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Abstract 

A method for measuring gas entrapment in granular iron (Fe0
) was developed and used to estimate the 

impact of gas production on porosity loss during the treatment of a high NO) groundwater (up to-I 0 mM). 
Over the 400-d study period the trapped gas in laboratory columns was small, with a maximum measured at 
1.3% pore volume. Low levels of dissolved H2(g) were measured (up to 0.07 ± 0.02 M). Free moving gas 
bubbles were not observed. Thus, porosity loss, which was detennined by tracer tests to be 25-30%, is not 
accounted for by residual gas trapped in the iron. The removal of aqueous species (i.e., NO), Ca, and 
carbonate alkalinity) indicates that mineral precipitation contributed more significantly to porosity loss than 
did the trapped gases. Using the stoichiometric reactions between Fe0 and N03, an average corrosion rate 
of I. 7 mmol kg- 1 d- 1 was derived for the test granular iron. This rate is I 0 times greater than Fe0 oxidation 
by H20 alone, based on H2 gas production. NO) ion rather than H20 was the major oxidant in the 
groundwater in the absence of molecular 0 2• TheN-mass balance [e.g., N2(g) and NHt and N03] suggests 
that abiotic reduction of NO) dominated at the start ofFe0 treatment, whereas N2 production became more 
important once the microbial activity began. These laboratory results closely predict N2 gas production in a 
separated large column experiment that was operated for -2 yr in the field, where a maximum of -600 ml 
d- 1 gas volumes was detected, of which 99.5% (v/v) was N2• We conclude that NO) suppressed the 
production of H2(g) by competing with water for Fe0 oxidation, especially at the beginning of water 
treatment when Fe0 is highly reactive. Depends on the groundwater composition, gas venting may be 
necessary in maintaining PRB pe1formance in the field. 
Published by Elsevier B.V. 
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I. lntroduction 

The operating life of zero-valent iron-based permeable reactive barriers (Fe0-PRB) is affected 
by loss of both Fe0 reactivity toward contaminant (Fan·e!l el a!., 2000: Vikesland el al., 2003) and 
media hydraulic conductivity; the IaUer can result from mineral precipitation (Mackenzie et al., 
!999; Liang et al., 2000; Phillips et al., 2000; Kamolpornwijit eta!., 2003; Morrison, 2003; Wilkin 
et al., 2003 ), bacteria accumulation (Gu et al., 1999), and gas production (Bokemmnn ct al., 2000; 
Vikesland et al., 2003). The loss of chemical reactivity and mineral precipitation on system 
performance have been widely sllldicd both in the laboratory (Mackenzie el at., 1999; Farrell el at., 
2000; Kamolpornwijit el al., 2003; Klausen ct at., 2003; Vikesland el al., 2003) and at field 
(Monison and Calm, 1991; McMahon and Sandstrom, 1999; Wilkin et al., 2003; Liang et aL, 
2005). Effects of gas production and entrapment on system hydraulics, in contrast, are poorly 
understood. Although gas can transport with water, residual bubbles, however, can become 
trapped in the porous media. Gas may vent naturally in an open system, e.g., a continuous wall 
configuration, via bubble coalescence and buoyant movement. In closed systems, e.g., treatment 
reactors of a li.mnel-and-gate configuration, a high rate of gas production and restricted venting 
could produce gas locks and potentially shut down the system (Birke, 2003). 

Gas production in the Fe0 -PRB is expected fi·om both chemical and microbial-mediated 
pmcesses. Stoichiometrically, a mole of hydrogen gas [H2(g)] is produced when a mole ofFe0 is 
oxidized by water in the absence of02 [Eq. (I)] (Reardon, 1995). The absorbed hydrogen (Haos) 
atoms resulting from Fe0 reactions with carbonic acid and bicarbonate [Eqs. (2) and (3)] 
(Mcintire el al., 1990) can subsequently combine and fonn 1-12• The nitrate (NO:l) ions have 
been reported to increase the con·osion rate of Fe0 via abiotic and biotic pathways (Huang et al., 
1998; Till et a!., 1998; Kamolpomwijit ct al., 2003). Abiotic N03 reduction [Eq. (4)] will 
produce ammonium ion (NHt), which in tum may transfonn to ammonia gas [NH3(g)) at 
pH> pKa [Eq. (5)] (Stumm and Morgan, 1996). The microbial mediated process [Eq. (6)] could 
convert two moles of N03 to one mole of nitrogen gas [(N2(g)J as an end product (Till et a!., 
1998; Kielemoes et al., 2000). The microbial-mediated reduction of sultate (SO~-) also 
influences gas fom1ation by consuming H2 and potentially producing hydrogen sulfide gas 
[l-12S(g)] under acidic conditions [Eq. (7)] (Gu et al., 1999). 

Fe0 + 2H20 = Fe2+ + l·h + 201-I-

H2C03 + e- = HCOJ' + Haos 

HCO) + e- = CO~- + Haos 

4Fe0 + NO) + 7H20 = 4Fe2+ + NHt + I OOW 

NHt = H+ + NH3 

5Fe0 + 2NOJ' + 61-hO = 5Fe2+ + N2 + 120Ir 

so~- + 4Hz = s2
- + 4H20 

( l) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

Gas species produced from these reactions may be present ~as dissolved or nucleated gas 



340 W Kamolpomwijit, L. Liang i Joumtli af Camamina11t Hytlmlogy 82 (2006) 338-356 

on the amount of dissolved gas vary widely. Low levels of dissolved l-12 gas have been measured 
in some laboratory and field studies (Vikesland el al., 2003; Wilkin et al., 2003), so did elevated 
H2(g) concentrations in groundwater containing SO~- (Gu et al., 1999) and N03 (Kielemoes et 
al., 2000), and in the field (Wilkin et a!., 2003). In batch studies, 1-h, both as dissolved and as 
free gas bubbles (measured by gas pressure), has been observed to change with time (Reardon, 
1995; Bokennann et aL, 2000). The large variability in the obsetved gas production may be 
attributed to the diiTerences in aqueous chemistry (Reardon, 1995; Liang el a!., 2000) and in 
some cases, system configurations (Birke, 2003). 

