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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor any agency thereof, nor any of their
employees, nor any of its contractors, subcontractors, nor their employees makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product, or process disclosed, or represents that its
use would not infringe upon privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
government or any other agency thereof. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States government or any agency thereof.
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EXECUTIVE SUMMARY

This research work has been supported by the DOE-FIU Science & Technology Workforce
Development Initiative, an innovative program developed by the U.S. Department of Energy’s
Office of Environmental Management (DOE-LM) and Florida International University’s Applied
Research Center (FIU-ARC). During the summer of 2024, a DOE Fellow intern, Valeria Ocampo,
spent 8 weeks doing a summer internship at Legacy Management’s Grand Junction, CO office
under the supervision and guidance of Dr. Raymond H. Johnson and Ms. Jalena Dayvault. The
intern’s project was initiated on June 17, 2024, and continued through August 9,2024 with the
objective of understanding how uranium contaminants found in sediments collected from Grand
Junction Site, CO react when placed under oxic conditions. Additionally, evaluating the sorption
capacity of hydroxyapatite (HAp) when injected into three columns containing varying influent
waters. Each influent water (6-2N, DIW, and Piezometer point at North Pond) had differing
amounts of uranium contaminants that may affect the HAp’s ability to sorb uranium.
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1. INTRODUCTION

The Grand Junction site, acquired by the U.S War Department in 1943, is located near the city of
Grand Junction in West-central Colorado. It is positioned near the Gunnison River, which flows
along the site’s western and northern borders before merging with the Colorado River. The site
operated from 1943 to 1946 and worked as a refinery to concentrate uranium oxide, producing
around 2.36 million pounds of uranium oxide and other metals such as vanadium oxide (U.S.
Department of Energy, 2020). Research program operated by the U.S. Atomic Energy Commission
(AEC) set up mills to test various uranium ore milling techniques, producing an estimated 30,000
tons of ore, before the milling operation was later closed in 1958. Due to the ongoing production
of uranium oxide and milling operations performed, the groundwater and soils were contaminated.

Remediation of the site began in late 1989, the uranium mill tailings and contaminated soils were
removed from the site. Most of the contaminated soils were removed by 1994, later from 1998 to
2014 residual deposits of contaminated materials and soils were removed from the site. The federal
and state standards in the on-site surface water bodies, or in the alluvial groundwater beneath the
surface continues to be above regulatory standards. Due to the uranium concentration being above
the regulatory standard, Legacy Management (LM) is responsible for regularly monitoring the site.
Furthermore, LM conducts long-term stewardship activities, site maintenance, record
management, risk assessment, and more to ensure human health and the environment from the
potential hazards associated with former milling activities.

Hydroxyapatite (HAp) is a naturally occurring mineral composed of calcium, citrate, and
phosphate. In the environment, HAp is very stable and has low solubility, which contributes to its
effectiveness in various remediation processes. For this work, HAp is created in the laboratory
using a mix of liquid chemicals that then precipitate HAp in a column test with the goal of retaining
uranium in the solid phase.

The surface charges of hydroxyapatite vary with pH. At neutral pH, which was observed in all
column effluents, HAp typically carries a slight negative charge. This negative charge facilitates
the binding of positively charged uranium species, such as UO,?*, through electrostatic attraction.
This interaction is crucial for its role in immobilizing uranium in contaminated water and
sediments, making hydroxyapatite an effective amendment in the remediation of uranium-
contaminated environments.

The primary goal of this internship is to view the direct effects that hydroxyapatite can play on the
mobility of uranium contaminates. Column experiments were performed under conditions that
mimic the Grand Junction Site, CO conditions, allowing for the observation of how uranium
contaminants react during the natural flushing process. Columns containing hydroxyapatite were
injected with varying influent water sources (deionized water [DIW], 6-2N well water, and
piezometer point at North Pond) under oxic conditions to analyze the hydroxyapatite sorption
capabilities. This experiment gave a new insight into natural flushing; alongside, providing further
ideas on how to remediate uranium concentration. Another set of column experiments were also
conducted under oxic conditions using varying sediment compositions without the addition of
hydroxyapatite. This experiment aimed to observe how uranium contaminates are released from
the sediments over time under natural oxidative conditions. By comparing the results with those
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from columns containing apatite, the study provides insights into the role of hydroxyapatite in
mitigating uranium release and the natural behavior of uranium desorption from sediments in the
absence of the amendment.
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2. RESEARCH DESCRIPTION

