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Abstract: Uranium is a toxic radioactive element and is usually found in the environment in hexavalent form. 
It has become a necessity to remove uranium, which can enter the environment in excessive amounts through 
nuclear industrial activities, from access waters. Melamine formaldehyde organo clay nano composite foam 
(MFCNCF) was prepared as a novel adsorbent by hardening with thermal treatment. Structural, 
crystallographic textural and surface morphological characterization of the prepared adsorbent was made by 
FTIR and XRD spectroscopic and SEM and HRTEM microscopic techniques. This study aims to investigate the 
adsorption of U(VI) from aqueous solution by MF organo clay nanocomposite and its dependence on various 
variables such as initial uranium concentration, adsorption time, adsorbent dosage, initial pH, and 
temperature. Additionally, adsorption isotherm analysis and adsorption kinetics and thermodynamics were 
also examined. For this purpose, the batch adsorption experiments were carried out and the equilibrium 
concentration of U(VI) in the aqueous solution was measured with a UV-Vis spectrophotometer at a 
wavelength of 433 nm, which corresponds to its maximum absorptivity. The results regarding adsorption 
kinetics show that 30 min is sufficient to reach adsorption equilibrium and the data show a high fit to the 
pseudo-second-order kinetic model. Isotherm analysis also revealed a high fit of the data to the Type III 
isotherm and the Halsey model. Based on this fit, an adsorption mechanism involving two regions (electrostatic 
and complex formation) was proposed for the current adsorption system. The adsorption isosteric enthalpy 
and entropy values for the first and second regions are 3.65 and -51.02kJ/mol and 1.77 and -167.28J/mol, 
respectively. It was found in kmol. Experimental results showed that the prepared nanocomposite foam 
adsorbent is an effective and potential alternative for the effective removal of U(VI) from aqueous solutions. 

Keywords: radioactive substance; nanocomposite; adsorption; melamine formaldehyde; adsorbent 
 

