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- Effects of Gas Generation and
‘Precipitates on Performance of Fe® PRBs

by Yousheng Zhang' and Robert W. Gillham?

. Abstract

Long-term reactivity and permeability are critical factors in the performance of granular iron permeable reactive
barriers (PRBs). Thus it is a topic of great practical importance, as well as scientific interest. In this study, four types
of source solutions (distilled H,0, 10 mg/L TCE, 300 mg/L CaCO,, and 10 mg/L TCE + 300 mg/L CaCO,) were
supplied to four columns containing a commercial granular iron material. In all four columns, gases accumulated to
~ 10% of the initial porosity and resulted in declines in permeability of ~ 50% to 86%. In the columns receiving
CaCO,, carbonate precipitates accumulated to ~ 7% of the initial porosity, with no apparent decline in permeability,
The data indicale that precipitates formed initially at the influent ends of the columns, reducing the reactivity of the
iron in this region, As a consequence of the reduced reactivity, calcium and bicarbonate migrated further into the col- -
umn, to precipitate in a region where the reactivity remained high. Thus precipitation occurred as a moving front
through the columns. The resuits suggest improved methods for PRB design and rehabilitation, and also suggest
improvements that are needed in the mathematical models developed for predicting long-term performance.

Introduction

The use of granular iron for in situ treatment of ground
waler containing halocarbons is promoted as a cost-effec-
tive alternative 1o conventional treatment methods. How-
ever, because the capital cost of installing a granular iron
permeable reactive bamrier (PRB) can be substantial, in
most situations, the cost benefit must be realized through
greatly reduced operating and maintenance costs. A signif-
icant requirement in meeting this criterion is that the gran-
ular iron within the PRB perform consislently and
effectively over long periods of time.

] The initial field demonstration of the technology
showed no decline in performance over the five-year duta-
tion of the study (O’Hannesin and Gillham 1998), and more
recent studies indicate that afier 10 years, there has been lit-
tle or no decline in the reactivity of the iron (Reynolds
2002). Furthermore, the evidence suggests that the first

1SEACOR Environmental Inc, 201-6200 Dixie Rd., Missis-
sauga, Ontario, L5T 2E1
2Corresponding author: Department of Earth Sciences, Uni-
versity of Waterloo, Waterioo, Ontario N2L 3G1, Canada; (519)
B88-4658; fax: (519) 746-1829; rwgiltha@sciborg.uwaterioo.ca
Received March 2003, accepted September 2003.
Copyright © 2005 by the National Ground Water Assaciation,

installation at an industrial site, in 1994, continues to per-
form effectively (Sorel et al. 2003). Though the empirical
evidence is encouraging, and is becoming more convincing
as the period of record lengthens, thefe continues to be an
uncertain basis for prédicting performance well into the
future, The primaty issues, as suggested in Gillham and
O’Hannesin (1994) and Gillham (1999), concemn the
longevity of the iron, the activity of the iron surfaces, and
the effects that precipitates may have on both reactivity and
permeability. :

Following Gillham and O’Hannesin (1994) and Math-
eson and Tratnyek (1994), the net effect of the corrosion of
iron by water and by chlorinated solvents is the production
of H,; the release of Fe?* to solution; an increase in pH,
often to values in excess of 10; and a decrease in Eh to
strongly reducing conditions. If produced in sufficient quan-
tities, H, may form a separale gas phase with the potential
to reduce hydraulic conductivity and thus have an adverse
effect on performance. For example, gas accumulations in
granular iron of 10% 1o 15% (Mackenzie ¢t al, 1999) and
20% (Repta 2001) of the initial porosity have been reported.
In addition to reduced permeability, entrapped hydrogen or

_other gases could reduce reaction rates by reducing the area

of iron exposed 1o the solution phase,
The effect of a wide range of inorganic constituents of
ground waler on the reactivity of granular iron is an active
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topic of research. Two recent and notable publications
based on long-tenn laboratory tests include Farrel et al.
(2000} and Klausen et al. (2003). The reason for observed
declines in reactivity is generally inferred to be the forma-
tion of surface filims, and in mauy cases films have been
identified and characterized through surface analyses.
Examples of mineral phases that have been identified on
iron surfaces include iron hydroxide (Bonin et al, 2000),
magnetite (Bonin et al. 2000), aragonite (Phillips et al.
2000), siderite (Agrawal et al. 2002), ferric hydroxide
{Mackenzie et al. 1999), manganese oxyhydroxide (Okwi
et al. in press), chromiwmn oxyhrdoxides (Blowes et al.
1997), silica complexes (Klausen et al. 2003), and carbon-
ale-containing green rust (Bonin et al. 2000).