Materials and Methodology

Column testing and leaching was conducted using uranium contaminated sediment obtained from
Grand Junction Site, CO. The sites RCR, GJO-84 Deep, GJO-84 Shallow, and North Pond were
selected due to their locations across different areas of the site, each exhibiting varying
concentrations of uranium. These differences in uranium levels provided an opportunity to study
the behavior of uranium contaminants under diverse environmental conditions (Figure 1). Once
separated all soil were dried in the oven at 40°C, for column studies and leaching experiments.
Water from well 6-2N (26.59 mg/kg), water from North Pond (24.39 mg/kg), and DIW were
utilized for flushing columns. The water sources were chosen based on their differing levels of
uranium concentrations: DIW contained no uranium, 6-2N exhibited low uranium concentrations
under the EPA standard (26.509 ppb) and North Pond had higher uranium concentrations above
the EPA standard (30 ppb). This selection allowed for an investigation into how flushing with
water of varying uranium content impacts the sorption capacity of the hydroxyapatite in addition
to the uranium already present in the sediments.

Figure 1. Sediments collected in 2023, from sites GJ08A4VShaII0W, GJO-84 Deep, and RCR.
Sediment and Water Collection

Water samples were collected from well 6-2N and piezometer point at North Pond, 7 parameters
including temperature, Dissolved Oxygen (DO), Specific Conductance (EC), pH, Oxidation
Reduction Potential (ORP), Alkalinity, and Ferrous Iron were collected (Table 1). Later the
collected was ran through Kinetic phosphorescence Analysis (KPA) to identify the concentration
of uranium and different components in the waters. The assembled results gave an idea to how the
column experiments should behave.
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Table 1. Water data collected at various wells.

Well ID Date Water DO SPC pH ORP | Alkalinity | Ferrous | In-Field
Temp (mg/L) Iron DO
() (mg/L) | (mg/L)
10-19N 718124 15.3 0.51 5110 7.02 82.7 500 0.03 1.25
84 718124 14.7 0.18 2499 7.32 -42.8 264 0.1 1.1
14-
13NA 718124 16 0.14 3783 7.34 3.4 303 0.065 1.1
Eg:{:‘ 71924 | 217 3.45 5545 | 7.45 -76 168 0.06 6.2
Wetland | 7/9/24 19.1 2 12793 7.88 -97.4 272 0.09 error

Sediments were subsequently collected at the North Pond (24.39 mg/kg) are located at the Grand
Junction Site, CO (Figure 2). Sediments from the North Pond and wetland area were collected at
varying depths to replicate conditions found in the environment. Sediments were then stored in a
freezer until used in attempts to preserve the anoxic conditions of the sediments. When ready to
use, the sediments were placed into the glove box to thaw, once fully defrosted the columns were
packed.

=1
Figure 2. Map of the Grand Junction Office (GJO) showing North Pond, Wetlands, and RCR (see circle),
labeled on the map to the right.

Leaching Experiments

The sediments were weighed out to 2 g, the weighed sediment samples were placed into centrifuge
tubes, for leaching. Leaching consisted of pouring 50 ml of 5% nitric acid (HNO3) into the vessels.
Samples were then placed onto a tumbler for 4 hours to ensure thorough contact between the solid
and leaching solution (Figure 3). After designated amount of time had passed the samples were
centrifuged for 30 minutes at 2700 Revolution Per Minute (RPM). The supernatant was then
removed and placed into a separate container, 50 ml of 5% HNO3z was then added once more to
the container containing the sediment and left to tumble for 4 more hours. The samples were then
once more centrifuged at the same configurations as the previous time, and supernatant was
collected into the same container containing the 50 ml, resulting in a total volume of 100 mL. This
step was crucial to maximize the recovery of the target analyte from the solid material. The samples
were later examined via Kinetic Phosphorescence Analyzer (KPA) to acquire the uranium
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concentration found in the sediments. Additionally, the information worked as a reference point
for uranium concentration that is to be expected to be seen in the effluent from the columns.
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Figure 3. After the sediment and nitric acid (HNO3) were mixed, the samples were placed onto the tumbler to
allow the acid and sediment to interact.

Oxic Column Set Up

Columns were prepared following Standard Column Test, shown in LMS Environmental Science
Laboratory Procedural Manual (LMS/PRO/S04343). A sleeve shaker was utilized to remove
granulate sediments from RCR, GJO-84 Deep, and GJO-84 Shallow, to improve packing and
increase surface area-to-volume ratio. Sediments listed above were later combined with 2-
millimeter (mm) glass beads to help with distribution, flow rate, and to avoid cracks forming in
the soil. Sediments collected at North Pond were not heated, granulated, nor mixed with 2mm glass
beads, as the sediments were already wet, and did not require the extra support.