Trapped gas replaces pore water, hence reduces residence time. Formation ofl-h film on iron 
grains has been suggested to contribute to the loss of porosity (Mackenzie et al., 1999; Kober et 
a!., 2002). However, little is known on gas entrapment in Fc0 media and its effects on the 
hydraulic performance because of difficulty in measudng the trapped gas volume. [t is therefore 
the objective of this study to develop a method to quantify trapped gases and to test the 
following hypotheses: (1) substantial gas phase exists in Fe0 media which causes porosity loss 
and in the worse case, slops flow; and (2) the presence of NO) affects the mechanisms of gas 
production and specifically, denitrification may control gas generation. Groundwater !rom an 
existing PRB site (containing high levels of NO)) was used in flow-through experiments. The 
results of gas volumes and speciation and aqueous speciation are discussed with respect to the 
mechanisms of gas production, Fe0 corrosion, and porosity loss in Fe0 medium over time. 

2. Matcl"ials and method 

Residual gas bubbles and their effects on the porosity loss were investigated by pumping an 
actual groundwater through packed colunU1s of granular iron. Granular iron ranging from 8 to SO 
mesh size was obtained fi·om Peerless Industry. The study was initiated a year after the onset of a 
field column study (Kamolpomwijit ct al., 2003), where large volumes of fi·ee and trapped gases 
were observed after 6-month opcmtion. Although routine measurements were made subse­
quently, data were not collected on gas entrapment during !he initial operation of the field 
columns. Thus the bench top columns were set up in tbe laboratory to observe gas production 
during the initial stage of Fe0 treatment and to supplement data to the field column study. 

2.1. Groundwater source 

The groundwater used in the laboratory was collected from the same well as for the field 
column study, which is located -70 flupgradient of an existing PRB (See Fig. I in Liang et al., 
2005) at !he Y-12 National Security Complex, Oak Ridge, Tennessee. The site groundwater 
contained high levels ofN03 (up to 10 mM) and total dissolved solid (TDS) (Table 1). A 10-
1 Tedlarif.v bag was used to collect groundwater and was refilled weekly. The holding bags 
maintained the groundwater reasonably well, although some changes in pH (6.67 to 6.87) and 
alkalinity (296 to 298 ppm as CaC03) were observed after 3 days. Gas bubbles were observed 
on the surface of the holding bags, presumably from C02 degassing due to a decrease in the 
hydrostatic pressure of the well water. This weekly variation, however. was small compared to 
the temporal and seasonal changes in the site groundwater (see the major constituents of the 
groundwater in Table I). 

Groundwater, with relatively low levels of TDS, alkalinity. and NO), was also used in the 
period of 153 to 181 d to study H2 production fi·om anaerobic Fe0 oxidation by water_ During 



Jr: K<111Wipo1'11ll'iiil, L. Liang I Joumal of Contaminant liJ•c/roiogy 82 (2006) 338-356 341 

Table I 
Chemical chaructcristics of innucnt groundwater. with concl.!ntrations ira mM unless otherwise noted 

Parameters Influent 

Range Averagca 

pH 6.71-7.6t 6.947 
Total alkalinity (mEq) 1.64-3.26 2.321 
Conductivity (m$/Cm) 1.02-1.96 1.798 
Dissolved 02 O.Ot-0.02 0.015 

NO] 1.82-10.40 8.822 
soi- 0.47-0.84 0.545 
Cl- 0.59-2.12 1.775 
Ca 4.09-8.3t 7.377 
Fe 0-0.003 0.0003 
Mg 0.85-0.95 0.871 
Si 0.06-0.0S 0.065 
AI 0.00-0.02 0.006 
Mn 0.00-0.02 0.012 
No 0.27-0.94 0.393 

' Time-wciglllcu avcrogc. 

Recirculation 

Average 

6.625 
0.165 

1.295 

NA 
5.44 
0.70 
2.47 

2.6 
0.046 
0.868 
0.012 
0.012 
0.006 
0.476 

back into the columns. The influent composition during the recirculation period is shown in 
Table I. 

2.2. Column setup 

Two borosilicate glass columns (SMCI and SMC2), with 4.8-cm inside diameter and 30-cm 
length, were setup vertically in the laboratory (Fig. 1 ). Iron grains were wet-packed into the 
columns using the lest groundwater. Well graded #4 sands were added lo the columns to 3-cm 
depth al both inlet and outlet ends to allow a better flow distribution. The grains were slowly 
added to the columns lo minimize air entrapment. Tapping was applied for every em of added 
grains to pack the medium. The porosities of the packed columns were 57.1% and 61.1%, 
respectively, calculated using the bulk density and the weight changes before and after packing. 
The mass of packed Fe0 for both columns was -1.46 kg. 

Infusion pumps (A VI 200A, 3M, Infusion Therapy, St. Paul, MN) were used to pump upward 
the air-free groundwater to both columns. The flow rates were set at -14 ml h- 1

, equivalent to a 
pore velocity of -0.31 m d- 1

• This yielded an initial residence lime of -23 h. The vertical 
mounting of the colunms was to better control flow, to increase the paU1 of gas movement, and to 
allow gas venting; thus closely simulating the [ield conditions of PRB. The flow direction of 
water may artificially increase gas venting. However, fi-ee gas bubbles were not observed in the 
effluent discharge line at any time during the course of the experiment. 

Two separate control expeliments (Cl and C2) were also conducted to estimate the trapped 
air volume in the column assembly. In expeliment Cl, only groundwater was present in the 
column, whereas in C2, column was wet-packed with sand. The sand packed column may not be 
an ideal control For the granular iron column, nonetheless it served as a baseline for potential 
trapped gas volume during packing. 

Contrast to the laboratory columns. groundwater flowed horizontally in the field columns. 
The vertical path of gas movement was of a maximum 15.2-cm, compared to the 30-cm in the 
laboralOLy ~olumns. Two flow rates were used in the field column study, one initially set at 



342 lv. Kamolpomwijit. L. Liang I Joumal ofColltaminant Hydrology 82 (2006) 338-356 

To the other 
column 

Infusion pump 

ir- -r 
ok:f­

J 

'·I 

1 

h, 

I 
INLET-X· 

h,,L 

Moving distance of air/water Interface, 
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Fig. I. Lnbomtory column setup, with •chcmatics for trapped air quantification. Pt and P! arc pressure heads registered 
at the pressure gauge: Pi is taken under atmospheric pressure and Pi is taken nndcr external pressure (AP) 
corresponding to movement of air/wutcr interface caused by air injection. P 1 is r•·cssure head im;>artcd on trapped gas, 
which equals to Pi -lq. The potential heads, II 1 vary with the assumed location of gas accumulation. The 10-1 Tcularbag 
was used as the groundwater reservoir. 

d- \ both were controlled using HPLC pumps. This high flow rate was used to increase the 
throughput, thus allowing observation of Fe° COll"Osion due to large volume treatment in a 
short time frame. Gases were vented regularly through multiple vent ports located at the upper 
boundary of the columns (Kamolpornwijil et al., 2003). During the initial period. gas volume 
was not measured. 

