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Abstract: A dynamic sorption experiment was performed for removal of uranium (VI or 6+) from a leachate from an alum shale
landfill with a diatomite-bentonite based sorbent in a laboratory scale. Such material was grounded and treated chemically with
H;PO, (phosphoric acid) and thermally for improving its porosity and resistance to water flow. A specific surface area of 209 m*g™
was determined by the BET method. A sorption capacity of 30 pg-g” and 0.6 pg-g”' was obtained at a pH of 7.5 and 4 respectively by

means of Langmuir and Freundlich isotherm models. The flow rate of 3 mL-min™' was effective for controlling the pH inside of the
column. The sorption mechanism was investigated along with desorption of the element of interest for further process design

considerations for a treatment unit on the landfill site.
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1. Introduction

Exploitation and/or disturbance of natural reserves
of U (Uranium) in Norway, as shale deposits from the
Cambrian era could release significant amounts of
radionuclides to the environment during and after
closing of such operations as mining or all kinds of
Alum
unevenly distributed in the

man-made disturbances. shale rocks are
country and are
particularly abundant in Oslo region [1]. Usually, U is
present in the environment in hexavalent form as
U022+ and it threatens aquatic life and human health
due to its mobilization along with other radionuclides
(Rn-222, Po-218 and Po-214), heavy metals (Fe, Cu,
Zn, Ni, Cd, Pb and Mn), trace elements and salts of
Na and K [2-7]. On the other hand, urbanization and
the development of highway infrastructures as
railways, roads, bridges and tunnels can contribute
further to such

environmental impact assessment during and after the

environmental impact. An
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completion of mining or construction projects is hence
required.

Uncontrolled deposits of alum shale material with a
high pyrite (FeS,) content undergo weathering where
sulfides are oxidized to sulfate [2]. A further hydrolysis
of the sulphates dissolves a large number of heavy
metals, radionuclides and trace elements. In other
words, these contaminants are being leached from the
solid phases in different weather conditions and rainfall
and these become mobile. Under very acidic
conditions (pH < 3), metal content (heavy metals,
radionuclides or trace elements) is greatly increased in
the acid streams or leachate. The leachate, which also
releases metals, increases thereby their content in
aqueous systems. In addition, trace elements may be
present in various forms, from molecular dissolved
state to colloidal sizes and micron-sized particles.
Among these inorganic pollutants, U and its decay
products could have high concentrations in the mineral
due to its heterogeneity and these could potentially be
mobilized to ground- and surface water bodies.
Furthermore, other inorganic pollutants could be present
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in leachates in trace levels or higher concentrations.

Liming or natural calcium carbonate in the ores,
delays the hydrolysis of S* and further solubility of
cations [3]. However, the environmental issue is
temporarily solved due to possible remobilization of
the ionic pollutants under oxic conditions. Separation
processes from liquid to solid are therefore getting
relevance for the treatment of leachates from landfills
or mining tails as significant amounts of water can be
treated in order to reach legislation thresholds for
discharges. Some of the water contaminants are Ca,
Mg, K, Fe, Cu, Zn, Ni, Cd, Pb and Mn [1, 4] and
radionuclides U-238 and daughters like Ra-226,
Po-210, Pb-210. There are many alternatives for the
treatment of such wastewater streams. The primary
methods for heavy metals removal are (1) reagent, (2)
membrane, (3) electrochemical, (4) biochemical and
(5) sorption methods. Several alternatives have already
been investigated for U®", among them co-precipitation,
membrane filtration and sorption [9-11].

Other methods as ion exchange and electrochemical
ones have several disadvantages. Among them, large
amounts of heavy metal solutions are formed during
the ion exchange by removing pollutants of interest
but releasing simultaneously other heavy metals to the
water phase. Electrochemical methods along with
membrane filtration are energy intensive on the other
hand.

The most common and effective method is sorption.
The advantage of this method is that it is possible to
purify wastewater, which contains large amounts of
impurities (e.g. either organic or inorganic).
Effectiveness of water treated by this method may rise
up to 80-95%, depending on the chemical nature of
the sorbents, their structure and size of the adsorption
surface. In recent years, attention has been given to
natural sorbents or sorbents obtained based on
materials of natural origin for water treatment. The
filled

of transition metals

most interesting are fibrous sorbents,

ferrocyanides and titanium

compounds. They have been successfully used for

radionuclide separation [5-9]. Furthermore, it is
possible to combine a pretreatment of the effluent
either by a process sequence with pH adjustment,
chemical precipitation, coagulation/flocculation and
sorption of dissolved pollutants as a last step to
increase the separation efficiency.

