was
opened after TCE dechlorination and radionuclide immo-
bilization experiments in the laboratory and the field, Fe®
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filings and sand filters on the top of the columns were
covered by crystalline and amorphous iron hydroxides.
The SEM micrograph of Master Builder Fe® filings used
for dechlorination at the Portsmouth site revealed that
the Fe® was covered with Fe (hydr)oxides (Figs. 1a,b).
The SEM with energy dispersive X-ray analysis of the
Master Builder Fe° used for immobilization of radionu-

Fig. 1
Scanning electron micrograph of the reactive Fe® barrier used
at (a) the Portsmouth site and at (c) the Y-12 site. EDX
analyses of the reactive iron barrier used at (b) the Portsmouth
site and at (d) the Y-12 site. (e) XRD analysis of amorphous
iron oxides formed from Fe? filing used at the Portsmouth and
Y-12 site
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clides at the Y-12 site revealed that the Fe® was covered
with Fe (hydr)oxides (Figs. 1¢,d) and uranium precipi-
tates (Fig. 1d). XRD analyses of the iron corrosion prod-
ucts recovered by sonification at the Portsmouth and Y-
12 sites showed that corrosion products are X-ray amor-
phous (Fig. le).

Considerable concentration of Fe** by Fe® corrosion
(Fe?* =17-250 mg/1) occurred when radionuclide-con-
taminated water from the Y-12 site and TCE-contami-
nated water from the X-625 water were treated with reac-
tive iron barriers in the field (Table 2). The contaminants
of concern (e.g. radionuclides and chlorinated organic
compounds) are easily removed and dechlorinated from
the contaminated water (Tables 2 and 3) by means of
iron oxidation and electron and proton transfer. The Fe®
corrosion is expected as the stability field of Fe® lies be-
low the water redox line (Pourbaix 1973), indicating that
Fe® should oxidize in the presence of water (reactions 1,
2) (Matheson and Tratnyek 1994).

Fe®=TFe?* +2e"
Fe®+2H,0=Fe** +H,+20H"

(1)
(2)

The corrosion of Fe and the pH increase leads to precipi-
tation of Fe(OH), (reactions 3).

Fe®+2H,0=Fe(OH),+2H " +2e~
(precipitation of Fe hydroxide)

(iron oxidation)

(iron oxidation)

(3)

Oxidation of Fe® can proceed along several reaction path-
ways (Schwertmann and Cornell 1991). In reduced envi-
ronments at low temperature, Fe(OH), is stable, but is
predicted thermodynamically to convert to either magne-
tite or intermediate products (green rusts). The SEM mi-
crograph of the Master Builder Fe® filing used at Ports-
mouth revealed that the Fe hydroxide had a green rust
mineral morphology, pseudo-hexagonal form (Fig. 2a),
but XRD analyses could not confirm the presence of a
green rust mineral because of the trace amounts of this
mineral. Precipitates collected from the filtered effluents
of the TCE dechlorination experiments using Portsmouth
water and Peerless Fe’ in the laboratory showed a platy,
pseudo-hexagonal form as the Fe corrosion products
(Fig. 2b). During reductive dechlorination, most of the
chlorine is released as the chloride ion or combined with
Fe®* to precipitate out as amorphous Fe hydroxides
[Fel'Fe™(OH)sCl] and green rust I [Fe}Fe™(OH)4Cl]. The
SEM micrograph of Master Builder Fe® filing used at the
Y-12 site also showed the presence of a green rust miner-
al morphology (Fig. 2c), and XRD analyses confirmed the
presence of the hydrated sulfate form of green rust II
(Table 4).

Uranium is easily susceptible to reduction and coprecipi-
tation through oxidation of Fe® as shown in the following
reactions (Roh and others 1996; Roh and others 2000b)
because the uranyl cation (UOZ%) is redox sensitive in
the natural environment:

Fe®+1.5U02% + 6H* = Fe** +1.5U** +3H,0 (4)

Crystalline pyroaurite-like phases (green rust I, carbonate
form) were formed by coprecipitation of reduced U with
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Fe eroded from a sponge-like Fe® foam under direct cur-
rent during the remediation of the radionuclides, >*>***U
and *Tc, from contaminated waters (Fig. 2d, Table 4).
Synthesis of pyroaurite-like phases through this electro-
chemical process is an effective approach to remediate
contaminated aqueous solutions. The formation of a well-
crystallized waste product is fortuitous because the solu-
bility of crystalline products is expected to be much low-
er than that of an amorphous phase, thereby immobiliz-
ing the entrapped contaminants more effectively.