About 6-month into the field st11dy, the observed residence time decreased from the initial 
values. A routine measurement of gas production was implemented and the vented Ji"ee gas was 
substantial. It was hypothesized that loss of porosity was caused in part by accumulation of 
lmpped gas. To test the hypothesis, a simple procedure was developed to extract gas from the 
columns and observe the restoration of porosity. Tmpped gas was slowly extracted from the vent 
port under no flow conditions using gas tight syringe partly filled with groundwater. The 
removal of gas induced a slight negative pressure which was brought back to atmospheric 
pressure by injection of the pre-filled groundwater in the sytinge. This procedure was planned 
for the laboratory study when gas production becomes high, with an aim to diiTerentiate the 
porosity loss due to mineral precipitates from gas entrapment. 

2. 3. Sampling cmd analysr~~ 

2.3.1. Water· sample 
Both influent and effluent samples were analyzed for cations, anions, and other water 

quality parameters, such as pH and dissolved oxygen. Dissolved metals, such as Ca, Mg, Fe, 
Si, Na, and K, were analyzed using ICP (Thermo Jan·ell Ash !CAP OES) and Fe2+ was 
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soJ-. were analyzed using IC (Dionexl20); S2
- was analyzed by methylene blue method 

(Chemetric®); and NHt using a NH3 probe (Orion 9512 NI-13 gas sensing electrode with 
NHrpi-1 adjusting !SA). Alkalinity was determined by titration with a standard HCl solution 
to 4.5. The effluent samples were collected in a Tedlar bag, usually overnight. The pH probe 
was calibrated before inserting it into the effluent line and a measurement was taken when a 
steady reading was obtained. 

2.3.2. Tracer test 
Tracer tests were conducted periodically for both colunms. A concentrated KBr solution was 

pre-mixed with the groundwater to make a Br- solution of 1000 ppm. The Br-containing 
groundwater was then injected at the same flow rule for 2.5 h. The effluent was collected every 
45 min using an auto-sampler (Spectra/Chrom CF-1 fraction collector) over a period of 3 d. 
Bromide concentration in the effluent was analyzed using an IC. 

2.3.3. Dissolved gas analysis 
The concentration of dissolved gas was obtained using a head-s1Jace analysis at gas/water 

equilibrium. Known volumes ( -210-250 ml) of effluent samples were collected over night in a 
Tedlar bag, which had been llushed wilh He or Argas several times and filled with 100-ml of the 
con·esponding gases. Helium was used in gas collection for GC analysis with a TCD, and Ar for 
MS analysis. Aller sample collection, the sealed sample bags were mixed on a shaker for about2 
h to allow the gas to reach equilibrium with water. A gas sample was drawn from the headspace 
and was U1en analyzed. 

2.3.4. Quantijicalion of trapped gas 
Assuming an ideal gas behavior for the trapped gas within the colwnn, the gas volume can be 

calculated based on its compressibility: 

V, = P2(tlV)j(t1P). (8) 

Where V1 is the gas volume under pressure Ph and t:!..V is the change in gas volume that 
caused by the change of pressure (tlP) from P 1 to P2• Experimentally, the pressures and gas 
volumes were detennined under no flow conditions. The measurement normally took less than 
30 min during which the !low in the columns was temporarily shut o!T. The first pressure reading 
(Pi) was taken with efiluent open to atmospheric pressure. A volume of air was then injected 
into the eilluent line using a gas-tight syringe creating a pressure change, t:!..P. The injection 
pushed the water (in the effiuent tube) toward the column and the water/air interface moved a 
specific distance (Fig. l), which was converted to the replacement volume, t:!..V. The observed 
pressure at the pressure gauge, Pi (=Pi+tlP) was recorded. Here, we assumed that the liquid is 
incompressible. The gas injection was always done within the length of eilluent tubing, i.e., the 
it~ected air bad never gone into the column. 

Note that the pressure gauge was installed upgradient of the column inlet, not at the point of 
gas accumulation (Fig. 1 ). Therefore, pressure gauge readings (i.e., Pi and P{) need to be 
con·ected for the location of gas accumulation prior to their substitution asP 1 and P2 in Eq. (8). 
For example, P 1 =Pi- h 1 (Fig. I), where h 1 is the potential head (or height) of the assumed 
location of gas accumulation referenced to the pressure gauge. The accumulation location cannot 
be precisely identified. By assigning location of gas entrapment, two limits of trapped gas 
volumes are estimated: the upper limit is obtained when gas is accumulated at the column inlet, 
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When trapped gas is assumed to distribute uniforn1ly across the column, the volume IS 

calculated by Eq. (9). The integrated form of Eq. (9) is provided in Eq. ( l 0): 

a.v 1""" (P;- h) fit=- dlz 
6.P h;" L 

(9) 

6. V (p• hout + h;n ) 
Vt=a,p 2- 2 . {10) 

Where L (= llout- h in) is the length of the column, h is the potential head of the location of gas 
entrapment referenced to the pressure gauge, h;., is potential head at the column inlet, and huut is 
at the column outlet. The calculated volume lies within the two limiting values. 

2.3.5. Quantffication ojji·ee gas 
Since free gas bubbles were not observed from laborato1y columns, the procedure applied 

only to the field study. A series of Tedlar bags that were pre-filled with a small amount of 
groundwater were attached to column venting ports. Aller a given period time of collection, U1e 
bags were detached from the columns. Gas vented into the bags was quantified by slowly 
extracting it into a gas tight syringe until the bag was depleted of gas. Adding small volume of 
groundwater in Tedlar bags facilitated gas measurement and reduced artificial etror from an 
excessive application of negative pressure. 

