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Abstract
In the present study, thermally treated kaolinite at 600 ºC was incorporated with titanium hydroxide produced from ilmen-
ite to prepare a novel, low-cost and a promising adsorbent (KT). Different analytical techniques such as FTIR, EDS, SEM 
were used to determine its structural analysis. Its applicability for uranium uptaking and desorption from its aqueous solu-
tions was investigated by varying controlling conditions including pH, shaking time, initial concentrations, temperature 
and KT dose weight. Untreated kaolinite showed zero loading capacity and adsorption efficiency towards uranium ions, 
on the contrary thermal activation and incorporation with Ti(OH)4 improved its performance. Batch results for adsorption 
experiments showed that loading capacity of (KT) reached  160mgg−1; at pH 5, after only 20 min shaking time. Uranium 
adsorption process was much closer to a traditional Langmuir adsorption isotherm with a theoretical saturation capacity of 
161.3mgg−1. From thermodynamics data, the adsorption process is endothermic in nature which emphasized by elevating 
temperature has an enhancement effect on uranium adsorption with uptake of 205  mgg−1 at 60 ℃. Uranium adsorption was 
kinetically fitted with the pseudo-second-order model. KT composite has a high applicability and reusability due to its high 
resistance to extreme acidity levels.
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Introduction

Uranium is the most abundant and brilliant actinides ele-
ment, represents the cornerstone of all nuclear industries 
whether peaceful or military, although its toxicity, radio-
activity, and heavy metal pollution. Uranium resources 
are concentrated mainly in geological ores (e.g. uraninite, 
Carnotite, autunite), as well seawater. Uranium route from 
exploration sites to industrial uses passes via several stages 
to monitor and control environmental pollution. Whenever 
the dependency on nuclear power stations is intensifying, 
uranium explorations and separations increase as well. Many 
chemical techniques are designed for uranium separation and 
removal at the forefront, solvent extraction (Ali et al. 2018; 
Cheira 2020), adsorption (Morsy 2015; Feng et al. 2019; 

Yousef et al. 2020a, b; Kouraim et al. 2020; Hagag 2020; 
Khani et al. 2006; Amesh et al. 2020; Hagag et al. 2022; 
Wang et al. 2015; Yousef et al. 2020a, b; Li et al. 2019 and 
Zhao et al. 2020), ion exchange resin (Aziz et al. 2010), 
inclusion membrane (and Zaheri 2020), liquid emulsion 
membrane (Sonali et al. 2018), and electroplating (Amoli 
et al. 2006). Exactly, solvent extraction and adsorption tech-
niques are the most routinely used. In addition, the high ura-
nium concentrations (> 1000  mgL−1) solvent extraction has 
the preference to be used economically and applicability at 
low acidic pH < 1 (Ali et al. 2018). Otherwise, the lower ura-
nium concentrations (< 1000  mgL−1) adsorption is mostly 
carried out at high acidic pH or neutral (3–6) (Hagag 2020).

Generally, the most famous and abundance silicate clay 
minerals-kaolinite has chemical composition  Al2Si2O5(OH)4 
that, occurred invariably in all continentals (Kadir et al. 
2014). The main uses of kaolinite cover many industrial 
areas inclusive but not limited to ceramics (Zeballos et al. 
2016), cosmetics(Kamitsou et al. 2018), painting (Hradil 
et al. 2017) and cement (Bulanov et al. 2020). Indeed, sci-
entifically main uses of kaolinite concentrated in adsorp-
tion studies (El-Maadawy 2019) and surpass cement and 
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ceramics studies. Adsorption on kaolinite published in many 
works, for instance, low-cost adsorbent kaolinite (Musta-
pha et al. 2019), minerals surfaces protein-fragment (Awad 
et al. 2020),  PbCl2/CdCl2 (Li et al. 2021), pharmaceutical 
residues (Hounfodji et al. 2021) and composites doxycy-
cline and Congo red (Sunday et al 2020). Adsorption -the 
solid/liquid phase physio-chemical technique- day after day 
extensively growing up as a brilliant technique for removing 
heavy metals, pollutants, and valuable elements. Therefore 
it attracts scientific and industrial interests accordingly, its 
abundance of resources, low cost, applicability, and simplic-
ity in preparation methods. Interestingly, wastes, ores, resins, 
zeolites, biomass, and composites originated as examples of 
adsorbents. Practically, to date, using the ores as adsorbents 
continuously broadcasted e.g. phosphate, kaolinite, granite, 
basalt, and muscovite.

