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Received 29‘['“hApr- 2019 Some of non-renewable water resources such as deep groundwater aquifers were explored extensively
Accepted 217 May 2019 for the use as drinking water. Water treatment plants (WTPs) were established to fulfill the standards of

drinking water quality. The study of the chemical behavior of uranium (U) in groundwater treatment
process is the main aim of this work that will shed more light on U removal efficiency during water
treatment processes. Samples represent various treatment processes such as sand filtration and reverse
osmosis were collected. Uranium and other elements (e.g. Ba, Ca, Fe, K, Mg, Na and Sr) concentrations
were measured using ICP-MS that shows a wide range of variation. In addition, some physicochemical
parameters -such as pH, electric conductivity- EC, major cations (Ca?*, Mg?', Na* and K*) and major
anions (CO,%, HCO3', CI" and SO4 %) were measured. The removal efficiency of U was about 99% by
reverse osmosis (RO) process that leads to increasing the U concentration (293%) in RO reject and
consequently in evaporation bond. The concentration of U and other toxic elements in evaporation
bond’s water could be a serious potential source of environmental contamination due to their continuous
increase with water volume reduction.
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Introduction

Drinking water resources are scarce in many places
around the world especially in arid and semiarid
regions [1]. In some regions to cover the drinking
water demands, sea and underground water
desalination were an option that required to treat
the water from different resources to fulfill the
essential standards for drinking water quality. The
source water quality affect both the applied
techniques as well the cost of water treatment [2].
water treatment plants (WTPs) were built-up to
reduce some elemental concentrations and to
modify the various physicochemical parameters
that make the water quality complies with the
national and/or international standards.

Generally, the natural water resources contain
different elemental concentrations and
physicochemical parameters that characterize the
water itself as well as its source. Underground
water resources have various parameters that
fingerprint the water chemistry and the
geochemical features of the aquifer bedrocks as
well as the water-rocks interactions [3-5].

Some underground resources could contain
relatively high concentrations of toxic elements
and even essential nutrient elements with a higher
concentration than that of drinking water quality
guidelines [6]. There are many national and some
international guidelines for drinking water quality
[7-10]. These guidelines covered various aspects of
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water properties. There are many published works
that deal with water quality and guidelines [11-15].

The occurrence of natural radio-nuclides (e.g. 22U,
*2°Ra, *®Ra, “K and others) in underground water
is mainly due to their leaching from the bed-rocks.
The concentration of uranium in water depends on
several factors. These include the uranium
concentration in the aquifer rock, the partial
pressure of carbon dioxide, and the presence of
oxygen and complexing agents. Different
parameters of water determine its capacity to
dissolve, transfer or participate elements that
include its pH value, temperature, redox potential,
concentration and properties of dissolved salts,
flow rate and residence time [16-17].

Uranium (U) is a natural element that could exist
in different concentrations and chemical forms that
imposed a serious health risk. Health effects and
risk of U can be divided into radiological risk of U
radio-nuclides and chemical risk due to its chemo-
toxicity as a toxic heavy metal. US Environmental
Protection Agency (EPA) has classified U as a
confirmed human carcinogen (group A).
Environmental Protection Agency (EPA) has
suggested that only zero tolerance is a safe
acceptable limit for the carcinogenic risk from
uranium and finalized realistic regulation levels as
maximum contaminant level (MCL) of 30 ug/L.
Standardization and Metrology Organization for
the Gulf Cooperation Council Countries set MCL
Of 15 pg/L. Canada regulations proposed interim
maximum acceptable level (IMAC) of 20 pg/L.
While the World Health Organization (WHO)
strictly recommended a reference level of 2 pg/L in
1998 that have been changed to 15 and 30 pg/L in
2004 and 2011, respectively) [8, 18-19]. Many
publications provided studies on the concentration
of uranium and natural radio-nuclides in drinking
water [9, 16-17, 20-26], uranium removal from
drinking water [27-29] and radiological dose and
risk assessment [19, 30-34].

The aim of this work is to evaluate the removal
efficiency of uranium by different processes in
WTP and its relation to some physicochemical
parameters of water samples.

