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Abstract: Zhovty Vody city, located in south-central Ukraine, has long been an important center for
the Ukrainian uranium and iron industries. Uranium and iron mining and processing activities during
the Cold War resulted in poorly managed sources of radionuclides and heavy metals. Widespread
groundwater and surface water contamination has occurred, which creates a significant risk to
drinking water supplies. Hydrogeologic and geochemical conditions near large uranium mine
tailings storage facility (TSF) were characterized to provide data to locate, design and install a
permeable reactive barrier (PRB) to treat groundwater contaminated by leachate infiltrating from the
TSF. The effectiveness of three different permeable reactive materials was investigated: zero-valent
iron (ZVI) for reduction, sorption, and precipitation of redox-sensitive oxyanions; phosphate material
to transform dissolved metals to less soluble phases; and organic carbon substrates to promote
bioremediation processes. Batch and column experiments with Zhovty Vody site groundwater were
conducted to evaluate reactivity of the materials. Reaction rates, residence time and comparison with
site-specific clean-up standards were determined. Results of the study demonstrate the effectiveness
of the use of the PRB for ground water protection near uranium mine TSF. The greatest decrease
was obtained using ZVI-based reactive media and the combined media of ZVI/phosphate/organic
carbon combinations.

Keywords: uranium; contaminated groundwater; permeable reactive barrier; zero-valent iron

1. Introduction

The uranium industry is critically important for the Ukrainian economy: nearly 45% of all electric
power is produced by nuclear power stations. Ukraine produces more uranium than any other
European country and in 2016 was the 10th largest producer in the world: production of uranium
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from mines in Ukraine was 1006 t/year [1]. The largest uranium deposits occur in Kryvyi Rig basin
located in the western part of Dnipropetrovsk Oblast (Figure 1) and are typically associated with iron
ore deposits.
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Significant environmental pollution in the Kryvyi Rig basin relates to industrial activity in Zhovty
Vody city. The largest is the state enterprise for uranium ore mining and milling—“Eastern Mining and
Concentration Combine Works” (SE “VostGOK”). Waste products associated with uranium processing
represent a major source of surface and groundwater contamination [2,3].

Throughout the United States and Western Europe numerous methods have been utilized for
remediating water, soil and sediments contaminated with hazardous substances. A relatively new
(in Eastern Europe) and potentially important in situ method is a permeable reactive barrier (PRB)
constructed in the subsurface to intercept and treat contaminated groundwater which contain dissolved
metals, radionuclides, and dissolved nutrients. During recent years, the use of PRBs has evolved from
innovative to accepted standard practice for treatment of selected organic and inorganic contaminants.
There have been more than 200 successful PRB applications all over the world, but mainly in the
United States, and the US Environmental Protection Agency (EPA) designated the PRB a standard
remediation technology [4–7].

The contaminant treatment zone in a PRB may be created directly using reactive materials such as
iron or indirectly using materials designed to stimulate secondary physical, chemical, or biological
processes. Various materials have been investigated as possible treatment materials for use in a PRB,
including zeolite, hydroxyapatite, elemental iron, limestone, and others [7–11].

One of the most promising treatment materials for use in a PRB is zero-valent iron (Fe0) which has
been extensively studied in recent years [12–17]. It has been shown that iron fillings are much more
effective than adsorbents in removing heavy metals and uranyl (UO2+

2 ) from the aqueous solution.
However, it is still unclear whether the removal of heavy metals and uranyl results from reductive
precipitation or from adsorption onto the corrosion products of Fe0. A more exact knowledge of the
chemical interactions in PRB treatment zones is needed to improve the efficiency of new designs and
to predict longevity so that reliable cost assessments can be made [18–20].

It is necessary to note that in some cases of PRB applications for groundwater remediation
have failed to achieve cleanup levels as predicted from bench scale tests, for molybdenum and
uranium [21]. Performance failure was related to a sequence of events due to continual buildup of
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mineral precipitates on the reactive medium, loss of pore space, development of preferential flow
paths, and finally complete bypass of the zero-valent iron resulting in the loss of hydraulic control.