In this work, the incorporation of highly purified Ti(OH)4 
originated from ilmenite with the thermally activated kao-
linite produced KT composite, which has a crucial effect 
on enhancing adsorption efficiency and capacity towards 
uranium ions from aqueous solution with consideration of 
many cations of different valences. It is very significant to 
eliminate uranium from its containing samples e.g., nuclear 
fuel effluents tailings of the working mines, oceans and some 
industrial sources for its high radioactive effects besides, its 
toxicity hazards on the environment, surficial water and the 
groundwater. Eventually, the new adsorbent KT has many 
advantages including workability at low pH values, reus-
ability, low cost of both raw materials, it is just possible that 
attaining positive eco-friendly and cost-effective aspects.

Materials and methods

Chemicals and methods

In this work, all used chemicals (salts or acids) were in 
the analytical grade, unless otherwise mentioned. Ti(OH)4 
was supplied by Black Sand project in Nuclear Materials 
Authority (NMA) thoroughly the extraction of ilmenite to be 
obtained with purity > 99.5%. In addition, kaolinite was sup-
plied from NMA Geological Exploration sites. The working 
solutions were performed by mixing certain weights of salts 
with double distilled water DDW or deionized water DW.

Composite preparation

KT composite was prepared via mixing 25gm of thermally 
activated kaolinite (at 600 ℃) with 5gm of titanium hydrox-
ide with a lesser amount of DDW. Eventually, the paste is 
shaken well until homogeneous slurry is formed. The former 
paste was heated at 110 ℃ for 2 h (until complete dryness) 

and grinded in an agate mortar for producing a homogenous 
distribution of all composite ingredients.

Adsorption and desorption studies

Batch experiments were carried out for uranium adsorption 
and desorption; in 50 mL transparent polyethylene tube the 
composite and the feeding solution were mixed and shaken 
in GLF water bath at room temperature unless otherwise 
stated. Generally, in pH studies, all extraction conditions 
were kept constant at (1000  mgL−1 uranium concentration, 
1 h equilibrium time, and 100 mg KT / 20 mL uranyl nitrate 
feeding solution), whereas, pH changed in range (1–6). 
Subsequently, initial uranium concentration changed in 
range (100–1000  mgL−1), since the other extraction param-
eters were kept constant at pH 5, 1 h equilibrium time, and 
100 mg KT / 20 mL uranyl nitrate feeding solution. After-
wards solid/liquid ratio studies were carried out at extraction 
parameters (pH 5, 1 h equilibrium time, and 1000  mgL−1 
uranium concentration). Thereafter, equilibrium time inter-
vals are changed (5–60) min, and the other extraction param-
eters were fixed at (pH 5, 1 h equilibrium time, and 100 mg 
KT /20 mL uranyl nitrate feeding solution and uranium 
concentration 1000  mgL−1). Finally, the selectivity of KT 
was estimated via mixing individually standard solutions of 
 Th4+,  Fe3+,  Zn2+,  Co2+,  Al3+,  SO4

2−, and  Cl− (1000  mgL−1) 
to 1000  mgL−1 uranyl nitrate solution at pH 5, 1 h equilib-
rium time, and 100 mg KT / 20 mL of uranyl nitrate feeding 
solution. Adsorption efficiency calculated from Eq. (1).

A% is the adsorption efficiency and Ci, Cº: are the initial 
and the remained uranium concentration after adsorption. 
Adsorbed uranium per unit mass of KT (adsorption capacity) 
is donated from the former Eq. (2).

qe is the loading capacity of KT, V volume of uranium load-
ing solution and m is the weight of KT adsorbent per mg.

Uranium determination

Initially, both adsorption and elution residual (loaded KT) 
were discarded from working solution via Whatmann filter 
paper 52. Consequently, spectrophotometric determination 
was used for assaying the loaded and remained uranium 
via Arsenazo III method (Marczenko 1976). Moreover, the 
procedure concluded an aliquot of uranium solution (below 
concentration 1.5  mgL−1), Arsenazo III 0.25%, urea-nitric 
solution, and ammonium hydroxide 25% the complexation 

(1)A% =
Ci − Co

Ci

X100

(2)qe=
Ci − Co

m
V
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of uranium ions with Arsenazo III dye was measured at 
650 nm with UV–VIS Shimadzu 1601 spectrophotometer. 
Ultimately, all pH measurements complemented with ion 
meter Orion 940 and Ross combination pH glass electrode. 
The Adjustments of pH for all adsorption experiments sam-
ples were executed with 0.1 N  HNO3 and NaOH solutions.