3. Results and discussion 

3.1. E11trapped gas volumes aud dissolved gas speciation 

The gas entrapment in Fe0 media was listed and plotted as trapped gas volumes over time in 
Table 2 and Fig. 2, respectively. The effiuent pH values were also plotled. The results from the 
two columns (SMC I and SMC2) show similar trends although the absolute values differ slightly, 
Since H2(g) production at a corroding Fe0 surface is a sporadic process, the dispm·ity is expected 
(Reardon, 1995). Using the results from SMCl, 1.8-ml volume of trapped gas was obtained on 
the 2nd d of the operation (Fig. 2). This result was based on a unifonn distribution of gas wilhin 
the column and equivalent to 0.7% of the total Fe0 pore volume (pv=260 ml). The upper and 
lower limits of trapped gas volumes were calculated for SMCl (Table 2). which show similar 
trend. Residual gas bubbles were visibly found near the column outlets, potentially from the 
buoyancy forces. This is consistent with the field colunm observations where gases mainly 
accumulated allhe crowns of the horizontal columns and near the outlets. Note that trapped gas 
volumes presented in Table 2 are 'as measured', not corrected for the control. 

The gas production and entrapment varied with lime (Fig. 2). During the initial period of 
<75 d, lhe trapped gas volume fluctuated from 1.4 to 3.5 ml (0.5-1.3% pv). Aller reaching the 
peak value of 3.5 ml on 31 d, the trapped gases showed a decreasing trend. A continuous 
decrease in gas volume occmTed fi·om 75 to 171 d. Therealler, gas volume slowly built up. 
From -293 d, it increased significantly, reaching 3.2 ml by 318 d. Overall, the trapped gas 
volume was small, with a maximum value of -3.5 ml, equivalent to 1.3% pv. Unlike the 
significant degassing observed in studies where NOi was absent (Liang ct al., 1996; 
Vikesland ct al., 2003), li·ee-moving gas bubbles were not observed in the eft1uenl dUling the 
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Table 2 
Estunatc<l gus volumes for SMCI based on measured prc.•surc head values :md air rcplnccmcnt volumes 

Run time (d) P1 (in) P~ (in) LiV" (ml) Estimated gas volumcb (ml) 

Oils trapped at outlet. Gas tmppcd at inlet, Uniform 
lq=l2 in lr 1=2.5 in distribution 

2 24 36 0.79 1.57±0.03 2.20±0.08 1.80±0.05 
27 38 0.87 2.06±0.06 2.81 ±0.13 2.34 ±0.08 

9 25 39 0.74 1.44±0.03 1.94 ± 0.07 1.62±0.04 
10 25 45 0.78 I .27±0.02 1.64±0.04 1.41 ±0.02 
20 24 37 0.76 1.47±0.03 2.03 ±0.07 1.67±0.04 
21 23 35 0.76 1.46±0.03 2.07 ±0.07 1.69 ±0.04 
23 24 33 0.77 1.79±0.05 2.60±0.13 2.09±0.0~ 

27 25 31 0.77 2.25±0.09 3.38±0.25 2.67±0.14 
31 26 31 0.77 2.93±0.18 4.39 ±0.46 3.46 ±0.26 
35 25 32 0.77 2.20±0.09 3.24±0.23 2.58±0.13 
36 25 32 0.77 2.20±0.09 3.24±0.23 2.58±0.13 
42 24 33 0.77 1.80±0.02 2.61 ±0.13 2.10±0.08 
52 24 35 0.77 1.65±0.02 2.35±0.10 1.91 ±0.06 
72 24 39 0.77 1.39±0.02 1.87 ±0.06 1.57 ±0.03 
78 24 29 0.77 2.62±0.13 4.08±0.39 3.16±0.21 
80 25 31 0.77 2.25±0.09 3.28±0.25 2.67±0.14 
Ill 24 40 0.77 1.35±0.02 1.80±0.05 1.52 ±0.03 
114 24 45 0.78 l.l9±0.01 1.54 ±0.03 1.32 ±0.02 
129 24 40 0.48 0.85±0.01 1.14 ±0.03 0.95±0.02 
133 25 42 0.48 0.86±0.01 1.13 ±0.03 1.96±0.02 
136 25 87 0.69 0.84±0.00 0.94 ±0.01 0.88±0.01 
146 25 126 0.69 0.78±0.00 0.85 ±0.00 0.81 ±0.00 
150 25 135 0.69 0.77±0.00 0.83 ±0.00 0.80 ±0.00 
171 25 82 0.26 0.32±0.00 0.36 ±0.00 0.33 ±0.00 
lSI 25 155 0.69 0.76 ±0.00 0.81 ±0.00 0.78 ±0.00 
258 25 56 0.73 1.04±0.01 1.26±0.02 1.12±0.01 
287 25 52 0.73 1.0!!±0.01 1.34±0.02 1.18±0.02 
293 24 3R 0.73 1.36±0.02 1.86 ±0.06 1.54 ±0.04 
297 24 36 0.73 1.46±0.03 2.04 ±0.08 1.68±0.04 
308 25 32 0.78 2.23±0.09 3.29±0.23 2.62±0.13 
311 27 39 0.78 1.76±0.05 2.38±0.10 1.99 ±0.07 
318 25 28 0.49 2.61 ±0.25 4.16±0.74 3.18±0.40 
325 26 31 0.59 2.26±0.14 3.38±0.36 2.67 ±0.20 
342 26 30 0.55 2.49 ±0.19 3.81 ±0.51 2.98±0.29 
Clc 39 131 0.24 0.25±0.00 0.29±0.00 0.27±0.00 
czd ]Q \14 039 0.42± 0.00 0.49 ±0.01 0.45 ±0.00 

Note; Pj and P! arc pressure ltead r~udings at the pressure gauge; Pi is taken under atmospheric pressure <tnd l'i is taken 
under external pressure (!>.P) corresponding to movement of air/water interface caused by air i1*ction. 
The average values based on a unifonn distribution :uc plotted in Fig. 2. 

" !>. V- rcplnccmcnt volume, calculated from the moving distance of the water/air interface in tlJe emucnt tube with a 
cross-scctionul area of 0.0198 cm2 (Fig. I). 

b li~1ppcd gas volume calculated for the assumed location of accumulation, using Eqs. (S) ami (10). where /' 1 and P2 

arc the pressure beaus imp:~rtcd on trapped gas, relating toP! and P! as follows; Pt=Pr-flt. P1=P;-h 1 anti 
!J.P=P2 -Pt. No correction ror the volumes from Cl and C2 was mndc. 

c A coll\rol experiment for columns filled with water only. 
d A control experiment for columns filled with water and saud. 
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Fig. 2. TrJppcd gas volumes and pH in the laboratory columns. The filled (+) and open (0) diamonds represent gas 
volumes estimated based on a unifonn distribution for columns, SMCJ and SMC2. The filled(&) and open (A) 
triangles represent the cffiucnt 1>H values. Dashed Jines mark a period when the cffiue11t was recirculated back into the 

columns. 