The biological approach in PRB technology is also an innovative method that can be useful for
remediating uranium contamination of water. Many environmental biotechnological applications
utilize microorganisms that have key roles in the biogeochemical cycling of toxic metals and
radionuclides [22–27]. Biologically induced reduction reactions can promote the attenuation of
inorganic cations through direct reduction of the metal or through indirect precipitation resulting from
the oxidation or reduction of an inorganic anion. Many metals, including toxic metals such as Cd, Cu,
Zn, Mn, Pb are removed by this method [28–30].

In this study, special attention was devoted to uranium. It was shown that microbes had the
ability to facilitate the removal of uranium from water through the sorption of U(VI) to bacterial
cell walls, biological reduction of U(VI) and enzymatic production or nucleation of U mineral
precipitates [25,31–33]. Dissolved oxygen is reduced first, followed by denitrification, followed by
UO2CO3 reduction to uraninite and sulfate reduction to sulfide [25]. As a result, an amorphous
uranium oxide may form on bacteria surfaces [34].

Biological reduction of U(VI) to insoluble U(IV) was stimulated by the addition of ethanol
and trimetaphosphate to contaminated groundwater [27,35]. Also, kinetic data for microbial U(VI)
reduction were obtained [36]. The process in which Citrobacter sp. produces an overabundance of
alkaline phosphatase was described, which in turn causes the cell to excrete phosphate, which provides
the nucleus for the precipitation of U(VI) phosphate on cell surfaces [37].

The role of inorganic support in microbiologically-induced reduction of U(VI) is very
important [38]. Another very perspective approach in PRB application is to combine chemical
oxidation-reduction reactions and microbiologically mediated processes [39,40].

The main objectives of this work were (1) to characterize the site at Ukrainian Uranium Center
(Zhovty Vody city, Ukraine) with respect to the design and installation of a PRB to treat contaminated
groundwater and (2) to study the effectiveness of different zero-valent iron and organic carbon fillings
for uranium removal by PRB technology.

2. Materials and Methods

2.1. Water Sampling and Analysis

Zhovty Vody and the uranium mining district are located within the Kryvyi Rig iron-ore basin.
This structurally complex basin (500–600 km2) occurs within the central part of the Ukrainian Shield and
is underlain by Precambrian volcanic, granitic, and meta-sedimentary rocks overlain by thin, unevenly
distributed Cenozoic sedimentary rocks. A variety of Quaternary alluvial, eolian and lacustrine
deposits form the surface over most of the basin. The uranium deposits occur in hydrothermally altered
rocks, are associated with the iron deposits, and have strata-like and lens-like forms. The deposits are
typically 1–15 m thick, tens to hundreds of meters long and occur at depths up to 1.5 km.

Since 1950s, SE “VostGOK” performed uranium ore underground mining and processing by
hydrometallurgical method. Currently, hydrometallurgical plant processes ores being delivered from
Ukrainian uranium deposits and produces natural uranium concentrate (uranous-uranic oxide—U3O8).
The technological process is based on leaching of the uranium from ore by sulfuric acid and sorption
on anionic resins (so called “resin in pulp process”). Also, underground leaching and block leaching
were used.

Numerous waste disposal facilities related to uranium mining and processing have been
constructed near Zhovty Vody. Liquid and solid process wastes (disposal sludge, waste water from
uranium ore processing and decontamination of process equipment, etc.) are discharged through
slurry pipelines into tailings storage facilities. The tailings storage facility (TSF) “Shcherbakovskoyeh”
(“Shch”) (Figure 2) is located about 1.5 km south of Zhovty Vody in the Shcherbakovskaya gully which
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is a right tributary of the Zhovta River. For many years leachate from this facility has infiltrated into
the sub-surface, contaminating the underlying groundwater.