Sorption processes represent a feasible alternative as
well due to multiple regenerations of the sorbents with
strong acids and use of natural abundant materials as
apatites, clays and other silica-containing systems
which have porosity and functional groups for
physical/chemical binding of pollutants in solution
[10-12]. In order to increase the efficiency of separation,
it is necessary to create new types of sorbents, which
have a maximum selectivity towards specific elements.

There are porous materials available from which it
is possible to produce effective sorbents. Many natural
minerals (e.g. zeolites, clay, clinoptilollite, mordenite,
tuffs) have such advantage and for this reason, they
have widely been studied [13-16]. However, these
materials require chemical and/or physical treatments
to become effective sorbents. Moreover, selectivity is
among the greatest challenges in these naturals
minerals. Among these, the most widely used methods
are acid and alkali treatment, hydrothermal and
thermal treatment, mechanical activation and pillaring.
However, there is a knowledge gap for improving
selectivity and removal capacity for U species in water.
There are not natural sorbents with a high efficacy that
could become an alternative to the expensive titanium
dioxide sorbents. The sorption of U’ has been
investigated in clays as montmorillonites and smectites
[17] and other types of materials as zeolites [18] and
granites [19] have been studied as well. In addition,
olivines have -OH functional groups that complexate
UO,”" in the surface as shown by El Aamrani et al.
[20]. In the last few years, it has been suggested to
impregnate chemically the carrier or surface of the
sorbent, which shows selectivity for the ion, or ions,
of interest. The carrier might be an ion-exchange resin,

cellulose, actived carbon or natural minerals. The
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application of this method resulted hence, in the
development of several new sorbents [21, 22].
Challenges are encountered additionally in sorption
processes concerning the affinity to remove U®" in
multiphase systems. The latter are commonly found in
the environment. Competition for sorption sites is thus
enhanced and does have an impact in the U®" removal
capacity. Such effects could be attributed to anions
(carbonates and phosphates) [23-26], cations (e.g.
Ba®", Ca’" and K") [27, 28] and humic substances [29,
30]. Moreover, high concentrations of both anions and
cations could either increase or decrease the sorption
stable of U as
calcium-uranyl-carbonate-complex or anion-cation-surface

of U’ by forming species
ternary complexes. Therefore, there are expected
changes in both the surface and the species of U in
solution where pH in the solution plays an important
role concerning the speciation. Furthermore, organic
complexation over the surface of the sorbent could
have or not an effect on the separation as investigated
by Logue et al. [29] and Kfiepelova et al. [30]. The
former investigation revealed that the U®" removal
was reduced by 50% by means of an iron sand system
when citrate was present in solution. The latter study
showed how U®" “preferred” to sorb to kaolinite and
not to humic acid that was directly bound to a clay
surface [30].

The upscaling of the removal of U®" by sorption,
can be investigated in static or dynamic mode [10]. In
the latter, binders are required to avoid permeability
problems associated to flow rate (Q) in the columns.
The flow resistance of a granulated sorbent is a
challenge for up-scaling.

The aim of this work is to study the sorption of U®"
(naturally present in alum shale) in dynamic mode
with a bentonite based material in a laboratory scale.
The wastewater effluent was a leachate sampled from
an alum shale landfill. Treatment of the natural
materials was carried out for binding or granulating
the sorbents to enhance mass transfer through their
porous structure as well as for avoiding permeability

problems in the columns.
2. Materials and Methods
2.1 Leachate

The leachate was sampled in the spring 2015 from a
superficial water of an open alum shale landfill. The
latter was constructed under the Norwegian Public
Roads Administration (Statens Vegvesen) standards.
It was located by the construction site of a road (RV4)
and a tunnel in Gran County, Norway. The
physicochemical parameters of the leachate were
analyzed in accordance to the standard methods for
examination of water and wastewater and can be seen
from Table 1 [31]. The sample was stored at 4 °C

prior to the start of the sorption experiments.
2.2 Sorbents Preparation and Characterization

2.2.1 Diatomite-Bentonite Sorbent

The sorbent coded as DB-12P-HP was prepared in a
laboratory scale. Its chemical composition of the base
materials was determined by XRF (fluorescence x-ray
spectrometry) from scanning electron microscopy and
it can be seen from Table 2. The base materials are a
bentonite produced by the Ijevan Bentonite Company
and a diatomite elaborated by the Diatomite Company,
both from the Republic of Armenia. The code “DB”
refers to the diatomite-bentonite combined system. A
1 L bentonite slurry of 200 gL' was prepared and
mixed with 100 ml of a 10 %, solution of phosphoric
acid (H;POy). The volume ratio of bentonite to H;PO,
was 10:1. The mixture was left in contact and
undisturbed overnight. Afterward, a 0.5 L slurry of
of 200 gL' was added to the
aforementioned mixture. The code “12P” refers to the
DB weight ratio of Bentonite:Diatomite = 2:1. The

diatomite

system was then filtered and the resulting cake was
dried at room temperature; followed by a drying at
105 °C. The system was grounded in order to obtain a
homogeneous powder consistency. The term “HP”

refers to a further treatment with H;POj,.
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Table 1 Physicochemical parameters of the leachate.