1. Introduction 

Uranium, which is a toxic radionuclide and can generally be found in the environment as a 
hexavalent ion, is considered one of the important energy sources as nuclear fuel. Uranium, which 
can originate from various processes related to mining, enrichment and nuclear power plants, nuclear 
weapons production and electron microscopy, has a high potential to reach aqueous environments. 
[1–3]. Uranium found in wastewater and air can cause acute toxic effects and harmful diseases such 
as lung, pancreas and liver cancer in humans. The formation and migration of wastes, which 
generally contain high levels of dissolved uranium, lead to contamination of soils and aquifers, but 
it is possible to protect groundwater for long periods of time with multiple barrier systems such as 
compressed bentonite fill [4]. Multiple barrier systems, as geotechnical and geological barriers, are 
used to minimize or even prevent access to water and the potential for the release of radionuclides 
from reservoirs near the site. Clay minerals are considered suitable materials for geotechnical and 
geological barriers due to their high adsorption ability and capacity, swelling properties and low 
water permeability [5]. Illite , montmorillonite and illite/montmorillonite mixtures are the main 
components of claystone rocks [6,7]. The recovery of uranium from natural seawater, river water, 
stagnant water and industrial wastewater is also a priority research topic [8].The main strategy of 
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nuclear waste management discussed worldwide is their disposal in deep geological formations, 
where salt dome, crystalline rocks and clay rocks are considered potential areas for nuclear waste 
storage [9].On the other hand, it is known that in a nuclear waste repository hosted by clay rock, 
radioactive decay of actinides and their fission products can cause high temperature increases of up 
to 100 o C near waste containers [10,11].Determining the transport regime and amount of radioactive 
contaminants within aquifers, soils, or rock formations requires detailed knowledge of the 
geochemistry of the system and radionuclide retention mechanisms such as adsorption, association, 
and precipitation. The World Health Organization (WHO) and the United States Environmental 
Protection Agency (USEPA) recommend limit values of 0.015 and 0.030 mg/L, respectively, for the 
maximum uranium concentration in drinking water [12]. The retention potential of radio pollutants 
largely depends on their adsorption/desorption behavior [13]. Controlling the mobility of uranium 
in temporary storage, waste processing and contaminated land is important for the safe disposal of 
uranium and supporting the management of operations at nuclear facilities. Due to their high thermal 
and radiation resistance, carbon-based materials are used for the removal and recovery of uranium 
from aqueous solutions using solid phase extraction techniques [14]. Additionally, organic exchange 
resins and various inorganic sorbents are other commonly used materials. Carbon fiber with high 
specific surface area and adsorption capacity, uniform pore size and mechanical strength, graphene 
with high electronic and thermal conductivity, excellent mechanical strength as well as ultra-light 
weight and large specific surface area, and graphene oxide, which has basal plane modified with 
carbonyl, carboxyl, epoxide and hydroxyl groups, can be listed as adsorbents of great interest in this 
field [15,16]. One of the most promising separation technologies for the removal and recovery of 
uranium from radioactive waste is solid phase extraction (SPE) due to its properties such as flexibility 
and emulsion-freeness. Among various solid phase extractants, carbon nanotubes (CNTs) have also 
attracted intense attention for their advantages such as higher thermal and radiation resistance, high 
acid-base stability, and large specific surface area [17–20]. However, the fact that CNT particles, 
which are highly hydrophobic, easily aggregate in aqueous solution may prevent effective adsorption 
behavior and cause a decrease in adsorption capacity [9,10]. Therefore, by adding various hydrophilic 
functional groups to CNTs, their dispersibility and adsorption performance can be increased 
[9,10,21]. There are many studies examining the behavior of uranium in aqueous systems containing 
amberlite resin and its adsorption to the solid phase. The main processes affecting the retention of 
radionuclides are absorption and precipitation at the solid/water interface, which need to be studied 
in detail from quantitative, kinetic and thermodynamic perspectives. [22–25]. Various processes such 
as chemical precipitation, liquid-liquid extraction, nano-ultra filtration, membrane separation, ion 
exchange, electrodeposition, solid phase extraction, electro dialysis, photo catalysis and adsorption 
are widely used to remove radioactive ions from wastewater [26–33]. Adsorption is one of the most 
popular methods and the easiest way to remove radioactive ions from aqueous solutions and is 
therefore widely applied in the removal of uranium from industrial wastes [34–40].Uranium 
adsorption on various natural adsorbents and ion exchange resins with various properties such as 
porosity and selective affinity is important for the purification, economic, environmental and 
disposal of radioactive waste [39,41,42].Anion exchange resins have also been used successfully in 
the mining industry, particularly in the recovery of uranium from leaching fluid [43–48]. In addition, 
activated carbon and zeolites, immobilized siloxane polymers, natural and modified clay, and 
synthetic anion exchangers are also widely used [49–52].Clay minerals, and especially bentonite, are 
a particularly preferred material for filling and capping high-level radioactive waste repositories.2:1 
type clay minerals such as illite and montmorillonite, which are layered alumino-silicates in which 
TOT (tetrahedron-octahedron-tetrahedron) layers are repeated and have a permanent negative 
charge with isomorphic displacements within the lattice, are popular for such uses with their large 
surface areas and strong adsorption capacities. [5,6,53]. Montmorillonite is characterized by 
permanently negatively charged basal planes and amphoteric hydroxyl groups on the edge planes. 
It is a very suitable adsorbent for lanthanide/actinide cations due to its ability to bind to basal planes 
predominantly in the outer sphere mode through cation exchange at low pH and inner sphere 
complexation to occur at the edges at high pH [54–56]. A model frequently applied to describe the 
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interactions of various radionuclides with clay minerals was developed by Bradbury and Baeyens. 
This semi mechanical two-domain model of protolysis, non-electrostatic surface complexation, and 
cation exchange was used to successfully describe sorption isotherm data over a wide pH range [6]. 
Under oxidative conditions, uranium exists in the hexavalent oxidation state as the uranyl ion UO2+2 
and can form highly soluble aqueous complexes with many ligands found in groundwater. Dissolved 
carbonate is ubiquitous, especially in surface and deep groundwater, and can form strong aqueous 
complexes with U(VI) [58]. The formation of such complexes could potentially lead to a decrease in 
adsorption and thus an increase in the migration rates of U(VI). A detailed understanding of sorption 
processes under a wide range of conditions is extremely important in the development of sorption 
models. Various surface complexation models based on macroscopic sorption experiments have been 
developed to explain the adsorption behavior of uranyl, especially on montmorillonite [59–63]. It has 
been suggested that at low ionic strengths, uranyl will adsorb primarily to cation exchange sites in 
the interlayer below pH 5 and to edge sites (silanol and/or luminol) above this pH. It has been 
predicted that at high ionic strengths, cation exchange will decrease strongly and sorption will occur 
mainly in the edge regions of montmorillonite from pH 5 onwards [61,64].In the presence of 
carbonate, the adsorption of U(VI) on montmorillonite and bentonite was investigated, and the sharp 
decrease in absorption observed at pHs greater than 6.5 was explained by the formation of negatively 
charged uranyl-carbonate complexes [65–68]. Depending on pH and U(VI) charge, outer sphere 
complexation, that is, cation exchange, occurring in the edge regions of clay minerals can be 
distinguished from inner sphere complexation [13].Natural polymers such as polysaccharides have 
shown excellent potential, especially in the removal of heavy metals from waters, and are 
advantageous due to their low cost, availability and the presence of hydroxyl, amino and other 
compounds [69].In addition to the existing traditional methods in wastewater treatment, the 
adsorption process using polymer-grafted biomaterials such as cellulose, chitosan, chitin, starch and 
some synthetic polymers is gaining increasing importance [70–72]. 

Melamine formaldehyde, a common synthetic polymer, is structurally similar to exchange resins 
and offers a high adsorption potential in removing positively charged uranium ions from aqueous 
solution [73–75]. Additionally, by obtaining nano composites using nano fillers, the surface area and 
the number of oxy and azo groups on the surface can be increased. It is known that the incorporation 
of nano fillers into the polymer matrix is a powerful tool to improve polymer properties [76]. 
Bentonite, which has a 2:1 layered structure in particular, is one of the clays widely used to prepare 
organ clay due to its high ion exchange capacity and high specific area. By adding surfactants or 
modifying the surface by grafting, organ clay with the potential to turn into nanoparticles can be 
obtained. [77,78]. The novelty of this work can be defined as the synthesis and characterization of 
melamine formaldehyde organo clay nanocomposite and also the demonstration of its applicability 
as a new adsorbent in the removal of uranium from aqueous solution [79]. 