Bicarbonate is present in most ground waters, and fre-
quently at concentrations in excess of 100 mg/L. At the ele-
vated pH values within a granular iron PRB, bicarbonate is
converled to carbonate, with the potential to form several
precipitates, depending upon the chemical characteristics of
the water, but most commonly precipitates of iron, calcium,
and magnesium. Indeed, the precipitate identified most
commonly and in greatest abundance at field sites is cal-
cium carbonate (Gallant and Myller 1997; McMahon et al.
. 1999; Vogan et al. 1999). In particular, Vogan et al. (1999)
showed calcium carbonate accumulations of up to 6% of
the initial porosity near the upgradient face of a PRB, and
based on the results of laboratory tests, Fort (2000) esti-
.mated porosity losses of 2% to 5% annually. There is, how-
ever, litlle information on the patiern of precipitate
formation over time. In particular, though precipitation of
calcium carbonate is commonly observed to occur initially
at the influent end of laboratory columns, or the influent
face of PRBs, it is uncertain if the precipitates will accu-
mulate in quantities such that the upgradient region
becomes essentially impermeable or if the precipitates will
oceur progressively along the column (through the PRB).
Furthermore, though shori-term laboratory experiments
suggest that calcium carbonate minerals have a minor effect

on e reactivity of the iron, the long-term effects of pro-
gressive precipitation remain uncertain.

This study was undertaken to determine the effects of-

entrapped gas and calcium carbonate mineral precipitates
on porosity and hydraulic conductivity of granular iron. A
particular objective was to determine the pattern of precip-
itate formation and to relate this pattern to the reactivity of
the iron. The study invelved Jong-term meonitoring of labo-
ratory columns.

Materials and Methods

Four plexiglass columns measuring 3.81 cm 1.D. and 10
cm in length were each fitled with three sampling poris
located at 2.5, 5.0, and 7.5 cm from the influent end. All of
the columns were packed dry with, as received, commercial
granular iron obtained from Master Builders of Cleveland,
Ohio. The grain size was within the range of 18 to 60 mesh
and the BET surface arca was 1.5 m%g. Each column
received a different solution: (1) distilled water, (2) 10 mg/L
trichloroethene (TCE) in distilled water, (3} 300 mg/L
CaCQ, in distilled water, and (4) 10 mg/L TCE + 300 mg/L
CaCO, in distilled water. These columns will be referred to

as water, TCE, CaCO,, and TCE + CaCQO,, respectively.
The temperature in the laboratory was 22° 23°C.

To prepare the carbonate solution, 3 g of CaCO, was
added to a 15 L carbuoy containing 10 L of distilled water.
The solution was then bubbled with CO, gas to dissolve the
CaCO,. All the source solutions in this study were deoxy-
genated by purging with O,-free N, for two hours. The O,
concentration was reduced 1o below 0.2 mg/L and the pH
increased 1o 6.8 + 0.2 as the CO, was purged from the sofu-
tion. Purging of the TCE and TCE + CaCO, solutions was
conducted prior to the addition of TCE. The source solu-
tions were stored in 15 L glass carbuoys, and pumped to the
bottomn (influent) end of the respective columns (Figure 1).
To avoid oxygen contamination, with the exception of a I5
cm length of Viton tubing that passed through the pump,
stainless stee] tubing was used to connect the source bottles
to the columns. As a further precaution, mylar balloons
filled with oxygen-free N, gas were used to supply the

‘headspace as the solution level declined in the source bot-

tles. For the solutions containing TCE, the N, gas from the
balloons first passed through a bottle filled with a solution
identical to the source solution to raise the TCE concentra-
tion in the gas before il passed into the source bottles.

