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Kaolinite-urea intercalates were prepared by dry grinding kaolin KGa-1b with urea using a laboratory-scale planetary ball mill. The effect of milling conditions on the intercalation process was investigated over a wide range of urea content (25 m% -80 m%) and milling times (up to 2 h). The purification of the complex obtained was carried out by repeated washings with isopropanol in order to remove the excess (non-intercalated) urea. For that purpose, the proportion of intercalated urea and non-intercalated urea crystals was quantified after each washing step by combining differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) results obtained simultaneously. The optimal conditions of the intercalation were realized at a 66 m% urea loading for which a relatively low-defect complex structure was obtained in a short milling time. One drawback with the use of a high urea content (> 25 m%) during grinding was the presence of a large proportion of excess urea crystals in the as ground sample. This required repeated washing with isopropanol to purify the complex. Furthermore, the results revealed that washing with water the kaoliniteurea intercalates led to the formation of 0.84 nm kaolin hydrates and that exfoliation/delamination of kaolinite was more efficient when a high concentration of urea was used in the milling process.
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Introduction

Kaolinite is a 1:1 type clay mineral built from stacked layers of tetrahedral silica sheet and octahedral Gibbsite-like sheet. The individual layers are firmly held together by hydrogen bonds. Mainly, there are two ways to intercalate urea into kaolinite layers. The first way is by the displacement of pre-intercalate molecules such as hydrazine [START_REF] Ledoux | Infrared studies of hydrogen bonding interaction between kaolinite surfaces and intercalated potassium acetate, hydrazine, formamide, and urea[END_REF] or DMSO [START_REF] Liu | Thermal behavior of kaolinite-urea intercalation complex and molecular dynamics simulation for urea molecule orientation[END_REF]. The second way is direct intercalation of urea into the interlayer space of pristine kaolinite, by aqueous suspension [START_REF] Frost | Raman spectroscopy of urea and ureaintercalated kaolinites at 77 K. Spectrochim[END_REF]Gardolinski and Lagaly, 2005a;[START_REF] Seifi | Kaolin intercalated by urea. Ceramic applications[END_REF], mechanochemical [START_REF] Yan | Kaolinite-urea intercalation composites[END_REF]Letaief et al., 2006a;Makó et al., 2009[START_REF] Makó | Mechanochemical intercalation of low reactivity kaolinite[END_REF], and homogenization [START_REF] Makó | Simulation assisted characterization of kaolinite-methanol intercalation complexes synthesized using cost-efficient homogenization method[END_REF][START_REF] Makó | Influencing parameters of direct homogenization intercalation of kaolinite with urea, dimethyl sulfoxide, formamide, and Nmethylformamide[END_REF] methods. In the aqueous suspension method, kaolinite is mixed with a concentrated aqueous solution of urea at 25-110°C for 2-8 days, followed by centrifugation to recover the kaolinite-urea (Kaol-U) complex (Frost et al., 1997b;Gardolinski and Lagaly, 2005a;[START_REF] Zhang | Mechanism Associated with Kaolinite Intercalation with Urea: Combination of Infrared Spectroscopy and Molecular Dynamics Simulation Studies[END_REF][START_REF] Cheng | A comparison of molecular structure and deintercalation kinetics of kaolinite/quaternary ammonium salt and alkylamine intercalation compounds[END_REF].

