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Abstract

Uranium is more and more extensively applied as a source of energy and can be potentially used for nuclear weapon produc-
tion. Owing to that fact, the problem of uranium expansion in the environment is the object of research and draw attention
many scientists. One of the most effective methods of uranium removal from the wastewater (where uranium is present in a
low concentration and occurs mainly in the form of uranyl ion, U022+) is the adsorbent usage. It is important to discover an
adsorbent which will be effective, widely available and cheap. The paper discusses properties and the ability of U (VI) adsorp-
tion on a clay and nanocomposite clay/Hap (hydroxyapatite) obtained by wet method. The adsorbents were characterized by
the mentioned below tests: XRD, XREF, the porosity (nitrogen adsorption—desorption method), zeta potential, surface charge
density and sorption of U (VI). It was shown that nanocrystalline composites Hap/white clay can be appropriate adsorbent

for removal of uranyl ions. The adsorption depends on the temperature and pH of the solution.
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Introduction

Uranium is silvery-white, ductile and slightly paramagnetic
metal. It is also the heaviest naturally occurring element,
slightly softer than steel. In the earth crust, it is found at the
average concentration 3 mg/kg, in the seawater the concen-
tration amounts to 3 ug/dm>. Being widely spread in nature,
uranium is also present, in trace amounts in food and drink-
ing water. (Bleise et al. 2003) Because of increasing usage
for both civil and military aspects, the concentration of this
element should be monitored and controlled. Uranium can
have a significant impact on human health.

Radiotoxicity of uranium is less dangerous than other
radioelements due to the emitting of alpha particles with a
small penetration ability. The danger occurs when uranium
compounds are ingested or inhaled. The chemical toxicity of
uranium has been considered to be public health concerns.
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In the human organism Uranium usually occurs as a ura-
nyl ion UO,** complex. Tetravalent uranium is oxidized to
the hexavalent form and next converted to the uranyl ion.
(Keith et al. 2007). When dissolved in the acidic system, the
uranyl ion is present in free ion form. However, in the neutral
or basic system the uranyl ion can form uranyl-hydroxyl or
uranyl-carbonate ion pairs (Zhu and Ryan 2018). A large
amount of uranium compound in the human body can lead
to kidney failure. (Aly and Hamza 2012) Owing to growing
usage of uranium and awareness of potential dangers con-
nected with it, efficient methods of protection the environ-
ment should be developed. The option to remove uranium
is for example anion exchange, reverse osmosis, coagula-
tion, lime softening and the application of adsorbents (Kat-
soyaiannis and Zouboulis 2013). Uranium adsorption was
already tested on hydroxyapatite (Skwarek et al. 2019; Shi
et al. 2020) and different kinds of clay minerals (Bachmaf
and Merkel 2011). The paper is focussed on uranium adsorp-
tion on the white clay and hydroxyapatite/white clay nano-
composite synthesized by the hydrothermal method (Broda
etal. 2019).

The literature reports some research on the adsorption
of the clay and hydroxyapatite composites. The Hap/clay/
nanocellulose composite was characterized as an adsorbent
of Cd**, Ni** from the contaminated water (Hokkanen et al.
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2018). Another application of the Hap/clay composite can
be tetracycline removal from aqueous solutions (Ersan et al.
2015).

Other ionic substances may also affect the adsorption of
metal ions (Wisniewska et al. 2018; Szewczuk-Karpisz et al.
2020; Fijatkowska et al. 2020).

Thus, the hydroxyapatite and clay nanocomposite can be
a new kind of adsorbent, which may be applied for uranium
ions removal from aqueous solutions. In this study, synthesis
of this nanocomposites was described. Some parameters of
nanocomposite and pure white clay were tested, including
XRD, porosity by the nitrogen adsorption—desorption, zeta
potential, surface charge density and sorption of U (VI).

Experimental
Materials and methods

In this study the nanocomposite of white clay and
hydroxyapatite was synthesized applying the wet method,
as presented in Fig. 1. White clay was purchased from “Mel-
OK” (Kyiv, Ukraine), mined in the Azov region. For prepa-
ration of the solutions used in the hydroxyapatite synthesis,
di-potassium hydrogen phosphate (pure p.a.) from POCH
SA and calcium acetate hydrate (pure) from Riedel-de Haén

0.15dm?®

, 0.15 dm®
0.06 mol/dm mechanical 0.1 mol/dm?
(CH,CO0),Ca stirrer K,HPO,

0.77g white clay
0.2dm3
edestilled wate

water bath
373.15K
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Fig. 1 Diagrammatic drawing synthesis of the hydroxyapatite/white

clay nanocomposite
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were used. When the solutions were dropwise added into
the flask, the suspension was heated for another hour. Then,
the obtained nanocomposite was washed with redistilled
water, until the value of conductivity of solution over the
precipitant was constant. The nanocomposite was dried for
24 h at 80 °C.