Plastic tubing connected to a “T” valve near the inlet to
each column was used as a manometer to monitor the
hydraulic head at the inlet. The hydraulic gradient across
the column was calculated using the hydraulic head at the
bottom of the column, as reflected in the manometer read-
ing, and the hydraulic head at the top of the column, as
determined from the elevation of the drip point enfering the
waste container. Hydraulic conductivity was then calcu-
lated from the gradient and the solution flux, using the
Darcy equation. The effluent from the column passed
through a sealed glass tube to trap the gases, before empty-
ing into the waste container. The gas volume was measured
periodically in order to calculate rates of gas production.
Periodically, the columns were disconnected and weighed,
and the effluent volumes were recorded.

Mylar
Balloon 1 Seated
Tubg =
1 Manometer st

Pump

Source
Solution

Figure 1. Schematic of the column apparatus.
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The respective source solutions were introduced at a
flow rate of approximalely 0.44 mL/min using an Ismatec
Multichannel Cartridge Pump (Model 78001-02). Flow
velocity varied as a consequence of changes in water-filled
porosity, but the initial values were close to 1.1 X 10~ cm/s,
Thus the time to displace one pore volume (PV) of solution
was approximately 2.4 hr for all four columns. The initial
porosity values were determined knowing the volume of
each column, the mass of iron added to each column, and
the particle density of the iron (6.56 g/cm’).

The concentrations of oxygen and TCE were moni-
tored in the source bottles. In the event that the TCE con-

* centration dropped below 9 mg/L, a measured amount of

TCE was added to maintain the concentration near 10
mg/L. In addition, on odcasion, the source solution was
replaced immediately il oxygen levels > 0.2 mg/L were
detected.

Samples (8 mL) taken from the inlet, outlet, and the
three sampling ports were coliected and analysed weekly
for TCE and possible degradation products. The TCE sam-
ple was prepared for analysis by adding 1 mL of sample to
2 mL of pentane in a 5 mL bottle. Samples used to analyse
for degradation products [dichloroethene (DCE) isomers
and viny] chloride (VC)] were prepared by -adding 4 mL of
sample Lo a 10 mL hypovial for head-space analysis. All
samples were shaken for an equilibration period of 15 min
prior to analysis. A Hewlett-Packard 5850 gas chromato-
graph equipped with an ECD detector and antosampler was
used for the analysis of TCE and a Hewlett Packard GC
with a HNu PID detector and autosampler was used for
DCE and VC anajyses. Alkalinity, pH, Eh, and calcium
were determined vsing (he remaining solution, The pH and
Eh were measured using a Markson pH/temperature meter
(Model 90), alkalinity was determined by titration, and Ca
by atomic absorption. The columns were sectioned at the
conclusion of the experiment and calcium carbonate pre-
cipitates in subsamples of the solids were quantified using
a modified Bundy and Bremuer (1972) method.

Resuits and Discussion

Effects of Hydrogen Production on Column Porosity
and Hydraulic Conductivity

Figure 2 shows the relative weight of each column
over time, where relative weight was calculated as the mea-
sured weight of a column minus the initial weight of the
apparaius without iron, divided by the initial total weight
{(including iron and water) minus-the initial mass of appara-
tus without iron. Considering an iron corrosion rate by
water of 0.4 mmole/kg Fe®/d (Reardon 1995) and complete
dechlorination of TCE, the maximum consumption of Fe®
was calculated 1o be 0.43 g/d. Further agsuming that the
oxidized iron forms Fe,O, (Ritter et al. 2002), iron reac-
tions could result in a net increase in the weight of a column
of 0.14 g/d. This would give a change in relative weight of
~ 43 x 10 and was therefore considered inconsequential.
Thus, changes in relative weight were considered to reflect
gas accumulation in the column, as well as precipitate for-
mation.
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Figure 2. Changes in relative column weight over time.