Shcherbakovskaya gully and the Shch TSF are underlain by loams, clays, and sands of primarily
Quaternary age. These surficial deposits overlie highly weathered Precambrian granite with a thick
residual layer at the top which functions as an aquifer. Between the Shch TSF and the Zhovta River
(1.0 km to the east) all but 4–5 m of the Quaternary sediments have been eroded. The highly weathered
granite is quite permeable and has a significant saturated thickness. Groundwater in the granite flows
eastward from the area of the Shch facility and discharges to the recent alluvial sediments along the
Zhovta River and directly to the Zhovta River. The gradient on the water table ranges from 0.023–0.4.
The Zhovta River flows southward and discharges to the Ingulets River south of the Zhovty Vody.
The Ingulets River discharges to the Black Sea.
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Currently, the TSF consists of two sections: an old tailings storage facility located in the northern
branch of the Shcherbakovskaya gully and a new tailings storage facility located in the western branch
of the gully (Figure 2). The old TSF was constructed by building a dam across the northern branch of
the gully and is 1.8 km long, 0.9 km wide, and 98.4 ha in area. Its storage volume is about 5.4 × 106 m3.
It was operated from 1959 to 1979 and is currently used as a standby facility. The new TSF, in operation
since 1979, has an area of 151.8 ha, and a projected volume of 25.84 × 106 m3. Solid and liquid process
wastes from the hydrometallurgical plant include pulp from uranium leaching, waste water from
washing and decontamination of process equipment etc. Sludge drainage and industrial sewage from
the neutralization station from the sulfuric acid plant are also discharged through slurry pipelines
into the tailings storage facility. The waste is emplaced under the layer of water to prevent its drying
and dusting.

The chemistry of the groundwater in the weathered granite aquifer has been highly contaminated
by leachate infiltrating from the Shch TSF. Data from sampling near the facility indicate a groundwater
contamination plume defined by a high concentration halo of nitrate and sulfate. The configuration of
the plume corresponds well with the direction of groundwater flow. Dissolved solids concentrations
in groundwater to the west (upgradient) of the tailings storage facility ranged from 1.0 to 1.95 g/L.
Downgradient of the tailings facility the dissolved solids concentrations ranged from 2.12 to 5.33 g/L.
Groundwater is mainly a sulfate, magnesium-sodium type. The pH ranged from 6.8 to 8.0 and the
total hardness ranged from 12.04 to 86.97 mg-equiv/L.
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These data, obtained from a network of the monitoring wells installed by the enterprise
SE “VostGOK”, clearly indicate the presence of leachate from the tailings storage facility in the
groundwater. Groundwater near the TSF was sampled from 8 monitoring holes to determine chemical
and radiochemical (radionuclides of uranium series) composition. Detailed geochemical sampling
was conducted in December of 2011, as well as March, May, August, November 2012 and April,
June 2013. Sampling procedure was consistent with international standards, such as established by the
International Organization for Standardization and the US Environmental Protection Agency [41,42].

Position of the groundwater levels was measured in all monitoring holes characterizing efficiency
of the permeable reactive barrier using hydrogeological roulette with periodicity 2 times a month.
Groundwater was collected using a sinking pump. Water samples were collected in disposable 0.06 L
syringes and filtered through 0.45 µm cellulose acetate filter. Ultrapure concentrated HNO3 was
added (pH < 2) to preserve the cation sample. All samples were analyzed at three different chemistry
and radiochemistry laboratories: at National Technical University of Ukraine (Kyiv), Ukrainian
Research-Development and Design-Prospecting Institute of Industrial Technology (Zhovty Vody)
and East Mine Dressing Combine (Zhovty Vody). The concentration of metal ions (Na+, K+, Ni2+,
Cu2+, Zn2+, Pb2+, Cd2+, Fetot, Cotot, Mntot) was determined by atomic absorption spectroscopy (AAS)
with AA-6300 Shimadzu. Other chemical constituents (Mg2+, Ca2+, NH+

4 , HCO−
3 , Cl−, SO2−

4 , NO−
3 ,

total dissolved solids (TDS)) were determined by standard chemical procedures [43]. Dissolved
uranium (in this and next sections) was quantified spectrophotometrically on UNICO 2100UV using
the Arsenazo III (1,8-dihydroxynaphthalene 3,6-disulphonic acid-2,7-bisSTA(azo-2)-phenylarsonic
acid) reagent. The chemical composition of this groundwater is shown in Table 1.

Table 1. Chemical composition of contaminated groundwater from locations near planned PRB (mg/L,
pH 7.2).