The mechanochemical method is based on the manual or mechanical co-grinding of urea and kaolinite with or without the presence of a small amount of water [START_REF] Tsunematsu | Delamination of Urea-Kaolinite Complex by Using Intercalation Procedures[END_REF][START_REF] Valášková | Exfoliation/delamination of kaolinite by low-temperature washing of kaolinite-urea intercalates[END_REF][START_REF] Makó | Kaolinite-urea complexes obtained by mechanochemical and aqueous suspension techniques-A comparative study[END_REF][START_REF] Horváth | Vibrational Spectroscopy of Intercalated Kaolinites[END_REF]. A considerable number of studies reported on the effect of grinding and milling time on the structure of kaolinite (Aglietti et al., 1986a;[START_REF] Gonzalez Garcia | Effects of dry grinding on two kaolins of different degrees of crystallinity[END_REF][START_REF] Sánchez-Soto | Effects of Dry Grinding on the Structural Changes of Kaolinite Powders[END_REF]Frost et al., 2001aFrost et al., , 2001b[START_REF] Frost | Modification of low-and high-defect kaolinite surfaces: implications for kaolinite mineral processing[END_REF][START_REF] Franco | The effect of ultrasound on the particle size and structural disorder of a well-ordered kaolinite[END_REF][START_REF] Valášková | Exfoliation/delamination of kaolinite by low-temperature washing of kaolinite-urea intercalates[END_REF][START_REF] Valášková | Effects of brief milling and acid treatment on two ordered and disordered kaolinite structures[END_REF][START_REF] Pardo | X-Ray Diffraction Line-Broadening Study on Two Vibrating, Dry-Milling Procedures in Kaolinites[END_REF][START_REF] Vdović | The surface properties of clay minerals modified by intensive dry milling -revisited[END_REF][START_REF] Hamzaoui | Structural and thermal behavior of proclay kaolinite using high energy ball milling process[END_REF][START_REF] Ondruška | Influence of mechanical activation on DC conductivity of kaolin[END_REF]. [START_REF] Frost | Modification of low-and high-defect kaolinite surfaces: implications for kaolinite mineral processing[END_REF] found that the delamination of kaolinite surfaces taking place for short milling times (< 30 min to 2 h) was followed by reaggregation of the ground crystals. During dry milling, surface hydroxyls of the kaolinite were lost and replaced with water molecules coordinated to the new surface active sites (Frost et al., 2001a[START_REF] Frost | Modification of low-and high-defect kaolinite surfaces: implications for kaolinite mineral processing[END_REF]. In another study, [START_REF] Sánchez-Soto | Effects of Dry Grinding on the Structural Changes of Kaolinite Powders[END_REF] showed that grinding Georgia kaolin produced a strong structural alteration, mainly along the c axis, resulting in disorder and total degradation of the crystal structure of the kaolinite and the formation of an amorphous product. As with the grinding of kaolin, the co-grinding of kaolin and urea resulted in structural disorders and a reduction in particle size [START_REF] Makó | Mechanochemical intercalation of low reactivity kaolinite[END_REF]. Structural disorders induced by milling can make it difficult to incorporate other organic molecules by the direct displacement method. In the homogenization method, which has been reported more recently, kaolinite is mixed with urea in an agate mortar with a small amount of distilled water and the mixture is aged in a closed or opened sample holder [START_REF] Makó | Simulation assisted characterization of kaolinite-methanol intercalation complexes synthesized using cost-efficient homogenization method[END_REF][START_REF] Makó | Characterization of kaolinitecetyltrimethylammonium chloride intercalation complex synthesized through ecofriend kaolinite-urea pre-intercalation complex[END_REF][START_REF] Makó | One-pot exfoliation of kaolinite by solvothermal cointercalation[END_REF]. The amount of urea used in the mechanochemical and homogenization methods was an order of magnitude less than in the suspension aqueous method. The homogenization method advantageously makes it possible to obtain a more ordered Kaol-U complex compared to mechanochemical method, but still, we are not aware of any study reporting complete intercalation of urea through this method. The optimal conditions for the preparation of the Kaol-U complex by the homogenization method were as follows: 55 m% kaolinite content, 0.7 mass fraction of urea, and aging in an open sample holder at 80°C for 24 h [START_REF] Makó | Influencing parameters of direct homogenization intercalation of kaolinite with urea, dimethyl sulfoxide, formamide, and Nmethylformamide[END_REF]. Under these conditions, there was still about 15% kaolinite not intercalated by urea. In view of the current research status of Kaol-U intercalates, the preparation methods still need to be improved to be simple, fast, and cost-effective. In this work, ball milling in dry conditions low-defect kaolinite with urea was further explored by investigating the effect of milling conditions (milling times and urea-to-kaolin mass ratio) on the intercalation process. 10 to 40 m% urea loadings are usually used for the preparation of Kaol-U intercalates by co-grinding kaolin with solid urea [START_REF] Tsunematsu | Delamination of Urea-Kaolinite Complex by Using Intercalation Procedures[END_REF][START_REF] Letaief | Clay-Polymer Nanocomposite Material from the Delaminaeon of Kaolinite in the Presence of Sodium Polyacrylate[END_REF][START_REF] Rutkai | Simulation and experimental study of intercalation of urea in kaolinite[END_REF]. Higher urea loadings (> 40 m%) for which only a few studies are reported so far (Letaief et al., 2006a) were also tested for comparison.

