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Abstract

Contamination of aquatic ecosystems with radioactive nuclides is significantly threaten the human body. So, finding effective
and economical sorbents is significant for uranium elimination from an aqueous solution is important. In this study, Cement
kiln dust (CKD) is a solid waste produced during the cement production process was utilized as sorbent for the uranium
sorption from an aqueous solution. The maximum adsorption of 156.2 mg g~! at pH 3.0 which reflects good sorption proper-
ties for the CKD. All in all, the displayed data declares that the CKD material possess an extraordinary tendency for U(VI)

recovery from aquatic environments.
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Introduction

Environmental pollution of radioactive metals that caused
by anthropogenic behaviors released into the environment is
one of the major challenges in modern human society [1, 2].
Radionuclides have gained wide public attention due to their
chemical toxicity and radiotoxicity. Uranium, as the critical
foundation resource of nuclear energy, can be simply found
in the eco-system as a result of several nuclear activities,
for example, uranium mining, milling and nuclear reactor
waste [3, 4]. Worryingly, uranium is transferred to human
body through the food chain [5]. Once consumed above the
allowed uranium levels, it could result an enhanced risk
of physical distortions and many diseases [6]. Hence, the
recover and eliminate uranium from polluted water ecologi-
cally is important [7].

Well-established approaches for U(VI) recovery and
capture from radioactive waste solutions have been per-
formed for instance, include solvent extraction [8], chemical
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precipitation [9], reverse osmosis [10], micellar ultrafiltra-
tion [11], and ion exchange [12] are applied. Nevertheless,
the performed approaches suffer from numerous drawbacks,
for example these approaches limitations of these methods,
such as incomplete removal, secondary pollution, and high
energy consumption [13]. Meanwhile, adsorption as a sim-
ple, and cost effective technique has been widely applied
for radionuclides capture from aqueous solutions [14-16].

Recently, attention has been focused on various adsor-
bents with metal-binding capacities and low costs, such
as chitosan [17], zeolites [18], clay [19], or certain recy-
cled materials like waste rubber [20], and cement kiln dust
(CKD) [21].

CKD is yield as a side-product from the process of
cement manufacturing. CKD, in large quantity, exit from
the rotatory furnace, then separated by electrical filters, and
finally stored [22]. Over the past years, efforts have been
made to restructure the CKD to produce sustainable, high-
quality, and environmentally friendly replacement sorbents
for removing hazards from drinking as well as wastewater
[23-26].

In this study, we aim to utilize CKD as the main adsor-
bent for the uptake of uranium from an aqueous solution.
Optimization the main variables on U(VI) sorption process,
and investigating the process kinetic and isotherm.
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Experimental procedures
Materials

The reagents used were analytical grade and used without fur-
ther purification. U(VI) solutions (1000 mg L=") was prepared
from UO,(NOj), -6H,0O using double distilled water. Freshly
collected CKD was obtained from Suez Cement Company in
Cairo and used as a reactive adsorbent in batch experiments.
Sophisticated instruments were applied for characterization
the applied CKD sample to figure out its physical as well as
chemical characteristics.

The chemical composition of the CKD sample was dis-
played using X-ray Fluorescence (XRF) spectroscopy (Axios,
sequential WD-XRF spectrometer, PANalytical), while its
phase composition was determined using X-ray diffraction
(XRD, PANalytical Xpert Pro MRD Diffractometer, Amster-
dam, Netherlands). Fourier transform infrared (ATR-FTIR)
spectroscopy (Spectrum Two IR Spectrometer—PerkinElmer)
was used to evaluate the chemical bonds and molecular vibra-
tions at wavenumber of 4000 to 400 cm™' by 64 scans and
4 cm™! resolution. Zeta potential was determined using Zet-
sizer (Nicomp ZLS 380, USA) at 18°. The particle size dis-
tribution was explored using NICOMP 380 ZLS, Dynamic
light scattering (DLS) instrument (PSS, Santa Barbara, CA,
USA), using 632 nm line of a HeNe laser as the incident light
with angel 90°. The Blaine surface area is measured by the
air permeability apparatus.