Ca2+ Mg2+ Na+ + K+ NH+
4 HCO−

3 Cl− SO2−
4 NO−

3 TDS

576 209 391 0.92 448 182 2832 125 4007

Usum Ni2+ Cu2+ Co2+ Mnsum Zn2+ Pb2+ Cd2+ Fesum

0.42 <0.05 <0.03 <0.06 0.10 <0.01 <0.19 <0.01 0.05

The data indicate that the concentrations of uranium, SO2−
4 , and total dissolved solids (TDS)

significantly exceed international standards. The maximum contaminant levels established by the US
Environmental Protection Agency are: 0.03 mg/L for uranium, 250 mg/L for SO2−

4 and 500 mg/L for
TDS [44].

2.2. Experimental System

Two main approaches were applied in laboratory experiments with PRB treatment media:
chemical and microbiological. The chemical tests can be performed under no flow conditions
(batch tests) or under gravitational or imposed flow conditions (column tests).

The first step in the chemical approach was conducting batch tests to aid in the preliminary
selection of possible reagents and to help characterize the effect of contaminated groundwater
(constituents) on the reactivity of Fe0.

For this purpose, batch experiments were conducted with three different types of iron materials
(all from Ukrainian Plants). The first one, zero-valent iron material 1 (sample: ZVI1) was a
direct reduced iron (Fe > 99.5%) with particle size < 0.16 mm. The second one (sample: ZVI2)
was iron material (Fe > 99.0%) with particle sizes as follows: >1.0 mm—0.4%; 1.0–0.63 mm
—21.7%; 0.63–0.4 mm—16.9%; 0.4–0.31 mm—10.5%; 0.31–0.2 mm—19.9%; 0.2–0.16 mm—13.9%;
0.16–0.1 mm—11.6%; 0.1–0.063 mm—1.8%; 0.063–0.05 mm—1.0%; <0.05 mm—2.3%. The third material
(sample: ZVI3) was scrap iron (C—3.3%; Si—2.0%; Mn—0.8%) with particle sizes between 1.0 and
2.0 mm.
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These experiments consisted of placing a known mass of the Fe-powder in glass (or non-reactive)
flasks, filling them with the contaminant solution and shaking at various times. At selected times
samples of solutions from all flasks were collected and analyzed to determine uranium concentration
changes and obtain physical-chemical parameters (e.g., pH, electric conductivity, etc.).

The soluble part of humic substances, fulvic acid (FA), and Na2CO3 were used in the experiments
to determine removal efficiency of iron materials for uranium solutions that contain complexing
agents. These substances are common constituents in ground water and readily form complexes
with U(VI) ions [45,46]. FA was extracted from lake sediments near Kyiv (Ukraine) according to
literature method [43]. Ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA) and
ethylenediamineacetic acid (EDA), which are common constituents in washing solutions [47], were also
used. ZVI2 as zero-valent iron material was used in these experiments.

The second step in the chemical approach was a column test which was most important for
designing the PRB. The test included percolation of a solution, with a known concentration of
contaminant, through a cylindrical column filled with reagent material. Because all experiments
were conducted using groundwater samples with very low concentration of dissolved oxygen,
some precautions were taken to prevent contact of the solutions with air.

In the microbiological approach the same laboratory experimental material was used for testing
PRB design and effectiveness. Iron, sand, gravel, bone meal and sawdust, which widely used as fillings
for biological PRB [4,5], were selected for testing. An activator was also added to initiate bioreduction
processes. It contained anaerobic bacterial communities with uranium-removal bacteria which were
prepared from a previously cultivated mixed indigenous culture of bacteria from bottom sediments
of Zhovta River near mine tailings storage. Yeast decoction and cysteine were added to the solution
for biostimulation.

Various mixtures of materials were tested for further application as an active PRB treatment
medium (detailed composition of the medium is in Section 2.3):

1. Powdered ZVI + sand (inorganic active filling);
2. Powdered ZVI + gravel + bone meal + sawdust + activator (organic-inorganic active filling);
3. Gravel + bone meal + sawdust + activator (organic active filling).

A sketch of the apparatus, which was designed and commissioned for testing PRB treatment
media, is shown in Figure 3.
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A packed bed system was constructed from Plexiglas with an overall height of 30 cm, internal
diameter of 8 cm and a net empty working volume of 1 L. It was equipped with an 0.8 cm diameter
port used for sampling liquid located 20 cm from the bottom. The flow was dispersed with the aid
of a frustum shaped cowling located at the base of the column, which also served to contain the
porous media.

