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INTRODUCTION
Permeable reactive barriers (PRBs) have been proven to
effectively remediate nitrate-contaminated groundwater (Vogan
et al., 1999; Liang et al., 2005; Wilkin et al., 2002) with little or
no maintenance over time (Jeen et al., 2011). Organic carbon
(Schipper and Vojvodić-Vuković, 1998; Robertson et al., 2000;
Robertson et al., 2007; Robertson et al., 2008) and zero valent
iron (ZVI) are frequently used as the reactive material in PRBs .
However, PRBs containing organic carbon can release excessive amounts of biomass into water sources, leading to secondary pollution (Rodríguez-Maroto et al., 2009). Therefore, until
2010, ZVI was used as the reactive material in more than 45%
of the 150 PRBs in the United States, some of which have been
successfully operating for more than 10 years (Thiruvenkatachari et al., 2008; Jeen et al., 2011).
Previous studies have shown that secondary mineral precipita
tion in PRBs results in passivation (Jeen et al., 2007; Jin et al.,
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ABSTRACT: Permeable reactive barrier (PRB) filled with zero valent iron (ZVI, Fe0) can be an effective option to remove nitrate from contaminated groundwater. The long-term performance of such
PRBs, however, might be compromised by the problem of declining reactivity and permeability, which
could cause a decrease in the nitrate removal efficiency. In this study we explored suitable model formulations that allow for a process-based quantification of the passivation effect on denitrification rates
and tested the model for a 40 years long operation scenario. The conceptual model underlying our selected formulation assumes the declining reactivity of the ZVI material through the progressing passivation caused by the precipitation of secondary minerals and the successive depletion of the ZVI material. Two model scenarios, i.e., the base model scenario which neglects the explicit consideration of the
passivation effect and one performed with the model in which the impact of the passivation effect on
denitrification was considered, were compared. The modeling results illustrate that nitrate removal in
the model of considered passivation started to be incomplete after 10 years, and the effluent nitrate
concentration of PRB rose up to 86% of the injected water concentration after 40 years, in contrast to
the base scenario, corresponding well with the field observations of successively declining nitrate removal efficiencies. The model results also showed that the porosity of the PRB increased in both models.
In order to improve and recover the reactivity of ZVI, pyrite was added to the PRB, resulting in completely nitrate removal and lower consumption of ZVI.
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2009) and decreased porosity (Mackenzie et al., 1999; Jeen et
al., 2012) over time. In one study, less iron reactivity was lost
as a result of secondary mineral precipitation as the velocity of
the groundwater moving through the PRB decreased during the
long-term performance of a PRB (Jeen et al., 2011). In another
study, the factors that affect mineral precipitation were investigated using the laboratory column method. The results indicated that Fe(OH)2 was the first to precipitate, followed by
FeCO3 (Mackenzie et al., 1999). In addition, CaCO3 only precipitated when the carbonate concentration was elevated
(Mackenzie et al., 1999). Zhang and Gillham (2005) reported
that the accumulation of carbonate precipitates reduced the
porosity of a PRB to 7% of its initial porosity as well as the
reactivity of the ZVI, according to four column tests. Furthermore, the porosity of a PRB decreases as the operation time
and TDS and nitrate concentrations increase Furthermore, the
porosity of a PRB decreases as the operation time and TDS and
nitrate concentrations increase (Vogan et al., 1999; Kamolpornwijit et al., 2003; Liang et al., 2005).
However, a quantification method for the passivation
effects of secondary mineral precipitation on the reactivity of
ZVI has not yet been proposed. Moreover, since PRB porosity
is affected by both secondary mineral precipitation and ZVI
reactivity, the porosity increases when the rate of secondary
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of 10 m was used for the purposes of this study. The PRB, a
funnel-and-gate design, was installed perpendicular to the flow
of groundwater in a hypothetical site. The hypothetical site of
study was 20 m in width, 80 m in length, and 13 m in depth
(Fig. 1). The distance between the gate of the PRB and upper
boundary was 32 m. The angle between the gate and funnel
was 45°. The hydraulic conductivity of the aquifer, which was
shaped like an alluvial fan, was higher in upstream regions and
deep layers. Since the aquifer consisted of medium-grain sand,
the hydraulic conductivity ranged from 5.8 to 8.5 (China geological survey, 2012). The funnel-shaped design of the PRB
prevented the contaminated groundwater from bypassing the
gate. The hydraulic conductivities of the gate and funnel of the
PRB were 9 and 0.5 md-1, respectively. The effective porosity
values of the gate and funnel were approximately 0.5 and 0.4,
respectively, resulting in an average effective aquifer porosity
of approximately 0.28. Studies have shown that approximately
molL-1molL-1 of nitrate is effectively removed by PRBs (Robertson and Cherry, 1995; Robertson et.al,
2000; Robertson et.al, 2008). Therefore, a nitrate concentration
of
molL-1 was selected for the contaminated
groundwater. The groundwater was continually injected into
the aquifer at a rate of 10 m3d-1. The injected well was installed
in the middle of the gate and upper boundary.
The PRB consisted of iron filling with a 40-grain mesh
and density of 3.0gcm-3 (15%), coarse sand (35%), and water
(50%) (Robertson et al., 2000). The surface area of the ZVI
was approximately 0.11m2g-1 (Cohen et al., 2009). After the
addition of the pyrite, only 9.58% of the sand in the PRB was
replaced by 4molL-1bulk pyrite.