The green rusts (pseudo hexagonal form) and magnetite
contain Fe** and Fe’* in the structure whereas other Fe
(hydr)oxides have only Fe®*. The freshly-precipitated fer-
rihydrite reacts with excess Fe?* in the system, which in-
duces the hydrolysis of Fe’>* and leads to the formation
of green rusts (Schwertmann and Cornell 1991; Hansen
and others 1994). Green rust is a reductant capable of re-
ducing heavy metals and radionuclides (Myneni and oth-
ers 1997). Synthetic or natural materials of similar crystal
structure are likely able to reduce nitrate and heavy me-
tals under abiotic conditions, although these reactions are
generally quite slow (Hansen and others 1996).

Iron metal can be transformed into green rusts such as
[Fe,(OH)¢Cl nH,0], [Fes(OH);,][CO5; nH,0], and
[Fe,(OH),SO, nH,0] in moderately neutral solutions
(6.5<pH <8.0) and is passivated by Fe oxides (Odziem-
kowski and others 1998) or transformed into hydrated
forms of ferrous/ferric iron oxides, as shown in the fol-
lowing reactions:

3Fe(OH),(s) =Fe;04(s) + Hy(g) +2H,0 + 2e~
(transformation into magnetite) (5)
4Fe(OH),(s) + Cl-=Fei'Fe™(OH)sCl + e~
(transformation into green rust I) (6)

6Fe(OH),(s) + CO2™ + 2H,0 = [Fe'Fe["(OH) ]
[CO;:2H,0] +2e~ (transformation into green rust I) (7)

6Fe(OH)2(S) + SO4_ + 2H20 = [FeiIFezIH(OH)lzl [804 ‘ 2H20]
+2e” (transformation into green rust II) (8)

Green rusts as an intermediate product during the hydro-
lytic oxidation of Fe®* solutions often transform to
FeOOH (Olowe and Genin 1991). Green rusts convert to
goethite («-FeOOH), lepidocrocite (y~-FeOOH), maghem-
ite (Fe,03), or magnetite (Fe;0,), depending on the rate
of oxidation and dehydration (Myneni and others 1997).
SEM and XRD analyses of the Peerless and Master Build-
er Fe’ filings used at the Portsmouth site revealed the
presence of lepidocrocite (y-FeOOH) (Table 4) and goe-
thite (a~FeOOH) with irregular platy- or spherical-
shaped amorphous iron hydroxides (Fig. 2f). The crystal-
line Fe minerals are believed to have been transformed
from the amorphous Fe hydroxides, but when is not
known. Dome-shaped Fe (hydr)oxide crusts were com-
monly observed on the Master Builder Fe® filing samples
used at Portsmouth site (Fig. 2e,f), whereas lepidocrocite
and goethite were predominant as precipitates on the
Master Builder Fe® filing used at the Y-12 site. X-ray dif-



Fig. 2
Scanning electron micrograph: (a) green rust formed from
Peerless Fe® filing used at the Portsmouth site, (b) green rust
formed from Peerless Fe® filing during electrochemical
dechlorination of TCE, (c) green rust formed from Master
Builder Fe® filing used at the Y-12 site, and (d) green rust
formed from Cercona Fe® foam during electrochemical
immobilization of radionuclides. Scanning electron micrograph
of (e) iron hydroxide formation from dome-shaped iron
(hydr)oxides, (f) goethite formation with micropore
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fraction analyses confirmed the presence of iron hydrox-
ide, including goethite, at the Portsmouth and Y-12 site
(Table 4).