The surface of nanocomposite was characterized by X-ray
diffraction (XRD). The tests were performed using the dif-
fractometer Empyrean PANalytical with the CULEF HR
lamp and the detector-pixcel-3D (active canals 255).

The textural characterization of the spherical activated
hydroxyapatite, clay and Hap/clay nanocomposite was based
on the nitrogen adsorption—desorption isotherms measured
at — 196 °C on the sorptometer ASAP 2405 manufactured
by Micrometrics Instrument Corporation. Before the iso-
therm measurements, the samples were degassed at 50 °C
for 8 h. Specific surface area (Sgpy) of the adsorbents pre-
pared was evaluated in the range of relative pressures (p/p;)
between 0.1 and 0.50, whereas total pore volume (V,) was
calculated by converting the amount of nitrogen adsorbed at
a relative pressure of approximately 0.99. Mean pore diam-
eter (d) of the adsorbents prepared was calculated from the
equation d=4V/Sggr.

The properties of the electrical double layer of the nano-
composite were characterized by the potentiometric titra-
tion and zeta potential measurements. Titration was carried
out at 25 °C under nitrogen atmosphere. The pH value was
measured with a set of electrodes: glass REF 451 and calo-
mel pHG201-8. The surface charge density was assigned
in dependence of the volume of added acid/base to acquire
the same pH value as that of the background electrolyte
(0.001 mol/dm?® NaNO,). The surface charge density was
estimated at different uranyl ions concentrations (from
0.001 mol/dm? to 0.000001 mol/dm?). The zeta potential
was measured using the Zetasizer Nano-ZS apparatus by
Malvern Instruments Ltd.

Influence of uranium adsorption on its percentage content
in white clay and nanocomposite Hap/white clay was tested
by means of the XRF (X-Ray Fluorescence Spectroscopy)
method. The apparatus Axios mAX (PANalytical) was used.

The analysis of grain distribution was performed for the
white clay, Hap and Hap/white nanocomposite clay by the
laser diffraction method using Mastersizer 2000 Malvern
Instruments. The tests were done for each adsorbent sus-
pended in 0.001 mol/dm> NaNO; and 0.001 mol/dm?® NaNO,
with addition of uranyl ions, also at the level 0.001 mol/dm?>.
The first measurement was recorded just after preparation
of the system. Next, the test was repeated after 3, 48 h and
7 days.

Raw white clay and the Hap/white clay nanocomposite
were used as a sorbent in the experiment with U (VI) ion
adsorption. A weighed portion of 50 mg was immersed
in a mixture with the defined concentration of U(VI) ions
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(0.5 mmol/L) and adjusted to the appropriate pH (2.0-10)
and constant volume (50 ml). The mixtures were shaken
using a mechanical shaker in a temperature-controlled
water bath at 25 °C for 4 h with a constant stirring speed of
180 rpm. After equilibration, filtration was carried out, then
the solutions were centrifuged. The equilibrium concentra-
tion of U (VI) was determined by the spectrophotometric
method using the Arsenazo indicator (Marczenko and Bal-
cerzak 1998). The measurements were made using a Jasco
6000 spectrophotometer at a wavelength of 655 nm.

The amounts of U(VI) adsorbed on the white clay sorbent
(Q) [mg/g], the %S percentage of uranium removal as well as
the distribution coefficient (K,) [L/g] were calculated from
the difference between the initial and equilibrium concentra-
tions from the equations:

Vv
g = (Co—C.) X —~ M
G -G
%S = x 100% 2)
Co
(G-C) v
K, = X = 3
d C m ©)

where: C, is the initial U (VI) concentration [mg/L], C,, is
the U (VI) equilibrium concentration [mg/L], m is the sorb-
ent mass [g], V is the volume of the solution [L].