Un
e

di

te

mineral precipitation is higher than the rate of ZVI reactivity.
Consequently, the mechanisms underlying the porosity changes
that occur in PRBs are not well understood.
The objective of this study was to quantify the passivation effects of secondary mineral precipitation on the nitrate
removal process as well as the porosity of a ZVI PRB in an
idealized field scale for long-term performance using
Processing Modflow 8.0 (PM). PM includes several processes
that are used to manage different equations. For example, the
MODEFLOW code is used to solve the water flow equation,
the PHT3D code is used to solve reactive multi-component
transport equations, the robust PTH3D and MT3DMS coupled
code is used to solve transport equations (Zheng and Wang,
1999), and the reliable PHREEQC-2 is used to solve chemical
reactions (Parkhurst and Appelo, 1999). Two models were constructed for different scenarios and compared, including model
1, in which the effects of passivation were not explicitly considered, and model 2, in which the effects of passivation on denitrification were considered. In addition, sulfur-based minerals,
such as pyrite, releasing protons, can be used to dissolve precipitation on the surface of ZVI PRBs in order to enhance the
nitrate removal process (Mackenzie et al., 1999). Therefore, in
another model (model 3), pyrite was added to the ZVI-PRB.
The effects of the added pyrite on the efficacy of the nitrate
removal processes were evaluated by comparing models 1 and
3.
1
MODEL SETUP
1.1
Conceptual Model
PRBs are typically 2-50 m in length (transverse to flow),
0-5 m in width (parallel to flow), and 0-10 m in depth (RTDF,
2001). A PRB with a length of 12 m, width of 2 m, and depth
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Figure 1. Schematic of a ZVI-based PRB used to remove nitrate from groundwater. The distance between the injected well and PRB
was 15.0 m.

1.2
Flow and Transport Model
The model (80 m × 20 m × 13 m) was divided into 6 vertical layers. The first layer, which was considered to be an unconfined aquifer, was 3.0 m in depth, while the remaining layers were 2.0 m in depth. The model, excluding the PRB zone
(0.4 m × 1 m) was further discretized into horizontal grid cells
(2 m × 2 m). A time step of 1 day was used for the purposes of
this study. The heads in both the inflow and outflow boundaries
of the model remained constant at 12.5 m and 12.0 m, respectively. In addition, left and right boundaries were no-flow
boundaries. The longitudinal dispersivity of all of the cells in
the model was 0.5 m. The solution scheme of flow and transport modeling are finite-difference and the iterative PCG2
(Preconditioned Conjugate-Gradient 2) and GCG (Generalized

Conjugate Gradient) solver are used, respectively.
1.3
Geochemical Reaction Model
The MT3DMS code was used to model solute transport
in the PM, while the PHREEQC-2 code was used to model the
geochemical reactions. All of the aqueous and phase species
were calculated and simulated by applying either equilibrium
or kinetic reactions with strict mole and charge-balance requirements to the complicated, multi-component system. In this
study, the dissolution of the ZVI was assumed to occur via
equilibrium reactions, in which donated electrons were gradually consumed by electron acceptors in the kinetic reactions
(Table 1). The end product of the ZVI-facilitated denitrification
was either nitrogen (Till et al., 1998; Choe et al., 2000) or am-
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monium (Alowitz and Scherer, 2002; Zhang et al., 2010), with
an intermediate product of nitrite. In addition, nitrogen was
assumed to be the product of dentrification .
Table1 Reduction-corrosion reactions

the secondary mineral phase i(-);
and
represent the
volume of the ZVI(-) at times t and t=0, respectively; and
and
represent the concentrations of the ZVI
(molL-1 bulk of PRB) at times t and t=0, respectively. Secondary mineral precipitation can be expressed as