Experimental Work

The WTP is located in Hail district, Northern part
of Saudi Arabia and produces 10° m3/day. The
water supply was brought to WPT from 18 deep
(500-600 m depth) wells located in a nearby
circular of 10 km® area. The main treatment
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processes are shown in Figure (1) which included
cooling and aeration, coagulation-flocculation and
sand filtration, reverse osmosis, and chlorination.
Since the raw water had been pumped from
different wells, it was first gathered in mixing tank
then further pumped up for cooling and aeration.
The pumped water was cooled down and its
gaseous contents were expelled to reduce the
potential health risk of radioactive radon (**Rn)
gas. Then, it was pumped through sand filters
composed of sand layers of varying grain sizes to
remove suspended solid and colloidal material.
Moreover, the different oxides especially that of
iron and manganese were formed in the last two
stages (aeration and partially in sand filter) that
play an essential role in co-precipitation processes
for some elements such as radium, which was
removed by sand filters [17, 26]. The reverse
osmosis process was the final phase before mixing
and chlorination. In the mixing process, the mixing
ratio of reverse osmosis permit to sand filter output
water was 3:1 to enhance the minerals content to
the acceptable water quality standards [26].

Collecting
water tank

Potable
water tank

-

Underground
wells (500-
600 m depth]

Evaporation
nds

R.O. Reject

Fig. (1): The flowchart of the different processes of water
treatment plant (WTP)

Eight water samples were collected from the
WTP that represent different water treatment
processes (input, sand filter, sludge tank, reverse
osmosis, output water and evaporation ponds).
Water samples were collected in 5 L capacity
polyethylene containers that were kept in a dark
place for preservation. Uranium and other elements
(e.g. Ba, Ca, Fe, K, Mg, Na and Sr) concentrations
were measured using PerkinEImer model ELAN-
9000 ICP-MS. Water samples were analyzed for
different physicochemical parameters such as pH,
EC (electric conductivity, dS.cm’l), major cations
(Ca®*, Mg*, Na* and K*) and major anions (CO5?,
HCO3, CI' and SO4 2') were determine using
standard procedures [35]. The removal efficiency
(A %) of uranium and other elements in water
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samples was calculated using the following
equation:

A% = (C *Co) X 100/C0 (1)

Where: C,; uranium concentration in input water
C; uranium concentration in the sample

Negative and positive percentages mean that
uranium was removed and concentrated in the
treatment process, respectively [28].

Results and Discussions

The elemental and radioactivity concentration of U
(1pg/L) and **U (mBq/L), respectively (1ug/L =
12.35 mBq (**U)/L), removal efficiency (A%),
and equation (1), were given in Table (1) and
shown in Figure (2). The results indicate that U
concentrations varied widely in the collected
samples due to either its removal or enhancement
where different physical as well as chemical
processes were involved. According to US-EPA, U
concentration could be reduced using different
removal techniques such as coagulation/filtration,

lime softening, anion exchange, activated alumina
and membrane processes with efficiencies ranged
from 80% to 99% [36-38]. The concentration of U
remained nearly constant before RO.

The RO process nearly removed all U with a
removal efficiency of about 99% that led to
increasing U in the RO reject water by a factor
of about 300%. Huikuri et al [29] studied the
effectiveness of commercial reverse 0smosis
equipment for simultaneous removal of some
radio-nuclides and dissolved salts from water.
Reverse osmosis is one of the few effective
techniques that can simultaneously remove U, Ra,
Pb, Po and other dissolved salts in water that leads
to almost completely demineralized water
[29,36]. Before the final step of treatment-
chlorination, the water from sand filter was mixed
with that from RO (permit) with a mixing ratio of
1:3, to increase the minerals content in water that
leads to increasing the concentration of U from
0.06 to 0.17 pg/L and decreasing the removal
efficiency from 99% to 96%, respectively

Table (1): Uranium concentrations (ug/L) and activity concentrations (mBg/L)

Uranium
Samples lum A%
Ho/L mBg/L™"

1 Input (Cy) 3.99 49.48 -
2 sand filter 4.14 51.34 3.762
3 sludge tank 4.17 51.71 451
4 Reverse Osmosis permit 0.06 0.74 -98.5
5 Reverse Osmosis reject 15.70 194.68 293
6 Output 0.17 2.11 -95.74
7 Evaporation bond-1 8.28 102.67 107.5
8 Evaporation bond-2 35.10 435.24 779.7

*Uranium removal efficiency, A % = (C —Cy) X 100/C, Where C is U concentration in the sample
(1 pglL = 12.35 m Bq (U-238)/L)

500

Uranium concentration, mBg/L
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Fig. (2): (A) Uranium concentration (mBg/L), (B) uranium removal efficiency percentage (A %) in underground water

treatment processes
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Table (2): Major ions in water samples