The relative weight of all columns remained reason-
ably steady for the first 30 PV, after which gas bubbles
could be seen through the Plexiglas® walls of the columns
receiving the CaCO; and TCE + CaCOj solutions. The
weights of these columns began to decline quickly and gas
bubbles began to appear in the effluent within a further 50
PV. Similar changes were observed in the water and TCE
columns, though the weight decline was not evident until
~ 150 PV and the decline was slower. For all columns, the
decline in weight was considered to be caused by the accu-
mulation of the gas phase in the pore structure of the gran-
ular iron. Though analyses were not performed, the
majority of the gas is believed to have been H,, formed as
a consequence of iron corrosion. The more rapid decline in
the columns receiving carbonate solutions suggests these
solutions to be more corrosive than the distilled water and
distilled + TCE solutions. This is consistent with the work
of Dahmke et al. (2000), Bonin et al. (2000), and Agrawal
et al. (2002), who showed that iron corrosion with water
was enhanced in the presence of bicarbonate.

Using the influent and effluent alkalinity values, if all
the bicarbonate lost during the first 50 PV precipitated as
CaCO,, it would represent an increase in relative weight of
only 0.01. Thus, the decline in weight over this period is a
reasonable measure of the volume of entrapped gas. The
initial water-filled porosity and the water-filled porosity at
gas breakthrough were used to calculate the maximum per-
centage of the initial porosity that became gas filled (Table
1). The values range from 6.3% to 13.8%; however,
because of the scatter in the data (Figure 2), it is not possi-
ble o attach any significance to the variation in terms of the
different treatments, and a uniform porosity loss of ~ 10%
is suggesied as reasonable. The scatter in Figure 2 is
undoubtedly a consequence of unsteady gas distributions in
the columns as well as the occurrence of periodic releases
of gas to the effluent. Similar erratic behaviour in celumns
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Table 1
Porosity and Hydraulic Conductivity of Columns Measured
at Early Time (Initial) and Following Gas Breakthrough

Water-Filled Porosity

Hydraulic Conductivity (cm/s)

After Gas
After Gas Laoss Initial Breakthrough Loss
Column Initial Breakthrough (% of initial) (x 103 (X 104 (% of initial)
Water 0.59 0.53 102 22 39 82.3
TCE 0.63 0.59 6.3 22 1.5 65.9
CaCO, 0.58 052 103 L1 5.0 54.5
TCE + CaCO,4 0.63 0.54 13.8 L8 319 —

wihere a gas phase was produced is reported in Morrison et
al. (1996) and Fryar and Schwartz (1998).

In the water and TCE columns, afier gas breakthrough,
the column weights remained relatively steady for the dura-
tion of the experiment. Thus, at least in the laboratory envi-
ronment and on the time scale of the experiment (500 d),
there was no evidence of recavery of the porosity initially
Jost to the entrapped gas. As discussed in a later section, the
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Figure 3. Changes in hydraulic conductivity, K, in the
column over time: (») columns that did not receive
CaCOy; (b} columns that received CaCO,.

116

increasing weight in the columns receiving carbonate solu-
tions is aftributed to precipitate formation.

Because the trends appeared to be well established,
hydraulic head measurements were terminaled at ~ 950 PV
in three of the columns, The TCE columan was essentially a
duplicate of the water column with respect to gas and pre-
cipitate production, and thus hydraulic head measurements
in the TCE column were termiinated afler ~ 350 PV. Fig-
ure 3 shows the hydraulic conductivity of each column over
time. As in Figure 2, the scatter in the data is believed to be
largely,a consequence of the periodic release of gas from
the columns. Because the gas phase is non-wetting, it accu-
mulates in the largest pores, and because the largest pores
are the most effective in transmitting water, relatively small
changes in the gas-filled porosity can have a large influence
on the hydraulic conductivity, accentuating the scatfer in
Figure 3. The periodic occutrence of gas bubbles in the
effluent lines would contribute further variation as a conse-
quence of uncertainty in the hydraulic head at the effluent
end of the columns. In spite of the uncertainty and the scat-
ter in the data, the graphs of Figure 3 show trends that are
worthy of discussion.