(3)

Reaction

te

Previous studies have shown that the rate constants of ZVI-corrosion reaction were proportional to
the surface of ZVI (Huang and Zhang, 2002; Zhang et
al., 2010). Secondary mineral precipitation and ZVI
dissolution result in decreased ZVI surface area per
bulk PRB volume. Therefore, the ZVI surface area
should be updated to kinetic rates in order to simulate
the effects of reduced ZVI surface area on iron corrosion. The reactive surface area of ZVI can be expressed with an empirical relationship that accounts
for the effects of secondary mineral precipitation and
ZVI deterioration as ( Jeen et al., 2007):

where
is a constant that represents the rate of the
secondary mineral phase i (molL-1
day-1 ),
is the
ion activity product of phase i (calculated as the equilibrium
constant of both the equilibrium and non-equilibrium states),
and
is the equilibrium constant of phase i.
Most studies have demonstrated that reaction rates can be
expressed by first-order kinetic equations ( Zhang et al., 2010;
Hwang et al., 2011) or pseudo-first-order equations (Zhang et
al., 2010). In this study, the rates of the reduction-corrosion
reactions were expressed as Monod kinetic equations in order
to account for the electron acceptors, including oxygen, nitrate,
sulfate, ferric iron, carbonate, and even water (Prommer et al.,
2008; Cohen et al., 2009). Therefore, ZVI deterioration can be
expressed by the sum of progressive electron consumption by
electron acceptors as

d

Reactant
ZVI
Oxygen
Nitrate
Ferric iron
Sulfate
Carbonate
Water

3

di

(1)

(4)

where
,
,
,
,
and
represent the contributions from reduction-corrosion of oxygen,
nitrate, ferric iron, sulfate, carbonate, and water, respectively.
Each of the corrosion reactions was described in the Monod
kinetic equation. However, the presence of oxygen in the reaction system inhibits the degradation facilitated by other electron
acceptors. Therefore, a term was added to the Monod kinetic
reaction in order to account for any reductions in the reaction
rate resulting from the presence of electron acceptors with
higher oxidation capabilities (Clement, 1997):

(2)
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where S(t) and S0 represent the reactive surface area of a
ZVI at times t and t=0 (m2 iron L-1 bulk), respectively;
is an
empirical proportionality constant that describes the relationship between ZVI reactivity loss and the secondary mineral
precipitation phase i;
represents the volume fraction of

(5)
(6)
(7)
(8)

(9)

i where
,
,
(molL-1), respectively;
acceptors (molL-1day-1);
(molL-1); and
,

,

and
,
,

,
,

represent the concentrations of oxygen, nitrate, ferric iron, sulfate, and carbonate
,
, and
represent the constant reaction rates of the electron
,
, and
represent the half-saturation constants of the electron acceptors
, and
represent the inhibition constants of the oxygen, nitrate, ferric iron,
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and sulfate (molL-1), respectively. The rates of water-iron corrosion and secondary mineral precipitation can be expressed using a
first-order equation as
(10)
represents the constant rate of iron corrosion (molL-1day-1),
represents the iron activity product, and
represents the equilibrium constant. The kinetic rate expression for the iron corrosion in the model was updated by formula (1), which was related to the surface area of ZVI per bulk volume. Therefore, the updated kinetic rate of iron corrosion was
expressed as