Major Anions

Major Cations (m Equivalent/L .
Ser. Water sample pH (dglgm) ! (m Eq ) (m Equivalent/L)
Ca** Mg?* Na* K*  CO3% HCO3 CI SO2
1 Input 8.3 1.2 6.25 3.71 4.36 0.15 1.25 15 7.0 3.43
2 Sand filter 8.3 1.1 5.25 3.11 4.36 0.15 1.25 1.0 7.5 3.62
3 Sludge tank 8.2 1.1 6.25 3.71 4.36 0.15 1.25 2.0 6.75  3.69
4 R.O. permit 8.4 0.22 1 0.59 0.84 0.1 6.0 0.5 - 2.19
5 R.O. reject 8.5 17 10.25 6.08 12.95 0.27 1.25 3 175 7.63
6 Output 7.9 0.32 15 0.89 1.86 0.13 2.5 1.2 4.0 2.35
7 Evap. bond-1 8.3 5 26.25 15.56 25.51 0.63 1.25 3.0 36.0 1845
8 Evap. bond-2 7.6 17 66.25 39.27 106.45 19 1.25 15 1375 39.88
T —e g Na~ —v— K| | 1907 _w—co* —e—HCO, —A-Cl —v S07| A
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Fig. (3): The variation in Major cations (A) and major anions (B) in underground water treatment processes

The back-wash water of sand filter through sludge
tank and RO reject water were sequentially
pumped into 6 artificial ponds where the water left
for natural solar evaporation. Uranium and other
elements concentrations in evaporation ponds were
continuously increased with water volume
decrease due to evaporation process. The
difference of U concentrations increasing
percentages of 108% and 778% were attributed to
filling time that led to increasing U and other
elements in the evaporation ponds. Uranium and
other elements (toxic and non-toxic) in evaporation
ponds could reach very high concentrations. It is
highly recommended to follow-up the quality of
the water in evaporation ponds where it could be a
serious source of contamination to the local
environment. Evaporation ponds were lined with
polyethylene sheets that raised a question; about
the safety of reducing the possible potential of
environmental pollution?

Physiochemical parameters [pH, EC, major cations

(Ca2+, MgZ+, Nat and K+) and major anions
(C032', HCO3", CI” and SO42')] of water samples
Arab J. Nucl. Sci. & Applic. Vol. 52, No. 4 (2019)

were given in Table (2) and shown in Fig. (3).
Values of pH ranged from 7.6 to 8.5 where U and
most of heavy elements are increasingly absorbed
on oxides, clays and other silicates. The absorbed
fraction may be very close to 100 % above pH 7. It
was reported that uranium concentrations enhanced
in all water samples that has been purified within
the acidic pH (<7) [28]. As shown in Fig. (3),
RO has a very high removal efficiency, not only
for U, but also for other anions and cations that
were more than 400% for Ca, Mg and Na, about

200 % for HCO3", and about 50 % for K*.

Correlation coefficients between U concentration
and physicochemical parameters of water samples
are given in Table (4) and shown in Figs. (4 and
5). Uranium correlations (correlation coefficient,
R) were strong for EC (0.93), Ca (0.93), Mg
(0.93), Na (0.94), CI (0.94) and SO4 (0.92); good
(-0.56) with pH values and weak with CO3 (-0.39)
and HCO3 (0.32). The correlation coefficient
values could be interpreted based on the impacts of
water treatment physicochemical treatments such as
coagulation/ filtration and RO that led to water
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depletion of various salts or partially due to the elements.
chemical behavior of U in relation to other

Table (3): Pearson’s Correlation coefficients between uranium concentration, removal efficiency (A%) and physicochemical
properties (pH, electric conductivity- EC and, major cations and anions) of water from underground water
treatment plant

U A% pH EC Ca Mg Na K CO3 HCO3 (I

pH 056 055
EC 093 -092 -0.72

Ca 093 -093 -068 1.0

Mg 093 -093 -068 10 1

Na 094 -094 -073 10 099 1

K 093 -093 -073 10 099 1 1.0

cCo3 039 043 014 -03 -033 -03 -027 -027

HCO3 032 -031 025 01 018 02 009 011 -0.63

cl 094 -094 071 10 099 1 10 100 -0.25 -0.03
SO4 092 -092 -066 10 1.0 1 098 099 -031 020 098

125
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Fig. (4): The correlation pattern between U in pg/L and pH, electric conductivity (EC) and major cations (Ca” ', Mg2+,

Na* and K+) in m Equivalent/L
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Fig. (5): The correlation pattern between U in pg/L and major anions (0032', HCO3', CI” and 8042') in m Equivalent/L

Table (4): The concentration of barium, calcium, iron, potassium, magnesium, sodium and strontium in water samples
using ICP-MS and their removal efficiency percentage (A %)* in WTP processes

Ba Ca Fe K Mg Na Sr
Water sample

po/L mg/L pg/L mg/L mg/L mg/L mg/L

1 | Input (Cy) 66.1 99.4 610 7 13.35 105 1.21
5 | sand filter 66.8 86.2 570 7 12.4 100 1.16
(1.2) (-13.3) (-6.6)) (0) (-7.1) (-4.8) (-4.1)

3 | Sludge tank 67.5 97 610 7 13.35 106 121
(2.1) (-24) ©) ©) 0) (1.0) )

4 | R.O. permit 351 6.8 80 <5 0.99 26 0.076
- (-94.7) (-93.2) (-86.9) (<-28.6) (-92.6) (-75.2) (-100)

5 | R.O. reject 202 278 >1000 13 39.3 273 3.67
(206) (180) (>63.9) (85.7) (194) (160) (203)

6 | Output 7.34 14.2 40 <5 2.13 50 0.161
(-88.9) (-85.7) (-93.4) (-<28.6) (-84.0) (-52.4) (-100)

7 | Evap. bond-1 195.5 564 >1000 24 86.6 568 8.12
' (196) (467) (>63.9) (243) (549) (441) (571)

8 | Evap. bond-2 250 1330 >1000 93 241 2370 23.7
' (278) (1238) (>63.9) (1229) (1705) (2157) (1859)

*Uranium removal efficiency, A % = (C —Cg) x 100/C,

Table (5): The quality of drinking water parameters compared to national, regional and international water quality

standards
oH EC Major Cations (mg/L) Major Anions (mg/L)

@Slem) gzt Mg»*  Na*  K' CO3%  HCO3 cr SO~
Treated water 7.9 0.3 30.1 10.8 42.8 51 75. 73.2 141.8 112.9
SASO (2014) 6.5-8.5 2.3 - - - - - - 250 250
GCCS (2014) - 1.6 200 150 20 - - - 400 250
WHO (2017) 6.5-8.5 - - - - - - 250 250 250
EPA (2012) 6.5-8.5 - - - - - - 250 250 250

Arab J. Nucl. Sci. & Applic. Vol. 52, No. 4 (2019)
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SASO, Saudi Arabia Standards Organization; GCCS, Gulf Council Countries Standards Organization; WHO, World Health

Organization; EPA, US Environment Protection Agency

For example, uranium can form soluble
complexes in most groundwaters with chloride and
sulphate, and in oxidizing environment with
carbonate that makes U available in soluble form
[17].

The concentrations of some elements (e.g. Ba, Ca,
Fe, K, Mg, Na and Sr) and their removal efficiency
percentage (A %) in the WTP processes were
given in Table (4). The variation of elemental
concentrations within the WTP processes flow the
same pattern that was previously mentioned. The
concentrations enhanced as well as the removal
efficiency due to RO and water evaporation. The
removal efficiency of RO for the different
elements ranged from 87 to 100 %. While, the
elevation of elemental concentration relative to
that of input water_ranged from about 280 to 1900
%.

The quality of the produced water parameters (pH,

EC, major cations (Ca2+, MgZ+, Na* and K+) and

major anions (Co32', HCO3", CI" and 8042'))
were compared with the guidelines of different
national (SASO), regional (GCCS-GSO) and
international organizations (WHO and US-EPA)
that were given in Table (5) [7-10].

The annual effective dose for adult due to **®U,
in input (raw) and output (purified) water, intake
was calculated (for annual consumption rate of 730
L and dose coefficient of 4.5x10° Sv/Bq). The
committed effective doses were 1.6 and 0.66
uSvly, respectively, which are below 100 pSv/y
the reference level of the committed effective dose
recommended by the WHO [33].

Conclusions

Water treatment plants for drinking water utilize
various treatment processes such as aeration,
coagulation, filtration, RO, and others. The
removal efficiency depends on the treatment
process, water chemistry and the chemistry of the
element. This study aims at studying the removal
of U in WTP in relation to treatment processes and
the chemistry of underground. There were wide
variations of U and other elemental concentrations
in water samples after sand filtration, after RO and
in evaporation bonds. The removal power of RO to
remove U from water could be used to
decontaminate solutions in nuclear industries. The
removal efficiency of RO of U and other elements
was very high that led to a necessity to elevate

elemental content by mixing water afer RO with
water after filtration process. As the back-wash of
sand filter and RO reject water was pumped to
evaporation bond, the elemental concentrations
were enhanced with time due to evaporation (water
volume reduction) that made the water in ponds a
potential source of environmental contamination.
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