Results and discussion

Characterization of KT composite

FT‑IR spectroscopy

KT composite before and after uranium adsorption showed 
characteristic peaks on FT-IR charts related to different 

chemical bonds vibration or angel bending motion. Fig-
ure (1a before adsorption, b after adsorption) indicated 
FT-IR spectrum of KT composite before and after uranium 
adsorption. Generally, it showed bands at 1090  cm−1 and 
460  cm−1 which represented stretching vibrational and angle 
bending of the bond SiــــOــــSi (Amesh et al. 2020). A bend-
ing motion appeared at 563  cm−1 which outlined to TiـــOــــ
H bond. The band at 754  cm−1 represented Ti–O stretch 
(Wang and Andrews 2005). Finally, Fig. (1a, b) indicated 
that some bands are shifted to lower wavelengths and inten-
sity after uranium adsorption on KT composite, as a result, 
may give evidence for uranium adsorption on KT.

SEM charts of KT before and after uranium 
adsorption

SEM images in Fig. (2a before adsorption, b after adsorp-
tion) showed the surface morphology of KT composite 
and uranium-loaded KT. Generally, several grains size of 
agglomerated particles could be seen. In addition, a decrease 
in surface roughness obviously appears before and after ura-
nium adsorption accompanying by an observable change in 
particle size and distribution. In the main time, after ura-
nium adsorption some pores and crevices of KT composite 
are covered with uranium, as well the surface of composite 
became darker; furthermore, it may prove adsorption of ura-
nium on KT surface.

EDS charts for KT composite and uranium‑loaded KT 
composite

Energy dispersive x-ray spectroscopy (EDS) for KT com-
posite and uranium-loaded KT composite is shown in 
Fig. (3a before adsorption, b after adsorption). The major 
constituents of kaolinite were Al and Si, in addition to Fe, 
Ca, and K as minor constituents, which appear in Fig. (3a). 
Moreover, the peak of Ti was strongly present likewise, 
which represented the presence of Ti(OH)4 peak in KT 
composite. Figure (3b) shows EDS chart of uranium-loaded 
KT composite, in addition, the presence of Ti, Al, and Si 
two peaks of uranium appeared, which may give qualitative 
proof for adsorption of uranium onto KT composite.

Thermal activation of kaolinite

Adsorption efficiency and capacity of kaolinite for uranium 
ions are critically dependent on thermal activation. Actu-
ally the absence of thermal treatments is leading to zero 
adsorption efficiency and capacity of uranium on kaolinite 
minerals. Figure (4) indicating that increasing ignition tem-
perature leads to activate the kaolinite surface for uranium 
adsorption. Hence, activation at temperatures 200, 300ºC 
leads to uranium adsorption capacity of 4, 28 mg/g respec-
tively. Eventually, uranium adsorption has maximal uptake 
of 31.25 mg/g at 600 ºC, whereas, any increase in tempera-
ture is accompanied by stability in adsorption capacity and 
efficiency.

Optimization of adsorption experiments

Effect of sample solution pH

Indeed, uranium ionic species in feeding solution depend 
basically on pH magnitude, hence reflect directly on both 
adsorption efficiency and capacity. The effect of pH change 

Fig. 1  FTIR Spectra of KT composites before and after uranium 
adsorption
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from (1–5) on adsorption is indicated in Fig. (5). Initially, 
changing pH in range (1–5) of uranium feeding solution 
has minimal effects on adsorption capacity which, dimin-
ished from 137 to 160 mg/g with ratio 16.5%. Therefore, 
KT composite adsorbed uranium despite pH change. 
Hence, at pH 5 the uranyl ion species were  [UO2OH]+, 