Results and discussion

XRD

The white clay sample is crystalline and the nanocompos-
ite is crystalline too containing both crystalline phases.
The crystalline structure was analyzed using the XRD
method recording patterns at 2q=10-80°. Comparison of
the obtained patterns with the ASTM database shows that
hydroxyapatites are crystalline in individual HAPs (the
peaks characteristic of the crystalline form of HAP are evi-
denced by the following 2q values and the corresponding
intensities: 25.9—-100%, 32.96-55%, 39.84-20%; 46.7-40%
and 49.5-30%), as well white clay as crystallite kaolinite
Al,(OH)gSi,0,, with the admixtures of quartz and illite. The
nanocomposite has the peaks characteristic of hydroxyapa-
tite, kaolinite and apatite. Such structure of the nanocompos-
ite can promote some applications as a biomaterial (Broda
et al. 2019).

As follows from the XRD analysis after U(VI) adsorp-
tion on the HAP surface, there is formed a new com-
pound calcium uranyl phosphate hydrate Ca(UO,),(PO,),
(H,0),, on the surface in the amount of 69% but 31%

is nano-hydroxyapatite. The XRD studies after U (VI)
adsorption did not show a new crystalline form on the
surface of white clay or HAP/ white clay, only some dif-
ferences in the crystallite size were detected by the Scher-
rer method. The size of crystallites computed using the
Scherrer method was HAP =24 nm; white clay =38 nm;
HAP/white clay =21 nm; HAP/U (VI) = 18 nm; white clay
/U (VI) =26 nm white clay/HAP/U (VI)=17 nm. This
correlates well with the results of adsorption described
later, and confirms the possibility of using the nanocom-
posite for the removal of 6-valued uranium from aqueous
solutions.

ASAP

According to the data in Table 1, it can be concluded that
the surface area of the synthesized Hap/clay nanocom-
posite is larger than surface area of hydroxyapatite or clay
independently. It can improve its adsorption ability. The
nanocomposite as well as Hap or pure clay is mesoporous,
however, the size of pores is larger in the case of the
nanocomposite. Adsorption of U (VI) ions results in the
decreasing surface area and pore size for the Hap and Hap/
clay nanocomposite. The influence of adsorption on the
clay surface area and pore size is not significant, it can
be an effect of small surface area of the material used in
the nanocomposite synthesis and numerous mesopores on
the surface.

The measurements were made after samples degas-
sing at the reduced pressure, and the results are shown
in Table 1. Following on the results (Table 1), U (VI)
adsorbed on the surface causes significant decreases in
the specific surface area and decrease in the average radius
of the pores which may be due to formation of the calcium
uranyl phosphate hydrate layer on the nano-hydroxyapatite
layer as confirmed by the XRD studies. The specific sur-
face area decreases also after the U (VI) adsorption for the
systems: HAP/white clay and white clay (Table 1). The
volume of pores increases (Table 1) which may be due to
formation of CaCOj that results in Ca ions escape from
the surface of hydroxyapatite causing a simultaneous pore
volume increase. The amount of Ca ions is the largest on
the surface in the hydroxyapatite structure compared to the
other elements building it.

The dependence of the pore size distribution on the
pore volume was also prepared Fig. 2. On the basis of
these results, we can say that in the tested solids there are:
micropores, mesopores and macropores. Mesoporous are the
most numerous and they have a dominant influence on the
structure of the surface area. One can also notice a decrease
in the pore volume due to the adsorption of U (VI) ions on
the tested solids.
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Table 1 Surface characteristics of HAP, Hap/white clay nanocomposite and white clay—comparison of the properties before and after the

adsorption of uranyl ions

HAP HAP/U(VI) HAP/white clay HAP/white White clay White clay/U(VI)

clay/U(V])
BET surface area [mz/g] 55 25 63 34 18 19
Langmuir surface area [m%/g] 80 37 92 50 25 28
BJH cumulative adsorption surface area of pores from 0.32 0.13 0.29 0.17 0.09 0.11
1.7 nm to 300 nm diameter [Cm3/g]
BJH cumulative desorption surface area of pores from 032 0.13 0.30 0.17 0.09 0.11
1.7 nm to 300 nm diameter [cm3/g]
Average pore diameter (4 V/A by BET) [nm] 23.50 20.36 28.69 20.42 20.94 22.81
BJH adsorption on the average pore diameter[nm] 24.44 20.75 29.48 20.95 22.81 21.97
BJH desorption on the average pore diameter (4 V/A) [nm] 22.93 13.51 26.99 16.21 21.13 20.03
Micropore area[m?/g] 6.54 354 5.65 3.71 1.50 1.18
Micropore volume [cm®/g] 0.003 0.002 0.002 0.001 0.0005 0.0004
Total pore volume [cm?/g] 0.33  0.13 0.29 0.17 0.09 0.11
ViV, 0.009 0.02 0.007 0.006 0.006 0.004
Pore size distribution Table 2 Diameter size of grains in time
A—2A—2A adsorption- white clay
A—A—A desorption- white clay Oh[nm] 3h[nm] 48 h[nm] 7 days [nm]
A—A—7\ adsorption- white clay/U(VI)
A A e ) Hap/NaNO, 23 2412 2345 259
@— @@ dcsomption- whie clayhap White clay/NaNO; 3930 6474 7731 7815
%17 Hap/White clay/NaNO, 7636 7844 7866 8673
E Hap/NaNO,/U 4524 7312 8031 8321
White clay/NaNO,/U 5287 6475 6899 6979
0008 — Hap/white clay/ 6980 9998 10,939 9366
i NaNO,/U
T
=
&y 0.006 —|
: . Analysis of particle distribution
Ei
s 0.004 — . .
g Table 2 shows the diameters of grains for the Hap, clay and
A~ . . .
4 Hap/white clay nanocomposite. The test was repeated at dif-
ferent periods of time. After 3 h the average radius of the
0.002 7 particle increases. Later the increment is smaller. This may
i be due to particles agglomeration.
s o -
0 B " T B " Electrokinetic measurements
1 10 100 1000

Pore diameter [nm]

Fig. 2 Pore size distribution for adsorbents

XRF

The XRF analysis was performed for the pure clay and Hap/
white clay nanocomposite. The XRF results confirmed the
uranium adsorption. After the uranium adsorption pure clay
contains 1.6% of uranium, whereas Hap/white clay nano-
composite 9.1% of uranium. This shows that the nanocom-
posite is a better adsorbent of uranium than the pure clay.
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According to the Smoluchowski theory, there is a linear
relationship between the electrophoretic mobility U, and
the ¢ potential: U,=A{. where A is the constant for a thin
electrical double layer (EDL) at ka >> 1 (where a denotes the
particle radius and « is the Debye—Huckel parameter). For a
thick EDL (xa < 1), e.g., at pH close to the isoelectric point
(IEP), the equation with the Henry correction factor is more
appropriate U,=2&{/(3n), where ¢ is the dielectric permit-
tivity; and # is the viscosity of the liquid.

The surface charge density was calculated using the
potentiometric titration data for a blank electrolyte solu-
tion and oxide suspensions (C,, =0.2 wt.% for all oxides),
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at the constant salinity of 10~ mol/dm® NaNO;. From the
difference of acid or base volume utilized to obtain the same
pH value as that for the background electrolyte of the same
ionic strength according to the following equation, one
can calculate the surface charge density 6 = AVcFmSggr,
where AV =V, -V, is the difference between the base (acid)
volumes added to the electrolyte solution V, and the sus-
pension V to achieve the same pH; F is the Faraday con-
stant, ¢ is the concentration of base (acid) and m is the
weight of the adsorbents.

The structure of interfacial water can be also character-
ized by the { potential as a function of pH and the surface
charge density. Notice that the { potential and the surface
charge density deal with different planes (i.e. shear and sur-
face planes, respectively).

The difference in the surface composition of the clay,
hydroxyapatite (Hap) and clay/Hap nanocomposite sam-
ples causes noticeable differences in their behaviour in the
aqueous media (Figs. 3, 5, 6, 7), especially for clay/Hap in
comparison with clay and hydroxyapatite samples because
of the specific surface area of clay/Hap sample (Table 1).
This results in the different function as well as of the {(pH)
potential and 6,(pH) can lead to complex pH dependences of
other properties of the clay/Hap dispersions, such as aggre-
gation of particles, adsorption of dissolved compounds and
metal ions, suspension viscosity, the thickening ability, etc.

Consequently, the parallel analysis of the surface com-
position and the adsorption of U(VI) ions allows more pro-
found insight into their adsorption mechanisms.

Figures 3, 4 and 5 include the comparison of the surface
charge density for the Hap, white clay and their nanocom-
posite in the solution containing different concentrations of
U (VI) ions. The charts show the decrease of surface charge
density for the Hap and pure clay while the pH increase (but
the absolute value of the surface charge density increases).
The influence of pH on the surface charge density for Hap/

pH=7.5

L Hap mHap/glina =biataglina

NaNO3  0.000001M U(VI) 0.00001M U(VI) 0.0001M U(VI)  0.001M U(VI)

20.00

2.43 6.11
1000 ;467 2,07 3. X7 3.92.18 2.57
0.00 e —— R - -
& -1.47
-10.00 -6.83
-20.00
-30.00
-40.00
-50.00
-60.00

-70.00 -62.19

7.55

-5.57

surface charge density [uC/cm2]
&
2

Fig.3 Comparison of the surface charge density for the hydroxyapa-
tite, Hap/white clay nanocomposite and white clay dispersed in
0.001 mol/dm? sodium nitrate with different concentrations of uranyl
nitrate at pH=7.5
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pH=9
C Hap MHap/clay =white clay
NaNO3  0.000001M U(VI) 0.00001M U(VI) 0.0001M U(VI)  0.001M U(VI)
—. 10.00
'E it 117 0.14 0.81
S - BT W 051
O -10.00 .
] '7'3-43 31 11.00 8.58
2 2000 . 15.34
g -30.00
< -40.00 137.
& _50.00 14.09
[}
S -60.00
o -58.30
g -70.00
£ -69.04
3 -80.00

Fig.4 Comparison of the surface charge density for the hydroxyapa-
tite, Hap/white clay nanocomposite and white clay dispersed in
0.001 mol/dm? sodium nitrate with different concentrations of uranyl
nitrate at pH=9

white clay nanocomposite is not significant. In most cases
the nanocomposite is characterized by the lower absolute
value of surface charge density. The assay of U (VI) ions
impacts profoundly on Hap.

Table 3 presents the determined values of pH,, at the
Hap/electrolyte, clay/electrolyte and Hap/clay/electrolyte
nanocomposite interface, estimated by the method of the
addition of different weights of the given adsorbent white the
electrolyte concentration remains stable. The higher value of
pH,,. in the electrolyte without the addition of U (VI) ions is
observed for white clay, the lowest value—for Hap, whereas
Hap/white clay nanocomposite exhibit intermediate pH,,, .
The obtained results for white clay and Hap are consistent
with literature data. (Kosmulski 2001).

In Figs. 6, 7, 8, 9, zeta potential for the Hap, clay and
Hap/clay nanocomposite are graphed. It can be observed
that when pH of the suspension increases, the zeta potential
value decreases. The value of zeta potential of nanocompos-
ite usually has a medium level of the zeta potential for the

pH=11

»Hap MHap/clay =whiteclay

NaNO3  0.000001M U(VI) 0.00001M U(VI) 0.0001M U(VI) ~0.001M U(VI)
N 2000

£ -6.16 285__ 5.138.05 230 18.87
< 000 - —_—F = =
-4 = 8.43 0.35 " =
= 2000 = =
£ = =
2 -40.00 2811 = =
3 = -40.02
o -60.00

% -56.40

& -80.00 -67.06 -69.39

S

g -100.00 56 o

€ -120.00

a

Fig.5 Comparison of the surface charge density for the hydroxyapa-
tite, Hap/white clay nanocomposite and white clay dispersed in
0.001 mol/dm3 sodium nitrate with different concentrations of uranyl
nitrate at pH=11
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Table 3 Determined values of

Sample H H
pHch and pHIEp p p pzc PHgp
Concentration of U(VI)
0 0.000001 M 0.00001 M 0.00001 M 0.001 M 0
Hap 7.9 8.1 7.9 7.3 5.6 <4
Hap/clay Nano- 9.0 9.1 8.7 8.6 6.8 <2
composite
White clay 9.7 10.4 9.6 6.4 4.2 <2
pH=4 pH=11
NaNO3  0.000001MU(VI) 0.00001M U(VI) 0.000IMU(VI)  0.001M U(VI) NaNO3  0.000001M U(VI) 0.00001M U(VI) 0.000IMU(VI)  0.001M U(VI)
15 [ = =
= 5 -10 = =
£ = s = =
s 3 = T 20 = 16.6= =
'g -i(sJ 8.0 fé 25 = = A1) =
g -20 = E- :: = e 55 269 = '27-55
E ,z P = = ] 40 E E 34.8 -35.1
: - e —
®Hap M Hap/clay =whiteclay

«©Hap MHap/clay =white clay

Fig.6 Comparison of the zeta potential for the hydroxyapatite, Hap/
white clay nanocomposite and white clay dispersed in 0.001 mol/dm3
sodium nitrate with different concentrations of uranyl nitrate at pH =4

pH=7

0.000001M U(VI) 0.00001M U(VI) 0.0001MU(VI)  0.001M U(VI)

9
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zeta potential [mV]
' B b
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&
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g
A
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©
&
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©

©Hap mHap/clay =whiteclay

Fig.7 Comparison of the zeta potential for the hydroxyapatite, Hap/
white clay nanocomposite and white clay dispersed in 0.001 mol/dm®
sodium nitrate with different concentrations of uranyl nitrate at pH="7

pH=9
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-24.023-
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]
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]
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Fig.8 Comparison of the zeta potential for the hydroxyapatite, Hap/
white clay nanocomposite and white clay dispersed in 0.001 mol/dm?
sodium nitrate with different concentrations of uranyl nitrate at pH=9
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Fig. 9 Comparison of the zeta potential for the hydroxyapatite, Hap/
white clay nanocomposite and white clay dispersed in 0.001 mol/
dm? sodium nitrate with different concentrations of uranyl nitrate at
pH=11

given system (fixed pH and concentration of U (VI) ions).
The value of the zeta potential for the pure clay and chosen
systems of Hap reaches the level of < — 30 mV. Under such
condition the suspension is electrolytically stable. The syn-
thesized Hap/white clay nanocomposite creates a less stable
colloid system than each of its component independently.

Adsorption
Effect of time

The effect of time on uranium adsorption on the white clay
and Hap/white clay nanocomposite is shown in Fig. 10.
As can be seen the percentage of uranium removal by both
tested sorbents was significant during 0—120 min with a lin-
ear slope. After this time, the uranium adsorption has got
stabilized which may be due to the saturation of adsorption
sites on the surface of adsorbents and an increase in the
resistance to diffusion of free ions to the inner surface. Equi-
librium was achieved after 180 min with 78% removal for the
white clay and 100% for the Hap/white clay nanocomposite.

Isotherm of adsorption
In order to determine the maximum adsorption capacity,

the influence of the initial concentration of U(VI) ions on
the course of the sorption process on two white clay-based
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Fig. 10 Removal of uranium by the white clay and Hap/white clay
nanocomposite at different adsorption times (c;;=119 mg/L, pH=35,
T 295 K)

adsorbents was investigated. A series of solutions with ura-
nyl ion concentrations ranging from 0.1 to 1 mg/L. were pre-
pared and 50 mL of relevant solution was contacted with
50 mg of the adsorbent. The results are presented in Fig. 11.
The most common adsorption isotherms: Freundlich, Lang-
muir—Freundlich and Dubinin—Radushkevich were used to
describe the interactions between the uranyl ions and the
above-mentioned adsorbents to fit the experimental data.
The Freundlich isotherm equation: Q = K, - i/

eq °
the Langmuir-Freundlich isotherm equa-

tion:Q = A (K, - ceq)n/ [1+ (K- ceq)n];

the Dubinin—-Radushkevich isotherm equation:
Q = q - exp(—Kp_r€?), where Q is the adsorption capac-
ity (mg/g), A is the Langmuir monolayer sorption capacity
(mg/g), K is the constant (L/mg), € is the Polanyi potential,
n is the constant.

The parameters of these isotherms were calculated from
the linearized plots, Ceq vs. Q. The Langmuir—Freundlich
isotherm model predicts the formation of an adsorbate mon-
olayer on a homogeneous adsorbent surface and the par-
ticipation of side interactions between the adsorbed ions.

Legend
AT 295K
@ T 313K
HT 323K

60 80

Ceq, mg/L

eq

Q, mg/g

The Freundlich model takes a different approach, does
not predict surface saturation and considers the existence
of a multi-layer structure. The calculated parameters of
the isotherm for the U(VI) sorbent systems are presented
in Table 4. The correlation coefficients R? of the Freun-
dlich model (R*=0.76-0.79) were slightly lower than in
the Langmuir—Freundlich model (R*=0.94-0.99) for the
white clay systems and higher (0.95-0.98) for the Hap/
white clay nanocomposite sorbent. 1/n values were in the
range of 0.118-0.588 for both adsorbents, indicating prefer-
ential adsorption of uranyl ions. The Langmuir—Freundlich
isotherm is often used to quantify different adsorbents.
The monolayer adsorption capacity was in the range of
7.88-12.73 mg/g (R*=0.934-0.998) in the case of white
clay. The highest O value was found for the Hap/white clay
nanocomposite adsorbent (570-670 mg/g). The mean energy
of sorption, FE, is the free energy change when one mole of
ion is sorbed on the solid surface from the solution, calcu-
lated from: E=(—2 K)~"2. The value of the sorption energy
was found to be 7-9.8 kJ/mol which is within the energy
range for chemisorption (Gtadysz-Ptaska et al. 2018a, b).

Effect of temperature

The influence of temperature on adsorption ranging from
295 to 333 K was investigated. Figure 12 shows that the
amount of uranium adsorbed by the white clay and Hap/
white clay nanocomposite gradually increased with the
increasing temperature. At the temperature higher than
320 K, a plateau is observed on the graph, which proves
that further temperature increase will not increase the
adsorption significantly. The dependence of the adsorption
efficiency on the temperature is justified by the fact that we
are dealing here with a chemisorption reaction in which
the binding forces are greater than the van der Waals
forces. Therefore, it is necessary to provide the system

S00 ¢ HAP-white clay
I A o a
400 n ‘ o
r " oA~
300 - /’,/ OA'/
- A m
200 |-
- ,/". ‘{::::O Legend
r O A
% - AT 295K
100w £ g . O T 313K
P W T 323K
ol \ \ \ !
10 20 30 40
Ceq> mg/L

Fig. 11 Adsorption isotherms of uranium removal on the white clay and Hap/white clay nanocomposite at different temperatures (295, 313,

323 K); pH=5
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Table 4 Fitting parameters of the isothermal adsorption models for uranium adsorption on the white clay and HAP/white clay nanocomposite

White clay
Model 295 K 313K 323K
Freundlich 18.91 25.82 28.21
K, L/mg 0.418 0.399 0.588
1/n 0.783 0.788 0.761
R?
Langmuir-Freundlich 7.88 10.09 12.73
A, mg/g 0.563 7.243 18.72
K, L/mg 0.52 0.6 0.88
n 0.998 0.986 0.934
R
Dubin—Radushkevich 8.9 8.8 9.5
0, mg/g 9.81 9.44 8.20
E, kJ/mol 0.958 0.906 0.856
R?

Hap/white clay Nanocomposite

Model 295K 313K 323K
Freundlich 89.61 41.49 36.78
K, L/mg 0.371 0.117 0.197
1/n 0.956 0.966 0.971
RZ
Langmuir-Freundlich 570.8 641.2 669.9
A, mg/g 25.18 92.99 122.67
K, L/mg 0.715 0.679 0.469
n 0.899 0.887 0.888
R2
Dubin—-Radushkevich 574.2 416.4 513.6
Q, mg/g 7.51 7.55 9.49
E, kJ/mol 0.968 0.882 0.913
R2
6.2 118
 white clay I HAP-white clay
L 116 [
6.0 ° o C
L 0 r
é‘j I ED 114 - ° °
. L Y - L
o8 Qi
sel ° 110 - o
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Fig. 12 Effect of temperature on uranium adsorption on white clay and Hap/white clay nanocomposite (¢;,=119 mg/L, pH=5)

with the appropriate energy needed to cross the energy g = Q/ceq
barrier of chemisorption [Li et al. 2018, Yang et al. 2017].
The thermodynamic parameters presented in Table 5

were calculated based on of the following formulas: AG = —RTInkK
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Table 5 Thermodynamic parameters of uranium adsorption on the white clay and Hap/white clay nanocomposite at different temperatures
Temperature, K~ White clay Hap/white clay Nanocomposite

K,L/mol  AG,kJ/mol AH,kJ/mol AS,kImol™'K™' K,L/mol AG,kl/mol AH, kJ/mol AS,kJmol™' K™
295 4.82 —3.86 7.59 26.03 9.21 - 544 26.54 90.1
303 4.97 —4.04 7.78 10.11 —5.83 27.93
313 5.13 —4.25 8.19 11.51 - 6.36 28.46
323 5.31 — 445 8.32 21.72 -8.27 29.37
333 5.32 —4.66 8.37 21.73 - 8.52 29.62

AG = AH — TAS

where K is the distribution coefficient, R is the universal gas
constant (8.314 J mol™' K71, T'is the temperature (K), AG
is the Gibbs free energy (kJ/mol), AH is the enthalpy (kJ/
mol) and AS is the entropy (kJ mol~! K™1).

