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a b s t r a c t

Ground water flow and geochemical reactive transport models were used to assess the effectiveness of
five strategies used to limit fouling and to enhance the long-term hydraulic behavior of continuous-wall
permeable reactive barriers (PRBs) employing granular zero valent iron (ZVI). The flow model accounted
for geological heterogeneity and the reactive transport model included a geochemical algorithm for sim-
ulating iron corrosion and mineral precipitation reactions that have been observed in ZVI PRBs. The five
strategies that were evaluated are pea gravel equalization zones, a sacrificial pre-treatment zone, pH
adjustment, large ZVI particles, and mechanical treatment. Results of simulations show that installation
of pea gravel equalization zones results in flow equalization and a more uniform distribution of residence
ouling

eactive transport
eterogeneity
esidence time

times within the PRB. Residence times within the PRB are less affected by mineral precipitation when
a pre-treatment zone is employed. pH adjustment limits the total amount of hydroxide ions in ground
water to reduce porosity reduction and to retain larger residence times. Larger ZVI particles reduce poros-
ity reduction as a result of the smaller iron surface area for iron corrosion, and retain longer residence
time. Mechanical treatment redistributes the porosity uniformly throughout the PRB over time, which is

eside
effective in maintaining r

. Introduction

The permeable reactive barrier (PRB) is an in situ remediation
echnology where contaminated ground water is treated passively
s it flows through a reactive medium. Most PRBs use granular zero
alent iron (ZVI) to create redox conditions that result in degra-
ation or immobilization of chlorinated solvents and herbicides,
eavy metals, and radionuclides [1,2]. These redox conditions also
romote precipitation of secondary minerals from ions typically in
round water (and some contaminants as well), a process referred
o as fouling [3–7].

Laboratory column tests and field studies of PRBs containing
VI have shown that the pH rises quickly near the entrance face
nd then levels off in the range of 9–10 [6–8]. Li et al. [16] reviewed
he types and quantities of secondary minerals formed in PRBs and
ound that the most common minerals are magnetite, hematite,
oethite, lepidocrocite, calcite, aragonite, siderite, green rust, fer-

ous hydroxide, ferrous sulfide, and marcasite. Calcium carbonates
nd siderite typically are found near the entrance face of a PRB,
hereas magnetite, ferrous hydroxide, green rust and iron oxyhy-
roxides form throughout a PRB [3,8–11].

∗ Corresponding author. Tel.: +1 601 979 1092; fax: +1 601 979 4045.
E-mail addresses: lin.li@jsums.edu (L. Li), chbenson@wisc.edu (C.H. Benson).
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Fouling can cause porosity reductions in PRBs and reductions in
hydraulic conductivity [5]. Variability in flow velocities due to geo-
logical heterogeneity can exacerbate the effects of fouling. These
reductions in reactivity, porosity, and hydraulic conductivity of the
ZVI cause reorientation of flow paths, changes in flow rate, seep-
age velocity, and residence times, and deterioration of treatment
efficiency [12–15].

Porosity reductions caused by precipitation of secondary miner-
als generally are estimated based on volumes of secondary minerals
observed in cores or based on stoichiometric calculations using
measured changes in aqueous concentrations. A review of poros-
ity reductions for eight PRBs reported by Li et al. indicates that the
porosity reduction ranges from 0.0007 to 0.03 per year and depends
on in situ geochemistry and flow condition [16]. The porosity reduc-
tion typically is greatest near the entrance face and then diminishes
with distance into the PRB. For example, Wilkin et al. report that the
porosity of the iron medium in the PRB at the US Coast Guard Sup-
port Center (Elizabeth City, NC) decreased by 0.032 within 25 mm
from the entrance face after 8 years operation. However, 80 mm
into the iron medium, the porosity reduction diminished to less

than 0.00002 [6].

Field data also suggest that the accumulation of secondary
minerals exhibits spatial variability in response to variations in geo-
chemistry and flow rate. Morrison collected 70 cores from a PRB
at Monticello, Utah and conducted solid-phase analyses to deter-
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http://www.elsevier.com/locate/jhazmat
mailto:lin.li@jsums.edu
mailto:chbenson@wisc.edu
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ine the spatial distribution of solid-phase Ca, U, and V. Contour
aps of the solid-phase concentrations show that greater precip-

tation occurred in zones near the middle and edges of the PRB
nd that mineral precipitation penetrated deeper into the PRB in
hese regions. For example, 0.25 m from the entrance face, the
olid-phase concentration of Ca varied between approximately 15
nd 45 g/kg, solid-phase U varied between approximately 70 and
00 mg/kg, and solid-phase V varied between approximately 85
nd 460 mg/kg, with the highest concentrations near the center-
ine of the PRB and edges and the lowest near the quarter points
17].

In many applications, PRBs employing ZVI are expected to last
ecades. Thus, considerable interest exists regarding strategies to

imit fouling and its impact on long-term performance of PRBs [10].
ive proposed are evaluated in this paper: (i) pea gravel equaliza-
ion zones up gradient and down gradient of the reactive zone to
qualize flows [4,18], (ii) placement of a sacrificial pre-treatment
one upstream of the reactive medium [17,19], (iii) pH adjustment
3,19], (iv) use of larger ZVI particles [3], and (v) periodic mixing
f the ZVI to break up and redistribute secondary minerals [10,20].
able 1 summaries the five strategies proposed to address fouling
n the long-term performance of PRBs and their related laboratory
tudies and field applications.

The intent of this study was to identify five strategies to limit the
mpact of fouling on hydraulic performance of PRBs. The emphasis
s on PRBs containing granular zero valent iron (ZVI) as the reactive

edium, although the principles that were used could be adapted
or other media. Developing a comprehensive geochemical reac-
ive transport model was not an objective of this study, nor was
dentifying the underlying geochemical reactions and mechanisms
hat may contribute to mineral fouling. These issues have been
ddressed in other field, laboratory, and modeling studies.

.1. Pea gravel equalization zones

Spatial variability in aquifer hydraulic properties has been
hown to affect the distribution of flows in PRBs and the rate and
istribution at which minerals precipitate in pores [18]. In specific
eld groundwater chemistry and flow velocity condition, regions
ith high flow rates may not show significant pH increases and
ore mineral precipitation [7]. For simplified, this study assumes

hat regions with high flow rates tend to accumulate minerals more
uickly and foul more rapidly than regions where flows are slower
nder same geochemistry condition [18]. These regions of more
apid mineral accumulation can be minimized or eliminated when
ows in the PRB are equalized. One strategy to equalize flows is to

nstall pea gravel zones along the up gradient and down gradient
aces of the ZVI [18].