The greatest change in hydraulic conductivity occurred
in the early stages of the experiment during the period of
gas accumulation and gas breakthrough. All columns
showed a decline in hydraulic conductivity in the range of
about one order of magnitude or greater, followed by
recovery once the gas broke through the columns. Thus,
once the bubbling pressure of the porous medium was
exceeded and the preferred pathways for gas migration
were established, the hydraulic conductivity recovered to
some degree. .

Table 1 shows the measured value of the initial
hydraulic conductivity, and the “recovered” value following
gas breakthrough. The decline in hydraulic conductivity, as
a consequence of gas entrapment, varied from 54% to 82%,
though, because of the unexplained behavior (Figure 3), a
value was not calculated for the TCE + CaCO, column.

Effects of Carbonate Precipitates on Porosity
and Hydraulic Conductivity

The amount of carbonale precipitate formed in the
respective columns was calculated in four ways: (1) from
the change in weight of the columns over time, (2) from the
difference over time in alkalinity between the influent and
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effluent solutions, (3) from the difference over time in the
calcium concentration between the influent and effluent
solutions, and {4) from sectioning the columns at the end of
the experiment and performing an acid digestion and titrat-
ing the resulting solution for alkalinity. As shown in Figure
2, following breakthrough of the gas phase, the colummns
receiving calcium carbonate solution showed a gradual
increase in weight. This occumred over Lhe period from
~ 250 to 800 PV in the case of the carbonate column, and
250 to ~ 1100 PV in the case of the TCE + CaCO, column.
Consistent with the longer period of precipitation, there
was a greater accumulation of precipitates in the TCE +
CaCO, column than in the CaCO, column. The relatively
constant mass beyond ~ 1000 PV suggests that precipita-
tion occurred to some maximum level, beyond which the
conditions were such that there was no further precipita-
tion. Assuming calcite to be the primary precipitate, and
using the increase in weight and a2 molar volume of 36.9
cm?, the volume of precipitate formed in each column was
determined, from which the percentage reduction of the ini-
tial porosity was calculated. The increase in weight, precip-
itate volume, and porosity loss are given in Table 2. As
indicated, the porosity reduction was 6% for the CaCO,
- column and 7% for the TCE + CaCO, column. As noted in
Mackenzie et al. (1999), using the molar volume to calcu-
late the volume of precipitate does not take into account the
loose structure of freshly precipitated mineral materials.
While it inay be reasonable (o increase the volume of pre-
cipitate in proportion to its porosity, we could find no quan-
titative basis for performing this step. Thus the percent
porosity loss, as included in Table 2, should be viewed as
minimum values.

The influent and effluent bicarbonate and calcium con-
centrations were measured periodically over the course of
the study. Treating calcium and bicarbonate independently,
and assuming that each was consumed only as a conse-
quence of precipitation of CaCOj, Figure 4 shows the mass
of CaCO, accumulation over time in the respective
columns. It should first be noted, that with the exception of
the CaCO; accumulation calculated using the decline in
alkalinity across the CaCO, + TCE column, the two meth-
ods pave similar results, and results that were similar to
those determined from measurements of column weight. In
the absence of a reasonable explanation, we believe the
resulls obtained from the decline in alkalinity in the CaCO,
+ TCE column to be anomalous. Similar to the results
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Figure 4. Accumulation of CaCO, in carbonate and TCE +
carbonate columns calculated from changes in HCO,™ and
Ca?* across the columns.
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obtained from the weight measurements, the mass of
CaCO, precipitate appeared to reach a maximurn at ~ 800
PV in the CaCO; column and ~ 1300 PV in the CaCO, +
TCE column, with no further precipitate accumulation to
the end of the experiment. The mass of precipitate accumu-
lation in each column, along with calculated precipitate
volume and porosity loss, are included in Table 2.

At the conclusion of the study the two columns receiv-
ing carbonate solution were divided into three segments
and analyzed for CaCOj;. The results are given in Table 3.
This test does not show trends over time, but it does indi-
cate similar amounts of CaCO, over the length of each col-
umn, and shows the total amount of precipitate in the two
colurmns to be similar.