where

(11)
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1.4
Model Parameters
The secondary minerals that precipitate in PRBs over time primarily include Calcite (CaCO3), Fe(OH)3(am), Fe(OH)2(am), and FeS
(Mackenzie et al., 1999; Johnson et al., 2008; Jeen et al., 2012). The rate constants of the kinetic reactions used to describe reduction-corrosion and secondary mineral precipitation are shown in Table 2. The proportionality constants of calcite, Fe(OH)3(am),
Fe(OH)2(am), and FeS are approximately 90 (Jin et al., 2009), 2, 2 ( Jeen et al., 2007), and 1, respectively. The other reactions parameters, such as the equilibrium parameters of the secondary minerals, were obtained from the PHREEQC-2 database.
In order to simulate the effects of the inhibition of secondary mineral precipitation on ZVI reactivity and the nitrate removal process,
the contaminated groundwater, which contained Ca2+, CO32- and NO3-, Cl-, and O2, was injected upstream from the PRB. The concentrations of the aqueous species in the background water and injection well of the model are listed in Table 3.
Table 2 Secondary mineral precipitation and redox reaction parameters
Oxidant

Nitrate
Ferric iron
Sulfate

-6.52
-7.07
-8.0

a)
a)
a)

(molL-1)
b)
-4.0
-4.0
-4.0
-4.0

b)
b)

(molL-1)
c)
-7.50
-7.80
-7.75
-7.98

c)
c)

Calcite(CaCO3)

logkeff
(molL-s-1)
-8.80

Fe(OH)3(am)
Fe(OH)2(am)
FeS(ppt)

-14.0
-14.0
-14.0

di

Oxygen

logkeff
(molL-s-1)
-6.0

Secondary mineral

b)

c)

-8.48
d)

4.891
13.56
-3.92

d)
d)

d)

Carbonate
-11.0
-4.0 b)
a)
Water
-9.30
a) Obtained from Mayer et al., 2001; b) Obtained from Prommer et al., 2008; c) Obtained from Clement, 1997; d) Obtained from
Parkhurst and Appelo, 1999. Other data was supposed for modeling according to previous papers.

Un
e

Table 3 Chemical compositions of the background and contaminated water (molL-1)
background water
contaminated water
species
concentration
species
concentration
species
concentration
species
concentration
ClNa+
Na+
CO32CO32K+
K+
N(+5)
2+
2+
Ca
Ca
ClO(0)
2+
2+
pH
Mg
Mg
O(0)
Fe(+3)
Fe(+3)
pH
pe
S(6)
S(6)
pe
* Cl- charge-balanced specie in the models

2
2.1

RESULTS and DISCUSSION
Tracer Test

In order to investigate the nitrate-removal efficiency of the PRB, a compared tracer test was conducted using
molL-1 NaBr (equal to the nitrate concentration) (Fig. 2). The results indicated that the contaminated water with nitrate
was captured successfully by the PRB and primarily flowed through the ZVI reactive zone (Fig. 2a). The average pore velocity of the
groundwater was approximately 0.33md-1, with a residence time of 6 days in the PRB.
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Figure 2 Solute plumes 365 days after source injection: a) conservative tracer; b) amount of nitrate removed by the ZVI after crossing the PRB model with the updated rate
molL-1 (86% of the injected concentration),
while the nitrogen concentration decreased (Figs. 2b and 3a)
(Jin et al., 2009; Jeen et al., 2011). Due to the passivation of
2.2
Nitrate Removal
secondary minerals and mass ZVI loss, the nitrate removal
efficiency decreased over time. In fact, only 15% of the nitrate
concentration was removed from the contaminated water over
5.1 Crystallization Age of the Pegmatite Dyke
40 years of operations (Figs. 3a and 4a). The constant rates of
The electron acceptors that facilitated iron corrosion indenitrification could increase if smaller iron particles with a
cluded oxygen, nitrate, ferric iron, sulfate, and carbonate, in
larger surface area of ZVI were selected. However, the higher
that sequence. The latter (e.g., nitrate) was inhibited by the
rate of denitrification would produce too much gas (e.g., hyformer (e.g., oxygen) in the presence of multi- electron accepdrogen and nitrogen) to escape from the PRB, causing the flow
tors (Clement, 1997), supposing that the water-corrosion reacclogging problem and shorter system lifetime (Jeen et al. 2012).
tion was not affected by the other electron acceptors (Prommer
Moreover, particle-to-particle contact would occur more freet al., 2008; Cohen et al., 2009). In order to evaluate the effects
quently if smaller iron particles were used, resulting in deof the reduction in ZVI reactivity resulting from secondary
creased hydraulic conductivity. However, neglecting secondary
mineral precipitation and mass loss of ZVI on the removal of
mineral passivation, the denitrification rates in the laboratory
nitrate, simulations were conducted using models with and
were several of orders of magnitude larger than those in the
without the updated iron reactivity rate, or models 1 and 2,
model. For example, the denitrification rate of a nanoscale ZVI
respectively. The results obtained using both models are shown
with a surface area of 12.4m2g-1 was 20 times higher than that
in Figs. 3-5.
of 0.49 m2g-1 of Fe0 powder (Zhang et al., 2010). Therefore, the
In model 1, nitrate first appeared in the upstream boundary
results of the laboratory experiments could not be directly apof the reactive zone in the third layer of the PRB model after
plied to long-term modeling, especially in the presence of cal1300 days, indicating that the rate of nitrate removal decreased
cite fouling.
as both time and the distance to the entrance of the PRB inIn model 2, the nitrate was removed completely, and the
creased as a result of the reduction in the denitrification rate.
nitrogen
concentration remained constant at
Before 3800 days of operation, the nitrate was removed com-1
molL
over
40 years of operation (Fig. 3a). These results have
pletely by the PRB, resulting in a constant nitrogen concentranot
been
observed
in previous field studies concerning the
tion (the end product of denitrification). However, after 3800
long-term
operation
of
PRBs (Jeen et al., 2006; Henderson and
days of operation, the nitrate broke though the PRB, meaning
Demond,
2007;
Johnson
et al., 2008).
the PRB no longer had the ability to clean up the nitrate completely, and the concentration of nitrate increased gradually to
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Figure 3 Simulation results obtained using both models at the effluent face of the PRB (entrance face for secondary minerals) in the
third layer over an operation time of 40 years: (a) nitrate and nitrogen, (b) ZVI, (c) pH, and (d) secondary minerals
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Figure 4 Simulation results obtained using model 1. Readings were obtained along the flow path in the third layer of the ZVI after 1,
5, 10, 20, 30, and 40 years of operation: (a) nitrate, (b) ZVI, (c) pH, and (d) calcite

ZVI Reactivity
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According to formulas (1) and (11), the decreased reactivity of ZVIs primarily results from the decreased surface area
of ZVIs per bulk volume and the passivation of secondary
mineral precipitation. Column studies have shown that the denitrification rate increases as the ZVI dose increases, primarily
due to the increased surface area of Fe0 per bulk volume (Choe
et al., 2000; Rodríguez-Maroto et al., 2009; Zhang et al., 2010).
In addition, the long-term performance of PRBs has been
proven to be influenced by the secondary precipitation of minerals, primarily calcite, due to the passivation of iron and resulting decrease in reaction rate (Zhangl and Gillham, 2005;
Jeen et al., 2006).
As the reactivity of the ZVI decreased, the rate of iron
corrosion decreased gradually, resulting in less ZVI deterioration. In addition, in model 1, the remaining ZVI concentration
from 3800 to 7600 days was lower than that in model 2 (Fig.
3b). The possible reason was that Fe2+ in model 1 was oxidized
to Fe3+ by the nitrate content, accelerating the precipitation of
Fe(OH)3 (am), with small proportionality constant of 2 (Jeen et
al., 2007; Jin et al., 2009) in model 1 reducing the concentration of Fe2+ and increasing the dissolution of ZVI.
The average percentage of ZVI dissolution that occurred
over 40 years in the downstream regions of the two PRB models were approximately 30% and 55%, respectively. In model 1,
the ZVI concentration was highest along the direction of water
flow during the first 14 years of operation; however, the inverse
was true after 14 years of operation (Fig. 4b). This was attributed to the initial removal of nitrate as it flowed into the entrance of the PRB. However, the accumulation of calcite precipitates on the surface of the ZVI increased iron passivation
after long-term operation, resulting in the removal of the majority of the nitrate and oxidants in the downstream region of
the PRB. Without considering the secondary mineral precipitation in model 2, most of oxygen and nitrate were initially reduced and removed at the entrance of PRB where the ZVI was
consumed completely in 30.7 years, causing the high amount of
remnant ZVI along the flow path until the ZVI was depleted
(Fig. 5a).