The influent was pumped from the reservoir tank to the inlet of the reactor by means of a
pre-calibrated variable speed peristaltic pump at a flow rate of 0.006–0.15 L/h (approximately 0.5–10
pore volumes per day). Inert gas (N2 or CO2) is continuously purged through the influent reservoir to
lower the oxygen content of the influent solution and satisfy the anaerobic conditions during column
experiments. A series of preliminary experiments were conducted to determine the operability of
column apparatus. For these preliminary experiments inorganic materials were used as PRB active
treatment medium. The stability of the equipment was demonstrated for all preliminary tests.

The effluent volume was recorded daily by weighing the mass of water collected, allowing the
average flow rate during the collection period to be calculated. Columns were operated in different
experimental series, but the total treated pore volumes for the individual columns differed during
equal periods of time because of differences in the voidage.

2.3. Chemical and Microbial Tests

In the first series of column experiments sieved sand (particle size 0.6–2 mm) and iron material
(ZVI2) were used. The ratio of the components in reactive media was 1:10 (Fe0 powder to sand).
After filling with the reactive mixtures, the columns were purged with several pore volumes of
deoxygenated water to ensure complete removal of air (oxygen) prior to addition of the test solution.

The total duration of each series of experiments was ~90 days. The samples of purified water after
columns were collected and analyzed with the use of special port for sampling every day during first
month of the set and every 2–3 days during next two months. Calculation of the removed uranium
was based on the difference between the influent and effluent concentrations. After the end of the
experiment the leaching procedure was provided for determination of the uranium distribution in
reactive media in the column. The whole reactive material from every column was divided into layers
(1 cm) and then treated with HNO3. The concentration of uranium in leaching solution from each
layer was determined and then the total content was calculated. Also, it was interesting to determine
the distribution of released uranium within the separate layers of the reactive media. The samples
were taken at different points of separate reactive media layers and then analyzed.

An organic-inorganic mixture was used in a second series of anaerobic bioremediation
experiments with an indigenous consortium of microorganisms from mine water. An organic
component consisting of sewage sludge, bone meal, sawdust and activator was used with an inorganic
component consisting of gravel and Fe0 (ZVI2). All materials (except ZVI2 which was taking from
enterprise “Public Plant of Powder Metallurgy”, Brovary city, Ukraine) were obtained from local
enterprises in Zhovty Vody. A mixed indigenous culture of bacteria as one of the components of the
activator was also added to this composition. The ratio of Fe0 powder, sewage sludge, bone meal,
sawdust, water (with activator) and gravel in the mixture was chosen 0.17:1:2:3:4:17, in accordance
with composition of typical reactive mixtures for biological PRBs [4,5,48].

The activator was prepared using sludge samples from bottom sediments of Zhovta River near the
“Sch” mine tailings storage facility. A culture of bacteria for these tests was cultivated by suspending
0.04 L of the sediment in 0.4 L of basal medium in the presence of 50 mg/L U(VI). The propagation
was continued with basal medium which was replaced weekly. Basal medium was modified from
Postgate C medium with 4.5 g/L Na2SO4 as electron acceptor [49]. Resazurin (1 mg/L) was added as a
redox indicator to show any contamination by molecular oxygen. The pH was adjusted to 7.5 with 50%
NaOH (w/v). After four weeks of domestication, sulfate-reducing bacteria (SRB) for lab experiments
were obtained. The activation was done periodically to maintain the activity of SRB. The columns
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were wet packed with all components. The experimental procedure was the same as in experiments
with inorganic treatment medium.

In a third series of experiments only treatment medium of organic composition was used. Sewage
sludge, bone meal, sawdust, water solution of activator and inert inorganic component (gravel) were
mixed in the following ratio 1:2:3:4:17. A mixed indigenous culture of bacteria as one of the components
of the activator was also used in this series of experiments.

Contaminated groundwater from sites near the uranium mine TSF was used in these column
experiments. The concentration of uranium in influent was increased to 10 mg/L to approach the
exhausting of the sorption capacity of the medium. This solution was pumped to the inlet of the
column. All U(VI) reduction experiments were conducted anaerobically in the dark.

2.4. Field Tests

Sampling for radionuclide composition of groundwater in 8 monitoring holes in the PRB area was
conducted to evaluate the efficiency of the PRB cylinders with the different types of reactive media.