Because free gas was not produced in the study, dissolved gases were analyzed for gas 
speciation. At gas/water equilibrium. the distribution of dissolved gas may reflect the 
composition of the residual gas bubbles tmpped in the medium. Like gas volumes, gas 
composition also varied with time (Table 3). On 22-d dissolved H2 in the column eflluents was 
measured at 0.07 ± 0.02 mM; thereafter, it was under detection limit (Table 3). On the later 
sampling dates, N2 and C02 were the major gas species, with <20 1-1M dissolved 0 2, and non­
detectable NH3. 

Table 3 
Dissolved gas conccntnllions in labomtory and field columns 

Run time (day) 

Henry's constant M/ntnf-> 
Laboratmy columns mM" 

Field columns • 

• From Wilhelm ct al., I 997. 

22e 

234d 

372° 

G64" 

SMCI 

SMC2 
SMCI 
SMC2 
Influent 

SMCI 
SMC2 
Gas phase 
Aqueous phtlsc 

Gus spcdcs 

Hz N2 
0.00078 0.00061 
0,0(19 NA 
0.068 NA 
BD 0.716 
BD 0.91 
BD 0.64 
BD 0.347 
BD 0.765 
<0.001% 99.5% 
BD 0.607 

b Hcadspacc analysis after equilibrium with aqueous pl~1sc (sec section Dissolved gas anulysis). 
c Anulysis obtained with TCD. 
J Analysis obtained with MS. BD signifies below detection. 

COz 

0.032 
NA 
NA 
0.111 
0.002 

1.825 
0.175 
0.107 
0.01% 
0.0003 

• Gas phase analysis presented in % of total gas. The aqueous phase concentration in mM was calculated based on 
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3.2. Mechanisms ofgas productiou on the basis ofcllemical speciatio11 

Gases in Fe0 packed columns are composed of mainly (I) l-12 resulting from Fe0 corrosion by 
water, (2) Nl·h and N2 from reduction of N0.3. and (3) C02 from degassing and partitioning of 
influent groundwater. The changes in reaction mechanisms can inl1uence the dynamics of gas 
production and speciation as we observed in this study. In the absence of molecular 0 2, the 
oxidative action of H20 alone will cotTode Fe0 at a mtc of 0.4 nm10l kg- 1 d- 1 (Reardon, 1995), 
which would produce 7.8 ml d- 1 of gas [Eq. (1)] in our laboratmy columns. This large quantity 
of gas should have been observed afler a week of column operation on the basis that it took 70-
200 h to reach a steady stale in a batch reactor (Reardon, 1995). Gas production, in contrast, was 
sluggish in our study during treatment of groundwater containing 1.8-10.4 mM N0.3 (Fig. 2). 
TI1e maximum trapped gas was -4 ml, with dissolved H2 <0.07 mM. At this concentration, 
equivalent to -9% of the H2 saturation level (0.78 mM), JJ-ee H2 bubbles are not expected. 

Aqueous and dissolved gas speciation shows that the major reaction products are NH;t (Fig. 
3e) and N2 (Table 3) in our treatment system. Selected aqueous chemical parameters, i.e., pH, 
N0.3, Ca. alkalinity, and NH; are shown in Fig. 3. The variation in the inlluent NO:l 
concentration rel1ected the temporal changes of the groundwater collected fi·om the field site 
(Fig. 3c). However, aller I 00 d, the influent concentration maintained at-9.7 mM except on 180 
d when recirculation oflow-N03 water was perf01111ed. The average removal was -1.8 mM and 
the highest N0.3 removal was observed on 80 d, con·esponding to a relatively low inl1uent N0.3 
(Fig. 3c). Nitrate reduction may go through two different pathways, abiotic and biotic reaction 
according to Eqs. (4) and (6), respectively (Huang et al., 1998: Till el al., 1998; Kielemoes et al., 
2000; Schlicker et a!., 2000; Huang el a!., 2003). The N-balance, based on the Nl-It production 
over NO.l removal, 11uctuated between -120% at the begim1ing of the experiment and -60% at 
the end of the experiment (Fig. 3e). Before 300 d, NHt production could account for the loss of 
NO:l, which suggest that abiotic N0.3 reduction [Eq. (4)] was the main mechanism (Hansen et 
a!., 200 I; Devlin el a f., 2002; WestcrhoiT and James, 2003). 

Anm10nium was not present in the influent. Although -!.8 mM of NO:\ was converted to 
NHt the high solubility of NH3 may not favor free NI-13 gas in the porous medium. Chemical 
equilibrium favors NH3 [Eq. (5)] only at pl-l>pKa of 9.26, (Stumm and Morgan, 1996), a 
condition that may allow free Nl-13 gas to evolve. Before 75 d trapped gas volume (Fig. 2) 
increased with pH, suggesting that NI-1: partition into NH3 gas may be important. However, 
assuming aqueous-gas equilibrium in the columns, the calculated riltio ofNH3(g) to total NH3,T 
(==NH! +NI-!3(a)+Nl-b(g)] was at best 0.13%, independent of the pl-l. With il complete 
conversion of 1.8 mM N0.3 to NI-I;t, the maximum dissolved NH3(g) [0.0023 mM] is small 
compared to ils Henry's law constant of 58 M atm- 1 (Chameides, 1984). Thus on macroscopic 
scale, both NH3 and H2 gases are undersaturated, which will not produce free gas phase. The 
presence of residual free gas suggests that localized disequilibrium may exist, allowing gas 
nucleation and entrapment following NH3 and H2 production. 

Toward the end of column expelimcnts, the molar ratios of effiucnt NHt to the Joss of N0.3 
show a discrepancy: only -60% of NO) was accounted for by NH.T (Fig. 3e). Dissolved gas 
analysis show that N2 was the major component (see results on 234 and 372 din Table 3) and the 
concentrations were near to or higher than the aqueous saturation level. The facts that (I) N2 

emerged as the dominant dissolved gas, (2) a greater molar imbalance occutTecl between NI-I.t 
and N0.3 (see clata>270 din Fig. 3e), and (3) gas volume showed increasing trend {Fig. 2) as 
experiment progressed with time signify that denitrification ofN03 to N2 became an additional 
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The fact that NI-l% and N2 rather than !-12 were tbe m<Uor products suggests that N03 
reduction dominated that of I-120 in this treatment system. As a strong oxidant (Stumm and 
Morgan, 1996). NO.l could compete with !-120 for preferential reduction by Fe0

. Whether N03 
ions compete with l-hO molecules for Fe0 sm·tace sites, as proposed for nitrobenzene (Scherer et 
al., 200 I) or use 1-I.,bs for their reduction is unknown (Bokermann, personal communication). The 
presence of N03 in groundwater, however, appears to suppress H2 gas production. 

The influent groundwater contained high levels of dissolved C02, which could partition into 
the gas phase when pressure is reduced. In our experiments, column degassing was minimized 
by placing both influent bag and ellluent discbm·ge line slightly above the columns. However, 
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C02 gas measured at gas/aqueous equilibrium was lower in the effluent tban in the influent (see 
372 d in Table 3). This decrease in C02 gas was mainly caused by equilibrium speciation to 
HCOi or COt- at pi-1>8 (Fig. 3a). Under this condition, CaC03 can become supersaturated and 
precipitate. Indeed, Ca2

+ and carbonate alkalinity were both removed from the ef!luent (Fig. 3b 
and 3d, respectively), following a stoichiometric CaC03 precipitation. The molar differences 
between Ca and COS- were mostly within 10% to 25% and U1e discrepancy occulTed during the 
initial period and when there was abnom1al high rate of nitrate reduction. Ca adsorption at pH> 8 
(Yabusaki et al., 200 I) and/or precipitation of siderite, carbonate green rust, or iron hydroxide 
carbonate (Phillips ct al., 2000; Wilkin et al.. 2003; Vikesland ct al., 2003; Kamolpomwijit eta!., 
2004) may contribute to the observed discrepancies. 

3.3. iron convsio11 and gas production 

In the absence of dissolved 0 2 (the influent dissolved oxygen was low throughout the study at 
-15 ~tM, Table I), Fe0 may corrode through anaerobic oxidation by I-hO [Eq. (1)], reduction of 
NO) (through both abiotic and biotic pathways [Egs. (4) and (6)]), microbial-mediated 
reduction ofsoJ- [Eg. (7)], and reaction with bicarbonate and carbonic acid [Eqs. (2) and (3)]. 
Using dissolved H2 concentrations, rate of Fe0 cotTosion via anaerobic oxidation by H20 was 
calculated to be <0.15 mmol kg- 1 d- 1

, which is much smaller than previous studies (Reardon, 
1995). During the experimental periods, soJ- and Cl- remained at the same levels as the 
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play a role in gas production and Fe0 corrosion in the current study, in conlraslto previous work 
where Lest solution soJ- was high (Gu eta!., 1999). HC03- and CO~- species can promote Fe0 

cotTosion via reactions shown in Eqs. (2) and (3) (Mcintire eta!., 1990). For example, with 0.02 
M NaHC03-, the con·osion mle was !.5 Limes of a base-line value of 0.4 mmol kg- 1 d- 1 

(Reardon, 1995). The carbonate alkalinity in the influent varied from ---4 to -6 mEq (Fig. 3d), 
less than a half used in the previous study. Even if carbonate species exert influence on Fe0 

conosion, the effect is relatively minor compared to that of NO}. 
Nitrate removal averaged at -1.8 mM in the column study (Fig. 3c). Assuming stoichiometric 

reactions between Fe0 and N03 [Eqs. (4) and (6)], the corrosion rates of 1-4 mmol kg- 1 d- 1 

were estimated (Kamolpomwijit ct al., 2004). During the pe1iod of I 53 to I 81 d, the eflluent was 
recycled back into the columns to observe the effect of relatively low levels of Ca, N03 and 
alkalinity on iron con·osion and gas production (Two dotted lines are used to mark this period in 
Fig. 3). The temporary recirculation caused changes in effluent pH and Fe0 con·osion, but did not 
significantly enhance H2 gas production. In this period, the residual N03 was still quite high (-6 
mM). Excluding the corrosion rate during the recirculation period (-0.6 mmol kg- 1 d- 1

), the 
time-weighted conosion rate was averaged at -1.7 mrnol kg- 1 d- 1 (-10 times higher than the 
rate based on 1-h production). 

Obviously, unless the precise mechanisms involved in N03 removal are known, the use of 
Eq. (4) or (6) to describe the removal of N03 will predict significant differences in gas 
production. The composition and timing of the reaction j}roducts, e.g., Nllt and N2, suggest that 
the abiotic reduction accounted for most of NO:\ removal prior to -270 d and thereafter, 
denitrification became impotiant, converting NO) to N2• In the study period, the influent pH 
was near neutral while the effiuent pH increased to -10 during the first 30 d, then decreased to 
-8 near 120 d, and fluctuated at -8 to the end of the experiment (Fig. 3a). This decreasing pH 
trend signifies a reduced Fe0 reactivity and increased mineml precipitation because pH reflects 
the collected effects of OH- production due to N03 and H20 reduction (Reardon, 1995; Till et 
al., Kielmose et al) and H+ release due to mineral precipitation (Cornell and Schwertmann, 
1996). It is also important that when pH is maintained at <9 the growth of microbial denitrifier 
can be sustained (Till et al., 1998). By the end of this study, the majority of N03 reduction was 
still abiotic (>60'Yo). Till et a!. {1998) and Kielemoes et al. (2000) suggested that the biotic 
reduction ofN03- cannot compete with abiotic reduction unless the surface area and/or reactivity 
of the metallic iron is greatly reduced. 

3. 4. Gas production in tl1e jield column 

Free gas volumes collected from the two field columns arc plotted for the period of200 d to 
the endofcolumn operation, -700 d (Fig. 4). The N03 removal was also plotted. The volumes 
of the free gas reached a maximum of -660 ml d- 1 (equivalent to 6.6% of the initial pv of 10 I) 
in the high-flow column. In contrast, gas production in the low-flow column was much lower, 
with a maximum volume of -50 ml/d (< 1% of the initial pv). The vented free gas was composed 
oi'N2 mainly, at 99.5%, with 0.01% C02 (Table 3). The NHt measured on 331-d accounted for 
-20% NO) removal in the two field columns (data not shown). The fact that the abiotic 
reduction of N03 to NH! only partially accounted for N03 removal and the fact that N2 was 
prevalent in gas phase suggest that the gas production was predominantly microbially mediated. 
TI1e onset of microbial activity requires an inoculation period and favomble pH to sustain the 
growth of denitrilier (Till et al., 1998), which explains the observation of increased N2 gas 
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of 1.2-!.7 m/d during the operation period. (b) Ill low-flow column, with pore velocity of0.2...Q.32 m/d. 