Pea gravel zones have been used in several field PRBs [4,21,22],
ut their effectiveness is largely undocumented. A modeling study
hows that pea gravel zones improve connectivity of permeable
quifer facies and exacerbate preferential flow through the PRB, but
educe the effects of flow heterogeneity [23]. Although the gravel
s very permeable, the flow rate and residence time in the gravel is
ontrolled by PRB or surrounding aquifer [23]. Benner et al. [24] also
how that pea gravel equalization zones result in smaller residence
imes and redistribute flow from their modeling study.

.2. Sacrificial pre-treatment zone

Pre-treatment zones consisting of a mixture of nearly inert gran-

lar material (e.g., sand or gravel) and ZVI have been used as
acrificial regions where pH and redox conditions can change and
econdary minerals can form before ground water enters the reac-
ive zone of a PRB [25]. For example, a 0.6-m-thick pre-treatment
one containing 13% ZVI and 87% gravel was installed along the
s Materials 181 (2010) 170–180 171

upstream face of the 1.2-m-thick 100% ZVI reaction zone in a PRB
at Monticello, UT, USA [17]. Similarly, a 0.6-m-thick mixing zone
with 10% ZVI and 90% coarse sand was placed upstream of the ZVI
reactive zone in the PRB at Dover Air Force Base, DE, USA [19].

Data collected after 32 months of operation suggest that miner-
als have formed in the pre-treatment zone of the PRB at Monticello.
Solid-phase Ca concentrations in the gravel-ZVI zone are double
those in the reactive zone (100% ZVI), and solid-phase U and V have
only been detected in the gravel-ZVI zone [17]. The pre-treatment
zone in the PRB at Dover Air Force Base removed all of the dissolved
oxygen (DO) and nitrate and most of sulfate after a 27-mo period.
The removal of DO, nitrate, and sulfate in the pre-treatment zone
is believed to limit mineral precipitation in the reactive zone [19].

1.3. pH adjustment

Because the formation of secondary minerals is favored when
the pH is elevated, controlling pH has been suggested as a means
to reduce fouling [3]. One technique is to add buffering materials
to the reactive medium that will release protons and decrease the
elevated pH caused by iron corrosion [3,19].

Mackenzie et al. [3] conducted laboratory column tests where
pH adjustment was attempted by blending 85% ZVI with 15%
FeS (by weight) throughout a laboratory iron column. Adding FeS
decreased the effluent solution pH by 1.0 after 165 pore volumes.
Profiles of calcium and carbonate concentrations in the columns
with and without FeS were similar over time, although the calcium
and carbonate concentrations were expected to be approximately
one order of magnitude higher in the column with the lower pH
based on equilibrium calculations. Porosity reductions estimated
from inorganic concentrations profiles and molar volumes were
similar in the columns with and without FeS. The pH at the iron sur-
face was unaffected by the bulk pH, and dominated precipitation
of minerals [3].

A mixture of 10% pyrite (FeS2) and 90% sand was placed up gra-
dient of the ZVI in the PRB at Dover Air Force Base for pH adjustment
[19]. The pyrite-sand mixture quickly removed DO, nitrate, and sul-
fate. The influent pH decreased by 1.0, but there was no effect on
the pH in the reactive (100% ZVI) zone. The pH increased to 10.7
in the 100% ZVI reactive zone, which is the same pH attained in
regions of the PRB without pH adjustment [19].

1.4. Large ZVI particles

Larger ZVI particles have smaller specific surface area (e.g., sur-
face area per volume), which should result in less corrosion [3].
Mackenzie et al. [3] report that iron columns permeated with
aerated ground water were quickly clogged by iron oxides. Mix-
ing larger ZVI particles (1.0–4.6 mm) with smaller ZVI particles
(0.4–1.0 mm) was attempted to minimize plugging in the front of
ZVI columns. Pressure buildup measured in the column containing
the mixing ZVI particles was only 25% of that at the column only
containing with small ZVI particles after 50 h of operation [3].

1.5. Mechanical treatment

Mechanical methods such as auger mixing and ultrasonic treat-
ment have been proposed to break up and dislodge mineral
precipitates [10]. Geiger et al. treated the PRB at Cape Canaveral Air
Station, FL, USA using two ultrasonic transducers inserted into the
ZVI at depths of 0.18–0.66 m [20]. With 30 min duration of 40 kHz

ultrasound or 90 min duration of 25 kHz ultrasound, mineral pre-
cipitates and corrosion products on the iron particles were partially
removed. TCE degradation rates of recovered iron particles, deter-
mined in the laboratory, increased by 21–67% compared to iron
particles before ultrasound treatment [20].
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Table 1
Strategies of limiting fouling from PRBs studies.

Strategy Description Laboratory studies, field applications,
references

Pea gravel equalization zones Adding pea gravel zones up gradient
and down gradient of the PRB

Moffett Federal Airfield, Mountain
View, CA [18], Y-12 Site, Oak Ridge, TN
[4].

Sacrificial pretreatment zone Mixture of sand or gravel and ZVI
placed in up gradient of the PRB

Former mill site, Monticello, UT [17],
Dover Air Force Base, DE [19].

pH adjustment Adjust pH in the PRB with pH buffering
materials (e.g., ferrous sulfide, pyrite)

Ferrous sulfide to adjust pH in
laboratory column [3], Pyrite (FeS2)
mixing with ZVI at Dover Air Force
Base, DE [19].
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that gas evolution can have an appreciable effect on the hydraulic
behavior of PRBs (e.g., Mackenzie et al. [3]; Kamolpornwijit et al.
[12]). Thus, gas evolution may exacerbate the effects predicted by
the model described herein.
Particle size adjustment ZVI with larger particle
of PRB

Mechanical treatment Mechanical break down
the ZVI

Although some of these strategies have been attempted in labo-
atory studies and field installations, no systematic study has been
onducted to date where the efficacy of these strategies is evalu-
ted or compared. In this paper, the effectiveness of each strategy
as evaluated in terms of its ability to limit fouling and the cor-

esponding impact on hydraulic behavior of PRBs using a reactive
ransport model that simulates geochemical reactions and fouling
n PRBs. The model was used to simulate flow and fouling in a PRB
ocated in an aquifer with a natural level of heterogeneity so as
o represent conditions that may occur during the service life of a
ypical PRB.