Referring to Table 2, the four methods of determina-
tion gave remarkably similar values for the mass of precip-
jtate that accumulated in the two columns. The range for
the CaCO, column was 9.9 to 10.6 g, and for the TCE +
CaCO, column was 9.4 to 11.5 g. With respect to loss of
initial porosity, the range was 6.0% to 6.3 % (average of
6.1%) for the CaCOQ, column and 6.2% to 7.6% (average of
7.0%) for the TCE -+ CaCO, column. Though the change in
porosity values for the two columns were similar, the larger

Table 2
Mass and Volume of Calcium Carbonate Precipitate and Percent of Porosity Loss
as Determined by Different Methods®

Mass (g) Yolume (cm?) Porusity Loss (%o}
Column M, M, M M, M, M, M, M, M, M, M, M,
CalC0, 9.9 7.58 103 106 3.7 2.8° 38 39 6.0 4,58 6.1 6.3
TCE + CaCOQ, 104 115 94 114 39 43 35 42 6.9 7.6 6.2 14

*M, is based on changes in coluinn weight; M, is bascd on alkalinity loss; M, is based an Ca foss; M, is based on desinuctive sampling.
*Calculated using the snomalous data of Figure 4. Belicved {0 be an underestimate of the actual value,
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Table 3
CaCO, Conccntration in the Columns
Recciving Bicarbonate Selution Based on
Destructive Sampling and Acid Digestion

Distance from Inlet CaCO; Column TCE +CaCOy
(em) (mg/g iron) {mg/g iron}
0.010 2.0 266 24.6
40t 6.0 30.8 343
8010100 30.5 26.2

" amount of precipitate (gréater porosity loss) in the TCE +
carbonate column may have been a consequence of greater
corrosion of the iron through TCE reduction and ‘thus
greater OH- production. Of particular note, precipitates
formed to some maximum value over the entire length of
each column, and in ail cases, the precipjtated CaCO, rep-
resented less than 10% of the initial porosity.

A significant objective of the study was to determine
the effect of precipitate formaltion on hydraulic conductiv-
ity. This objective was compromised to a degree by the
scatter in the hydraulic conductivity data (Figure 3). There
* is no apparent reason for the large increase in hydraulic
conductivity in the TCE -+ CaCO, ‘column between ~ 500
and 700 PV, nor is there any apparent reason for the decline
in conductivity in the CaCO, column at ~ 200 PV. In spite
of the uncertain quality of these data, it is reasonable o
conclude that the loss in porosity cansed by precipitate for-
mation did not cause a substantial reduction in hydraulic
conductivity, and indeed there is no apparent trend in
hydraulic conductivity over the period of precipitate for-
mation. Furthermore, because precipitate formation had
substantially slowed and perhaps halted by 1000 PV, there
is no reason to expect that precipitation of CaCO, would
have a significant effect on hydraulic conductivity in the
future.

As noted previously, in the early stage when gas accu-
mulated to ~ 10% of the initial porosity, there was a decline
in hydraulic conductivity of about one order of magnitude.
However, the accumulation of precipitates to ~ 6% of the
initial porosity had no substantial effect on hydraulic con-
ductivity. Because the gas phase is the non-wetling fluid, it
accumulates in the largest pores—those that are most effec-
tive in transmitting water. Precipitales on the other hand are
likely to form as patches on the iron surface, in response to
variation in local pH values, rather than being influenced
by pore size. Using the measured specific surface area of
the iron, an accumulation of ~ 30 mg/g, as observed in this
study, and if a uniform layer of precipitate is assumed, the
thickness of the layer would be 0.0 um. This would be
small relative to the diameters of most pores and would
therefore not be expected to have a major influence on
hydraulic conductivity.