Parameter Unit Value or .
concentration
pH (25 °C) - 7.5
TOC* mg-L"! 1.2
Alkalinity (pH =8.3)  mmol-L" <0.15
Turbidity FNU 26.4
Suspended solids mgL" 26.1
S mgL! 116
SO,* mgL! 309
Niotal mgL! 27.5
Piotal mgL! 0.03
Cl- mg-L" 254
Ca mgL" 110
Fe pgL! 327
K mgL! 12.2
Mg mgL! 14
Na mgL! 110
Al pgL! 213
As pgL! 5.35
Ba pgL! 140
Cd pgL! 0.50
Co pgL! 0.33
Cr pgL! 0.23
Cs pgL! 0.71
Cu pgL! 0.56
Hg pgL! <0.002
Mn pgL! 48.4
Mo pgL! 800
Ni pgL! 10
Pb pgL! 0.70
Si mgL! 7.10
Sr pgL! 1900
Zn pgL! 33
A pgL! 10.2
B pgL! 85.5
Th pgL! <0.04
§] pgL! 150

*: Total organic carbon.

A 5 %, H;PO, solution was used for the
granulation of the powdered DB-12P-HP. The
granulation process was performed manually by
adding gradually the H;PO, solution (approximately
50 mL) to a container with the DB-12P-HP system as
powder with an amount lower than 50 g. Granules
where obtained by shaking the mixture with circular
movements until the system was aggregated. The wet

granules were sieved in a 3 to 4 mm mesh and the
process was repeated until obtaining a particle size
between 3 to 4 mm. It was possible to granulate
400-500 g of DB-12P-HP per batch with
approximately 50 mL of the H3;PO, solution. These
batches were dried at room temperature followed by a
heat treatment of 500 °C for 4 h for improving its
porosity and further resistance to water flow.

2.2.2 Sorption Properties

The specific surface area as m>g"' was measured
for DB-12P-HP with the BET method [32] by means
of a Gemini VI® instrument manufactured by
Micromeritics USA Ltd. The value obtained was 209
m>g" for DB-12P-HP.

2.3 Dynamic Mode Sorption Assembly

The DB-12P-HP granules were placed inside of a
column of 1.5 cm diameter and 50 mL capacity. The
amount of sorbent was 24 g for the column and the
bulk density was 0.54 g:mL" for DB-12P-HP. An
initial regeneration with 0.1 L of a 7.5 %,, HCI
solution was performed prior to the first sorption
experiment. The column was then washed with
deionized water for removal of the remaining acid.
Afterward, the sample was introduced without any pH
adjustment (pH 7.5), from the top of the column at a Q
of 3 mL-min by gravity. The temperature was 10 °C
over the whole sorption experiment. Volume samples
were collected from the bottom of the columns. In
addition, aliquots of 5 mL were taken for each of the
volumes sampled for quantifying the concentration of
U®" after contact with the sorbent.

After reaching saturation of the sorbent at pH 7.5, a
second regeneration was carried out with the 7.5 %y
HCI1 solution.

regeneration in order to determine the amount of acid

Samples were taken during the

required for “cleaning” the sorbent. After regeneration
and washing with deionized water, the pH of the
sample was adjusted to 4.0 with concentrated HCI and
then a second sorption experiment was performed at

the same temperature and Q as the previous one.
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Table 2 XRF data of the DB-12P-HP sorbents.

Element
Sorbent . :
o Na Mg Al Si P K Ca Ti Fe
DB-12P-HP 63.5 0.50 0.70 2.60 21.60 9.00 0.30 0.40 0.20 1.20
2.4 Analytic Methods of the metal ion towards the sorbent as shown in Eq.
. : (3) [33].
The analytic methods were performed in

accordance to the standard methods for examination
of water and wastewater [31]. The pH of the volumes
sampled from the outlet of the columns was measured
in a Thermo Orion pH-meter model Dual Star. All the
aliquots taken from the volume samples were
preserved by adding ultrapure HNO; to a final
concentration of 5 %, in the samples diluted with
Milli-Q water. Thereafter, all the samples were
analyzed by ICP (inductively coupled plasma) MS
(mass spectrometry) model Agilent Tech. 8800 Triple
Squad for the data evaluation and determination of
adsorption isotherms (Langmuir and Freundlich). A
set of three blanks was analyzed simultaneously with
the samples for the estimation of the detection and
quantification limits of U-238.