Because of the significant risk the TSF poses to the Zhovta River and the favorable hydrogeological
setting, the Shch tailings facility site was chosen for a PRB installation. The near surface geology at the
PRB locations, as determined from numerous boreholes, is as follows:

• Diluvial soil organic layer of 0.9 m in thickness—the upper layer of soil;
• Black alluvial loam of 2.6 m in thickness—the middle layer of soil;
• Residual soil of crystalline rocks—gruss-gravel formations of 2.5 m in thickness—the lower layer

of soil.

The crystalline rocks of Precambrian occur from a depth of 6.0 m. Results from our groundwater
flow modeling, using VISUAL MODFLOW v. 2.8.2 (Waterloo Hydrogeologic Inc., 2000, Waterloo, ON,
Canada) indicate that 93.8% of the groundwater discharge to the Zhovta River is from weathered,
residual crystalline rocks.

The position of the PRB in the region of TSF is presented in Figure 2. The PRB consists of
21 cylinders installed in three clusters of boreholes (Figure 4). Each cluster of cylinders contained
a different treatment media. The first cluster of boreholes (group A) contained inorganic active
filling—Fe0 powder and sand (T-1–T-7), second cluster (group B) contained organic-inorganic active
filling—sewage sludge, bone meal, sawdust and water (with components of activator) and gravel
(T-8–T-14) and third cluster (group C) contained organic active filling—sewage sludge, bone meal,
sawdust, water solution of activator and gravel (T-15–T-21). The holes that house the treatment
cylinders are 0.35 m in diameter. The holes in each cluster are staggered to make sure all groundwater
flow is intercepted. The depth of the holes is 6 m.
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Sampling for radionuclide composition of groundwater in 8 monitoring holes in the PRB area
(C-1–C-8) was conducted to evaluate the efficiency of PRB cylinders. Monitoring holes were installed
up-gradient (holes C-1, C-3, C-5), within (C-7, C-8) and down-gradient of the PRB (C-2, C-4, C-6)
(Figure 4).

3. Results and Discussion

3.1. Laboratory Tests

The results of the U(VI) removal by different types of ZVI are shown in Figure 5. The adjusted
initial pH was 6. The greatest uranium removal occurred using samples of ZVI1 (the most dispersed
iron material). The worst results were for scrap material ZVI3 with the largest particle size [50].
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It was shown previously that reactivity of iron-containing materials may be considerably affected
by some contaminants and groundwater constituents which demonstrate significant complexing of
different metals [4,51].

Figure 5b compares the results of the U(VI) fixation by Fe0 (ZVI1) for 3 days in the presence
of 5 × 10−4 M EDTA, 5 × 10−4 M NTA, 5 × 10−4 M EDA, 10−3 M Na2CO3, and 100 mg/L FA
solutions. These ligands readily form complexes with U(VI) ions and include the soluble part of
humic substances, fulvic acid (FA), and CO2−

3 , which are common constituents in ground water;
and ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA) and ethylenediamineacetic
acid (EDA), which are common constituents in washing solutions. Uranium removal efficiency
diminished with the addition of all the ligands.

This is due to the changes in uranium speciation after the addition of carbonate and other
complexing agents. One of the important uranium fixation mechanisms is sorption. As shown in
the speciation diagrams in [52], positively charged uranyl (UO2+

2 ) species dominate under CO2-free
conditions, while solutions in the presence of carbonate contain predominantly negatively charged
UO2(CO3)

2−
2 , UO2(CO3)

4−
3 , or uncharged UO2CO3 complexes, with rather weak sorption properties.