The weakening of the interlayer hydrogen bonds caused by the intercalation of urea may facilitate the delamination/exfoliation of kaolinite after a subsequent treatment of the Kaol-U complex [START_REF] Tsunematsu | Delamination of Urea-Kaolinite Complex by Using Intercalation Procedures[END_REF][START_REF] Valášková | Effects of brief milling and acid treatment on two ordered and disordered kaolinite structures[END_REF]. Therefore, the structural characteristics of kaolinite after washing the Kaol-U intercalates with water were also investigated in this paper. Another scientific problem addressed in this paper concerns the removal of excess urea (not intercalated). This purification step is important from different aspects: excess urea may decrease the efficiency of the displacement method when the Kaol-U complex is used as a pre-intercalate. On the other hand, the excess urea can lead to a significant burst release of urea in the environment which can be harmful when the intended application requires a controlled release of urea, for example for the preparation of urea controlled-release fertilizers. A further point to consider is that the washing can be accompanied by a partial deintercalation of urea, hence the need to control this purification step. To our knowledge, this problem of purification by the washing of the Kaol-U complex has not been investigated so far.

Experimental details

Intercalation of kaolinite with urea.

The kaolin used in this study was low defect kaolinite (KGa-1b; Georgia) from the Source Clays Repository of the Clay Mineral Society (CMS) with a Hinckley index (HI) of around 1.09 [START_REF] Hinckley | Variability in "crystallinity" Values among the Kaolin Deposits of the Coastal Plain of Georgia and South Carolina[END_REF]. The chemical composition of the kaolin in m% of the various oxides is : SiO2, 44.2; Al2O3, 39.7; TiO2, 1.39; Fe2O3, 0.13; FeO, 0.08; MnO, 0.002; MgO, 0.03; Na2O, 0.013; K2O, 0.05; F, 0.013; P2O5, 0.034 (https://www.clays.org/sourceclays_data/). The dehydroxylation mass loss of KGa-1b is 13.47% (theoretical mass loss 13.95%) indicating that KGa-1b contains 96 m% kaolinite with minor phases such as quartz, anatase, and mica [START_REF] Pruett | Sampling and Analysis of KGa-1B Well-Crystallized Kaolin Source Clay[END_REF]. All the particles of the original sample were passed through a 635-mesh sieve that means kaolin particles are less than 20 µm. KGa-1b was mixed with 25, 50, 66, and 80 m% of urea (Fisher, >99%), and the mixtures (15 g) were ground for different times (5 min to 2 h) with a planetary ball mill (PM100; Retsch corporation) in a 125 cm 3 agate jar with 30 agate balls (10 mm diameter). The applied rotation speed was 400 rpm and the direction of rotation was reversed every 10 min to avoid any agglomeration with a 1 min break to prevent the powder from reaching too high temperatures. For isopropanol washing, the as-ground mixture (2g) was suspended in 15 ml isopropanol with gentle shaking for 30 s before applying vacuum to rapidly filter the dispersion. Afterwards, the product was dried at 40°C for 48 h. The total removal of urea was carried out by vigorously shaking a suspension of the as-ground mixture (1 g) in 100 ml water for 24 h at room temperature. The operation was repeated two times and then, the solid was separated by centrifugation (3000 rpm for 10 min), resuspended in 100 ml water and shaken for 1 h in an ultrasonic bath. The resulting suspension was centrifuged (3000 rpm for 10 min) to isolate the solid that was dried at 60°C for 24 h. For comparison, a KGa-1b sample was also prepared following the same treatments as Kaol-U intercalated samples.