. Ground water flow and reactive transport modeling

Equilibrium and kinetic models have been used to simulate
eochemical processes and mineral formation in PRBs [26–29].
quilibrium models are used to estimate the aqueous species and
olid phases that exist in a state of thermodynamic equilibrium,
ut do not account for the rate at which the reactions occur and
enerally do not involve the movement of ground water. Kinetic
odels describe the rate at which geochemical reactions occur and

utput the aqueous and solid phase concentrations as a function
f time. However, the geochemical reactions need to be specified
y the user along with the reaction rate expressions and the rate
oefficients. Kinetic models are appropriate when flow rates are not
egligible relative to reaction rates. Reactive transport codes incor-
orating kinetic geochemical algorithms have been used by Mayer
t al. [29], Li et al. [28], and Jeen et al. [27] for simulating contami-
ant degradation and mineral precipitation in PRBs. Kinetic model
f Li et al. [28] was selected in this study to simulate geochemical
rocesses and mineral formation in PRBs.

The conceptual model is a horizontal PRB and a portion of
he surrounding aquifer (Fig. 1). The hydraulic conductivity of the
quifer is spatially variable to represent the heterogeneity inher-
nt in natural systems. The PRB is oriented perpendicular to the
rimary direction of ground water flow and is composed of ZVI
articles.

As ground water flows through the PRB, the iron is corroded
y dissolved oxygen (DO), water, nitrate, and sulfate, which ele-
ates the pH and causes secondary mineral precipitation. Iron
orrosion is assumed to produce ferrous iron (ferric iron is not
ncluded), because ferrous iron is more commonly observed in
eld studies [30–32]. Ground water is assumed to be in chemical
quilibrium (i.e., no reactions occurring) before entering the PRB.

o solid phases are carried into the PRB from inflowing ground
ater. Ground water flowing into the PRB is assumed to be in

hemical equilibrium and includes Fe2+, Ca2+, Mg2+, NO3
−, SO4

2−,
+, OH−, HCO3

−, CO3
2−, and dissolved O2. These dissolved species

re assumed to form six minerals in the PRB: aragonite or calcite
pstream Laboratory column study [3]

nerals in Cape Canaveral Air Station, FL [20].

(CaCO3), magnesite (MgCO3), siderite (FeCO3), ferrous hydroxide
(Fe(OH)2 (am)), ferrous sulfide (FeS (am)), and brucite (Mg(OH)2).
Ferrous hydroxide eventually may convert to magnetite (Fe3O4)
[33], but the transformation conditions are still in debate [34,35].
Consequently, the conversion was not included in the model.

Using only six minerals in the model is a simplification of the
actual geochemical environment, but is consistent with the formu-
lations used by Mayer et al. [29]. Developing a model that accurately
simulates all geochemical processes was not within the scope of
this study. Rather, the intent was to evaluate the strategies to limit
the impact of fouling in PRBs on their long-term hydraulic behav-
ior. Nevertheless, the six minerals are the most common minerals
found in column and field studies of PRBs (see review by Li et al.
[16]). Thus, the use of only six minerals is unlikely to impact pre-
dictions regarding the general degree of mineral fouling occurring
in PRBs, and how fouling affects hydraulic behavior.

When ground water containing high DO, the influent ground
water can rapidly reacts with zero valent iron and drives the forma-
tion of various ferric oxide, oxyhydroxide, and hydroxide mineral.
The rapid cementation and loss of pore space and hydraulic con-
ductivity occurs due to precipitation of ferric-ion bearing minerals.
However, most field PRBs are anoxic/anaerobic condition with low
DO and thus oxidative iron corrosion reactions are inadequate [5,7].
The oxidation process in this modeling study is excluded.

The model only considers mineral fouling. The effects of hydro-
gen or nitrogen gas evolution, which can result in blockage of pores
to water flow, are not incorporated. Some studies have suggested
Fig. 1. Heterogeneous aquifer containing PRB that was simulated in study
(Kg = 3.9 m/d, �ln K = 1.0, �l = 3.0 m, �t = 1.0 m, �v = 0.5 m, and Kp = 216 m/d).
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The model incorporates selected acid/base and redox reactions,
ut ignores aqueous metal complexes and contaminant transfor-
ation reactions. Metal complexes were not included because
series of equilibrium analyses conducted with MINTEAQ2 [36]

ver a range of pH and temperatures expected in PRBs showed
hat more than 90% of Ca and Mg existed as free metal ions.
lthough Fe-complexes may dominate in some situations, to sim-
lify the model, Fe(II) was assumed to exist only as free ions (Fe2+).
his assumption may overestimate the availability of Fe2+ ions
nd thus over-predict mineral precipitation, which is a conser-
ative approach when assessing mineral fouling of PRBs. In cases
here, metal complexes cannot be ignored, a more comprehen-

ive geochemical model (e.g., MIN3P, Mayer et al. [29]) should
e used. Contaminant transformations were ignored because the
mount of iron corrosion and mineral precipitation caused by
eduction of chlorinated compounds or toxic heavy metals gen-
rally is negligible relative to that due to other processes, even
hough the transformations are intrinsic to the remediation process
6,17].

Flow and transport in the PRB and the surrounding region
f the aquifer were simulated using the ground water flow
odel MODFLOW [37] and the reactive transport model RT3D

38]. A geochemical algorithm developed by Li et al. were
dded to RT3D for simulating the reaction kinetics associated
ith the redox and mineral precipitation–dissolution reactions

hat occur in PRBs [28]. Li et al. describe in detail how
he combination of MODFLOW and RT3D is used to simulate
ow, transport, and geochemical reactions in PRBs and show
hat predictions made with the MODFLOW-RT3D model are
n general agreement with field data from PRBs [28]. A sum-

ary is presented in this section of the key aspects of the
odel.
A three-dimensional domain was used to simulate flow in the

RB and the surrounding aquifer. Heterogeneity in the aquifer
ydraulic conductivity was simulated using the turning bands
andom field generator described in Elder et al. [23]. The intent
as to generate a reasonably realistic three-dimensional distri-

ution of aquifer hydraulic conductivity (i.e., single realization)
imulating the heterogeneity inherent in natural aquifers. The gen-
rator was not used to create multiple stochastic realizations for
probabilistic analysis. Hydraulic conductivity of the aquifer was

ssumed to be log-normally distributed and was characterized
y the geometric mean hydraulic conductivity (Kg), the standard
eviation of the logarithm of hydraulic conductivity (�ln K), and
he correlation lengths along the longitudinal (�l), transverse (�t),
nd vertical (�v) axes [23]. For the simulation described in this
aper, Kg = 3.9 m/d, �ln K = 1.0, �l = 3 m, �t = 1 m, and �v = 0.5 m. The
ertical variability in the properties of hydraulic conductivity at
he upgradient or downgradient aquifer was represented by the
orrelation length along vertical axes of 0.5 m. The system with
ertical variability can simulate the zones of high conductivity
hat can overwhelm the iron media and lead to rapid break-
hrough.