The same situation exists for other ligands [47,53]. Clearly, the lowest uranium removal from solution
occurred with strong ligands such as EDTA and CO2−

3 and the highest with the weaker ligand FA.
In all the column tests almost complete U(VI) fixation occurred. Results (Figure 6a) show that

practically full U(VI) removal was observed during all period of experiments (90 days).
The experiments showed that the distribution of retained uranium in the columns was not

uniform—most of the uranium was concentrated in the lower layers of the reactive media near the
bottom of the column (Figure 6b). Also, the specific contents of uranium at different points within



Metals 2018, 8, 408 10 of 15

the separate layers of the reactive media are not close by value, which indicates that the flows of the
contaminated solution are not uniform in cross-section of the columns [54,55].Metals 2018, 8, x FOR PEER REVIEW  10 of 15 
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Water table contour maps for August 2012 and June 2013 are shown in Figure 7. These maps
indicate a seasonal change in the direction groundwater flow. The dominant groundwater flow in the
PRB area takes place towards the Zhovta River.
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As stated previously, all (93.8%) groundwater flow to the Zhovta River occurs in the aquifer
comprised of residual soil of crystalline rocks.
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The position of 21 PRB cylinders and 8 monitoring holes on water table contour maps is presented
in Figure 7.

Results for total uranium content (234U, 238U and 238U) in groundwater from 8 monitoring holes
are presented in Figure 8. The comparison of the obtained results for monitoring holes which were
situated in pairs, before and after different groups of PRB cylinders, clearly indicate a considerable
decrease in uranium contamination of groundwater after flow through the PRB with ZVI2.

The greatest decrease was observed in monitoring holes C-1 (Figure 7) and C-2, which are located
near PRB cylinders filled with inorganic filling and in monitoring holes C-3 (Figure 7) and C-4 which
are located near PRB cylinders filled with organic-inorganic filling. Smaller decreases were observed
after flow through cylinders with organic filling (as indicated by data from monitoring holes C-5
(Figure 7) and C-6) because of the clayey and sandy character of the soil near the uranium mine TSF
and the low content of microorganisms from the indigenous mine consortium.
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Even though groundwater flow is spatially and temporally complex at the PRB site the remedial
performance of PRB is significant. The uranium content in groundwater flowing through the PRB was
reduced by more than 50%. Therefore, a new design for a PRB is proposed. Such PRB construction
with non-continuous reactive media allows reduction of the installation costs significantly. Even for the
cheapest passive remediation methods, continuous wall and funnel-and-gate PRB systems, the costs of
the PRB may be high depending of the construction length and especially the depth in the ground [4,5].
Instead of a conventional continuous barrier or a funnel-and-gate, this novel design consists of rows of
cylinders with different reactive materials. This PRB design showed high efficiency for groundwater
remediation of uranium contamination in the Ukrainian region of uranium mining and processing.
The obtained results proved that the use of PRB with single and double rows of cylinders with active
inorganic or inorganic-organic fillings provided necessary levels of groundwater purification in the
case of low or middle uranium concentration (up to 0.3–0.4 mg/L). Three or more offset rows are
needed for higher contaminant concentrations.
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4. Conclusions

The results of laboratory tests of the U(VI) removal by different types of ZVI show that the greatest
efficiency occurred using samples of the most dispersed iron material (zero-valent iron with very fine
particle size—ZVI1). Uranium removal diminished with the addition of all most significant ligands
presented in ground water.

A pilot-scale PRB was installed near the uranium tailing storage facility located in Ukrainian
Uranium Center (Zhovty Vody city, Ukraine). The initial concentrations of uranium, SO2−

4 , and total
dissolved solids in groundwater at that site significantly exceed international standards. A new design
for a PRB is used. Instead of a conventional continuous barrier or a funnel-and-gate, this design
consists of rows of cylinders with iron-reactive materials. Such PRB construction with non-continuous
reactive media typically reduces allows considerable reduction of the installation costs.

After two years of monitoring a pilot-scale PRB, utilizing zero-valent iron and organic carbon
treatment media, results indicate that uranium concentrations in groundwater at the PRB site were
reduced from 0.38 mg/L to 0.07–0.15 mg/L. The greatest decrease was obtained using a treatment
media of powder zero-valent iron and sand, and a treatment media of sewage sludge, bone meal,
sawdust, water (with components of activator) and gravel.

Smaller decreases were observed using pure organic carbon treatment media because of the clayey
and sandy character of the soil near the uranium mine TSF and the low content of microorganisms
from the indigenous mine consortium. Probably the higher content of microorganisms (as in silt or
black earth soil) stipulate the increasing of the level of groundwater purification.

Even in a complex groundwater flow system at the PRB site and the mine tailing storage facility
the positive effect of PRB is significant, reducing the uranium content in groundwater at PRB site
by 50%.
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