Experimental methods

Powder X-ray diffraction (XRD) analyses were implemented on a Siemens D5000 type diffractometer equipped with a vertical goniometer and diffracted beam monochromator. The radiation applied was Cu Kα (λ = 0.1541 nm) generated at 40 kV and 40 mA. The samples were measured in step scan mode with 0.04° step size and 4 s step scan.

The degree of intercalation α was calculated using the integral intensity of the (001) reflections of the unexpanded kaolinite, I0 and the intercalation compound, I (Gardolinski and Lagaly, 2005b): α = 100.I/(I+I0). Simultaneous DSC/TGA was performed using a TA Instruments SDT600 heating rate under continuous nitrogen purge of 100 mL/min. The samples (ca. 10 mg) were typically equilibrated at 30°C and ramped to 800°C at a rate of 10°C/min and data analysis was performed using Universal Analysis 2000 software package.

The Fourier transform infrared (FTIR) spectra were recorded on a FTIR spectrometer Nexus, (ThermoNicolet) equipped with an attenuated total reflectance diamond crystal unit (Thermo Scientific Smart iTR). 32 scans were obtained at a resolution of 4 cm -1 and over a spectral range of 600-4000 cm -1 . Scanning electron microscopy (SEM) images were recorded with a Zeiss Supra 40 VP Field Emission Scanning Electron Microscope in the secondary electron mode and at an accelerating voltage of 3 kV. The samples were mounted on aluminum stubs with a double-sided adhesive carbon disk and coated with a thin layer of gold to prevent charging of the surface.

Results and discussion

Effect of milling conditions on the characteristics of Kaol-U intercalate

A urea loading of 25 m% was selected because it corresponds to commonly used loading conditions. Ball milling was more rarely carried out with > 40 m% urea loadings.

Consequently, it seemed interesting to study samples with urea loadings of 50 m%, 66 m%, and 80 m%, in addition to the 25 m% urea loading sample. When kaolin was ground with 80 m% urea, the powder stuck to the jar walls and the balls even after short milling times. This sample was therefore not further studied. In agreement with previous studies (Letaief et al., 2006b;[START_REF] Makó | Kaolinite-urea complexes obtained by mechanochemical and aqueous suspension techniques-A comparative study[END_REF][START_REF] Makó | Mechanochemical intercalation of low reactivity kaolinite[END_REF][START_REF] Makó | One-pot exfoliation of kaolinite by solvothermal cointercalation[END_REF][START_REF] Makó | Influencing parameters of direct homogenization intercalation of kaolinite with urea, dimethyl sulfoxide, formamide, and Nmethylformamide[END_REF], the intercalation of urea into kaolinite resulted in a displacement of the (001) reflection to a lower angle (Fig. 1 and Fig. S1). For the raw kaolinite, the d-value was 0.71 nm, but when it was intercalated by urea, the d-value was shifted to 1.07 nm. The degree of intercalation increased significantly with the grinding time.