In this study, melamine formaldehyde organo clay nanocomposite (MFCNC) was prepared as a 
novel low-cost and promising solid adsorbent to remove U(VI), and its uranium (VI) adsorption 
performance from aqueous solution was examined. Additionally, variables such as adsorption time, 
initial pH, adsorbent dosage and temperature were selected as experimental parameters. 

2. Materials and Methods 

2.1. Materials 

In this study, raw montmorillonite (MMT) with a specific surface area of 64.2 m2/g, obtained 
from Çankırı, Turkey, was used to prepare organo-montmorillonite (OMMT) to be used in the 
preparation of nanocomposite. The XRF composition of montmorillonite is given in Table 1. 
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Table 1. XRF chemical compositions of Montmorillonite(MMT). 

Component (%) 

 SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 SO3 Other   

Montmorillonite 59.32 17.19 5.95 3.63 2.21 1.68 0.97 0.74 0.51 7.81   

For the synthesis of melamine formaldehyde resin to be used as the composite matrix, melamine, 
formaldehyde (37%), NaOH and acetic acid, and for the foam synthesis, non-ionic surfactant, Tween 
80 and analytical grade glycerin were obtained from Merck Co. In addition, gasoline, which was a 
mixture of isooctane, butane and 3-ethyltoluene and used for foaming, was also supplied from a gas 
station. 

The 0.12 M stock aqueous solution of U(VI) used as adsorbate was prepared using the acetate 
salt of uranium oxide (UO2(CH3COO)2H2O) (Merck Co.). Solutions of different concentrations for 
adsorption experiments were prepared by diluting this solution. 

2.2. Method 

2.2.1. Preparation of Organo Clay 

Organo-clay (OMMT), cationic surfactant, Cetyltrimethyl Ammonium Bromide, CTAB 
(purchased from Merck Co.), was prepared by solution intercalation method using hydrocarbon 
material and montmorillonite, some of whose characteristics are given in Table 2. For synthesis, the 
same procedure as applied in previous work was followed [80,81]. 

Table 2. Some characteristics of hydrocarbon material. 

Density 

(15 °C), kg/m3 

Calorific Value  

MJ/kg 

Flash Point 

°C 

Water by Distillation, 

wt. % 
C H N S Ash 

990.7 42.74 105.8 0.1 83.4 11.9 0.8 1.5 0.03 

2.2.2. Preparation of Melamine Formaldehyde Pre-Polymer (MF) and MF-Organo-Clay 
Nanocomposite 

37 wt.% formaldehyde and melamine (1.0/1.1 ratio) were placed in a three-necked flat-bottomed 
flask equipped with a thermometer and cooling equipment, stirred magnetically, and heated at 
approximately 60 °C until a clear solution was formed. Then, the pH was adjusted to 8.5 with 
concentrated NaOH solution and refluxed for 1 h at approximately 95°C. Finally, sufficient amounts 
of concentrated acetic acid, 1.0 wt.% glycerin, Tween 80 and 6.0 wt.% gasoline were added to the pre 
polymer and vigorous mechanical mixing was done to make the mixture homogeneous. While MF 
organo clay nanocomposite was prepared by in situ synthesis, 0.15 wt.% organo clay was added to 
the flask. While preparing nanocomposites, a certain amount of powder MFCNC was added and 
mixing was continued. The resulting mixture was exposed to microwave radiation for 2 min in a 
suitable container. Finally, the mixture was taken into a modular square aluminum mold with an 
internal volume of 10 x 10 x 1 cm3 and subjected to heat treatment in a hot air heated oven at 140 °C 
for 1 hour to remove water and residual formaldehyde and ensure complete curing [82]. For textural, 
structural and crystallographic characterization of pure MF foam and MF organo clay nanocomposite 
foam, High-resolution transmission electron microscopy (HRTEM), Fourier transform infrared 
spectroscopy (FTIR) and X-Ray diffraction (XRD) analyzes were carried out [83]. 

2.2.3. Batch Adsorption Experiments 

Adsorption of uranium (U(VI)) from aqueous solution onto powder MF organo clay 
nanocomposite foam was carried out by bulk adsorption experiments. For this, 0.1 g of powdered 
foam was added to aqueous solutions at various initial U(VI) concentrations (600, 1200, 2400, 3600, 
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4800 and 6000 µM) in 100 mL flat-bottom flasks. The flasks were shaken for various equilibrium 
adsorption times in a thermostatic shaker at 298 K, natural pH 4.3, and a stirring speed of 150 min-1. 
At the end of each adsorption period, the mixture was centrifuged for 5 min at 3,750 min-1, and the 
equilibrium U(VI) concentration in the supernatant was analyzed at 433 nm using a UV–vis 
spectrophotometer (Shimadzu 1201 UV-Vis). Equations 1,2, and 3 were used to calculate the 
distribution coefficients (D), the amount of U(VI) adsorbed (q), and the removal ratio (% R). 𝐃 = (𝐂𝐨 − 𝐂𝐞)/𝐂𝐞 (1) 𝐪(𝛍𝐠/𝐠 = (𝐂𝐨 − 𝐂𝐞)𝐕/𝐦 (2) 

𝐑(%) = 𝐂𝐨 − 𝐂𝐞𝐂𝐨 . 𝟏𝟎𝟎 (3) 

where, Co and Ce are initial and equilibrium U(VI) concentrations (µM), V total volume (L) and m, 
MFCNC foam mass (g), respectively. 