Because reduction ofN03 to N2 requires a transfer of 10 electrons, while only 2 are required 
for H2 production, for the same extent of Fe0 oxidation, NO) reduction will produce a smaller 
amount of gas than will water under a steady slate condition. Using the laboratory results of the 
conusion rates (1-4 mmol kg- 1 d- 1

) and the flow characteristics of the columns, N2 gas 
production was predicted (Table 4). 

For the high-flow field column the estimated N2 gas production varied from 0 to -500 ml 
d- 1

, the larger volume corresponds to the higher corrosion rate. These results agreed with U1e 
observed data range in Fig. 4. The variation in actual observation may reflect unsteady state 
condition, localized gas nucleation and other controls on gas movement (Fty et al., 1997; 
Mackenzie et al., 1999; Vikesland eta!.. 2003). For the low-flow column, which had a longer 
residence time, the steady state calculation predicts 0-80 ml d- 1 gas production. These results 
are again in general agreement with the field observation (Fig. 4b), although the field data are 
more sporadic. The average observed rate of 20 ml d- 1 is close to the prediction based on a 
corrosion rate of2 mmol kg- 1 d- 1

• Using an average of 1.7-nunol kg- 1 d- 1 rate of corrosion, 
<:<'1lculation shows that the laboratmy column could produce 3.1 ml d- 1 N2. A rising trend in 
trapped gas volumes was observed at >270 d (Fig. 2), but rrcc gas bubbles were not observed. 

3.5. Column hydraulics 

During the 400-d operation of the laboratory columns, only a small quantity of trapped gas 
was detected (Fig. 2). 'I11e initial plan was to study eJTects of gas entrapment on the hydraulic 
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Table 4 
Eslinullion of >tcady ~late free N2 g!L~ In the cmucnt due to dcnitrifiClltion 

Run time Flow Pore Residence Conosion [N2hb Nz(g)0 Gns 
(d) mtc, Q' velocity time. r rate, k volume 

(ml d- 1) (em d-·l) (d) (mmol kg- 1 d-- 1) (mM) (mmol d' 1) (ml d' 1
) 

High:fluw milmw 
400-500 14400 IJ 1.6 0.5S 1.0 0.51 0 0 

2.0 1.01 5.80 141.8 
3.0 1.52 13,09 320.0 
4.0 2,03 20.39 498.2 

Sfuw-jluw ('0/umn 

400-500 2160 !9.7 1.54 l.O 0.54 0 0 
2.0 1.08 1.02 24.83 
3.0 1.62 2.18 53.34 
~.0 2.16 3.35 81.86 

Laborurmy column 
200-350 336 30.95 0.78 1.7 0.98 0.12 3.1 

Field columns had I 5-cm inside diameter and cffcctiw cross-sectional areu of I 09 cnt2
• whereas the laboratory column 

had a cros.,·scction of 10.9 cm2
. Tit~ iron path lengths wct·c 76.2, 30.5 and 24 em for high-, low-now field and labomtory 

columns. respectively. 
a Flow rates varied in cxpcr.imCllls and an average is given for tbc period indicated. 
h Titc total conecntmtion of nitrogen is calculated by [N2]r= 1/5 (k · c · iron mass/total pv). wl>crc 1/5 " the 111olar 

mtio 11fN2/Fc0 (13q 6). k corrosion rate. r the •·esidcncc time. 
c Mass flow of gas was calculated by ([Nlh-[N2],.,...,,tion)Q. 

pressure and residence time, as was done for the field columns (Kamolpomwijit et al., 2003 ). 
However, gas production was never high enough to allow the planned experiments to be carried 
out. With a maximum of 4-ml trapped gas, the effect on porosity loss is -1.5%, which exerts a 
negligible impact on residence time or hydraulic flow. 

The column hydraulics did change, however, based on both inlet pressure monitoring (Fig. 5) 
and tracer test results (Fig. 6). The inlet hydrostatic pressure head Huctuated from 25 to 28 in. of 
water Jor the first 130 d; it subsequently increased and doubled the initial reading by 260 d. The 
increase of the pressure alone indicates a decrease in hydraulic conductivity within the Fe0 

60 

:2 
u 

' . 
' ' ' ' 

<> 
' . c: 50 :::. 

'C 
lV 
<I> 
J: 40 
<I> .. 
:::J ., 
111 30 

£ 

' ' ' ' ' ' • 
' ' <> . ' • 
' ' o• • 
~ + • • 
' . •• 
' ' 
' ' 

·~· 
~ o: • <> 6> 

<>~ 
' ~ <> 

~o:>: : 
~ 

0 

20 ~ - ~ 

0 100 200 300 400 

Run time(d} 

Fig. 5. Cfmngcs in inlet pressure head in the lalloraLOiy columns over time. The 011cn (01 and filled (+)diamonds represent 
readings for columns SMCl and SMC2, respectively. Dashed lines show a period when the cfJlucnL was recirculated back 



W Kamolpormrijil. L. Uaug I lmll'nal of Conraminam Hydrology 8:!. (2006) 338-356 353 

a) 
0.6 

0.5 

0.4 

0 
~ 0.3 

0.2 

0.1 

0 
o.o 

b) 0.6 

0.5 

0.4 

0 
~ 0.3 

0.2 

0.1 

0 
0.0 

0.5 

0.5 

• 

1.0 

Uto 

1.0 

Uto 

1.5 

1.5 

:1:030 

• 0288 

0 0384 

2.0 

:1:07 

• 0274 

0 0372 

2.0 
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medium. Periodic tracer tests from day 7 to 384 also show obvious changes in SMCI (Fig. 6a) 
and SMC2 (Fig. 6b). The breakthrough curves obtained during early stage of the experiments (d 
7 and 30) show a peak at nonnalized residence time of 0.95 ± 0.0 I, loll owed by a broad 
shoulder. This tracer tailing may be associated with the unsteady state of the system when gas 
production is sporadic (Reardon, 1995). The breakthrough curves obtained> 100 d generally 
show smaller dispersion, indicating that flow w.1s relatively homogeneous and preferential flow 
was absent compared with the Held colunms (Kamolpomwijit et al., 2003). 

Using CXTFIT (Parker and van Genuchten, 1984) we modeled the breakthrough curves, and 
the changes in pore water velocity, column dispersivity, residence time, and effective porosity 
loss (Table 5). The effective porosity loss was computed as the percentage increase in pore water 
velocity, using the first tracer test as a baseline (For SMCI, the minimum value of pore water 
velocity was used). Consistent with the hydrostatic pressure build up from -130 d onwards, pore 
water velocity significantly increased on d 288 in SMC I. and on d 123 in SMC2. The change in 
pore water velocity results fi·om effective porosity loss, which is calculated to be -II± I% 
around 280 d and 27 ± 3% toward the end of experiments. By then, the average residence time 
was 17.8 ± 0.8 h, decreased fi·om the earlier measurements of 24.7 ± 0.2 h (Table 5). 

We attribute the porosity reduction to mineral precipitation. because the hydraulic changes in 
the columns con·esponded to the movement of the mineral precipitate fi·ont, which was visually 
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Table 5 
Summary of CXTFIT results or the Br-tmccr breakthrough curves 

Dny Pore velocity Dispcrsivity R2 Resident time Effective porosity loss 
(em h- 1) (Cll11 ~~-1) (h) (%) 

SMCJ 

30 1.31 ~.4SE-01 0.91 23.0 0.0 
108 1.22 3.78E-OI 0.95 24.5 0.0 
288 1.39 l.44E-01 0.97 21.6 12.1 
384 1.76 '1.97E-01 0.73 17.0 30.6 

SMC2 
g 1.21 5.72E-OI 1}.87 24.9 0.0 
123 1.36 1.78E- OJ 0.98 22.1 11.1 
274 1.36 1.73E-OI 0.96 22.1 10.9 

372 1.61 2.67E-OI 0.98 18.6 25.0 

et al., 1999; Phillips et al., 2000; Wilkin el al., 2003; Kamolpomwijit et al., 2004). A rusty 
gelatinous precipitate formed at U1e sand-Fe0 interface a day after the column operation due to 
fast iron oxidation by dissolved oxygen (Mackenzie et a!., 1999). Within a week, gray 
precipitates appeared on the surface of iron grains in regions close to the inlet, similar to 
observation reported by Klausen et al. (2003). The gray precipitate front propagated slowly 
along the length of the column and reached 7 em by 270 d. Within this 7-cm zone, additional 
rusty precipitates were observed by -300 cL The extent and coloration of precipitates were the 
same for the two colunu1s. By the end of the experiment the rusty precipitates appear to cover the 
whole -7-cm inlet zone, which was previously occupied by the grey minerals. The gray minerals 
propagated further along the length of the colunm to -12-cm, extending the reactive front. 

The mineral precipitation at inlet sand/Fe0 inleJiace region was evaluated in this study as a 
likely cause of porosity reduction and increased average flow velocity (Liang et al., 2000; 
Phillips et al., 2000; Wilkin ct al., 2003). The method has been described in details previously 
(Kamolpornwijit el al., 2004). Briefly, in the calculation of porosity loss from mineral 
precipitation, it is assumed th<Jt (!)all minerals precipitate unifom1ly throughout the column (2) 
Fe0 corrodes <:~ccording to the stoichiomet1y of N03 reduction to NHt [Eq. (4)], (3) Fe2

+ 

produced from Fe0 corrosion is removed as FeOOH or Fe30 4 (Kamolpomwijit et al., 2004), (4) 
loss of dissolved Ca2

+ is due to precipitation of CaC03, (5) the specific gravity of CaC03, 

FeOOH, and Fe304 are 2.93, 3.8, and 5.15, respectively (Lide, 200 I). By ilie end of laboratory 
experiments (-400 pv), the porosity loss was estimated to be 8-12% of the initial porosity. 
Because FeOOH is less dense than Fe304 assuming FeOOH would produce a higher value of 
porosity loss (12%). Compared with the effective porosity loss of 25-30% derived limn tracer 
tests (Table 5), the porosity loss estimated from unifonn mineral precipitation in the columns is 
much lower. The difference potentially arises Jl·om the presence of inm10bile volume resulting 
from local flow diversion or blockage due to precipitation of minerals al the inlet sand/Fe0 

interface (Wilkin et <:~L, 2003; Kamolpornwijit ct al., 2004). 

4. Conclusion and implications 

Although it has been hypothesized that a substantial gas phase exists in Fe0 media during 
groundwater treatment in a PRB, gns accumulation and entrapment in laboratoty columns were 
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stm1ed to increase with increased biotic reduction of N03 at 6-12-month run time. Based on 
the laboratory and field investigations we conclude that only once the microbial activity began 
did N2 production become important. The chemical speciation confirms our second 
hypothesis: i.e., denitrification was the controlling process in gus genemlion of the treatment 
system. With an average con-osion rate of 1.7-mmol kg~ 1 d- 1 !he long-term production of N2 

is predicted to be 3.1 ml d- 1
, which is equivalent to 1.1% pv of the laborato1y columns. Gas 

generation alone cannot account for a substantial porosity loss (-25-30%) that was detennined 
from tracer results in the study. The causes of the porosity loss result primarily from mineral 
precipitation due to enhanced con·osion by N03 and a high content of Ca and alkalinity in the 
groundwater. 

Gas production can affect Fe0-PRB performance. Depending on the mnjor chemical 
constituents in the treated water, the timing of the impact can differ (Liang et al., 2000). Without 
the suppressing effect of N03 on oxidative action of !:hO, production of H2 gas will occur 
(Reardon, 1995; Till et al., 1998; Bokmmann et al.. 2000). Using published data of0.7 mmol 
kg- 1 d- 1 (Reardon, 1995) for a solution of20-mM HCO;, H2(g) production at 6.5% pv per day 
is predicted. The impact of I·b(g) on PRB perlormance should happen at the start of operation 
when Fe0 has the highest reactivity. This is in contrast with treatment ofN03 water, where N2 

gas evolves only at longer run time when microbial mediated denitrilication occurs. If not 
effectively vented, the gas lock can significantly affect water delive1y in Fe0-medium (Bi1'kc, 
2003; Vikesland et a!., 2003; Bokennann, personal communication). The experimental and 
modeling results indicate that gas venting may be necessary in maintaining now and the 
performance of PRBs, particularly for closed systems. ll should be noted that the gas quantifying 
method is applicable only to column study with non-permeable boundaries. 
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