Iron metal is predicted to transform into Fe hydroxide
(FeOOH) in the presence of alkaline solutions (pH>8.0)
(Olowe and Genin 1991; Schwertmann and Cornell 1991;
Drissi and others 1995; Genin and others 1996; Refait and
others 1997; Simon and others 1997) as shown in the fol-
lowing reaction:
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Table 4
Summary of the reactive iron barrier experiments in the field and laboratory
Contaminated waters ~ Operation Reactive Fe® media Flow rate Mineralogy
period
Ex situ field study
X-625 water, 6 months Peerless Fe” filing, 11.34 ml/min Amorphous Fe (hydr)oxides, goethite, magnetite,
Portsmouth site, Master Builder Fe® akageneite, lepidocrocite, green rust I (chloride
Portsmouth, OH filing form), iron sulfide, sulfur
GW-837 water, Y-12 2 months Master Builder Fe® 2 ml/min Amorphous Fe (hydr)oxides, goethite,
site, Oak Ridge, TN filing lepidocrocite, green rust I (carbonate form),
green rust II (sulfate form), magnetite,
akageneite, aragonite, calcite, siderite
Laboratory study
without direct current
Simulated Portsmouth 3 days Peerless Fe® filing, 4 ml/min Amorphous Fe (hydr)oxides, green rust I
TCE-contaminated Master Builder Fe® (chloride form)
water filing
U- and Tc-contaminated8 h Cercona Fe® foam 6.2 ml/min Amorphous Fe (hydr)oxides
water simulated with
tap water
GW-837 water, Y-12 3 days Peerless Fe’ filing 2 ml/min Amorphous Fe (hydr)oxides, calcite, siderite
Site, Oak Ridge, TN
Laboratory study with
direct current
TCE-contaminated 3 days Peerless Fe® filing 4 ml/min Amorphous Fe (hydr)oxides, green rust I
water simulated with (chloride form)
tap water
U- and Tc-contaminated8 h Cercona Fe® foam 6.2 ml/min Amorphous Fe (hydr)oxides, green rust I
water simulated with (carbonate form)
tap water
GW-837 water, Y-12 3 days Peerless Fe® filing 2 ml/min Amorphous Fe (hydr)oxides, green rust II

site, Oak Ridge, TN

(sulfate form)

Fe(OH),(s)=FeO(OH)+H™* +e~
(transformation into iron hydroxides)

9)

If this reaction occurs on the surface of the iron barrier,
these surface coating materials could limit access of the
contaminants to the Fe® surface for reductive dechlorina-
tion and coprecipitation. The precipitates also block the
pore spaces between iron particles. This may result in the
appearance of daughter products of incomplete dechlori-
nation and unreacted radionuclides appearing in the ef-
fluent after the reaction period of the treatment.

Calcium carbonate, iron carbonate, and iron

sulfide precipitation
The chemical composition of the contaminated ground-
water controls the mineralogy of the precipitates in the
reactive iron barrier. The alkalinity decrease in the Y-12
site water (Table 2) suggests the precipitation of ferrous
carbonate (siderite) and Ca-carbonate (aragonite and cal-
cite). These geochemical changes can result in precipita-
tion on the reactant surfaces. Waters high in carbonate,
such as the Y-12 site, result in a significant buildup of
calcite (Fig. 3a) and siderite (Fig. 3c, Table 4). Waters
high in carbonate may result in significant buildup of
calcite (CaCO;) or siderite (FeCO;) (Blengino and others
1995). Depending on the chemical composition of the
groundwater, such minerals including aragonite have
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been precipitated (Fig. 3b, Table 4). The presence of sul-
fate and magnesium in the influent water at the Y-12 site
(Table 2) promoted the formation of aragonite rather
than calcite (Berner 1975). The carbonate coatings on the
reactive Fe® surface could prevent adsorption and preci-
pitation of the reducible radionuclides from the contami-
nated water, especially in limestone aquifers such as the
Y-12 site (Science Applications International Corpora-
tions 1996).