2.5 Data Evaluation

The amount of the element adsorbed at equilibrium
was calculated with Eq. (1) as follows [33],

_ (cp=o)V
- m

q (1)

where, ¢ is the amount of the metal ion adsorbed per
unit of mass of the sorbent (mg-g™") at saturation; ¢y is
the initial concentration (mg-L™") of the analyte in
solution; ¢ is the residual concentration (mg-L™) of the
analyte after contact with the sorbent; V is the volume
sampled (L) and m is the mass of dry sorbent (g).

Two models were utilized in order to assess the
experimental sorption isotherms: Langmuir and
Freundlich models [34]. The Langmuir approach was
selected for the estimation of the maximum adsorption
capacity corresponding to the surface of the sorbents
as seen from Eq. (2) [33]. Whereas, the Freundlich

model was chosen to estimate the adsorption intensity

1 1 1

Tt @

q Cqo'KL Qo

where, K; is a constant derived from the
adsorption/desorption energy (L'mg™), and gy is the
maximum adsorption upon equilibrium or saturation
of the surfaces of the sorbent (mg-g™) [33]. The plot

1/q versus I/c allows determining these constants.
1
log(q) = log(Ky) + +log(c) 3)

where, Kr is known as the Freundlich constant and a
measure of the sorption capacity; » is a constant that
describes the affinity of the metal towards the surface
of the sorbent [33]. The constant Kz and »n can be
calculated from the slope and the intercept of the
linear plot of log (g) versus log (c) [33].

3. Results and Discussions
3.1 Sorption Experiment

The effect of the pH was investigated in order to
determine the saturation volume of DB-12P-HP at a Q
of 3 mL'min”". As seen from Fig. 1, the sorption
capacity was significantly decreased by adjusting the
pH of the sample (leachate) to 4. The sorbent was
saturated with approximately 50% of the volume
passed through the column for pH 7.5.

Such behavior can be explained by the species of
U®" in solution and the presence of other inorganic
ligands such as sulphate, carbonate and phosphate
[23-26]. Moreover, the competition of U®" for sorption
sites with SO4” ions (from the alum shale as shown in
Table 1) is higher at lower pH values. Furthermore,
the formation of uranyl-sulphate complexes could
potentially influence the sorption process as well at
values lower than pH 7.5. This result is in accordance
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Fig.1 Saturation curves for Ut sorption with DB-12P-HP at 10 °C and Q = 3 mL-min’".

with the findings of Bachmaf et al. [35] for a bentonite
as a sorbent were the predominant species of U in
the solution (0.01 M NaCl + 0.005 M Na,SO4 and [U]
=5 x 10 M) were UO,OH" and (UO,)3(OH)’" for pH
values between 4 and 5. These hydrolyzed species of
U, readily form ligands with the phosphate groups
fixated to the surface of DB-12P-HP.

The sorption capacity was determined by means of
the fitting of the experimental data into the
equilibrium isotherm models of Langmuir and
Freundlich. The linearized form of both isotherms is
shown in Figs. 2 and 3.

The results of K;, Kr, n and ¢, from the linear

regressions of Fig. 2 and Fig. 3 can be seen from Table
3 along with their correlation coefficients (RZ).

The sorption process is better described in both
pH’s with the Freundlich isotherm due to the higher
R’ fitting values. Moreover, there is a substantial
difference in magnitude between pH 4 and pH 7. The
latter showing a higher degree of sorption for U®* with
a sorption capacity of 30 ug-g” compared to 0.6 pug-g”
as seen from Fig. 4 (a) and (b).

The sorption capacity of DB-12P-HP at pH 7.5 is
comparable to the one of hydrous lanthanum oxide
(38 pg-g") for U removal from seawater [36]. Such
sorbent represents an alternative to the expensive and

30 4 700 -
= 12.085x +0.781
25 1 Y R2=0.8369 . 600 7 y=1.6169x + 18.04
R2=0.953
500 -
20 -
400 -
= 15 - =
- 300 -
10 -
200 -
37 100
0 ’ T 1 O T T 1
0 2 25 0 200 400 600
e 1/C
(a) (b)