Sorption methodology

The adsorption experiments have been studied by a batch tech-
nique in a thermostatic shaker bath model G.F.L 1083, Ger-
many. The shaking rate was constant for all the experiments.
The adsorbent material (CKD) (m, g) and a standard aqueous
solution of uranium (V, L) were shaken at different tempera-
tures for various mixing times. The pH of the aqueous solu-
tions was maintained by Thiel buffer solution in the pH range
(1-6). Filtration of the solid phase from liquid was followed
by centrifuging at 4000 rpm for 5 min. ICP-AES was applied
for measuring the residual concentrations of U(VI) (Ce, mg
L'l). All experiments were carried out twice, and mean values
of 4% relative errors were used. U(VI) sorption capacity (qe,
mg g~1), sorption percent (%), and the distribution coefficient
(kd) were evaluated using Egs. 1-3 respectively:
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Results and discussions
Characterization of CKD

Calcium oxide was found to be the major oxide in the CKD
while silica, alumina and iron oxide were the minor com-
ponents, Table 1. The result confirmed the highly alkaline
constituent of CKD with loss of ignition of 14.9% which
attributed to the carbonation.

The mineralogical-based composition of CKD is carbon-
ate from limestone and other inorganic oxides from clay as
shown in Fig. 1.

Scanning electron microscopy with energy dispersive
X-ray analysis (SEM-EDXA) (Device name) is a particularly
useful tool for visual conformation of surface morphology
and elemental analysis. SEM image of raw CKD, Fig. 2,
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Fig.2 SEM-EDXA of raw CKD
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revealed irregular shape particles distributed heterogene-
ously. Also, porous structure of different sizes is observed.
The EDXA spectrum confirmed that Ca, Si, Al, S, and K as
majors while Fe, Na, Mg and Cl as minors elements.

The FTIR spectrum of CKD, Fig. 3, illustrates the stretch-
ing vibration frequency peak of the OH™ group exist at
3640 cm™. The stretching vibration frequency of H—O—H
is appears at 3450 cm™!, while the bending and stretching
vibration frequency at 1435 and 877 cm™" attributed to CO%"
group. The wave number of 1157 cm™! belongs to the Ca-O
group which could be due to the free CaO.

The particle size distribution, zeta potential and surface
area are keys in determining the efficacy of CKD in the
removal of uranium. Figure 4 shows the distribution of

CKD particle size with a mean diameter of 15 pm while
zeta potential is found to be —0.32 mV. The measured
Blaine surface area is 4550 cm?/g.

Sorption of uranium (VI) using CKD

Uranium (VI) sorption from aqueous solution using CKD
material has been investigated. The sorption performance
of CKD was explored by investigating the sorption kinet-
ics, isotherm, and thermodynamics. Uranium desorption
from the loaded CKD as well as the utilization of the CKD
for radioactive liquid effluent treatment was performed.

Fig.3 FTIR spectrum of CKD
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Contact time and sorption kinetics

The kinetics as well as U(VI) sorption mechanism could
be assessed by investigating the impact of contact time of
the sorption process. In accordance, numerous tests were
conducting at fixed sorbent dose of 0.3 g/ L, solution pH
of 3.2, room temperature, and U(VI) initial concentration
of 50 mg L~!, and reaction time interval of 2—120 min.

50 60 70 80 9% 100 110 120 130 140
Dimater (1um)

It can be noticed from Fig. 5 that U(VI) sorption process
characterized by fast kinetic performance whereas the sorp-
tion capacity increased sharply (from 52 to 133 mg g™') by
increment of reaction time up to 15 min (equilibrium state).
This performance could be attributed to the availability, in
large number, of the vacant surface-active sites for U(VI)
adsorption [27]. Beyond a reaction time of 15 min, a slightly
change in the sorption capacity was recognized. The gradual
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Fig.6 Pseudo-first-order plot for uranium sorption using CKD Fig.8 Morris-Weber plot for U(VI) sorption using CKD
10 5 Table 2 The calculated parameters of the applied kinetic models
%21 Lagergreen pseudo first-order k, (min~") 0.238
08 ]
g€,y (mg/g) 156.5
07 ]
5 06 ey, (mg/g) 136.8
= R 0.96
05 ] -
04 9 R7=0.9995 Pseudo second-order K, (min~") 0.004
03 1 qe., (mg/g) 138.9
02 1 ey, (mg/g) 136.8
0.1 H(@molg~'h™1h 67.57
0.0 : : : : : : : ty, (h) 2.1
0 20 40 60 80 100 120 140 R? 0.99
Time, min . ’
Weber and morris model Stage I
k;(mg/g min"? 32.56
Fig. 7 Pseudo second-order plot for U(VI) sorption using CKD C‘(mg gmin™) 3.6
R? 0.98
. . Stage II
decrease in reaction rate could be owned to the decrease of n
. . . k; (mg/g min*%) 0.50
active function groups on the CKD surface over time [28]. p 1315
The sorption kinetic profile was explored in detail by R 0' 08