[(UO2)3(OH)4]2+, [(UO2)3(OH)5]+, [(UO2)2(OH)2]2+, 
 [UO2(OH)4]2− and [(UO2)3(OH)7]–, [(UO2)2OH]3+, 
[(UO2)3(OH)]5+, [(UO2)4(OH)]7+ (Donia et al. (2009); Khani 
et al. 2006). Whereas, at pH > 5 the negatively charged ionic 
uranium species existed, although the uranium adsorption 
uptake reached 160 mg/g. Eventually, at higher pH (6–8) 

Fig. 2  a, b SEM images for KT composite before and after uranium adsorption

Fig. 3  a, b. EDS chart of KT composites before and after uranium adsorption

Fig. 4  effect of thermal activa-
tion for Kaolinite on uranium 
adsorption
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uranyl carbonate species  (UO2)2(CO3)(OH)3− prevent 
adsorption, as well the adsorbent surface became negative, 
consequently adsorption efficiency and capacity decrease. 
Therefore, pH 5 is the optimum and is fixed in the subse-
quent adsorption experiments.

Effect of dose weight on adsorption

The effect of dosage weight of KT composite was identi-
fied by varying different weights in range (25–150) mg. 
As shown in Fig. (6) changing KT weights has a crucial 
role in values of adsorption efficiency ranging between 
(25–97.5)%, although, it is just possible that adsorption 

capacity resemble behavior could be seen. Adsorption 
capacity has maximal value of  200mgg−1 at KT weight 
25 mg. Nevertheless, further increasing in KT weight from 
50 to 150 mg could diminish adsorption capacity (170.2 to 
130)  mgg−1. Since increasing KT weight with limiting ura-
nium initial concentration (1000  mgL−1) all uranium ions 
adsorbed but free active sites at KT are still unequipped; 
which conducted to decrease adsorption capacity at higher 
KT weights. KT weight of 0.1 mg is considered as an opti-
mum for the subsequent adsorption experiments.

Fig. 5  effect of pH on uranium 
adsorption efficiency and uptake 
onto KT composite

Fig. 6  effect of KT weights on 
uranium adsorption and uptake
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Effect of uranium concentration

Generally, the effect of initial uranium concentration of the 
feeding solution was studied, as indicated in Fig. (7). The 
adsorption capacity of KT composite increased as uranium 
concentration increased from 100 to 250  mgL−1 recording a 
significant increase from (82 to 160  mgg−1). Furthermore, 
increasing uranium concentration (100–250  mgL−1) per 
100 mg KT weight, represented as consolidation for the driv-
ing force to diminish the mass transfer resistance between 
uranium in aqueous and surface of KT composite (Morsy 
2015). Subsequently, at uranium concentrations > 250 
 mgL−1, the adsorption capacity reached maximum value 
owing to saturation KT surface with adsorbed uranyl ions. 
Unlike, adsorption efficiency showed different behavior than 
adsorption capacity. Consequently, it is just possible that 
the increase of uranium concentrations from 100 to 1000 
 mgL−1 was accompanied by increasing values of adsorption 

efficiency from 17 to 82% which may be attributed to the 
redundancy of existed uranyl ions with limitation of KT 
composite mass to 100 mg.

Equilibrium time effect

The required time to achieve equilibrium uranium adsorp-
tion from aqueous phase to solid phase (active site at KT 
composite surface) was studied against adsorption capacity 
and efficiency as well, shown in Fig. (8). Moreover, provid-
ing data for kinetic studies at different temperature (25, 30, 
40, 50, 60 ºC) in kinetic models. Dynamic time was varied 
from (5–30 min) at 25 ºC with adsorption capacity of KT 
composite. Interestingly, the uranium saturation capacity of 
adsorption attained  160mgg−1 after only 20 min. Neverthe-
less, any increase in shaking time was accompanied by a 
steady loading capacity of  160mgg−1. Therefore, 20 min 

Fig. 7  effect of uranium 
concentration upon adsorption 
efficiency and uptake onto KT 
composite

Fig. 8  Effect of contact time 
on adsorption and uptake of 
uranium onto KT composite
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considered as optimum contact time and confirmed in the 
subsequent adsorption experiments.