Process and Progress of Precipitate Formation

Considering both columms that received carbonate and
considering the entire columns, the evidence of the previ-
ous section indicates accuomulation of CaCO, to a value of
~ 30 mg/g of iron, representing ~ 7 % of the inilial poros-
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Figure 5. Changes jn alkalinity and pH over time in the TCE
+ CaCO, column, : ’

ity, followed by no further accumulation. it is not clear,
however, if this occurred uniformly with time over the
entire iron bed or if it occurred as a moving front of pre-
cipitate accumulation. Figure 5a shows profiles of relative
alkalinity at various times for the TCE + CaCO, column (a
comparable graph for the CaCO, column was similar and is
therefore not shown). At early time (280 PV), almost the
entire decline in bicarbonate occurred within the first 5 cm
of the column, indicating this to be the primary region of
precipitate formation, At later time (630 PV), the rate of
loss in the first 2 to 5 em declined while the rate of loss
toward the effluent end increased. By 2500 PV, there was
essentially no loss of bicarbonate over the entire length of
the column. Thus, even over the short length of the columns
used in this study (10 cm) and at the relatively high veloc-
ities (85 cm/d), there is evidence that CaCO, precipitaled as
a moving front through the column. That is, once CaCO,
accumulated to ~ 30 mg/g of iron (~ 7% of the initial poros-
ity), there was no further precipitation and the Ca and
HCO," continued farther into the column where conditions
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continued to be suitable for precipitate formation. As for-
ther evidence, Figure 5b shows pH profiles at various times
for the TCE + CaCOj; column. At early time (40 PV), the
pH increased from an influent value of 6.8 to 7.8 by the first
sampling port and 8.9 in the effluent. At 480 PV there was
a slight increase in pH toward the effluent end while by
1060 PV, the pH was almost conslant across the colummn.
Corrosive production of OH- and consumption through car-
bonate precipitalion and formation of oxyhydoxide surface
films influence pH. At early time, the increase in pH, fol-
lowed by the plateau between 2.5 and 5 cm, is consistent
with these competing processes, while the increase in pH
toward the effluent end suggests the lack of carbonate pre-
cipitation in this region. This is consistent with the early
time bicarbonate profile of Figure 5a. At late time, the pH
is near neutral throughout the column and there is also lit-
tle or no consumption of OH- through carbonate precipita-
tion. This implies little or no OH- production along the
column and thus greatly reduced corrosion rates.

It follows that the accumulation of CaCO, to values on
the order of 30 mg/g iron has a passivating effect on the
iron, greatly reducing the corrosion rates. As the corrosion
rate declines, OH- is not produced and thus CaCO, does not
. precipitate. The bicarbonate thus moves farther into the col-
ummn until it reaches a zone where CaCO, has not precipi-
tated to a level sufficient to passivate the iron, and thus OH-
production in this zone results in further precipitation of
CaCO,. Further evidence in support of this model is given
in the following section.

TCE Degradation in the Presence of Bicarbonate

Figure 6 shows TCE concentration profiles at various
times for the columns receiving TCE and TCE + CaCO,.
At early time, both columns showed degradation that was
consistent with pseudo-first-order kinetics. The first-order
rale-constant for the column receiving carbonate solution
(k= 0.017/min) was, however, significantly greater than for
that receiving only TCE (k = 0.0062/min). The reason for
the difference in initial rate was not investigated but, as
referred o previously, is most likely a consequence of
enhanced corrosion caused by the bicarbonate jon. Of par-
ticular importance, while there was variation in the mea-
sured degradation proﬁleé for the TCE column, there was
no consistent trend over time, and the degradation rate at
the conclusion of the experiment (k = 0.0045/min at 2170
PV) was similar to the initial value. In contrast, degradation
in the TCE + CaCO, column departed from first-order
behavior and showed a consistent decrease in degradation
rate over time. Clearly, the accurnulation of calcium car-
bonate caused a reduction in the rate of TCE degradation.
Also, the rate of degradation declined most rapidly at early
time near the influent end of the column, while the rate
beyond the 5 cm point in the column was similar to the ini-
tial rate (note the graphs for 470 and 1130 PV). At later
time (beyond ~ 2000 PV, the rates appear to be consistent
with zero order kinetics, with the rate continuing to decline
over time. By the end of the test (2590 PV), there was little
degradation of TCE in the TCE + CaCO, cotumn. This pro-
vides further evidence that the CaCO, precipitates have a
passivating effect on the iron, and also that the precipitates
form as a front moving through the column. It is perhaps
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Figure 6, Changes in TCE concentration profiles in TCE and
TCE + CaCQ, columns.

noteworthy that while the maximum amount of precipita-
tion had occurred by ~ 1500 PV, measurable degradation
occurred beyond this time.