A continuous-wall PRB is located in the middle of the domain
Fig. 1). The PRB is oriented perpendicular to the average direc-
ion of ground water flow and is 10 m deep, 25 m wide, and
m thick. The PRB is assumed to have uniform hydraulic con-
uctivity (Kp) at the time of installation (216 m/d for the base
ase). The initial porosity of the ZVI was set at 0.60, which falls
ithin the typical range for porosity of ZVI (0.55–0.65) reported

or the porosity of ZVI [10,15]. The porosity of ZVI is large rela-

ive to granular media having similar particle size because of the
ngularity and oblong shape of ZVI particles. Total and effective
orosities of the ZVI were assumed to be equal based on tracer
ests reported by Kamolpornwijit et al. [12] and Vikesland et al.
13].
s Materials 181 (2010) 170–180 173

2.1. Ground water flow modeling

Steady-state flow was simulated in the heterogeneous aquifer
and PRB using MODFLOW. The model domain consisted of 250
columns, 120 rows, and 20 layers, which represents a flow domain
of 71 m × 60 m × 10 m. The grid spacing was 0.5 m in the vertical
and lateral directions. In the longitudinal (flow) direction, the grid
size varied from 0.3 to 0.1 m, with the smaller spacing (0.1 m) being
used within the PRB. The size of the domain and the level of dis-
cretization were determined based on a parametric analysis, which
is described in Li et al. [28]. This analysis identified the domain
size needed so that flow and transport in the vicinity of the PRB
were not affected by the boundaries and the grid spacing needed
to accurately represent the flow paths and residence times in the
PRB. Unconfined flow was assumed with specified-head boundaries
set along the east and west ends of the aquifer (Fig. 1). An average
hydraulic gradient of 0.01 was imposed to yield seepage veloci-
ties ranging from 0.05 to 0.40 m/d, which are typical conditions
observed in the field during PRB studies [7]. No-flow boundaries
were used for the lateral, top, and bottom boundaries.

The flow field is updated annually to account for changes in
hydraulic conductivity of the PRB caused by mineral precipitation
using a Kozeny–Carman formulation to relate changes in porosity
to changes in hydraulic conductivity [27,39]. A sensitivity analysis
conducted by Li et al. [28] showed that errors in the porosity reduc-
tion were limited to less than 1% when the hydraulic conductivity
was updated annually.

2.2. Reactive transport modeling

Reactive transport was simulated with RT3D, which uses the
head solution from MODFLOW as input. The transport modeling
domain was a subdomain of that used for flow modeling and con-
sisted of the PRB and a small region of the surrounding aquifer.
A parametric analysis was conducted to determine the minimum
size of the transport domain where the boundaries would not influ-
ence transport within the PRB. Based on this analysis, the upstream
boundary was located 0.1 m up gradient of the entrance face, the
downstream boundary was located 0.2 m down gradient from the
exit face, and the side boundaries were located 0.5 m from the sides
of the PRB.

The transport time step was automatically adjusted by RT3D
to ensure that the cell-based Courant number was less than 1.0
[40]. Heterogeneity in the hydraulic conductivity of the aquifer was
assumed to be the source of macroscopic dispersion [41]. Micro-
scopic dispersion caused by pore-scale mixing was simulated using
a small dispersivity (0.0007 m). The molecular diffusion coefficient
was assumed to be 3 × 10−5 m2/d [42].

The initial concentration of each species in the PRB was assumed
to be zero. The upstream boundary was assigned the concentration
of ions in ground water and was assumed to be spatially uniform
and time invariant. The bottom boundary was assigned as no flux.
All other boundaries were assigned a Cauchy boundary condition
with no dispersive flux [40].

2.3. Geochemical algorithm

The geochemical algorithm is described in detail by Li et al. [28].
A synopsis is provided here. A summary of the geochemical reac-
tions and their reaction rates is summarized in Table 2. There are
three redox reactions related to iron corrosion, an equilibrium reac-

tion between bicarbonate and carbonate ions, dissociation of water,
six mineral precipitation–dissolution reactions, and one reaction
for microbial sulfate reduction. All of the geochemical reactions
are assumed to occur in parallel and are solved simultaneously.
The concentration of each species is calculated for each cell in the
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Table 2
Reactions included in geochemical algorithm with kinetic rate expressions, and solubility constants.

Reactions Mineral formed Kinetic rate expressiona Solubility constant log(Keq)b

Iron corrosion
Fe0 + 2H2O → Fe2+ + H2 (aq) + 2OH− – kan,FeS –
4Fe0 + 7H2O + NO3

− → 4Fe2+ + 10OH− + NH4
+ – kNOSaNO−

3
–

SO4
2− + 4H2 (aq) → HS− + OH− + 3H2Oc – −k

(
[SO2−

4
]

KSO4
+[SO2−

4
]

)(
[H2(aq)]

KH2
+[H2(aq)]

)
–

Secondary mineral precipitation–dissolution
CaCO3 (s) ↔ Ca2+ + CO3

2− Aragonite/calcite −kCa(1 − aCa2+ aCO2−
3

/Keq) −8.1

MgCO3 (s) ↔ Mg2+ + CO3
2− Magnesite −kMg(1 − aMg2+ aCO2−

3
/Keq) −7.2

Mg(OH)2 (s) ↔ Mg2+ + 2OH− Brucite −kMg2(1 − aMg2+ a2
OH− /Keq) −11.2

FeCO3 (s) ↔ Fe2+ + CO3
2− Siderite −kFe1(1 − aFe2+ aCO2−

3
/Keq) −10.5

Fe(OH)2 (am) ↔ Fe2+ + 2OH− Ferrous hydroxide −kFe(1 − aFe2+ a2
OH− /Keq) −15.2

FeS (am) + H2O ↔ Fe2+ + HS− + OH− Ferrous sulfide −kFeS(1 − aFe2+ aHS− aOH− /Keq) −18.4
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a k is rate coefficient, S is reactive surface area of ZVI, a is activity of aqueous speci
ebye–Hückel equation.
b Calculated based on data from Krauskopf and Bird [52] and Stumm and Morgan
c Half-saturation constants for SO4

2− and H2 (aq).

omain during each time step. Activity corrections were made with
he extended Debye-Hückel equation [43].

A pseudo-first order reaction rate proportional to the reactive
urface area of ZVI and the nitrate concentration was assumed for
ron corrosion [29,32]. For iron corrosion by water, the reaction rate

as assumed to be proportional only to the reactive surface area
f ZVI [35,53]. The rate of degradation of sulfate to HS− by sulfate-
educing bacteria (e.g., as observed in PRBs in [6]) was assumed
o follow the Monod equation, as was done by Mayer et al. [29].
inetics of mineral precipitation–dissolution was assumed to fol-

ow transition state theory [44,45]. Comparisons between field data
nd model predictions by Mayer et al. [29], Mayer et al. [46], and Li
t al. [28] indicate that this approach reasonably replicates condi-
ions in PRBs. The mineral reactions and their solubility constants
re summarized in Table 2.

Minerals precipitates formed in the iron medium were assumed
o be immobile and the pore space occupied by the minerals was
stimated from the molar volume of each mineral. The pore volume
eduction at a given location was computed as the total pore volume
ccupied by the mineral precipitates at the location less the pore
olume gained by dissolution of iron. The porosity reduction was
alculated as the pore volume reduction in a finite-difference grid
ell divided by the cell volume.

The reactive surface area of the ZVI was reduced over time to
ccount for dissolution of iron and deposition of minerals on the
urface of the ZVI. The effect of iron dissolution was simulated using
he method employed by Mayer et al. [29]. Reduction of reactive
urface area due to mineral precipitation was computed using the
ethod described in Morrison [17] and Mayer et al. [29]. Reductions

n the hydraulic conductivity of the ZVI were estimated using the
ozeny–Carmen equation:

pt = Kpo
[no − �nt/no]3

[1 − no + �nt/1 − no]2
(1)

here no is initial porosity, Kpo is initial hydraulic conductivity,
nd nt is the reduction in porosity at time t. The reduction in
ydraulic conductivity predicted by Eq. (1) is non-linearly related
o the porosity reduction (i.e., the rate of decrease in hydraulic con-
uctivity increases as the porosity reduction becomes larger). Only
ineral precipitates were assumed to contribute to the change in

orosity. The effects of gas evolution and accumulation and biologi-

al matter were ignored due to difficulties in modeling these effects.
as and biological matter may exacerbate the effects of the porosity

eductions reported herein, although field data to date do not indi-
ate that either has an appreciable effect on PRBs. Other hydraulic
onductivity models could have been used to develop an expres-
d Keq is solubility constant. Activity coefficients were calculated using the extended

) [43] at 15 ◦C and 101 kPa. aer = aerobic, an = anaerobic.

sion like Eq. (1) [17,47,48]. However, none of the models has been
shown to be superior for predicting changes in the hydraulic con-
ductivity of ZVI. A review of how hydraulic properties can change
in response to fouling is in Saripalli et al. [49].

2.4. Residence time

Residence times within the PRB were defined using the parti-
cle tracking code Path3D [50], which uses the head solution from
MODFLOW as input. One thousand particles were released from a
source of 25 m wide by 10 m deep that was located 20 m up gra-
dient from the PRB. Path3D calculates the position and travel time
of each particle by moving particles through a series of time steps.
The residence time of each particle in the PRB was calculated as the
difference between travel times corresponding to entry and exit of
the PRB.

3. Model validation

A comparison was made between model predictions and field
data from one case study to verify that the user-defined reac-
tion module in RT3D produces reasonable results. The PRBs at
Moffett Federal Airfield was selected because the hydrological
and geochemical conditions at this site are well defined [51].
Field observations were used to describe the aqueous species and
mineral precipitates in each model. The kinetic reaction rate coef-
ficients were initially estimated, but ultimately were calibration
parameters because of the absence of information and potential
variability of in situ rate coefficients. The calibrated rate coefficients
were obtained by trial-and-error.

A pilot-scale funnel-and-gate PRB consisting of granular iron
was installed in 1996 at Moffett Federal Airfield to remove TCE and
DCE from ground water [51]. The gate is 3.0-m long (orthogonal to
flow direction), 3.0-m wide (along the flow direction), and 5.5-m
deep. The gate consists of a 1.8-m thick barrier of granular ZVI sand-
wiched between two 0.6-m-thick layers of pea gravel (up gradient
and down gradient sides).

Ground water samples were collected between April 1996
(installation) and October 1997 and analyzed for target contami-
nants, pH, major cations and anions, and indicator parameters [51].
Analysis of core samples showed that magnetite (Fe3O4), hematite
(�-Fe2O3), aragonite (CaCO3), and marcasite (FeS2) formed in the

iron media. No direct measurements were made of siderite (FeCO3),
FeS, Fe(OH)2 (am), Fe(OH)3, brucite (Mg(OH)2), or green rust, but
Yabusaki et al. estimated amounts of these secondary minerals
based on stoichiometry using changes in aqueous concentrations
in the PRB [51].
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ig. 2. Measured data and predicted concentrations for the pilot-scale PRB installed
t Moffett Federal Airfield, Mountain View, CA, USA after 1 year of operation: (a) pH,
b) alkalinity and SO4

2− , and (c) Ca2+ and Mg2+.

The MODFLOW-RT3D model was adapted to simulate the nearly
ne-dimensional conditions in the gate at the Moffett Federal
irfield site using input data provided in Yabusaki et al. [51]. MOD-
LOW was used to simulate steady-state flow in the pea gravel
ones and iron media zone. The initial hydraulic conductivity in the
RB was 186 m/d and the porosity was 0.66. The hydraulic conduc-
ivity in the pea gravel zones was 86.4 m/d. A hydraulic gradient
f 0.0003 was applied across the PRB to yield the Darcy velocity
.04 m/d reported in Yabusaki et al. [51].

Five minerals reported by Yabusaki et al. were included in
he model: CaCO3, FeCO3, Fe(OH)2 (am), Mg(OH)2, and FeS (am)
51]. Since the DO at Moffett Federal Airfield is less than 0.1 mg/L,
e(OH)3 and green rust were not included. The composition of
round water entering the PRB, shown in Table 3, was based on
nformation provided in Yabusaki et al. [51]. The effective rate
oefficients were adjusted to reproduce the measured solution pH,
lkalinity, and concentrations of sulfate, calcium, and magnesium
fter 1 year of operation [28]. The calibrated reaction rate coeffi-
ients are summarized in Table 4 along with ranges based on data

eported in the literature. In general, the calibrated rate coefficients
all within the ranges from the literature (Table 4).

Comparisons of the predicted and measured pH and con-
entration profiles are shown in Fig. 2. The predicted pH is in
eneral agreement with the observed pH (Fig. 2a), including the
s Materials 181 (2010) 170–180 175

rapid increase in pH as ground water enters the ZVI and the
leveling out in the interior. The drop in alkalinity (defined as
[HCO3

−] + 2[CO3
2−] + [OH−] − [H+]) just up gradient of the PRB is

not captured (Fig. 2b), but the alkalinity predicted by RT3D inside
the PRB is similar to that measured in the field. The sulfate con-
centration predicted by RT3D also is in general agreement with the
trends observed in the field (Fig. 2b), as are the Ca2+ and Mg2+ con-
centrations. However, the predicted Ca2+ concentrations in the PRB
are near the upper bound of the measured concentrations (Fig. 2c).

4. Effectiveness of five strategies

A series of simulations were conducted to evaluate the five
strategies for limiting fouling and its impact on hydraulic behav-
ior of PRBs. The model was the same as that used to simulate the
gate at Moffett Federal Airfield. Ion concentrations in the inflowing
ground water are summarized in the column labeled “base case” in
Table 3 and the rate coefficients are summarized in a similar col-
umn in Table 4. Impact of these strategies on hydraulic properties
and behavior of PRBs is evaluated in terms of porosity reductions
in the ZVI and residence times. Simulations were conducted for 30
years of operation, which is a common upper bound of anticipated
service life for PRBs [5,10].

In the evaluation of five strategies, the mass flux out of PRB and
installation cost issues were not addressed.

4.1. Pea gravel equalization zones

Simulations were conducted to assess the effectiveness of pea
gravel equalization zones by adding 0.5-m-thick zones having a
hydraulic conductivity of 864 m/d and porosity of 0.4 directly up
gradient and down gradient of the 1-m-thick PRB with 100% ZVI.
The pea gravel zones had the same lateral and vertical dimensions
as the PRB (25-m wide and 10-m deep). Thickness and hydraulic
conductivity of gravel zones were selected to be consistent with
the gravel zones used for the PRB at Moffett Federal Airfield [18].

Average and maximum porosity reductions in the PRB (100% ZVI
reactive zone) with and without the pea gravel zones are shown in
Fig. 2 as a function of distance from the entrance face of the PRB
after 30 years. The average porosity reduction in Fig. 2 is the arith-
metic mean of the porosity reduction in all cells comprising the PRB
at a given distance from the entrance face. The maximum porosity
reduction is the largest porosity reduction in all cells at a particular
distance from the entrance face. The observed trends are a function
of the selected groundwater composition and the selected hydro-
geologic model. It is the trends that are most important, and not
the absolute numbers determined from the model.

The average porosity reduction reaches a peak near the entrance
face, which is followed by a decrease and then leveling off (≈0.7 m
from the entrance face) (Fig. 2). The maximum porosity reduc-
tion persists farther into the PRB, and diminishes less rapidly than
the average porosity reduction, because mineral forming ions are
being transported deeper into the PRB along preferential flow paths
due to flow heterogeneity. The shape of these porosity reduction
profiles reflects the precipitation of carbonate minerals near the
entrance face of the PRB and ferrous hydroxide in the midsection
and rear of the PRB [28]. Carbonate minerals precipitate in the
upstream half of the PRB, with peak porosity reduction by these
minerals at the entrance face. Precipitation of the carbonate miner-

als drops to insignificant levels near the mid-plane due to carbonate
depletion [28]. In contrast, Fe(OH)2 (am) precipitates throughout
the PRB due to the availability of the corrosion products Fe2+ and
OH−, both of which are formed throughout the PRB due to iron
corrosion [28].
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Table 3
Concentrations of aqueous species in influent ground water.

Aqueous species in influent ground water Aqueous species concentrations
at Moffett Federal Airfield (M)

Aqueous species concentrations
at base case (M)

Fe2+ 9.0 × 10−7 9.0 × 10−7

Ca2+ 3.9 × 10−3 1.0 × 10−3

Mg2+ 2.7 × 10−3 1.0 × 10−3

OH− 1.3 × 10−7 1.0 × 10−7

Alkalinity (HCO3
−) 4.7 × 10−3 1.0 × 10−3

NO3
− 3.9 × 10−5 1.0 × 10−5

Cl− 8.4 × 10−3 9.9 × 10−4

SO4
2− 3.6 × 10−3 1.0 × 10−3

Table 4
Rate coefficients used in simulations.

Reactions terms Units Moffett Federal Airfielda Base case Rate coefficients reported in literature Sourcesb

Waterc mol/m2/d 7.0 × 10−7 2.0 × 10−7 3.0 × 10−8 to 5.4 × 10−3 [1–3,5,9]
Nitratec m3/m2/d 2.6 × 10−5 1.0 × 10−4 1.8 × 10−8 to 2.8 × 10−5 [1,4,6–8]
Microbial sulfate reductiond m/d 1.0 × 10−3 1.0 × 10−5 5.0 × 10−6 to 5.0 × 10−3 [1,4–6,10]
CaCO3 m/d 1.0 × 10−4 1.0 × 10−4 2.7 × 10−9 to 1.4 × 10−4 [1,2,7,11]
FeCO3 m/d 1.1 × 10−5 1.0 × 10−4 1.1 × 10−5 to 2.7 × 10−4 [1,2,11]
Fe(OH)2 (am) m/d 5.1 × 10−5 1.0 × 10−4 <2.2 × 10−4 [1,2]
FeS (am) m/d 1.0 × 10−6 1.0 × 10−6 1.1 × 10−8 to 2.2 × 10−5 [1,2,11]
MgCO3 m/d NA 1.0 × 10−4 1.1 × 10−8 to 1.4 × 10−4 [1,11]
Mg(OH)2 m/d 2.0 × 10−3 1.0 × 10−5 3.4 × 10−6 [2]

NA: no available.
a After calibration with field measurements.
b 1. Mayer et al. (2001); 2. Yabusaki et al. (2001); 3. Reardon (1995); 4. Gu et al. (2002); 5. Gu et al. (1999); 6. Gandhi et al. (2002); 7. Alowitz and Scherer (2002); 8.

Westerhoff (2003); 9. Chen et al. (2001); 10. Kober et al. (2002); 11. Hunter et al. (1998).
c Reactive surface area of ZVI set at 3.9 × 106 m2/m3.
d Half-saturation constants for SO4

2− and H2 (aq) were KSO4 = 10 × 10−4 M, and KH2 = 10 × 10−7 M, respectively.
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ig. 3. Maximum and average porosity reduction as a function of distance from the
ntrance face of the PRB with and without pea gravel zones.

The differences between the maximum and average porosity
eductions shown in Fig. 3 are caused by variations in ground water
elocity. This effect is shown in Fig. 4 in terms of porosity reduc-
ion at the entrance and exit faces and the mid-plane of the PRB
s a function of Darcy velocity. Each point in Fig. 4 corresponds to
single finite difference cell in the PRB. The sensitivity to Darcy

elocity reflects the rate at which mineral forming ions are being
elivered as well as the balance between mass delivery rates and
eochemical reaction rates. Near the entrance face, larger poros-
ty reductions occur at higher Darcy velocities. However, after the
arcy velocity reaches approximately 0.2 m/d, the porosity reduc-

ion drops slightly with increasing velocity. A similar pattern of

orosity reduction exists at the mid-plane, but the porosity reduc-
ion increases with Darcy velocity only if the velocity is ≥0.1 m/d. In
ontrast, there is no relationship between porosity reduction and
arcy velocity at the exit face.
Fig. 4. Porosity reduction at entrance face, mid-plane, and exit face of PRB after 1
year of operation as a function of Darcy velocity (base case parameters).

Pea gravel equalization zones result in a slight increase in aver-
age porosity reduction, and have no effect on the peak maximum
porosity reduction (Fig. 3). However, from the entrance face, the
maximum porosity reduction is lower with pea gravel zones. Flow
equalization by the pea gravel zones reduces the prevalence and
impact of preferential flow paths, which control maximum porosity
reductions deeper in the reactive zone of PRBs [16].

Box plots showing the distribution of residence time in the PRB
with and without pea gravel zones at the onset of operation and

after 30 years are shown in Fig. 5. The centerline in the box cor-
responds to the median (50th percentile), the outer edges of the
box correspond to the 25th and 75th percentiles, and the whiskers
correspond to the 10th and 90th percentiles of the residence time.
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Fig. 6. Maximum porosity reduction (a), all carbonates and ferrous hydroxide
precipitations (b), and concentration of bicarbonate and pH (c) after 30 years of oper-
ation as a function of distance from the entrance face of the PRB with and without
gravel/ZVI pre-treatment zone.

of the PRB after 30 years.
pH adjustment results in a decrease in the average porosity
ig. 5. Box plots of residence time in the PRB initially and after 30 years of operation
ith and without pea gravel zones.

Installation of pea gravel zones results in more uniform resi-
ence times (4.4–16.0 d compared vs. 5.9–12.7 d with pea gravel
ones), but no change in the median residence time remains (8.8 d
ithout pea gravel zones, 8.9 d with pea gravel zones). More impor-

antly, addition of pea gravel zones reduces the frequency of very
hort residence times, which can have the greatest impact on foul-
ng as well as quality of groundwater downstream of the PRB. This
ffect is realized initially and after 30 years, with more complete
qualization as the PRB ages.

.2. Sacrificial pre-treatment zone

Simulations to evaluate sacrificial pre-treatment zones were
onducted with a 0.5-m-thick gravel-ZVI mixture placed directly
p gradient of a 1-m-thick reactive zone containing 100% ZVI. The
acrificial pre-treatment zone had the same lateral and vertical
imensions as the 100% ZVI zone. The percentage of ZVI (13% by
olume) and the porosity (0.4) of the pre-treatment zone at Mon-
icello, UT [17] were used as input. Hydraulic conductivity of the
re-treatment zone was set at 640 m/d, which falls between typical
ydraulic conductivities of gravel and ZVI.

Maximum porosity reductions in the reactive zone after 30 years
ith and without a sacrificial pre-treatment zone are shown in

ig. 6a as a function of distance from the entrance face. Includ-
ng a pre-treatment zone reduces the maximum porosity reduction

ithin the PRB by shifting precipitation into the pre-treatment
one. The effect of mineral precipitation on the pre-treatment zone
s modest, with a maximum porosity reduction of only 0.06.

The shift in porosity reductions is caused by precipitation of
arbonate minerals in the pre-treatment zone (Fig. 6b) due to ele-
ated pH (Fig. 6c). HCO3

− is consumed when minerals precipitate
n the pre-treatment zone, thereby limiting the amount of HCO3

−

vailable for precipitation of carbonate minerals in the reactive
one (Figs. 6c). This effect could be enhanced by adding more ZVI
o the pre-treatment zone. However, even if the ZVI content was
ncreased, precipitation within the reactive zone would not be elim-
nated, as Fe(OH)2 will form in response to corrosion of iron within
he reactive zone (Fig. 6b).

Box plots of residence times in the PRB with and without the
acrificial pre-treatment zone are shown in Fig. 7 for conditions
nitially and after 30 years of operation. Because the pre-treatment
one also provides for flow equalization, residence times within
he PRB are more uniform when a pre-treatment zone is included.

onger and slightly more uniform residence times are also achieved
ith a pre-treatment zone after 30 years due to less fouling within

he reactive zone.
Fig. 7. Box plots of residence time in the PRB initially and after 30 years of operation
with and without gravel/ZVI pre-treatment zone.

4.3. pH Adjustment

Simulations were conducted to evaluate the effectiveness of pH
adjustment by fixing the OH− concentration throughout the PRB at
10−5, 10−5.5, 10−6, or 10−6.5 M (i.e., pH = in 9.0, 8.5, 8.0 or 7.5). Aver-
age porosity reductions in the PRB without and with pH adjustment
are shown in Fig. 8 as a function of distance from the entrance face
reductions, with smaller porosity reductions obtained consis-
tently as the pH is reduced. When the pH is dropped to 8.5, the
peak average porosity reduction is eliminated, as CaCO3 becomes
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Fig. 8. Average porosity reduction after 30 years of operation as a function of dis-
tance from the entrance face of the PRB with and without pH adjustment.
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Fig. 10. Average porosity reduction after 30 years of operation as a function of
distance from the entrance face of the PRB with various thicknesses of larger ZVI
particles placed in front of the reactive zone and without larger ZVI particles.
ig. 9. Box plots of residence time in the PRB initially and after 30 years of operation
ith and without pH adjustment.

ndersaturated and thus porosity reduction occurs only due to pre-
ipitation of FeCO3 and Fe(OH)2. The amount of FeCO3 and Fe(OH)2
ormation is limited by the availability of ferrous ions in the solution
hich is controlled by the iron corrosion. When the pH is adjusted

o 7.5, the peak of average porosity reduction returns, but is one
hird of the peak without pH adjustment.

Box plots showing the distribution of residence time in the PRB
ith and without pH adjustment at the onset of operation and after

0 years are shown in Fig. 9. pH adjustment to 7.5 decreases the
eduction of residence time by fouling (the median residence time
ecreases 9% after 30 years at pH 7.5, compared to 28% without pH
djustment). Overall, however, the effect of pH control is modest.

pH controls the surface charge of the grains, which is also impor-
ant factor of mineral settling on the surface of the grains and
herefore the ‘immobility’ of the flocculated mineral is function of
H. This aspect is not considered in this paper and the model result

s limited.