Selectivity of KT adsorbent for uranium ions

Selectivity of adsorbent is the centerpiece for determination 
the performance of adsorbent towards adsorbate ions. Gener-
ally, equal molar concentrations for different cations and ani-
ons were selected  (Th4+,  Fe3+,  Co2+,  Zn2+,  Al3+,SO4

2− and 
 Cl− 1000  mgL−1) and individually mixed with 1000 mg/l 
of uranyl ions for studying the co-ions effect on adsorption. 
Figure (9) revealed that KT composite having a good selec-
tivity for uranyl ions in presence of these anions and cati-
ons. Whereas,  Th4+ ions caused 10% decrease in adsorption 
efficiency rather than other cations and anions gave about 
5% (reduction in adsorption efficiency of uranium is estab-
lished, i.e. adsorption efficiency reduced from 80 to 70% at 
1000 mg/L of  Th4+); which may be attributed to the high 
positive charge (4 +) on thorium ions (Hagag et al 2020).

Elution and regeneration studies

The uranium-loaded KT composite (after applying all 
optimum conditions of adsorption) was subjected to ura-
nium desorption. Initially, different eluants were selected 
(NaCl,  Na2CO3, HCl,  H2SO4,  HNO3 1 M and deionized 
water) for desorption whereas, other elution conditions 
are fixed (15 min contact time and 0.1 g/20 mL). There-
fore, 1 M  Na2CO3 was sufficient to achieve > 99% desorp-
tion efficiency. Next, different concentrations of  Na2CO3 
(0.25–1 M) were shaken with 0.1 g/20 mL of loaded KT at 
15 min. The optimum concentration of  Na2CO3 was 0.75 M 
since it achieved 99.5% desorption efficiency. Eventually, 
15 min was the optimum contact time after shaking differ-
ent interval times (5–20 min) with 20 mL of  Na2CO3 and 
100 mg of uranium-loaded KT composite. Figures (10, 11, 
12) shown the elution efficiency versus eluants type, eluant 

concentration, and contact time respectively. Finally, the KT 
composite showed high resistance to acidic attack at lower 
pH as well, high temperature.

Effect of temperature on adsorption

Unlike, the stated in many papers (increasing temperature 
negatively affected both adsorption efficiency and capacity) 
whereas, uranium adsorption on KT adsorbent enhanced 

Fig. 9  effect of Co-ions in uranium adsorption on KT composite

Fig. 10  effect of eluent type on uranium desorbing efficiency from 
loaded KT

Fig. 11  effect of  Na2CO3 concentration on uranium desorbing effi-
ciency from loaded KT

Fig. 12  effect of contact time on uranium desorbing efficiency from 
loaded KT composite
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and accelerated by rising temperature. Adsorption at dif-
ferent temperatures (25 (room temperature)—30, 40, 50, 60 
ºC) was studied under constant volume 20 ml, 100 mg KT, 
20 min contact time and 1000  mgL−1 uranium concentra-
tion. Accordingly, the positive effect of rising temperature 
on adsorption is attributed to the chemisorption nature of 
uranium adsorption on KT composite. Figure (13) revealed 
that at 25–30 ºC the uranium uptake was nearly constant 
at  160mgg−1. Nevertheless, rising temperature (40, 50, 60 
ºC) reflected positively on increasing uranium uptake of 
(170–180-205  mgg−1) respectively, as a result of activa-
tion energy for chemisorption of uranium at KT composite. 
Similarly, The effect of elevation temperature (30, 40, 50, 
60 ºC) on dynamic time-adsorption capacity curves showed 
a resemble behavior to 25 ºC.

Adsorption isotherm studies

Adsorption isotherm gives a descriptive interpretation for 
uranium transportation from aqueous media to the solid-
phase surface of KT composite. Although many models of 
adsorption isotherm have been used, Langmuir and Freun-
dlich are the most commonly, applicable, and extensively 
used models. Langmuir isotherm model gives a conception 
to form uniformly uranyl ion adsorption on KT surface via 
formation of homogeneous monolayer over finite degener-
ated active sites at the composite surface. Equation (3) rep-
resented mathematical Langmuir model (Langmuir 1916; 
Bhatti and Hamid 2014; Hagag et al 2020): 

Where q0 is the maximum theoretical uptake of KT com-
posite  mgg−1, b is the Langmuir equilibrium constant l/mg 