In order to examine the change in adsorption of U (VI) with temperature and to obtain the 
necessary data for thermodynamic analysis, the experiments were performed at various initial U(VI) 
concentrations, three different temperatures (25, 45 and 65°C),0.1 g/100 mL solid/liquid ratio and 
natural pH for 60 min. 

To investigate the effect of initial pH, the experiments were carried out at pH values of 1.0, 3.0, 
11.0 and 13.0 at 25° for 60 min with an initial U(VI) concentration of 3.0 µM and a solid/liquid ratio 
of 0.1g /m L. The pH of the solutions was adjusted with concentrated HCl and NaOH solutions, and 
measurements were made using a WTW inoLab pH meter (WTW Inc., Germany). 

Additionally, in order to reveal the effect of adsorbent dosage on U(VI) adsorption, experiments 
were performed at natural pH and 25°C for solid/liquid ratios of 0.05, 0.10, 0.15, 0.20 and 0.25 g/mL, 
with initial U(VI) concentration of 1200 µM for 60 min. 

2.2.4. Zeta Potential Measurements 

Zeta potentials of solid particles in MF organo clay nano composite /water suspensions and 
electrical conductivity values of the suspensions were measured using the Zeta Meter 3.0+ 
instrument. 

2.2.5. Spectroscopic and Microscopic Analyzes 

Structural, crystallographic and textural characterization of raw clay, organ clay, MF foam and 
MF organ clay nanocomposite foam was performed using spectroscopic techniques such as XRD and 
FTIR as well as microscopic technique such as HRTEM. 

XRD diffraction diagrams for the prepared samples were taken using a PANalytical Empyrean 
FTIR spectra were taken using a Vertex 70 V FTIR spectrometer, in the range from 4,000 to 400 

cm−1, with an average of 100 scans and a resolution of 1 cm−1. 
HRTM images were also taken using a HITACHI HT7700 high-resolution transmission electron 

microscope (LaB6 filament) at 120.0 kV. 

3. Results and Discussion 

3.1. Textural, Structural and Crystallographic Characterization of Raw Montmorillonite (MMT), Organo-
Montmorillonite (OMMT), Melamine Formaldehyde Foam (MF) and Melamine Formaldehyde Organo-Clay 
Nanocomposite Foam (MFCNC) 

In order to compare the textural structure of organo-montmorillonite (OMMT) with that of raw 
montmorillonite (MMT), HRTEM images of both samples were taken and shown in Figure 1a,b, 
respectively. The dark long fibrous lines in the HRTEM images correspond to the clay layers that 
form the clay grains. Figure 1b shows that the interlayer spaces of the clay layers widen significantly 
due to surface modification. 
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(a) (b) 

  
(c) (d) 

Figure 1. HRTEM Images of Raw Montmorillonite (MMT) (a), Organo-Montmorillonite (OMMT) (b), 
Melamine Formaldehyde Foam (MF)(c) and Melamine Formaldehyde Nanocomposite Foam 
(MFCNC) (d). 

Figure 1c shows that pure MF foam aggregates in the form of microspheres and the aggregates 
develop in three dimensions. This textural arrangement is probably due to microwave irradiation-
assisted foaming before curing. From Figure 1d, it can be seen that due to the exfoliation of organo 
clay platelets in the MF matrix, the MF clusters disperse or disintegrate uniformly while maintaining 
their spherical structure [84]. 

FTIR spectra of melamine formaldehyde foam (MF) and melamine formaldehyde 
nanocomposite foam (MFCNC) are shown in Figure 2. The peaks at 3327 cm−1, 1016 cm−1, 1541 cm−1 
and 1450 cm−1 in the FTIR spectrum of MF correspond to the stretching vibration of N-H, O-H, C-O-
C and C=N bonds, respectively [85]. 
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Figure 2. FTIR Spectra of Melamine Formaldehyde Foam (MF) and Melamine Formaldehyde 
Nanocomposite Foam (MFCNC). 

From Figure 2, it can be seen that in the spectrum of MF-organo-clay nanocomposite (MFCNC), 
there are the strong peak at 3354 cm-1 originating from CTAB as well as the peaks at 2926, 2914 and 
2881cm-1, which correspond to C–H anti-stretching, C–H stretching and amine group stretching. The 
fact that these specific peaks are both lower in intensity and shifted to lower values can be attributed 
to the intense interactions between the clay layers and CTA+ ions bonded with long-chain 
hydrocarbon molecules. Additionally, two peaks at 1454 cm-1 and 1129 cm-1, corresponding to C-N 
stretching and N-H bending of CTAB, and peaks in the range of 1302-1657 cm-1, corresponding to the 
shear vibration mode of CH2 and O-H bending of H2O, appeared. The main functional groups 
observed in the range from 1000 cm-1 to 500 cm-1 correspond to Si-O and Al-OH bonding, and the 
peak at 866 cm-1 corresponds to Al-OH bending vibrations. The peak of Si-O-Si double bonds of SiO2 
origin at 802 cm-1 and the peak of Si-O stretching vibrations observed around 714-617 cm-1 also 
indicate quartz. Strong peaks around 3356-3730 cm-1 indicate the presence of hydroxyl bonds, but 
their appearance at low intensity and different from their specific values is associated with intense 
interactions between clay plates and CTA+ ions bound to long-chain hydrocarbons. [86,87]. 