The kaolin co-ground 1/4 h with 66 m% solid urea led to 94% intercalation while the rate of intercalation was only 47% when kaolin was co-ground with 25 m% solid urea. 1 h of co-grinding kaolin with 66 m% urea led to almost 100% intercalation while 2 h of grinding was necessary to obtain a high degree of intercalation (94%) with 25 m% urea. The efficiency of urea intercalation with the 50 m% urea loading sample was intermediate (87 and 96% intercalation were calculated after 1/4 h and 1 h grinding time, respectively) between that of the sample loaded with 25 m% urea and that of the sample loaded with 66 m% urea. The XRD results showed that an excess of urea increases the ability of the kaolinite layers to be expanded by urea. High degrees of urea intercalation by mechanochemical treatment were reported in the literature for grinding times greater than 1 hour [START_REF] Makó | Mechanochemical intercalation of low reactivity kaolinite[END_REF]. Here, 1/4 h of co-grinding was sufficient to achieve almost complete intercalation when kaolin is co-ground with a small excess of urea (66 m% urea). This is the most interesting result of the present study. Moreover, the relatively sharp profile of the (001) reflection at 1.07 nm after 1/4 h co-grinding showed that the Kaol-U complex was well-ordered with a large crystallite size along the c axis. It is noted that the influence of the urea content on the degree of intercalation by the mechanochemical method appears opposite to that observed by the homogenization method which led to an increasing degree of intercalation with the level of kaolinite up to 70 m% of kaolinite [START_REF] Makó | Influencing parameters of direct homogenization intercalation of kaolinite with urea, dimethyl sulfoxide, formamide, and Nmethylformamide[END_REF]. A significant broadening of the 1.07 nm reflection was observed when grinding time increased which can be related to the increase of the mean lattice strain and/or to the reduction of the crystallite size during mechanochemical process [START_REF] Makó | Kaolinite-urea complexes obtained by mechanochemical and aqueous suspension techniques-A comparative study[END_REF]. The full width at half-maximum (FWHM) value of the 1.07 nm reflection was slightly broader for the intercalate prepared with 25 m% urea compared to those prepared with 66 m% urea. This result suggests that co-grinding kaolinite with an excess of urea led to the formation of greater crystallite size of Kaol-U complexes along the c axis. For the rest of the study, we studied more specifically two urea loadings, 25 m% (the most common loading) and 66 m% which gave the higher efficiency of intercalation. The morphology of the untreated kaolin and the different treated kaolin samples was observed by SEM (Fig. 2). Micrograph of the untreated kaolin revealed the typical booklet morphology of kaolinite with many stacked euhedral pseudohexagonal platelets with a lateral size mostly less than 4 µm. After 1 h grinding without urea, kaolinite did not exhibit the booklet morphology and there was less stacking of the kaolinite particles, but the hexagonal shape of the particles was largely preserved (Fig. 2,b). Fig. 2f showed XRD patterns of starting kaolin before and after one hour of dry grinding. The HI value of raw kaolinite was 1.09 which indicated that KGa-1b belongs to the category of ordered kaolinite.

After 1 h grinding, a significant loss in the definition of reflections occurring between 19 and 24° (2θ) was observed, suggesting that grinding results in some structural disorder. At the same time, the width and intensity of the (001) reflection remained almost unchanged while the d-value slightly increased from 0.713 nm to 0.718 nm. Overall, XRD results indicated that the applied milling regime resulted in small structural changes for kaolinite, which agrees with SEM observations. These results can be compared with those obtained recently by [START_REF] Ondruška | Influence of mechanical activation on DC conductivity of kaolin[END_REF]. These authors have indeed used the same type of planetary mill.

Milling balls made of a high-density material lead to high kinetic energy provided in the collision (Štefanić et al., 2007). Despite the use of heavier corundum balls (ρ = 3.8 g/cm 3 ) instead of agate balls (ρ = 2.4 g/cm 3 ), the XRD reflections of kaolinite after 1 h grinding time also showed little amorphization of kaolinite [START_REF] Ondruška | Influence of mechanical activation on DC conductivity of kaolin[END_REF]. After 1/4 h grinding kaolin with 66 m% urea still showed many stacks of euhedral pseudohexagonal platelets with no delamination (Fig. 2,c). The SEM observations fit well with the XRD results which suggested the formation of well-ordered Kaol-U intercalates after 1/4 h co-grinding. Cogrinding kaolin with solid urea for longer grinding times (1 or 2 h) led to more significant changes in morphology (Fig. 2, d, ande). After 1 h grinding kaolin with 66 m% urea, a few plates still showed developed euhedral edges but most of them were somewhat irregular. It was seen that 2 h grinding kaolin with 25 m% urea led to an even greater modification of the morphology of the original kaolinite with the formation of shapeless agglomerates consisting of partially fused nanometer-sized particles giving them an apparent rugged surface. The derivative thermogravimetric (DTG) curves in Fig. 3 showed the complex nature of the decomposition of the Kaol-U samples. The first mass loss, below 125°C, was assigned to the removal of adsorbed/coordinated water. The amount of water loss increased as the grinding time increased, following other reported works [START_REF] Gonzalez Garcia | Effects of dry grinding on two kaolins of different degrees of crystallinity[END_REF][START_REF] