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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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Figure 1. Kryvyi Rig Basin location.

Significant environmental pollution in the Kryvyi Rig basin relates to industrial activity in
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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
UO2 CO3 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—U3 O8 ).
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.
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Figure 2. Hydrogeological map of the tailings storage facility site with hydroisohypses of the aquifer.

Figure 2. Hydrogeological map of the tailings storage facility site with hydroisohypses of the aquifer.
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April, June 2013. Sampling procedure was consistent with international standards, such as
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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+ , NH4+ , HCO3− , Cl− , SO24− , NO3− ,
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+

NH4+

HCO3−

Cl−

SO24−

NO3−

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, SO24− , 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 SO24− 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
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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
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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 Na2 SO4 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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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).
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Even though groundwater flow is spatially and temporally complex at the PRB site the
Even though groundwater flow is spatially and temporally complex at the PRB site the remedial
remedial performance of PRB is significant. The uranium content in groundwater flowing through
performance of PRB is significant. The uranium content in groundwater flowing through the PRB was
the PRB was reduced by more than 50%. Therefore, a new design for a PRB is proposed. Such PRB
reduced by more than 50%. Therefore, a new design for a PRB is proposed. Such PRB construction
construction with non-continuous reactive media allows reduction of the installation costs
with non-continuous reactive media allows reduction of the installation costs significantly. Even for the
significantly. Even for the cheapest passive remediation methods, continuous wall and
cheapest passive remediation methods, continuous wall and funnel-and-gate PRB systems, the costs of
funnel-and-gate PRB systems, the costs of the PRB may be high depending of the construction length
the PRB may be high depending of the construction length and especially the depth in the ground [4,5].
and especially the depth in the ground [4,5]. Instead of a conventional continuous barrier or a
Instead of a conventional continuous barrier or a funnel-and-gate, this novel design consists of rows of
funnel-and-gate, this novel design consists of rows of cylinders with different reactive materials.
cylinders with different reactive materials. This PRB design showed high efficiency for groundwater
This PRB design showed high efficiency for groundwater remediation of uranium contamination in
remediation of uranium contamination in the Ukrainian region of uranium mining and processing.
the Ukrainian region of uranium mining and processing. The obtained results proved that the use of
The obtained results proved that the use of PRB with single and double rows of cylinders with active
PRB with single and double rows of cylinders with active inorganic or inorganic-organic fillings
inorganic or inorganic-organic fillings provided necessary levels of groundwater purification in the
provided necessary levels of groundwater purification in the case of low or middle uranium
case of low or middle uranium concentration (up to 0.3–0.4 mg/L). Three or more offset rows are
concentration (up to 0.3–0.4 mg/L). Three or more offset rows are needed for higher contaminant
needed for higher contaminant concentrations.
concentrations.
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

Metals 2018, 8, 408

12 of 15

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, SO24− , 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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