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Abstract  The potential for subsurface reactive barrier wall technology to aid
in remediation of contaminated groundwater in situ has prompted testing of
novel porous media.  Treatability testing of contaminants contacted with
various media has been conducted using equilibrium batch techniques, one-
dimensional (1-D) columns and 2-D boxes. Continuous mode column and box
experiments are useful for assessing critical design parameters under dynamic
flow conditions. Experiments have been conducted using a multi-layer barrier
treatment approach to immobilize a suite of contaminants. For example, basalt
coated with a cationic polymer (poly diallyl dimethyl ammonium chloride
[Catfloc®]) was used to agglomerate colloids, Apatite II® sorbed aqueous
phase metals and radionuclides including 85, 87Sr and 235U and facilitated
reduction of nitrate and perchlorate, crushed pecan shells sorbed aqueous
phase metals and served as a secondary medium for reduction of nitrate and
perchlorate concentrations, and finally limestone raised the pH of exiting pore
waters close to natural levels.
Key words remediation; in situ; treatment wall; permeable reactive barrier; strontium; uranium;
nitrate; perchlorate

INTRODUCTION

Research at Los Alamos National Laboratory (LANL) has evaluated a permeable
reactive barrier (PRB) technology that can immobilize multiple contaminants in situ
with low technological demand and cost.  Reactive media were selectively identified
and arranged in sequential layers for the removal of colloids, radionuclides, metals,
nitrate and perchlorate. A shallow alluvial groundwater system has been identified for
implementation of this technology. Radionuclides, including 90Sr, 239,240Pu, and 241Am,
have been detected in alluvial groundwater at this site since 1963 (Purtyman, 1995).
These radionuclides are stable in the dissolved aqueous phase and as colloids of
calcium carbonate, silica, ferric hydroxide, and organic species. Nitrogen (nitrate and
total Kjeldahl nitrogen) is also prevalent in the groundwater, and recently perchlorate
has been identified as a concern. Construction of the PRB is scheduled for late
summer, 2001. Materials selected for the final PRB design are illustrated in Fig. 1.

EQUILIBRIUM CAPACITIES OF PRB MATERIALS

Batch experiments were conducted to quantify sorption coefficients (Kd = sorbed phase
concentration/aqueous  phase  concentration)  for   reactive media  contacted  with  85Sr



(10:1, liquid:solid ratio). Gravel (1-3 cm size fraction, L.A. Transit, Los Alamos, NM)
was washed with 0.15 M HCl for 15 hours before immersing in 2 gL-1 Catfloc solution
for 15 hours (60 rpm; 2:1). Apatite II (0.5-3 cm) was used as received from UFA
Ventures, Inc. (Richland, WA). Pecan shells (1-2 cm) were used as received from San
Saba Pecans (San Saba, TX). Finally, limestone (1-2 cm) was obtained from LaFarge
Corp., (Albuquerque, NM) and used as received. Batch studies were conducted at 85
rpm for various time periods up to 250 hours (10 days). A Packard Cobra Gamma
Counter was used to analyze 85Sr.     

Sorption coefficients for 85Sr were as follows for Catfloc-coated gravel, Apatite II,
pecan shells and limestone: 10, 453, 163 and 7. Apatite II displayed the greatest
capacity for 85Sr. Microwave digestion of solid Apatite II samples indicated that
substantial quantities of Ca, K, Mg, Na and Sr were naturally abundant in the material
(Table 1).  Results suggest that Apatite II may have a reduced capacity for selective
sorption of Sr as a contaminant.  

Table 1  Summary of major cations detected in representative Apatite II sample.
Cation Ca Fe K Mg Mn Na Sr
Average Concentration (mg/L) 2876.3 22.1 4797.7 2920.3 11.6 6997.3 1145.7
Standard deviation 528.4 8.0 536.7 308.1 0.8 582.9 144.3

In batch studies with pecan shells and pecan shells mixed with dog food
(micronutrient source), 600 mg L-1 nitrate was reduced to levels below detection in 14
days and 7 days, respectively (Strietelmeier et al., 2001). Perchlorate was reduced from
~350 µg L-1 to below detection in the pecan shell/dog food system in 7 days. Counting
of microbial populations by Most Probable Number analysis indicated cell numbers in
excess of 1 x 108 counts mL-1 after 2 days. Results indicated production of biofilm on
pecan shells with a capacity to reduce nitrate and perchlorate.