.4. Large ZVI particles

Simulations were conducted to evaluate the effectiveness of
ncreasing the size of ZVI particles by doubling the particle size
t the entrance zone of the PRB. For simplicity, the porosity of

he entrance zone was assumed to be the same as the poros-
ty in the remainder of the reaction zone (i.e., packing of the ZVI
s assumed to be controlled by angularity of the particles rather
han their size). Iron surface area in the entrance zone was also
Fig. 11. Box plots of residence time in the PRB initially and after 30 years of operation
with various thicknesses of larger ZVI particles placed in front of the reactive zone
and without larger ZVI particles.

assumed to be one-half the surface area in the remaining section.
Hydraulic conductivity of the entrance zone with larger ZVI parti-
cles was assumed to be 400 m/d. The reduction in surface area in
the entrance zone was assumed to have no effect on the ability of
the PRB to provide sufficient treatment. However, in practice, the
effect on treatment would need to be evaluated.

Average and maximum porosity reductions after 30 years are
shown in Fig. 10 as a function of distance from the entrance face
for PRBs with and without large ZVI particles. Larger ZVI particles
result in a decrease in the average porosity reduction (0.12) in the
entrance zone due to reduced corrosion associated with the larger
particles. However, adding larger ZVI particles has no effect on the
average porosity reduction in the remaining portion of the reactive
zone containing original ZVI particles.

Box plots of residence time in the PRB with and without larger
ZVI particles are shown in Fig. 11. Using larger ZVI particles in the
entrance zone has little effect on the initial distribution of residence
times. However, a higher median residence time is achieved after
30 years with larger particles in the entrance zone. After 30 years,
the median residence time is 6% larger with a 0.4-m-thick entrance
zone and 13% larger for 0.8-m-thick entrance zone with larger ZVI
particles.
4.5. Mechanical treatment

Mechanical treatment was assumed to break down, dis-
lodge, and uniformly redistribute the mineral precipitates, but



L. Li, C.H. Benson / Journal of Hazardou

F
i
a

n
b
t
u
s
m

m
a
i
m
i
p
t
1
m
i

i
t
t

5

M
e
h
u
m
z

Acknowledgments
ig. 12. Box plots of seepage velocity (a) and residence time (b) in the PRB from
nitially to after 30 years of operation with various mechanical treatment periods
nd without mechanical treatment.

ot re-solubilize minerals. Mechanical treatment was simulated
y redistributing the net accumulated mineral mass uniformly
hroughout the pore space in the PRB. Consequently, the PRB has
niform porosity initially and immediately after mixing. The iron
urface area was assumed to be uniform immediately after the
echanical treatment.
Three scenarios were evaluated over 30 years of operation: (i)

echanical treatment after 15 years, (ii) treatment in each 10 years,
nd (iii) treatment in each 5 years. Box plots of seepage velocity
n the PRB are shown in Fig. 12a for the PRB with and without

echanical treatment over 30 years. Mechanical treatment results
n less variable and smaller seepage velocities at 30 years. For exam-
le, after 30 years, the median seepage velocity increases 10% in
he PRB treated every 5 years and 15% in the PRB treated every
0 years, and 40% when the PRB is not treated. More frequent
echanical treatment can save more porosity reduction from foul-

ng.
Box plots of residence time in the PRB with and without mechan-

cal treatment over 30 years are shown in Fig. 12b. Larger residence
imes are maintained at 30 years with mechanical treatment, with
he greatest impact obtained when the PRB is treated every 5 years.

. Conclusions

Simulations were conducted with ground water flow model
ODFLOW and reactive transport model RT3D to evaluate the

ffectiveness of five strategies intended to enhance the long-term

ydraulic behavior of PRBs: (i) adding pea gravel equalization zones
p gradient and down gradient of the reactive zone, (ii) place-
ent of a sacrificial pre-treatment zone up gradient of the reactive

one, (iii) pH adjustment, (iv) using larger ZVI particles, and (v)
s Materials 181 (2010) 170–180 179

mechanical mixing of the ZVI to break up and redistribute sec-
ondary minerals. For the five strategies, porosity reductions in the
PRB over time were determined and the impact on residence times
was investigated. Based on the simulation results, the following
conclusions are drawn:

• Installation of pea gravel zones results in flow equalization and a
more uniform distribution of residence times within the PRB, but
has negligible impact on the median residence time in the near
term and in the long-term (30 years). Average porosity reductions
increase slightly when pea gravel zones are added, but maximum
porosity reductions are reduced, particularly in deeper portions
of the reactive zone.

• Sacrificial pre-treatment zones provide a region where the
groundwater pH is elevated and mineral forming ions are con-
sumed, resulting in less precipitation of secondary minerals
within the reactive zone. Consequently, residence times within
the PRB are less affected by mineral precipitation when a pre-
treatment zone is employed. However, pre-treatment zones do
not eliminate porosity reductions completely, as secondary min-
erals (e.g., Fe(OH)2) still form within the reactive zone in response
to iron corrosion.

• pH adjustment provides less OH− for the mineral precipitation,
resulting in smaller porosity reductions and decreases in resi-
dence time. The surface charge of the grains controlled by pH
and corresponded mineral setting on the surface of the grains
were not considered in this model study. Many of the contami-
nant degradation mechanisms are also influenced by pH. When
the pH is lowered in the reactive media, the abiotic reductive
dechlorination rate of TCE decreases and the driving force for
metal hydroxide precipitation is also reduced.

• Using larger ZVI particles in the entrance of a PRB results in less
mineral precipitation and fouling in the PRB, and increases the
mean residence time. Use of larger particles with smaller sur-
face may also affect treatment by the PRB. However, the effect on
treatment was not evaluated in this study.

• Mechanical treatment has the potential to redistribute minerals
within the pore space of the PRB, thereby resulting in a more uni-
form porosity reduction, a smaller peak porosity reduction, and
longer residence times when conducted with sufficient frequency
(every 5 years).

• None of the methods eliminated porosity reductions or prevented
residence times from increasing during the 30-year service life of
the PRB. Even if these treatment methods were employed, the
effect of porosity reductions on residence time and treatment
effectiveness would need to be evaluated.

• The comparisons among the five strategies are hard to be
made quantitatively. The qualitative comparisons can be made
among the five strategies. In terms of limiting impact of fouling
on long-term hydraulic performance of PRB and easy installa-
tion/operation, the sacrificial pre-treatment zone method is the
most favorable because it is effective to remove mineral form-
ing ions and to result in less mineral precipitation. The pea
gravel equalization zone is not effective to limit fouling. The pH
adjustment and large ZVI particles method may alter the iron
degradation rate of contaminant and offset the benefits of fouling
reduction. The mechanical treatment requires frequent operation
and maintenance which is not advantage for this in situ remedi-
ation technology.
Professor Prabhakar Clement of Auburn University provided the
source code for RT3D along with valuable suggestions regarding its
implementation. The authors are grateful for his assistance. The
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