Figure 3 shows the XRD patterns of pure MF foam and MF-organo clay nanocomposite foam 
(MFCNC). 
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Figure 3. XRD Diffractograms of Melamine Formaldehyde Foam (MF) and Melamine Formaldehyde 
Nanocomposite Foam (MFCNC). 

Two typical broad peaks at 9.4° and 23.8° appearing in the pattern of MF resin indicate its 
amorphous structure and indicate that melamine formaldehyde is composed of methylol monomers 
and propagation of the polymeric backbone has occurred. It can also be seen from this figure that the 
smaller of the two peaks of MF resin partially overlaps with the characteristic smectite peak at 8.1° 
[86,88]. The left-shifted and broadened smectite peak also shows that polymer molecules can 
intercalate into the interlayer space of the clay and thus the nanocomposite structure is formed (See 
Figure 1d). 

3.2. Kinetic Studies 

The results obtained from the experiments examining the change in the amount of U (VI) 
adsorbed by the powder nanocomposite (MFCNC) with the adsorption time are shown in Figure 4 
as a function of the initial U (VI) concentration. Additionally, for 25°C, the variation of the % removal 
rate with the initial U (VI) concentration is given in Figure 4. 

 

Figure 4. Plot of adsorbed amount versus adsorption time as a function of initial U(VI) 
concentration. 
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As can be seen from Figure 4, the adsorbed amounts of U(VI) first increased rapidly with the 
increase of adsorption time and remained almost constant after 30 min. Moreover, from the same 
figure, it can be seen that as the initial U (VI) concentration increases, the plateaus that appear in the 
30-minute period and correspond to saturation adsorption gradually increase. Accordingly, it can be 
said that a rather short period of 30–60 min is sufficient for equilibrium adsorption, implying that the 
interactions occurring are physical. Moreover, the rapid removal of U (VI) in the initial stage of 
adsorption can be attributed to the presence of a large number of active sites suitable for the 
interaction of U (VI) ions in the nanocomposite matrix. These sites are probably the triazine rings of 
the polymer network, with which U(VI) interacts very effectively (bonding by polarization of pi 
electrons), oxy and azo groups (complexation), and hydrolyzed SiOH groups on the surface of 
exfoliated clay platelets (electrostatic attraction). Since the change in initial U(VI) concentration did 
not appear to have a dominant effect on the time required to reach saturation, the equilibrium 
adsorption time was taken as 60 min in subsequent experiments to ensure that adsorption 
equilibrium was reached. 

The change in removal ratio with initial U(VI) concentration is graphed in Figure 5. From this 
figure, it can be seen that U(VI) on the powder nanocomposite can be removed with a very high 
removal ratio in a very short adsorption time, and the removal ratio does not change much with the 
increase of the initial concentration. 

 

Figure 5. Variation of removal ratio with initial U(VI) concentration. 

By studying adsorption kinetics, important information about the control mechanisms of 
adsorption can be obtained, and adsorption can generally be controlled by external or film diffusion, 
pore diffusion, and adsorption on the pore surface.In order to make predictions about the mechanism 
of U(VI) adsorption on the adsorption nanocomposite surface, the compatibility of experimental data 
with pseudo-first-order, pseudo-second-order and intra-particle diffusion models was examined [89–
91]. The linear forms of the equations of these models are given in Equations 4, 5 and 6, respectively. 𝐥𝐧(𝒒𝒆 − 𝒒𝒕) = 𝒍𝒏𝒒𝒆 − 𝒌𝟏𝒕 (4) 𝟏/𝒒𝒕 = 𝟏/𝒌𝟐𝒒𝒆𝟐 + 𝒕/𝒒𝒆 (5) 𝒒𝒕 = 𝒌𝒊𝒅√𝒕 + 𝒄  (6) 

where qe (mg/g) is the amount adsorbed at equilibrium, qt (mg/g) is the amount adsorbed at time t 
(min), k1 (min−1), k2 (g/mg min) and kid (mg/g min1/2) are the rate constants of the pseudo-first-order 
model, the pseudo-second-order model, and the intra-particle diffusion model, respectively, and c is 
a constant related to the boundary layer thickness. 
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Graphs drawn for three models using experimental data are shown in Figure 6 a–c, and the 
calculated kinetic constants and regression coefficients are given in Table 3. In the figures and tables, 
it can be seen that the adsorption of U(VI) from aqueous solution onto powder nanocomposite 
(MFCNC) can best be described by the pseudo-second order model. Based on this fit, it can be 
concluded that there are very effective interactions such as complexation between U(VI) ions and the 
active sites on the MFCNC surface. 

As seen in Figure 6c, the graph has two linear parts and does not pass through the origin. Thus, 
it can be argued that intra-particle diffusion is not the only step for speed control of the adsorption 
process and there may be other control mechanisms [92,93] The first and second parts of the graph 
can be attributed to the diffusion of UO22+ ions from solution to the outer surface of powder MFCNC 
through the boundary layer and the control of intra-particle diffusion, i.e., pore diffusion and 
adsorption on the pore surface, respectively. The lower value of the slopes of the linear parts 
corresponding to the rate means that the adsorption is slower [94,95]. Since the slope of the first part 
is higher than the slope of the second part, it can be argued that U022+ ions can be rapidly adsorbed 
on the outer surface through the boundary layer rather than in the voids of the nanocomposite foam, 
and they are only adsorbed on the inner surface of the nanocomposite network at high 
concentrations. The fit of the experimental data to the pseudo-second-order kinetic model also 
supports these explanations, because pseudo-second-order kinetics indicate the existence of strong 
interactions between the adsorbate and the adsorbent [96,97]. 