(3)
Ce

qe
=

1

bq0
+

Ce

q0

measuring adsorption energy (Fig. 14) shown the Langmuir 
model of uranyl ion adsorption on KT composite, moreover, 
the value of q0 and K designated form slope and intercept. 
Freundlich isotherm model unlike, Langmuir model which 
stated that active site on the adsorbent surface is degener-
ately distributed, the term of heterogenic active site distri-
bution over adsorbate surface predominated in Freundlich 
model. In addition, multi-layers of adsorbate ions adsorbed 
over adsorbent surfaces were formed. Equation (4) repre-
sented mathematical formula for Freundlich model (Freun-
dlich 1906; Zhang et al. 2022; Hagag et al 2020; Kouraim 
and Hagag 2020).

where: Kf and n parameters are theoretical adsorption capac-
ity of KT and dimensionless Freundlich constant related to 
adsorption heterogeneity respectively. Figure (15) indicated 
Freundlich isotherm model for uranium adsorption, fur-
thermore, the value of  q0 and K designated from slope and 

(4)logqe = logKF+
1

n
logCe

Fig. 13  effect of temperature on 
uranium adsorption efficiency 
and uptake onto KT composite

Fig. 14  Langmuir isotherm graph for adsorption of uranium on KT 
composite
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intercept values. Indeed, the value of correlation coefficient 
R2, constants, and maximum theoretical adsorption capacity 
 q0 for Langmuir and Freundlich models were obtained in 
table (1). The uranium adsorption dependency on Langmuir 
or Freundlich isotherm model was determined via  q0 and 
 R2 values of the two models. Accordingly, Langmuir model 
exhibited R2 (0.9994) much closer to unity, in addition, 
theoretical adsorption capacity value of (161.5  mgg−1) was 
much closer to practical uptake. Contradictory, Freundlich 
model exhibited R2 (0.987) lesser than Langmuir model, as 
well a poorly fitted theoretical loading capacity of (6.11) 
compared with practical uptake (160  mgg−1). Eventually, 
uranium adsorption on KT composite was in accordance 
with Langmuir isotherm model.

The Dubinin–Radushkevich model implied that loading 
capacity related to the amount of the adsorbate (uranium) that 
is being adsorbed on the adsorbent (KT composite), unlike 
the Langmuir isotherm model. The mathematical equation of 
Dubinin-Radushkevich is symbolized by Eq. (5):.

where: qe: the amount of uranium adsorbed per unit mass of 
KT composite ( mg  g−1), qm: defined as the theoretical load-
ing capacity for uranium (mg  g−1), K: is defined as a constant 
related to the adsorption energy  (mol2  kJ−2), ε: is defined 
as the adsorption potential (kJ  mol−1) and is calculated 
from equation ε = RT ln (1 + 1/Ce) (Youssef et al. 2018). 
The main advantage of the Dubinin–Radushkevich model 
is the determination of adsorption energy E depending on 
K (constant of the adsorption energy) value, where E = 1/ 
(2 K)1/2. Accordingly, the adsorption type (chemisorption 

(5)lnqe = lnqm − K�2

or physisorption) is determined depending on E value, gen-
erally, if E value is lower the 8 actually the adsorption pro-
cess is physisorption, inversely to that if the value is greater 
than 8 then the adsorption process is chemisorption. The 
Dubinin–Radushkevich model curve is shown in Fig. (16) 
X-axis represented ε2 and Y-axis represented  lnqe. Slope cal-
culations outlined that the exact value of adsorption energy 
is 113.9 J  mol− 1, greater than 8 which supported that ura-
nium adsorption over KT composite is chemisorption, qm, 
that is being displayed through the intercept value is about 
161.8 mg  g−1, which was in accordance with practical load-
ing capacity of uranium over KT composite.

Kinetic models of adsorption

Kinetic models described dynamicity of the adsorption pro-
cess and included many models, for and foremost Pseudo-
first-order model and Pseudo-second- order model are the 
most commonly employed models. Indeed, Pseudo-first-
order kinetic model was a bimolecular reaction in nature 
but depends greatly on one reactant rather than the other; 
therefore adsorption was closer to physisorption process. 
Lagergren equation Eq. (6) was a mathematical description 
for Pseudo-first-order model (Lagergren 1898; Broujeni 
et al. 2019; Hagag 2020).