DYNAMIC 1-D COLUMN AND 2-D BOX RESULTS

One-dimensional column studies were conducted to evaluate the ability of Catfloc-
coated basalt to sorb colloids, Apatite II to immobilize 87Sr and pecan shells to reduce

Fig. 1  Proposed treatment method consisting of multiple permeable reactive barrier for remediation
of contaminated groundwater.
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nitrate and perchlorate concentrations from flowing groundwater. Columns were
constructed of borosilicate glass with a 4.8 cm inside diameter and were equipped with
an adjustable endplate to accommodate a bedlength of 6 cm. Columns were packed
with materials of small grain size (1-4.75 mm) and flushed with groundwater retrieved
from the contaminated field site. Groundwater was spiked with fluorescent polymer
colloids, 87Sr and/or nitrate to desired concentrations. Concentrations of target
contaminants in the groundwater before adding spikes were 0.19 mg L-1 Sr (+/- 0.019),
~50 mg L-1 nitrate and ~350 µg L-1 perchlorate.  Most columns packed with the
reactive media were flushed at a constant flowrate of 0.12 mL min-1.  This flowrate
resulted in a resident contact time equivalent to what will be observed within the PRB
layers to be installed at the site. Approximately 6.0 mL aliquots of effluent were
retrieved by Isco® Foxy Junior fraction collectors following contact with media.

Catfloc-coated basalt column

Basalt was selected over gravel following batch experiments due to its higher surface
area, which allowed greater coverage by Catfloc.  Basalt was obtained from Twin
Mountain Rock Company (Des Moines, NM). Sieve analysis of the volcanic basalt
indicated that 66.8% of the rocks were 2.00-4.75 mm in size while 33.2% were 1.00-
2.00 mm. Basalt was coated with 2 g L-1 Catfloc as described in batch experiments.
Groundwater was spiked with 1µm fluorescent colloids (Duke Scientific Corp., Palo
Alto, CA) at a constant feed concentration of 2x108 particles L-1. Fluorescent colloids
were counted using an epifluorescence microscopic technique.

Results indicated at least 3 order-of-magnitude reduction in colloid concentrations
during the course of the study (Fig. 2).  Greater reduction was evident at various times
during the study.  This reduction was probably the result of enhanced colloid adhesion
to previously attached colloids at the surface of the basalt.
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Fig. 2  Colloid effluent concentrations from Catfloc-coated basalt column.

Apatite II columns

A column packed with Apatite II was flushed with groundwater spiked with 5 mg L-1

87Sr at an initial flowrate of 0.41 mL min-1. ICP analysis of 87Sr was performed
following collection of effluent from the column.  Fig. 3 illustrates 87Sr concentrations



detected in the effluent. Concentrations of 87Sr continuously increased during the
course of the study.  The flowrate was decreased from 0.41 to 0.21 mL min-1 after 15
pore volumes of effluent were collected to determine if the 87Sr sorption was inhibited
by rate limitations.  This was not the case since 87Sr concentrations continued to
increase following the flowrate reduction. Based on these results it appears that Apatite
II may have limited utility for removal of 87Sr contaminants from pore waters, however
batch results showed that 87Sr naturally abundant in Apatite II will participate in
isotopic exchange with radioactive Sr.  

An identical column was assembled to determine if Apatite II would efficiently
remove 238U (5 mg L-1) from groundwater.  Concentrations remained below detection
limits for the first 20 pore volumes of effluent (92 mg 238U sorbed per kg Apatite II).
Based on results of this column test, an Apatite II barrier could sorb 238U for 19,000
years with properties as follows:  1.5 x 3 x 1.5 m3 wall, 520 kg Apatite II, [238U] = 2
mg L-1, groundwater velocity 2.4 x 10-6 L min-1.   

Fig. 3  87Sr effluent concentrations from Apatite II column.