fitting the attained results using three conventional kinetic
models, namely; Lagergreen (pseudo- first-order), pseudo-
second-order, and Weber-Morris (W-M). Table S1 declares
the linear forms of the applied models [29, 30]. Lager-
green kinetic model plot (log (qe-qt) against reaction time),
pseudo-second-order mode plot (t/ qt verses reaction time),
and Morris-Weber (qt as a function of t%3) were exhibited
in Figs. 6, 7 and 8 respectively, and the kinetic parameters
were evaluated and declared in Table 2.

The displayed data in Table 2 declare that pseudo-second-
order kinetic models showed higher value for the correlation
coefficient R%, reflecting more fitting with the experimental
results than pseudo-first order. Furthermore, the calculated
sorption capacity from the pseudo-second-order kinetic
model is nearer to the experimental value. These results
reflect that U(VI) sorption results using CKD are highly

fitted with the pseudo-second-order. This indicates that the
uranium uptake with CKD is a chemisorption process, and
the reaction involves an electron sharing between the ura-
nium species and the sorbent active sites [29, 30]. The half
initial sorption rate (h: 67.5 mol g~ h™!) and the equilibrium
time (t,,,: 2.1 h) confirming the fast kinetic rate of reac-
tion for the uranium sorption process. CKD shows the same
kinetic attitude during the removal of Cd(II) from aqueous
solution [31].

Weber-Morris kinetic model showed that the adsorp-
tion process is controlled by two steps, where the relation
between q, and t% showed two linear stages Fig. 8, which
reflect that more than one mechanisms participating in the
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Fig.9 U(VI) sorption percent as a function of initial concentration
(reaction time 30 min; temperature 25 + 1 °C; 0.3 g sorbent/ L)
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Fig. 10 Freundlich isotherm plot for U(VI) sorption using CKD

adsorption process [29, 30]. The first linear stage shows high
rate of reaction which could be attributed to the availability
of active sites on the adsorbent surface, however the second
linear stage characterized by slow rate of reaction which
could be attributed to the saturation of adsorbent surface
active sites. The results declare that the intra-particle diffu-
sion mechanism (pore or surface diffusion) take part with the
effect of U(VI) concentration gradient [32, 33].

Initial concentration and isotherm investigation

Figure 9 exhibits the variation of uranium capacity from
aqueous medium using CKD material verses U(VI) initial
concentration range (20-80 mg L™!). The anticipated results
show the enhancement of U(VI) sorption capacity with the
increment of uranium initial concentration up to 60 mg/ L
followed by by steady stat due to sorbent saturation. The
saturation plateau indicating uranium binding to the CKD
material could be occurred as a monolayer [32, 33].
Langmuir and Freundlich isotherm models had been
utilized to explore in detail the isotherm of U(VI) sorp-
tion using CKD material. Table S1 displayed the linear

@ Springer
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Fig. 11 Langmuir isotherm graph for U(VI) sorption using CKD

Table 3 Freundlich and Langmuir isotherm parameters for U(VI)
sorption using CKD

Freundlich isotherm odel n 3.88
ks (mg/ g) 70.68
R? 0.74
Langmiur isotherm model Q,, (mg/g) 156.25
b (L/mg) 0.674
R? 0.99
RL Co, mg"]
20 0.069
30 0.047
40 0.036
50 0.029
60 0.024
80 0.018

form of the kinetic equations [34, 35]. Figure 10 (Ce/
ge against Ce) was used to obtained Langmuir isotherm
parameters, while the parameters of Freundlich isotherm
model (Fig. 11) were determined from the variation of
log q, as a function of log Ce. Table 3 exhibit the attained
isotherm parameters values Table 3.

The provided data declare that U(VI) removal using
CKD is described well with Langmuir isotherm model
(R2=0.99) which indicates that the uranium sorption is
a monolayer cover. The same isotherm performance was
reported for Cu, and Zn sorption from aqueous solution
using CKD material [36].