d

2.3

Figure 5 Simulation results obtained using model 2. Readings
were obtained along the flow path in the third layer of the ZVI
after 2, 5, 10, 20, 30, and 40 years of operation: (a) ZVI, (b) pH,
and (c) calcite. Nitrate concentrations are not shown since the
nitrate was removed by the PRB.
2.4

pH
Previous studies have shown that pH significantly affects
denitrification in ZVI reactive systems. In fact, the rate of nitrate removal at a pH of less than 5 has been proven to significantly higher than at a pH of greater than 6. In addition, pH and
the pseudo-first rate constant exhibit a positive, linear relationship at unregulated pH values of 7.0-11.0 in the absence of
secondary mineral precipitation (Choe et al., 2004; Chen et al.,
2005).
In both models, the oxygen and sulfate were initially reduced by the ZVI, resulting in a significant increase in pH from
7.0 to 10.1 in 1 day. Once the oxygen content had been depleted, the nitrate content from the injected wells was removed,
resulting in a gradual increase in pH to 11.0 in the first 20 days
and 11.4 within 50 days (Fig. 3c). These results have also been
observed in experimental studies, in which the pH increased
significantly within as few as 2 hours (Huang and Zhang, 2002;
Choe et al., 2004; Hwang et al., 2011). However, after 50 days,
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the pH decreased gradually in the downstream region of the
PRB in model 1 due to the precipitation of Fe(OH)3 (am) and
dilution of the injected and background water. However, these
changes were not observed in model 2 (Fig. 3c). As shown in
Figs. 4c and 5b, the pH increased along the flow of water over
time.
2.5
Secondary Mineral Precipitation
The precipitation of secondary minerals resulted in the
passivation of iron over time and, thereby, reduced ZVI reactivity. The precipitation of calcite and Fe(OH)3 (am) was controlled by the pH and corrosion of iron within the reactive system (Fig. 3c). The high pH accelerated the precipitation of
secondary minerals (Johnson et al., 2008; Thiruvenkatachari et
al., 2008). Due to the accumulation of secondary mineral precipitates, especially calcite, in model 1, iron passivation at the
entrance of the PRB increased over time. As a result, model 1
exhibited lower pH values and less precipitation than model 2,
in which the rate of calcite precipitation remained constant over
time. According to the simulation results obtained using the
two models, the calcite concentrations decreased along the flow
of water. In addition, the calcite concentration was much higher
in model 1 than in model 2, with concentrations of 2.37 and
0.75 molL-1 at the entrance of the PRB after 40 years of operation, respectively. The Fe(OH)2 and FeS contents are not discussed herein since their concentrations were relatively low.
2.6
Porosity
The precipitation of secondary minerals decreased the porosity of the PRB, while the dissolution of the ZVI increased
the porosity of the PRB (Fig. 6). Most of the changes in porosity occurred at the entrance of the PRB, where most of the secondary minerals precipitated (Li et al., 2005; Jin et al., 2009;
Jeen et al., 2012). However, the simulation results indicated
that the total porosity of the PRBs in models 1 and 2 increased
by 0.0011 and 0.043 after 40 years of operation, respectively.
These results conflicted with the results of previous studies (Fig
6b). This was attributed to the relatively high rate of ZVI dissolution in the models herein; the relatively high concentrations
of oxidants, such as oxygen (
), nitrate
(
), and ferric iron (
),
which significantly increased the porosity of the PRBs (Fig. 6a).
In addition, relatively low constant Fe(OH)3 (am), Fe(OH)2,
and FeS rates were used in order to make the PHT3D converge
easily and cost much less time to model for 40 years of operation. Furthermore, the velocity of the groundwater moving
through the PRB was high (0.33md-1), resulting in less resident time within the PRB and decreased secondary mineral
precipitation (Fig. 6a). Therefore, the ZVI without the updated
rate became depleted after only 30 years of operation, resulting
in an increased porosity of 0.15 (i.e., the initial percentage of
the ZVI in the PRB). However, the secondary mineral precipitation decreased the porosity by 0.09. Thus, although the reduction in hydraulic conductivity prevented the movement of contaminated water through the PRB over time, especially in model 2, which exhibited a much higher rate of ZVI dissolution
than model 1, it was not necessary to consider the effect of
hydraulic conductivity change on nitrate removal by the PRB.
(Fig. 6b).
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Figure 6 Change in porosity over time. Readings were obtained along the flow path after 10, 20, and 40 years of operation. Positive data was used to represent increased PRB porosity, while negative data was used to represent decreased PRB
porosity. (a) In model 1, the porosity increased by Fe0 and
decreased by minerals. (b) Total change in porosity in both
models.
2.7 Effects of Buffering Minerals
The iron corrosion reactions significantly increased the pH,
resulting in a significant reduction in the rate of denitrification
(Choe et al., 2004; Liou et al., 2005). This resulted in the
movement of nitrate through the PRB and, thereby, low nitrate
removal efficiency (Fig. 2b, 3a, 4a). Therefore, 9.58%
(4molL-1bulk of the PRB) of pyrite (FeS2) was added to the
PRB as a buffering mineral to control the pH of the reactive
system (Mackenzie et al., 1999). The pyrite also acted as an
electron donor for Fe0 during a certain period of time (-log[e] in
water, where e denotes an electron). The other parameters of
this model (model 3) were equal to those of model 1. Initially,
small amounts of pyrite were produced and began to dissolve
after 30 days of operation as the water-enriched nitrate
(
molL-1) and oxygen (
molL-1)
reached the entrance of the PRB. The pyrite was then oxidized
to sulfate and released protons required for iron corrosion, resulting in a relatively high concentration of sulfate
(
molL-1)
compared
to
model
1
-1
(
molL , equal to that of the background and injected water). Within the 40 years of operation, all of the nitrate
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Figure 7 Simulation results obtained using the models with the
updated rate after the addition of pyrite. Readings were obtained along the flow path of the PRB after 10, 20, and 40 years
of operation: (a) relationship between the dissolution of pyrite
and the ZVI, (b) comparison of the pH values obtained using
models 2 and 3, and (c) total change in porosity. Positive data
was used to represent increased PRB porosity, while negative
data was used to represent decreased PRB porosity.