Pecan shell column
  
A pecan shell column was flushed with groundwater spiked with 2 mg L-1 87Sr and 150
mg L-1 nitrate at a flowrate of 0.12 mL min-1.  Sieve analysis of the pecan shells
indicated that 75.9% of the shells were 2.00-4.75 mm while 24.1% were 1.00-2.00
mm.  ICP analysis of 87Sr and ion chromatography of nitrate and perchlorate ensued
following collection of effluent.  

Fig. 4 illustrates 87Sr, nitrate and perchlorate concentrations detected in the
effluent.  87Sr was removed below detection limits for the first 22 pore volumes (42 mg
87Sr per kg pecan shells). Nitrate concentrations continuously increased during the
course of the experiment. Perchlorate concentrations were equal to influent values.
After 65 pore volumes of effluent were collected, unspiked groundwater was
introduced in order to determine if 87Sr would continue to leach from pecan shells. Fig.
4 illustrates that 87Sr concentrations stabilized, but continued to leach. After
approximately 105 pore volumes, 10 mM acetate and 120 mg L-1 nitrate were added to
the influent groundwater solution. Acetate stimulated microbial reduction of nitrate and
perchlorate.  A concentration spike of 87Sr was observed (maximum of 10 mg L-1),
presumably due to complexation by acetate or sloughing of the biofilm due to
microbial adjustment.
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Fig. 4  87Sr, nitrate and perchlorate effluent concentrations from pecan shell column. 

2-D box test

A 2-D box was assembled and loaded with Catfloc-coated basalt, Apatite II, pecan
shells and limestone (Fig. 5).  Table 3 describes the size distribution of materials
packed in the box. The pore volume of the cell is approximately 2 L with a resident
pore volume of 1 day. Concentrations of 87Sr, nitrate and perchlorate in influent
groundwater have remained constant at 2 mg L-1, 125 mg L-1 and 300 µg L-1,
respectively. The box was constructed to allow discrete sampling at each layer
interface.

Results of contaminant concentrations (87Sr, nitrate and perchlorate) have been
compiled for the first 100 days of continuous contaminant injection to the box (Fig. 6).
Sample concentrations between the first sand layer and the volcanic rock (layer 1) and
the volcanic rock and Apatite II (layer 2) are essentially the same as influent solution
concentrations.  Analytical results for the remaining layers are nearly identical to the
effluent concentration values summarized in Fig. 6.  This result was somewhat
surprising, considering nitrate and perchlorate concentrations were completely reduced
following contact with the Apatite II.  This reduction is a result of the large amounts of
organic carbon in the Apatite II that can serve as a growth medium for microorganisms.
The Apatite II layer has facilitated reduction of nitrate and perchlorate in addition to
sorbing 87Sr.  Pecan shells have not been provided the opportunity to reduce nitrate and
perchlorate in this system, however without the addition of a sufficient carbon source,
such as acetate or dog food, it is presumed that reduction to acceptable levels would be
difficult based on 1-D column results.  Pecan shells should sorb Sr (natural and
isotopic) that will inevitably leach from the Apatite II layer in the future. It appears that
the Apatite II and pecan shells work in a synergistic fashion in this system. Once
breakthrough of contaminants is observed from layers 3, 4 and 5, capacities of the
media will be calculated and medium �lifetimes� will be estimated. 
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Fig. 5  2-D aquifer cell for treatment of 87Sr-, nitrate- and perchlorate-contaminated groundwater.

Table 3  Size distribution of sand and reactive media packed in aquifer cell. 
Size Fraction Sand Catfloc-coated basalt Apatite II Pecan Shells Limestone
8.00 �12.00 mm 0.0 % 44.7 % 16.1 % 0.0 % 0.0 %
4.75 � 8.00 mm 0.0 % 36.0 % 67.5 % 79.6% 100%
2.00 � 4.75 mm 8.6 % 12.7 % 16.4 % 20.4% 0.0 %
0.85 � 2.00 mm 41.7 % 6.6 % 0.0 % 0.0 % 0.0 %
0.50 � 0.85 mm 49.7 % 0.0 % 0.0 % 0.0 % 0.0 %

Fig. 6  Effluent concentrations of 87Sr, nitrate and perchlorate from 2-D box. 
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