Iron corrosion produces OH™ ions that increase pH (Ta-
bles 2 and 3) and react with dissolved carbonic acid and
bicarbonate species in the groundwater to produce car-
bonate ions:

HCO3+OH™=CO05;™ +H,0()

(10)
(11)

Fig. 3
Scanning electron micrograph of (a) calcite and (b) aragonite
formed on Fe® filing used at the Y-12 site, and (c) XRD analysis
of siderite (s) formed from Fe® filing used at the Y-12 site iron
barrier. Scanning electron micrograph of (d) mackinawite and
(e) sulfur formed on Fe® filing used at the Portsmouth site, and
(f) XRD analysis of mackinawite (m) formed from Fe® filing
used at the Portsmouth site
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Buildup of carbonate ions eventually results in the preci-
pitation of carbonate solid species:

Ca**(aq)+CO3 =CaCOs(s) (12)
Ca’*(aq) + HCO3(aq) =CaCOs(s)+H ™ (13)
Fe?* (aq) + CO3~ =FeCOs(s) (14)
Fe?*(aq) + HCOs(aq) =FeCO5(s)+H* (15)

Both Fe? filings used at the Portsmouth site were dark in
color and did not have the metallic sheen of the unused
materials. X-ray diffraction analyses of the coated preci-
pitates on the Fe filings (Fig. 3f) separated by sonification
showed that iron sulfide (mackinawite, FeS,_,) precipi-
tated in the Fe® filing during the TCE-contaminated
groundwater treatment. The decrease in sulfate concen-
tration at the Portsmouth site (Table 2) is attributed to
microbial activity of the sulfate-reducing bacteria because
iron sulfide was formed as a result of microbial reduction
of SOZ (Gu and others 1999). The occurrence of sulfate-
reducing bacteria can thereby affect the mineralogy of the
precipitates in the reactive iron barrier. Sulfate-reducing
bacteria were detected in the water samples collected
from the treatment trains and in the iron filing used
from the canisters at the Portsmouth site (Liang and oth-
ers 1997). Therefore, Fe sulfide, mackinawite, may be pre-
cipitated (Figs. 3d,f) via the occurrence of sulfate-reduc-
ing bacteria and Fe oxidation (McNeil and Little 1990).
Pyramidal sulfur crystals (Fig. 3e) were formed through
sulfate reduction by the action of sulfur-forming bacteria
as reported by Hurlbut and Klein (1985). The sulfate-re-
ducing bacteria normally influence the corrosion of me-
tals (Hamilton 1985; Lee and others 1993):

SO +8H™* +8e~=S* +4H,0 (16)
(cathodic depolarization reaction by sulfate-reducing
bacteria)

4Fe®+ SOZ +4H,0 =FeS + 3Fe(OH), + 20H" (17)

(Fe sulfide precipitation)

A potential negative consequence of bacteria is biofouling
because the proliferation of bacteria in an improperly de-
signed reactive barrier could reduce the hydraulic con-
ductivity of the barrier, thereby hindering the flow of
groundwater through it (Weathers and others 1997).

Effect of precipitates on iron wall performance
It has been proven that Fe oxidation is one of the main
mechanisms of reductive dechlorination of TCE and im-
mobilization of reducible toxic metals and radionuclides
(Matheson and Tratnyek 1994; Roh and others 2000a,b).
However, the role of the Fe hydroxide surface film
formed by the hydrolysis of the oxidized Fe on the de-
chlorination rate of TCE and coprecipitation rate of the
heavy metals and radionuclides are not very well under-
stood. There is uncertainty over how to incorporate the
kinetics of the oxide film growth on the metal surface
with the kinetics of dechlorination, adsorption, and co-
precipitation. The long-term performance is still an issue
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because iron oxidation will be slowed with time as a re-
sult of the passivation of the surfaces by increasing thick-
ness of inorganic surface layers.

Flow through the reactive Fe® barrier at the Portsmouth
X-625 facility was relatively stable during the first month
[3 gpm (gallons per minute)], but flow through the Mas-
ter Builder Fe® filing train started to decrease from <1
to 0.3 gpm after ~2 months operation (Liang and others
1997). Flow through the Peerless Fe® treatment train was
relatively stable in comparison with that of the Master
Builder Fe® treatment train because there appears to be a
decreasing trend in flow-through after ~5 months opera-
tion in the Master Builder Fe® treatment train (Liang and
others 1997). The apparent decrease in flow rate is attri-
buted to the precipitation of Fe (hydr)oxides, sulfides
and carbonates, thereby reducing pore spaces available
for water flow (Figs. 1 and 2; Table 4).