Uranium(VI) sorption capacity using CKD was dis-
played in Table 4 in comparison with other materials sorp-
tion capacities. Table 4 declares that CKD materials pos-
sess uranium sorption capacity within the obtained from
literature, which reflects that CKD is a promising sorbent
for considered as potential materials for radioactive waste
treatment.
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Table 4 Experimental results of adsorption capacity of CKD com-
pared with those of some other adsorbents, for uranium sorption from
aqueous solution, based on literature

ge,mg g~! Ref
Polyacrylamide-based chelating polymer I 65.3 [37]
Poly (acrylamide-acrylic acid)-titanium 64.1 [38]
silicate (P-(AM-AA)-TS) composite
PA6/n-HAp 116.62 [39]
Purolite A400 anion Exchange resin 117.6 [40]
TBP immobilised PVC cement 17.4 [41]
Amberjet 1200 H cation exchange resin 133 [42]
CKD 156.2 Present work

Temperature and thermodynamic investigation

The impact of reaction temperature is an important param-
eter to display the sorption nature as well as the thermody-
namic parameters of the sorption process. In this regard,
a set of experiments were conducted reaction temperature
interval of 25-50+ 1 °C, and reaction time of 30 min, pH
3.1, 50 mg L~ initial concentration, and 0.3 g L™! sorbent
dose.

The collected data from Fig. 12 declare the endothermic
nature of uranium sorption process whereas, U(VI) sorption
capacity is gradual increased by increasing the reaction tem-
perature, which reflects the endothermic nature of the U(VI)
sorption process using CKD. This performance could be
attributed to increase the U(VI) species driving forces, and
the probability of U(VI) interaction with the CKD surface
active sites, as the reaction temperature raises [43].

The thermodynamic equations displayed in Table S1
[44] were applied to assess the thermodynamic variables
i.e. standard free energy change (AG®, kJ/mol), standard
enthalpy change (AH®, kJ/mol), and standard entropy change
(AS°®, J/(mol.K)). Illustrate of log Kc VIS 1/T is displayed in

160 1

140 M/‘{’

Sorption capacity, mg g
o ®
o o

40

20 §

10 20 30 40 50 60 70

Temperature, °C

Fig. 12 Effect of temperature on the U(VI) sorption efficiency, %
(0.3 g sorbent/ L; reaction time 30 min; 50 mg L~! initial concentra-
tion)

Figure S1, while the values of the thermodynamic param-
eters were exhibited in Table 5.

The displayed data in Table 5 obvious the positive AH®
value which indicating an endothermic sorption process.
Furthermore, the feasible and spontaneous nature for the
sorption process could be recognized from the negative val-
ues of the AG® over the investigated reaction temperature
range. In addition, the increase of randomness at the sorbent/
adsorbents interfaces could be indicated from the positive
values of entropy change (AS°) [32, 43].

Uranium sorption mechanism

CKD possess high efficiency for heavy metal removal from
contaminated aqueous solutions owned to its high surface
area, alkalinity, oxide, and carbonate content [45]. The
removal of heavy metals using CKD could involve several
mechanisms. (1) Adsorption mechanism, which is predomi-
nantly at low metal concentration and occur at certain pH
value and attributed to the fine texture and oxide components
of the CKD material [46]. This mechanism involves the sur-
face complexation between the metal ions and the oxides on
the rough surface of the CKD fine particles [47, 48]. (2) Pre-
cipitation mechanism, which is predominantly at high metal
ion concentration [49]. This mechanism is owned to the high
pH and lime content of CKD which dissolve in the aqueous
solution, and in turn increases the solution pH above the
metal ions solubility point (formation of metal hydroxide
precipitate) [50, 51]. (3) Sorption/ precipitation interaction,
where both mechanisms could be involved during the metal
ions capture using CKD whereas these metal ions could be
sorbet on the metal oxides existing on the CKD surface and
could be precipitate due to the high alkali oxides content in
the CKD [52, 53].

In the present study, the kinetic analysis (Weber-Morris
model) reflects that the U(VI) uptake process is controlled
with multiple mechanisms (Fig. 8). According to the XRF
analysis of the applied CKD sample (Table 1) it is clear
that the CKD possess high oxides components which sug-
gests the formation of surface complexation between ura-
nium species and the surface-active sites oxides such as
Si—-OH, AI-OH, Fe—OH. Kinetic analysis for the antici-
pated data declares that U(VI) removal process is fitted to
Pseudo-second order kinetic model which indicates that the
uptake process is chemisorption and involves the electron

Table 5 Thermodynamic parameters for U(VI) sorption using CKD

AG (KJ/ AH K/ AS (kJ/ mol)
mol) mol)