There were negative AG values, which prove that the
adsorption of uranium on the tested adsorbents was possible
and spontaneous. The positive AH values suggest the endo-
thermic nature of adsorption, while the positive AS values
indicate an increase in randomness at the solid—solution
interface during the adsorption process.

The effect of pH

Due to the surface properties of adsorbents, one of the fac-
tors taken into account when assessing its adsorption capac-
ity is pH (Fig. 13). Its influence is related to the influence
on the chemical behaviour of the adsorbent as well as the
adsorbate, i.e. species forms present in solutions at different
pH values and the nature of the structures formed between
the adsorbate and the adsorbent. As follows from the litera-
ture on the speciation of uranyl ions, the dominant species
are: UO,>* at pH < 5. The uranyl ions undergo hydrolysis,
polymerization and complexation reactions with the increas-
ing pH with the formation of multi-core hydroxycomplexes

[ white clay

Q, mg/g

in the solution, e.g. as U020H+, UO,(OH);™. The increase
in the uranyl sorption above pH >4 coincides with a signifi-
cant increase in the concentration of UO,0OH* and UO,**
species are still present in the solution at pH 4—6 and 6-8,
respectively. At pH > 8.5 the uranium sorption decreases,
reflecting uranium complexation on the hydroxyapatite sur-
face. Hydronium H;O™ ions compete for active sites on the
sorbent surface for metal cations, especially at a low pH of
the solution, therefore usually low adsorption is observed
in this range. As the pH increases, the adsorption of metal
ions increases as the number of hydronium ions decreases
and it is the highest in the range of approximately pH =4.
This is due to the fact that the sorbent surface becomes
negatively charged as a result of the deprotonation reaction
[Thakur et al. 2005, Skwarek et al. 2019, Gladysz-Ptaska
2019]. Accordingly, the repulsive force that exists between
the metal ions in the solution and the active groups of sor-
bents is reduced, thereby increasing the removal of metal
ions from the solution. Therefore, the mechanism of uranyl
ion sorption is largely based on the ion exchange process
between the exchangeable protons from the sorbent hydroxyl
groups and the UO,** cations. This is confirmed by the fact
that the equilibrium pH of the solutions is lowered compared
to the initial pH. This mechanism plays a decisive role in
the adsorption of uranyl ions on the white clay. The high-
est adsorption, close to 110 mg/g, was found for the Hap/

Fig. 13 Effect of pH on uranium adsorption on the white clay and Hap/white clay nanocomposite (¢;, =119 mg/L)
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white clay nanocomposite sorbent, in the case of which from
pH=4 to pH=10, there was a plateau at the level of 100%
adsorption. In this pH range, there is the precipitation of
H,(UO,),(PO,), - 10 H,O sediment on the adsorbent surface
which results in the high adsorption value.

Conclusion

In this study the nanocomposite of white clay and
hydroxyapatite was obtained by wet method. The surface
properties were tested by the low-temperature nitrogen
adsorption—desorption method (ASAP) and XRD method.
Based on the XRD results the white clay and hydroxyapatite
phases can be distinguished in the diffractogram of Hap/
white clay nanocomposite. The surface analysis by ASAP
demonstrates that the nanocomposite has the structural
properties intermediate between pure clay and Hap. After
the adsorption of U (VI) decreasing surface area can be
observed in the case of the Hap and Hap/white clay nano-
composite. However, no relevant change is noticed in case
of pure clay.

This can be caused by adsorption of U (VI) on the surface
of tested adsorbents. Adsorption of uranyl ions was tested on
the Hap/white clay nanocomposite and white clay separately.
Both systems reached the equilibrium after 180 min. The
adsorption capacity proved to be higher for nanocomposite
than for pure clay. Hap/white clay nanocomposite can be
promising adsorbent applied for wastewater management.
The mechanism of uranyl ion sorption is largely based on
the ion exchange process between the exchangeable protons
from the sorbent hydroxyl groups and the UO,** cations.
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