 
(a) 

 
(b) 

 
(c) 

Figure 6. Graphs drawn for the fit of experimental data to (a) pseudo-first-order, (b) pseudo-second-
order and (c) intra-particle diffusion models. 
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Table 3. Calculated kinetic parameters for pseudo-first-order and pseudo-second-order kinetic 
models for the adsorption of U(VI) on powder MFCNC (25°C, solid/liquid ratio: 0.1/100 g/mL and 
pH: 4.3). 

Cint  

(µg L−1) 

Temperatu

re 

K 

Pseudo-first-

order 

Pseudo-

second-order 

Intra particle 

diffusion (first 

part) 

Intra particle 

diffusion (second 

part) 

  k1 R2 k2 R2 kid,1 

mg s−1/2 

g−1 

R2 kid,2 

mg s−1/2 

g−1 

R2 

600 298 - - 0.029 0.999 39.14 0.9697   6.32 0.8261 

1200 298 - - 0.002 0988 28.03 0.9137 10.04 0.7638 

1800 298 - - 0.001 1.000 11.24 0.6531   1.09 0.1714 

2400 298 - - 0.001 0.952   8.91 03469   1.53 0.3379 

3000 298 - - 0.007 1.000   2.34  0.0112   0.44 0.0093 

3.3. Adsorption Isotherms and the Effect of Temperature 

Isotherm analysis can provide important information about the nature of the interactions 
between the adsorbate and the adsorbent surface in equilibrium, adsorption capacity, adsorption 
efficiency and effectiveness, orientation of the adsorbate on the surface, and the adsorption 
mechanism. 

Experimental adsorption isotherms plotted for three different temperatures, 25, 45 and 65 °C, 
are shown in Figure 7. Additionally, in order to discuss the U(VI) adsorption on the powder MFCNC 
surface in detail, the compatibility of the experimental data with the Freundlich isotherm equation 
and Langmuir, Brunauer–Emmett–Teller, Halsey, Harkins-Jura and Smith isotherm models was also 
examined. The graphs drawn for these isotherm models and the Freundlich isotherm equation are 
shown in Figure 8. Calculated isotherm constants and regression coefficients (R2) for all isotherm 
models and the Freundlich isotherm equation are given in Table 4. The Freundlich isotherm equation 
is an empirical equation [95] and the BET adsorption isotherm model is based on multilayer 
adsorption assumptions. The Langmuir model assumes that there is no interaction between the 
adsorbed species, that the adsorption is localized, and that monolayer adsorption occurs on a 
homogeneous surface. The Halsey isotherm is based on the assumptions of multilayer adsorption 
and heterogeneity of pore size distribution. The Harkins-Jura isotherm model recognizes the 
possibility of multilayer adsorption on the surface of adsorbents with heterogeneous pore 
distribution [98]. The Smith adsorption isotherm was commonly developed to describe water 
adsorption on some polymeric materials such as cellophane, nylon, and cotton, and in particular 
sigmoid-shaped isotherms. [99]. The linear forms of all isotherm models and Freundlich equations 
are given in Equation 6-11. 𝐥𝐧 𝐪 = 𝟏/𝐧 𝐥𝐧 𝐂𝐞 +  𝐥𝐧𝐊𝐟 (6) 𝐂𝐞/𝐪 =  𝟏/𝐪𝐦𝐊 + 𝐂𝐞/𝐪𝐦  (7) 𝐂/𝐪(𝟏 − 𝐂𝐞) = 𝟏/𝐪𝐦𝐤 + (𝐤 − 𝟏)𝐂𝐞/𝐪𝐦𝐤  (8) 𝐪𝐞 =  𝟏/𝐧𝐇𝐥𝐧𝐊𝐇 − 𝟏/𝐧𝐇 𝐥𝐧𝐂𝐞 (9) 𝟏/𝐪𝟐 =  (𝐁/𝐀) − 𝟏/𝐀 𝐥𝐧𝐂𝐞 (10) 
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𝐪 = 𝐖𝐛 −  𝐖𝐥𝐧(𝟏 − 𝐂𝐞) (11) 

where Ce (µM) is the equilibrium concentration, qe (mg/g) is the adsorbed amount at equilibrium, qm 
(mg/g) is the monolayer adsorption capacity, (1/n) and KF are Freundlich constants, K is the Langmuir 
constant, k is BET. parameter, n H and KH are Halsey constants, A and B are Harkins-Jura constants, 
and W b and W are Smith parameters [100,101]. 

 
Figure 7. Experimental adsorption isotherms for three different temperatures (25,45 and 65oC) (Time: 
60 min; solid/liquid ratio: 0.1/100 g/mL, shaking speed: 150 min−1 and natural pH: 3.4). 
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Figure 8. Isotherms drawn for the Freundlich isotherm equation (a), Langmuir model (b), Brunauer–
Emmett–Teller (BET) model (c), Halsey model (d), Harkins-Jura model (e) and Smith model (f). 

Table 4. Linear equations of the Freundlich isotherm equation (a), Langmuir model (b), Brunauer–
Emmett–Teller (BET) model (c), Halsey model (d), Harkins-Jura model (e) and Smith model (f). and 
isotherm constants and regression coefficients. 

Isotherm equations Constant 

parameter 

 Regression 

coefficients(R2) 

 

Freundlich n 0.569 0.8110  

ln q=1/n ln Ce + lnKf Kf 1.506   

Langmuir  qm 1000 0.3352  

Ce/q = 1/qmK +Ce/qm  K 0.001   

BET  qm 5.649 0.5088  

C/q(1-Ce)=1/qmk + (k-1)Ce/qmk k 1.170   

Halsey  nH 0.0005 0.9734  

qe = 1/nHlnKH-1/nH lnCe KH 1.445   

Harkins-Jura   A 0.566 0.9431  

1/q2= (B/A) -1/A lnCe B 7.031   

Smith   Wb -327.3 0.7137  

q =Wb - Wln(1-Ce) W 564.5    

The isotherm curve at 25oC drawn using experimental data fits the Type III isotherm type, 
defined by weak interactions between adsorbate and adsorbent, multilayer adsorption and adsorbent 
structure with heterogeneous pore size distribution. However, in the current adsorption system, 
there is no possibility of multilayer adsorption due to the adsorbent surface characteristics and the 
ionic structure of the adsorbate. For this reason, the high adsorption implying a multilayered 
structure, which is predicted to occur after the equilibrium adsorbate concentration reaches 
intermediate concentration values in Type III isotherms, can be attributed to the effective adsorption 
resulting from a mechanism change in the form of complexation in the MFCNC and U(VI) adsorption 
system. From Table 4, it can be seen that the experimental data are generally compatible with models 
that predict heterogeneous surface properties of multilayer adsorption, but the highest fit is obtained 
with the Halsey isotherm model. 

It can be seen from Figure 5 that with increasing equilibrium U(VI) concentration, the adsorbed 
amounts increase with relatively low efficiency up to intermediate equilibrium U(VI) concentrations, 
with a similar trend for all three temperatures. However, interestingly, the isotherm parts at low 
concentrations at 25oC and 65oC overlap, and even, the isotherm part at 45oC shows a smaller slope 
than the others. 

In the high U(VI) equilibrium concentration range, the adsorption efficiency is higher for all 
three temperatures and has similar behavior, but the slope of the isotherm at 65oC, i.e., the adsorption 
efficiency, is much higher than that at lower temperatures. The partial increase observed in adsorbed 
amounts with increasing temperature shows that adsorption efficiency and effectiveness are 
generally greatly affected by temperature and that the adsorption mechanism is directly dependent 
on temperature. 

Thus, it can be argued that, at low U(VI) concentrations, adsorption occurs through attractive 
interactions resulting from the polarization of the pi electrons of the triazine rings in the polymeric 
matrix of the powder MFCNC by U(VI) ions. Moreover, despite the steric hindrance of the 
hydrocarbon chains of the organo clay platelets, the MFCNC Electrostatic attraction interactions 
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between hydrolyzed Si-OH groups and UO22+ ions are also effective in adsorption. The observed 
significant increase in the adsorption efficiency and effectiveness of U(VI) at higher equilibrium U(VI) 
concentrations clearly indicates a possible change in the adsorption mechanism. This mechanism is 
probably based on complex formation between UO22+ ions and oxy and azo groups in the polymer 
matrix, and the adsorption is more sensitive to U(VI) concentration. 

3.4. Adsorption Thermodynamics 

In order to study the nature and thermodynamics of U(VI) adsorption on powder MFCNC, 
two separate isosteric standard adsorption enthalpy (ΔH°) and entropy (ΔS°) were calculated 

for the adsorbed amounts corresponding to the first and second plateau formation on the isotherm 
curves at 25 and 65oC. For this, the calculation was made by taking into account the equilibrium U(VI) 
concentrations at two different temperatures corresponding to constant adsorption such as plateau 
formation (Equations 12 and 13). 𝒅𝒍𝒏𝑪𝒆/𝒅(𝟏/𝑻) = −∆𝑯°𝒂𝒅𝒔/𝑹 (12) 𝒅𝒍𝒏𝑪𝒆/𝒅𝒍𝒏𝑻 = ∆𝑺°𝒂𝒅𝒔/𝑹 (13) 

where Ce is the equilibrium concentration (mM), R is the gas constant (8.3214J/Kmol), and T is the 
absolute temperature (K). 

Isosteric adsorption enthalpy, ΔH°ads and isosteric adsorption entropy ΔS°ads were found from 
the slopes of the ln Ce vs 1/T and ln Ce vs ln T curves, respectively, and the obtained values are given 
in Table 5 together with the distribution coefficients (D). 

Table 5. Isosteric adsorption enthalpy, ΔH°ads, isosteric adsorption entropy ΔS°ads values and 
distribution coefficients corresponding to the first and second plateaus in the isotherm curves. 