Implications

This study was conducted using short columns and
flow velocities that were much higher than normally
encountered under field conditions. Direct application of
the results to field conditions must therefore be undertaken
with a considerable degree of caution. Nevertheless, sev-
eral of the observations and conclusions have direct rele-
vance to the design of field installations.

Initial gas accumulations were on the order of 10% of
the initial porosity, and resulted in declines in hydraulic
conductivity of about one order of magnitude. Once the
bubbling pressure of the iron bed was exceeded, the
hydraulic conductivity recovered, but not to the initial val-
ues. Thus the design of installations should anticipate that
the hydraulic conductivity of the PRB will be less, perhaps
by a factor of three or four, than the saturated iron values.
Furthermore, if the gas is not permiited to escape, declines
of greater than one order of magnitude should be antici-
pated. This could be avoided through the installation of
vent wells within the PRB.

Of particular importance is the observation that precip-
itates form {o some maximum value, and that formation
appears to occur as a diffuse front moving in the direction
of flow through the PRB. Furthermore, the degree of
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precipilation (~ 7% of the initial porosity) did not appear to
have a measurable effect on hydraulic conductivity, Thus,
where carbonate minerals are the primary precipitate, it
does not appear that they will form to the point where the
PRB will become impermeable. Thus, flushing solutions
for removal of precipitates remains a potential maintenance
option, as does the installation of a second parallel wall.
The results also indicate that carbonate precipitates will
passivate the iron, and that this zone of reduced activity will
migrate over time from the influent surface into the PRB.
Indeed, precipitate formation appears to be a self-regulating
process, with the precipitates causing reduced reactivity
which in turn reduces the rate of precipitate formation. To
evaluate this phenomenon more fully, laboratory experi-
ments that simulate field conditions more closely need 1o be
conducted and careful monitoring and sectioning of PRBs
that are already installed should be undertaken. Neverthe-
less, the resuits of this study suggest progressive passiva-
tion, and this should be considered in design. Design
considerations could include added thickness or mainte-
nance to periadically restore the activity of the iron.

As an example, and assuming the results of this study
to be applicable to field conditions, we will assume that cal-

_ ¢ium carbonate accumulates (o a maximum of 30 mg/g of
iron. We will further assune a ground water velocity of 5
cm/d, an aquifer porosity of 0.3, a bicarbonate concentra-
tion of 100 mg/L, an iron bulk density of 3 g/cm? in the
PRB, and that all of the bicarbonate is lost through precip-
itation as calcite. In reality, precipitation will occur across
a diffuse front, with the width of the front dependent on
several factors including initial concentration of bicarbon-
ate, ground water velocity, and reaction rates. For the pur-
pose of this calculation, it will be assumed that
precipitation occurs at a sharp front. Under these condi-
tions, the precipitate front would advance at a rate of ~ 1.0
civyr. Clearly, the rate of advance would be strongly
dependent on the velocity and composition of the ground
water, but under the assumed conditions, ~ 10 cm of a PRB
could become nonreactive with respect to degradation of
organic contaminants over a 10 yr period.

It should also be noted that reactive transport models
{Yabusaki et al. 2001; Mayer et al. 2001) that have been
applied to iron PRBs generally consider the reactivity of the
iron to be constant over time. Thus, there is no upper limit
on the amount of precipitate that could form and thus, given
sufficient time, precipitation would continue until the initial
void space was complelely filled. It appears that if these
models are to become useful for predicting long-term per-
formance, the effect of precipitates on corrosion fate needs
to be incorporated. Thus the relationship between the
amount of precipitate present and iron reactivity should be
quantificd with greater precision.
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