te

and 50% of the pyrite was removed, with only 6% ZVI dissolution (Fig 7a). These results indicated that the introduction of
more pyrite and less ZVI could increase the lifetime of PRBs
while lowering associated costs. However, compared to model
1, the pH did not decrease as significantly within the first 10
years of operation (Fig. 7b). According to the results obtained
using model 1, iron passivation resulting from the accumulation
of secondary mineral precipitates resulted in decreased nitrate
removal rates and the movement of nitrate through the PRB
after 3800 days of operation. The pH then gradually decreased
over time due to the flushing of background water, which had a
pH of 7.0, and a reduction in the availability of hydroxyl ions.
Therefore, the pH in model 3 was higher than that in model 1
after long-term operation (Fig 7.b). As shown in Fig. 7c, the
total porosity decreased in model 3. In contrast, the total porosity increased in models 1 and 2. The porosity of the PRB along
the flow of water varied over time due to decreased FeS2 and
ZVI dissolution and the equivalent precipitation of secondary
minerals.
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CONCLUSIONS
In this paper, the denitrification in a ZVI-based PRB over
time was simulated using a PTH3D model based on the effects
of secondary mineral precipitation, considering the inhibitory
effects of secondary mineral precipitation and ZVI dissolution
on iron corrosion. A series of simulations were conducted in
order to evaluate various scenarios. The results indicated that
the model with the rate update predicted PRB denitrification
more effectively than the model without the rate update. As the
reactivity of the ZVI decreased, the nitrate passed through the
PRB after the first few years of operation. However, according
to the results obtained by the model without the rate update, the
nitrate was completely removed from the contaminated water
within the operation period. These effects have not been observed in previous field studies. As the nitrate, oxygen, and
ferric iron were removed from the contaminated water, the total
porosity of the PRB increased rather than decreased as demonstrated in previous studies. This resulted in an increased iron
corrosion rate and decreased constant rates of secondary mineral fouling. In order to resolve the decreased nitrate removal
efficiency that had occurred after approximately 10 years of
operation, pyrite was added to the PRB. The addition of pyrite
resulted in the complete removal of nitrate and decreased ZVI
dissolution. Although the model developed in this paper could
be used to facilitate nitrate removal during long-term PRB operation, all of the parameters used in this study were obtained
from laboratories and previous long-term field studies. In addition, increased iron corrosion and secondary mineral precipitation rates could prevent the PHT3D code from converging efficiently and increase computation times. The hydraulic conductivity must be updated to a kinetic rate in long-term modeling
when the iron corrosion rate is low and Ca2+ and CO32- concentrations are high.
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