The method of wet packing was utilized, for the columns containing the sediments RCR, 84 Deep,
and 84 Shallow the soil was inserted dry while the column is flooded from the bottom to avoid air
entrapment. Three columns were set up using the method above, each column was packed with
one of the three sediments listed (Figure 4). Following the initial set up of the columns, columns
were given 24 hours to allow for the sediment to settle in the columns. Subsequently, DIW was
flushed through the column at a flow of 5 mL/min, this was selected for various reasons some
being to avoid channeling and to increase the contact time between the sediment and the DIW.
This flushing process was repeated for a total of 8 days, utilizing only influent water DIW.

Figure 4. Column setup under oxic conditions utilizing sediments: RCR, GJO-84 Deep, and GJO-84 Shallow

10
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Hydroxyapatite Column Set Up

Columns which introduced hydroxyapatite were packed with North Pond sediments. Packing
consisted of saturating the North Pond soil with excess water, prior to packing the column, and
then letting the soil settle at the bottom of the column (DEMEAU, 2014). Each column was then
hooked to a pump using the bottom 1 inch inlet and were set to 5 mL/min to avoid channeling and
increase the interaction between sediment and influent water. Columns were given 24 hours for
the sediments to settle prior to injecting the mixture of calcium-citrate and phosphate. Once the
columns reached the 24-hour mark 120 mL of calcium-citrate and phosphate were injected into
each of the three columns.

Hydroxyapatite (Cai0(PO4)s(OH)2) was composed of NaHPOs, NaH2PO4, (NH4)2HPO4, CaCly,
and triNa Citrate at varying ratios, the ratios used were obtained from DOE 2019; CaClz, was
slightly altered to better fit the experiment (Table 2). The calcium-citrate portion were mixed with
the phosphate portion synthesizing 200 ml of hydroxyapatite (Figure 5). Around 140 mL of the
solution was injected into each column to ensure that the columns were fully saturated.

Table 2. Variing compositions of Calcium Citrate and Phosphate used to synthesize hydroxyapatite.

Na;HPO,4 NaH2PO4 (NH4)2HPO4 CaCl, triNa Citrate
(MM/L) 36.45 6.3 2.25 4.05 10.1
(g/L) 6.48 0.982 0.297 0.595 2.97

l _ n . \‘v!ﬁ B
Figure 5. Valeria Ocampo (left) and Daniel Ohlson (right) mixing the calcium-citrate and phosphate for
column injection.

The columns were left for a week to allow the hydroxyapatite to fully precipitate and avoid
accidentally flushing the apatite out of the column. Different influent water sources were utilized
for each of the 3 columns, the column that operated as a control was flushed with DIW. The second
column employed water from well 6-2N which holds lower levels of uranium compared to north
pond, and having little to no dissolved oxygen, and the final column utilized water from the North
Pond which contains high amounts of uranium (Error! Reference source not found. and Figure
6). Once the one-week period had been completed the columns were flushed with 120 mL of their

11
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designated influent water. The effluent was collected during this process and stored for later
examination via KPA. This process was repeated for a period of 11 days.

RCR GlO North Pond
[15 mg/kg] [13 mg/kg] [24.39 mg/kg]

Figure 6. lllustration of influent water and sediment utilized in oxic columns without the Prescence of
hydroxyapatite.

Low Uranium High Uranium

Control Column

North Pond
[24.39 mg/kg]

North Pond North Pond
[24.39 mg/kg] [24.39 mg/kg]

Figure 7. lllustration of influent water and sediment utilized in hydroxyapatite columns.

KPA Analysis and Set up

Leaching experiments, water samples collected from the site, and effluent water were all analyzed
using a Kinetic Phosphorescence Analyzer (KPA). The KPA was first calibrated using calibration
standards prepared by varying ratios of DIW and Uraplex. Once the instrument was calibrated, the
collected samples were placed into cuvettes and dilutes if necessary.

12
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3. RESULTS AND ANALYSIS

Before starting the column experiments, sediments were collected from different locations (North
Pond, GJO, and RCR) and subjected to leaching experiments. These experiments were conducted
to estimate the potential uranium concentration that could be released when the column
experiments begin. The leaching results showed that North Pond sediments at depths of 1.0 to 1.3
feet initially released uranium concentrations of around 15-17 mg/kg. GJO sediments at a depth of
1.0 to 1.3 foot had initial uranium release concentrations of approximately 13 mg/kg, and RCR
sediments at the same depth released about 6-7 mg/kg (Figure 8). These water concentrations
reflect the relative solid-phase concentrations (North Pond has the highest water and sediment
uranium concentrations).

Leaching Results
30

25
20
15
0 '
0-0.5 0.5-1

113 1315 1.9-2.1
Depth (ft)

Uranium Concentration (mg/kg)
(%]

m North Pond mRCR GJO

Figure 8. Leaching results of sediments from locations North Pond, RCR, and GJO at varying depths.