According to Liang and others (1997), at the system
start-up phase with both Fe® barriers at the Portsmouth
site, TCE removal was rapid: the half-life of TCE dechlo-
rination has <19 min for Peerless Fe filing and 10 min
for Master Builder Fe® filing until approximately 45 pore
volumes of water were treated. The half-life of TCE de-
chlorination in Peerless Fe? filing trains more than doub-
led (43.4 min) when 144 to 562 pore volumes of water
were treated. The half-life of TCE dechlorination in Mas-
ter Builder Fe® filing increased to 43.5 min after 326 pore
volumes of water were treated. The changes in degrada-
tion characteristics with time are attributed to (1) reduc-
tion in Fe surface reactivity caused by passivation of Fe®
by precipitates, including Fe (hydr)oxides and Fe sulfides
(Table 4), and (2) alternation of flow paths through Fe
filings as a result of precipitation and cementation

(Fig. 4). Flow rates at Y-12 sites were not changed for the
2-month trial and there is no dissolved uranium detected
in the treated water (Science Applications International
Corporations 1998). However, the flow rates and effec-
tiveness of the reactive iron barrier at Y-12 are expected
to change with time because of expected calcium carbon-
ate and iron (hydr)oxides formation.

The effect of these precipitates in reactive barrier over
the lifetime of an in situ field installation is not fully un-
derstood, but column clogging in an ex situ field opera-
tion and lab studies has been observed. Thus, successful
application of this reactive barrier requires a detailed
characterization of the contaminants, groundwater chem-
istry, groundwater flux, and subsurface geology. Periodic
sampling of the influent and effluent for the contami-
nants of interests, plus monitoring of flow rates and sys-
tem back-pressure are needed to evaluate the system op-
eration. Studies for ways of controlling Fe corrosion and
precipitation are needed because the discharge of soluble
Fe from the permeable reactive barrier may affect the hy-
draulic conductivity of the soil and sediment downgra-
dient of the treatment system.



Fig. 4
(a,b) Polished cross section showing surface coating of iron
hydroxides and aragonite on Fe® filings used at the Y-12 site.
Polished cross section showing surface coating of surface
coating on (c) Peerless Fe® filings and (d) Master Builder Fe®
filings used at the Portsmouth site

Conclusions

The principal corrosion products of Fe in reactive Fe°
media are amorphous iron (hydr)oxides, intermediate
products (green rusts), and hydrated forms of ferric ox-
ides such as akaganeite (8-FeOOH), goethite (a~FeOOH),
lepidocrocite (y-FeOOH). Other minerals such as calcite,
aragonite, siderite, mackinawite, and elemental sulfur also
precipitated on the surface of reactive media. The forma-
tion of a well-crystallized, U-containing green rust phases
is fortuitous because the solubility of crystalline products
are expected to be much lower than that of an amor-
phous (Fe oxide) phase, thereby immobilizing the entrap-
ped contaminants more effectively. However, the precipi-
tates including iron oxides, carbonates, and iron sulfides
in reactive iron barriers block the pore spaces between
iron particles. This may result in the appearance of
daughter products of incomplete dechlorination and un-
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reacted radionuclides appearing in the effluent after the
reaction period of the treatment.

Many factors contribute to the mineralogy of the precipi-
tates including (1) contaminants in the groundwater; (2)
chemical composition of the groundwater; and (3) occur-
rence of sulfate-reducing bacteria. The observed morpho-
logy of the reactor bed fragments indicates that the re-
duction of flow rate and reactivity was caused by the
buildup of precipitates on Fe® surfaces. Thus, successful
application of this reactive barrier requires a detailed
characterization of the contaminants, groundwater chem-
istry, and subsurface geology. In addition to periodic
sampling of the influent and effluent for the contami-
nants of interests, monitoring of flow rates would also be
needed to evaluate system operation.
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