(6)log(qe - qt) = logqe−

(

k1

2.303

)

t

Fig. 15  Freundlich isotherm graph for adsorption of uranium on KT 
composite

Table 1  Langmuir and 
Freundlish parameters 
and constants for uranium 
adsorption onto KT composite

Composite Langmuir model parameters Freundlich model parameters

qo (mg/g) b(L/mg) R2 Kf 1/n R2

KT 161.3 0.152 0.9994 0.713 0.21 0.9877

Fig. 16  Dubinin-Radushkevich isotherm graph for adsorption of ura-
nium on KT composite
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where, qt is the mass of uranium adsorbed on KT com-
posite at time mg/g−1,  K1 pseudo first order constant  min−1. 
Generally, Fig. (17) represented the plotting of Log (qe –qt) 
versus t and determined the theoretical equilibrium satura-
tion capacity  qe and order constant at 25 ºC from slope and 
intercept thereby, mentioned in table (2), therefore on the 
basis of R2, qe values of 0.933 and 30  mgg−1 respectively, 
dynamic uranium adsorption on KT was still out of accord-
ance with Pseudo-first-order model. 

Pseudo-second-order model was a bimolecular reaction, 
greatly depending on concentration of uranium and KT com-
posite. Hence, it was commonly much closer to chemisorp-
tion process. Pseudo-second-order model was described 
mathematically by Eq. (7) (Kumar and Sivanesan 2006; 
Broujeni et al. 2019; Hagag 2020):

where: K2 Pseudo-second-order rate constant (g 
 mg−1  min−1), plotting t/qt against t was shown in Fig. (18). 
Next the values of  R2 and  qt were 0.978 and 139.2  mgg−1 
respectively at 25 ºC, (calculated from the slope and inter-
cept). Eventually, Table (2) showed correlation coefficients, 
rate constants and adsorption capacities for both models. 
Consequently, values of  R2 and  qe, for pseudo-first and 
pseudo-second-order models were 0.933, 0.978, 30  mgg−1 

(7)
t

qt
=

1

K2q
2
e

+

(

1

qe

)

t
139.2  mgg−1 respectively, indicated that uranium adsorp-
tion on KT surface dynamically corresponded to Pseudo-
second-order model. Notably, elevated temperatures (30, 40, 
50, 60 ºC) enhanced uranium chemisorption on KT as well, 
increased uptake (160,170, 180, 205  mgg−1) respectively as 
former stated. Figures (17, 18) showed the effect of tempera-
ture in Pseudo-first-order and Pseudo-second-order models. 
Similarly, The effect of elevated temperature (30, 40, 50, 60 
ºC) on Pseudo-first-order and Pseudo-second-order models 
showed a resemble behavior at 25 ºC i.e. uranium adsorption 

Fig. 17  pseudo-first- order 
model at (25, 30,40,50,60 ℃) 
for uranium adsorption onto KT 
composite

Table 2  Pseudo first and 
second-order kinetic models 
constants for of uranium 
adsorption on KT composite

KT composite The pseudo-first-order kinetic model The pseudo-second-order kinetic 
model

qe (mg/g) K1 R2 qe K2 R2

30 0.0032 0.933 139.2 8.4 ×  10–4 0.978

Fig. 18  pseudo-second- order model at (25,30,40,50,60 ℃) for ura-
nium adsorption onto KT composite
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over KT composite fitted with Pseudo-second-order model 
at higher temperature.

Conclusion

Thermal activation of kaolinite and also incorporation 
with Ti(OH)4 improved its loading capacity towards 
uranium from zero to 160  mgg−1 at maximum optimal 
extraction conditions (100 mg of KT composite/ 20 mL 
of 1000  mgL−1 of uranyl nitrate, pH 5 and 20 min dynamic 
equilibrium time). The optimum desorption conditions 
were 100 mg of uranium-loaded KT composite/ 20 mL 
of 0.75 M  Na2CO3 and 15 min contact time. Uranium 
adsorption over KT composite was much closer to be in 
accordance with Langmuir adsorption model with  R2 and 
theoretical capacity values (161.5 mgg−1, 0.9994) rather 
than Freundlich isotherm model. In addition, the adsorp-
tion was fitted with kinetic-pseudo second order-model 
and this fitting continued to higher temperature (30, 40, 
50, 60º C). The adsorption of uranium on KT adsorbent 
was chemisorbed, hence positively enhanced with rising 
temperature, thus 60 ºC giving uranium uptake over KT 
adsorbent 205  mgg−1.
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