Fig.2 Linearized form of the Langmuir isotherm for (a) pH =4 and (b) pH =7.5.
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Fig. 3 Linearized form of the Freundlich isotherm for (a) pH =4 and (b) pH =7.5.
Table 3 Values of the constants of the Langmuir and Freundlich isotherms at the studied pH’s.
Langmuir Freundlich
pH 2 2
R q0 KL R n KF
4 0.8369 1.28° 0.0646° 0.9935 1.1970 0.0755°¢
7.5 0.953 0.055° 11.16° 0.9906 1.2418 0.2113"
Lugg
b, mg-g'1
c: L‘Hg-l
d, L-mg'1
* (ugL'") (g png'™!
f: (mg.Ll/n)'(gvmgl/n)-]
0.9 + 0.035 ~
.
0.8 - J
0.03 .
0.7 A *
0.025 A
0.6 - *
o (0.5 - 20 0.02 1 >
E . 2 ;
% 04 , 20015 - ¢ .
03 - ¢ Experimental . ¢ Experimental
’ Langmuir 0.01 - * Langmuir
021 . Freundlich ¢ Freundlich
0.1 - 0.005 - 00
: .
o
0 T T 1 0 F T ]
0 5 10 15 0 0.05 0.1
G, ng/LL C,mg/L
(a) (b)
Fig. 4 Equilibrium isotherms for (a) pH =4 and (b) pH =7.5.
freshly prepared hydrous titanium oxide, with a 100 ppm. Such a broad difference in removal capacity
capacity 1,550 pgg'1 (from sea water as well). Khalili from those studies shows clearly the effect of the
et al. [10] have found g-values as high as 62 rng-g'1 for competition for sorption sites on the surface of the
U removal from a synthetic solution of U and Th natural bentonites in multicomponent systems as sea

with a bentonite at pH 3 and T = 25 °C with a Cj of water or leachates for instance.
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3.2 Sorption Mechanism

The variation of pH in the columns (at 10 °C)
suggest that there is a cationic exchange mechanism
for DB-12P-HP as seen from Fig. 5 (a) and (b). The
leachate before being passed through the column had a
pH 4. The sorption test with NaCl 0.1 N with an initial
pH of 5.5 confirms the type of mechanism. The pH
inside of the column sharply decreases to a value of
2.6 as seen from Fig. 5 (a) due to the production of H"
ions from the cation exchange. It gradually increases
and it stabilizes to a value of 4 in the column as seen
from Fig. 5 (a) and (b). Moreover, the pH starts to
change after 7,000 mL in Fig. 5 (b) confirming the
sorption mechanism. Therefore, the cationic exchange

behavior suggests that DB-12P-HP works more

efficiently over pH 7 as seen from the results from the
subsection 3.1. A sorbent as DB-12P-HP would hence
be more effective for removal of U®" from alum shale
leachate at pH values higher than 7 due to the cation
exchanger nature of the sorption process and the U

species in solution.
3.3 Regeneration Process

The complete regeneration of the laboratory scale
column requires 0.2 L of HCI 7.5 %, as seen from
Fig. 6. The desorption process occurs hence at a high
rate with a low amount of acid. The power fit of the
U®" desorption shows how rapidly the metal can be
concentrated in a small volume of acid. Moreover,
the disposal of the regeneration process would be

easier due to the low volumes produced by obtaining

0 1000 2000 3000
mL through column

7
6
5
% 4
3
2
1
0

0 5000 10000

mL through column

(a) (b)
Fig. 5 pH variation at 10 °C in the column with (a) NaCl 0.1 N (b) with leachate.
30000
25000
20000
S y = 8E+08x-2.675
on - -4,
= 15000 R?=0.987
10000
5000
0
0 100 200 300 400 500 600 700 800 900 1000
mL through column

Fig. 6 Desorption of U with HC1 7.5 %,.
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concentrated solutions of heavy metals, trace elements
and radionuclides. The physical sorption of U®" can
therefore be reversed with a significantly low amount
and concentration of mineral acid solution. In other
regeneration of DB-12P-HP would
contribute to a cost effective design of a sorption unit

words, the

for U ina bigger scale.
4. Conclusions

The volume of leachate treated by sorption with
DB-12P-HP along with the sorption capacity were
drastically decreased by 50% and around 100 times
accordingly at pH = 4 in the laboratory scale. This
behavior was attributed to the species of U’ in
solution and the high degree of competition for the
sites.

The cationic exchange mechanism of DB-12P-HP
suggests that the sorption process of U® from the
alum shale leachate studied is more efficient at pH
values (inside of the column) over 4.

The regeneration of DB-12P-HP with acids occurs
rapidly and with 0.008 L of HCl 7.5 %, per g of
sorbent. It allows to concentrate waste (metals) easily
by desorption for the further feasibility estimation and

design of an on-site treatment unit.
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