Figure 9 shows the trends in the oxic columns packed with sediments from RCR, 84 Deep, and 84
Shallow. The graph displays the trend of uranium concentration over an 8-day period. The solid-
phase uranium concentrations are higher due to the leaching process, which extracts more uranium
form the sediments. In contrast, during the column experiments, only slight amounts of uranium
are released from the sediments.

On Day 1, both 84 Deep and 84 Shallow show near-zero uranium concentrations, while RCR starts
with approximately 50 pg/L of uranium. The following day, both RCR and 84 Shallow experience
an increase in uranium concentration, with RCR rising to 210- 230 ppb and 84 Shallow increasing
to 330 ppb. Over the next 5 days, uranium concentrations decrease in all columns. On the final 2
days off effluent collection, 84 Deep sees an increase in uranium concentrations, reaching around
90-100 ppb, before slightly decreasing. Similarly, 84 Shallow shows an increase on the final day,

13
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while RCR continues to decrease. On Day 1, it was expected that there would be little to no
uranium released, as the column was being flushed for the first time. However, after the column
had settled and was flushed again, uranium was flushed out. The decrease in uranium

concentrations from Days 3 to 6 is likely due to uranium being leached from the sediments and
exiting the column, resulting in lower concentrations in the sediments.

Oxic Column Uranium Concentration
500
400

300

200 /\

100 /

Uranium Concentration (ug/L)

S GE G GIN G GED GED eI o e - *_——'—\—.
0 :
0 1 2 3 4 5 6 7 8 9
Day
—g— RCR 84 Deep 84 Shallow  e= «=EPA Drinking Standard

Figure 9. Columns under oxic conditions packed with sediments RCR, GJO, and North Pond (reference
Figure 6). The EPA standard (30 ppb) is represented by the dash line. Each column was flushed with DIW for
a period of 8 days.

Figure 10 show the trend in columns containing HAp, the utilized sediment all came from the
North Pond area and only the influent water was different (DIW, NP Water, and 6-2N water) As
observed in all results, the effluent tested on the first day had a high U concentration (ug/L), which
decreased in subsequent tests. The Day 1 sample, which contained the highest U concentration,
was collected before the HAp injection and the column was left to sit for a week with HAp. As a
result, the uranium concentration in the following days of testing were lower.

14



FIU-ARC-2023-800013922-04C-002 Investigation of Uranium Sequestration Under Oxic and
Anoxic Conditions

HAp Column Uranium Concentration
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Figure 10. Uranium concentration (ug/L) of HAp columns with same North Pond sediment and influent
water: DIW, NP, and 6-2N (reference Figure 7) influent water over a period of 11 days.

The only exception to this trend was seen in column NP with influent water from well 6-2N. While
Day 2 results show a decrease in U concentrations, the following day saw an increase. This
fluctuation is not completely irregular when compared to the other columns. In Column NP-3
containing deionized water (DIW) has a similar pattern, with a slight increase U concentration
over the first 4 days, followed by a decrease. In contrast, column NP with water from well 6-2N
had a more erratic trend. There could be multiple reasons for this variation in the results, with the
most likely reason being due to the HAp being flushed out of the column when the influent water
was added. Thus, the addition of HAp shows promise for the removal of uranium from the water
phase to the solid phase, but additional research will be necessary to confirm the permanence of
this removal.
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4. CONCLUSION

Column experiments were conducted over a period of 10-14 days for columns with HAp injections.
Effluent water was collected daily during this period and analyzed using KPA. Results were
graphed to demonstrate the uranium concentration across all columns. Columns containing HAp
showed the greatest reduction in U concentration, regardless of the influent water used (DIW, 6-
2N, and NP).

Columns without HAp had uranium release rates controlled by the amount of uranium was present
in the sediments, as the influent water utilized (DIW) contained no uranium. The uranium which
was being released from the columns was likely a direct result of desorption. In contrast the HAp
columns had contaminated sediments and influent water which contained varying amounts of
uranium concentrations. Meaning that the effluent water had a mixture of the desorption of the
uranium from the sediments alongside the contaminated influent water.

Overall, columns with HAp injections experienced a significant decrease in U concentrations
compared to the columns without HAp, highlighting the potential of HAp for uranium sorption.
Further experimentation should be continued, focusing on using varying sediments from different
sites found at Grand Junction, to observe if sediments with different U concentration can affect the
HAp ability to sorb U and whether this sorption is long lasting. Future steps will include altering
environmental conditions of the columns to determine how factors such as temperatures and pH
will influence U desorption. Understanding the conditions in which desorption will occur will give
an idea of how the apatite will react if applied at the site. Currently, hydroxyapatite has
demonstrated very promising results in column experiments, especially under ideal conditions,
with a neutral pH and a temperature of 20-22°C.
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