25 °C 30°C  40°C  50°C

—23.86 —2443 —-25.84 —-27.40 18.60 142.48
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sharing between the CKD surface active sites and uranium
molecules. This finding confirms the complexation interac-
tion between uranium species and the CKD surface oxides
(inner-sphere surface complexation mechanism). Uranium
species is mainly present as cationic species (UO,*) at the
studied solution pH (~3.0) [41], and Fig. 3 displays that
CKD exhibit negative surface charge (—0.32 mV) which
obvious that the electrostatic attraction between the posi-
tive uranium species and negative CKD surface could take
place during the sorption process (electrostatic interaction
mechanism). Furthermore, the high content of free lime in
the CKD sample (Table 1) reflects that increase of solution
pH which indicates that the precipitation mechanism could
also control the uranium capture process due to the conver-
sion of uranium species to the insoluble form. The multiple
interaction mechanism of CKD material is also reported for
heavy metal removal from wastewater [47, 54].

After performing the capture of uranium species by
CKD, some differences could be observed in the FTIR of
spent adsorbent compared to the raw CKD, as presented in
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Fig. 13 FTIR spectrum of CKD after uranium adsorption

Fig. 13. Three absorption bands could be stretching more
intensely at 1435, 1157 and 877 cm™" referring to the com-
plex formation between U(VI) molecules and the donat-
ing function groups in CKD. Furthermore, disappearing
in the identifying absorption band for O—H group could
be noted the provided FTIR spectrum. Its intensity and
broadness could be strongly affected which can be attrib-
uted to the complexation between OH™ group and uranium
ions which are attached on the surface of the adsorbent.
The observed variations in the FTIR spectrum of spent
adsorbent, compared to its corresponding raw one, can
confirm the successful removal of uranium species by the
introduced structure.

The removal of uranium species from the liquid media
was further verified through SEM analysis, as shown in
Fig. 14. The noticeable difference in the shape of the
applied absorbent, compared to the raw CKD, can be
observed in the selected SEM image. In particular, a quite
compact accumulated layers with no observed pores were
observed on particles surface for CKD-U(VI), compared
with virgin-CKD absorbent. This observation may be due
to formation of monolayer adsorbed U(VI) on the surface
of CKD, which agreed with Langmuir isotherm model
results. Additionally, the EDXA analysis confirms U(VI)
adherence onto CKD surface where a new peak of uranium
appeared in the EDX spectrum.

Uranium desorption investigation

Uranium recovery from the loaded CKD was performed
using several desorption solutions i.e., HCI, HNO; and
H,SO, at 25 °C (Table S2). Initially, the loaded CKD was
treated with 50 mL of 1.0 M of every eluting solution
for 2 h, sorbent dosage of 0.3 g/ L at room temperature.
The attained results declare that better desorption (~92%)
when nitric acid is applied. Therefore, HNO; was chosen
for recovering U(VI) ions as the greatest desorbing agent.

Fig. 14 SEM-EDXA of CKD
after uranium adsorption
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Uranium removal from the liquid raffinate solution
(Case study)

Removal of uranium from waste solution is an imperative
procedure from the ecological point of view. Consequently,
CKD sorbent undergoes an application experiment to elim-
inate uranium ions from a liquid waste solution supplied
from the Nuclear Materials Authority, Egypt. ICP-AES was
applied to explore the waste effluent chemical composition,
and found to be: Fe(IlI) and Ca(Il) concentrations of 1.84
and 0.63 g L™! respectively, 1.0 M nitric acid concentra-
tion, and 60 mg/ L uranium concentration. The experimen-
tal parameters were: pH of 3.1, CKD amount of addition
0.3 g/ L, room temperature, and reaction time of 30 min. The
obtained data indications that about 93% of the uranium con-
tent in the raffinate sample was effectively removed, which
suggests that CKD material is a promising sorbent for radio-
active waste treatment.

Conclusions

The present study showed that CKD adsorbent has con-
siderable efficiency for uranium ions elimination from an
aqueous solution. The equilibrium adsorption is practically
achieved in 15 min. Moreover, it was a function of tempera-
ture and U(VI) concentration. The kinetic study for U(VI)
adsorption onto CKD revealed that the adsorption kinetics
adapts with pseudo-second-order model. The experimental
adsorption results fitted well with Langmuir isotherm model
with maximum adsorption capacity of 156.25 mg g~'. The
thermodynamic parameters (AH, ASe, and AGe) revealed
the spontaneous and endothermic nature of the adsorption
process. Conclusively, the present study infers that the CKD
could be utilized as low-cost adsorbents for the uranium
from wastewater.
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