Temperature 

(K) 

ΔH°ads 

(kJ/mol) 

For the 

first 

plateau 

 

D1 

ΔH°ads 

(kJ/mol) 

for the 

second 

plateau 

 

D1 

ΔS°ads  

(J/mol K) 

for the first 

plateau 

 

D2 

ΔS°ads 

(J/molK) 

for the 

second 

plateau 

 

D2 

298 
  

3.65   

 

1.08 

 

-51.02 

 

3.59 

 

1.77 

 

1.71 

 

-167.28 

 

5.92 

338     

Table 5 shows that the isosteric enthalpy and entropy changes roughly corresponding to the first 
and second plateau formation are 3.65 and -51.02 kJ mol-1 and 11.77 and -167.28 J mol-1 K-1, 
respectively. The very small and positive enthalpy change and the very small and positive entropy 
change corresponding to the formation of the first plateau indicate that the adsorption is endothermic 
in nature and the mechanism based on the polarization of pi electrons is dominant in the adsorption, 
and therefore the binding will produce disorder. On the other hand, the relatively high and negative 
enthalpy and the relatively high and negative entropy change corresponding to the formation of the 
second plateau may indicate that the adsorption is dominated by the complex formation mechanism, 
implying a stronger interaction between UO22+ ions and oxy groups, and thus the formation of a more 
ordered structure. In addition, the large degrees of distribution coefficients also support these 
evaluations. 

3.5. pH effect 
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Solid surfaces, which can have highly charged groups in aqueous suspensions, are particularly 
sensitive to environmental conditions such as pH, ionic strength, and temperature. This often causes 
marked changes in the adsorption of ionic substances onto charged solid adsorbents. 

The change of adsorbed amount and zeta potential values and adsorbed amount and electrical 
conductivity values with initial pH are shown in Figure 9 a,b. 

 
(a) 

 
(b) 

Figure 9. Variation of (a) adsorbed amount and zeta potential values and (b) adsorbed amount and 
electrical conductivity values with initial pH (Initial dye concentration: 1200µM, temperature: 25°C, 
time: 60 min, solid/liquid ratio :0.1/100 g/100 mL and shaking speed:150 min−1). 

As the pH of the aqueous phase increases, the solid surface generally becomes more positive or 
less negative due to proton adsorption from solution to charged sites. From these graphs, it can be 
seen that the adsorption of positive UO22+ ions increases at low pHs, and the zeta potential values 
take on higher positive values in parallel, and the electrical conductivity values decrease due to the 
increased ionic species adsorption. 

From these figures, it can be seen that at natural pH 4.3, adsorption and zeta potential values 
decreased, but electrical conductivity values partially increased, due to the increase in the 
concentration of hydrolysis products of uranium ions in the form of UO2(OH)+ and UO2(OH)2 in the 
suspension. On the other hand, it was observed that at very high pHs, due to the dominance of the 
UO2(OH)2 hydrolysis product and the removal of ionic species from the suspension by precipitation 
on the polymer surface, the adsorbed amount increased relatively and the zeta potential and electrical 
conductivity values tended to decrease and remain constant. 

3.6. Effect of Adsorbent Dose 

Adsorbent dosage or solid/liquid ratio is an important factor in determining the sorbent-sorbate 
balance of the system for adsorption and thus the optimal amount of adsorbent. In order to examine 
the effect of adsorbent dosage on U(VI) adsorption, experiments were carried out at solid/liquid ratios 
of 0.05, 0.10, 0.15, 0.20 and 0.25g/100 mL, and the results are shown graphically in Figure 10. 
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Figure 10. Variation of the amount of U(VI) adsorbed with adsorbent dosage ((Initial dye 
concentration: 1200µM, temperature: 25°C, time: 60 min, natural pH:4.3, and shaking speed:150 
min−1). 

From Figure 10, it can be seen that with increasing adsorbent dosage, the adsorbed amount first 
decreases at a high ratio and then continues to decrease, although the decrease ratio becomes smaller 
This is normally surprising because increasing the amount of adsorbent increases the number of 
active sites. Therefore, it can be said that this decreasing trend is due to the fact that the adsorbed 
amount per unit mass does not change proportionally with the increase in the adsorbent dosage. In 
other words, at low adsorbent amounts, a very small number is divided by the adsorbed amount, 
which cannot grow in proportion to the adsorbent amount, that is, by a not very large number, which 
means that the ratio will gradually decrease. However, from this figure it can be concluded that the 
increase in the amount of adsorbent is not very decisive in terms of U(VI) adsorption and the selected 
solid/liquid ratio is an optimal value. 

4. Conclusions 

This study focuses on the preparation of a novel polymer nanocomposite material/adsorbent for 
the removal of U (VI) ions by adsorption from aqueous solutions and the examination of process 
parameters such as initial adsorbate concentration, temperature, contact time, initial pH and 
adsorbent dosage. 

The results on adsorption kinetics showed that a short period of 30 min was sufficient to reach 
adsorption equilibrium and the data showed a high fit to the pseudo-second-order kinetic model. 
Adsorption Isotherm analysis revealed high fit of the data to the Type III isotherm and the Halsey 
model. Based on this compatibility, an adsorption mechanism involving two regions (electrostatic 
and complex formation) is proposed for the U(VI)/MFCNC nanocomposite adsorption system. In this 
context, in thermodynamic analyses, adsorption isosteric enthalpy and entropy values were 
calculated separately for the first and second regions. Thus, enthalpy and entropy changes of 
different magnitudes and signs, such as 3.65 and -51.02kJ/mol and 1.77 and -167.28J/Kmol, were 
obtained. Experimental results showed that lower pHs were more favorable in terms of adsorption 
efficiency and an adsorption dosage of 0.1g/100mL was also suitable for effective adsorption. 

In conclusion, it can be claimed that the prepared nanocomposite foam adsorbent is an effective 
and potential alternative for the effective removal of U(VI) from aqueous solutions. 
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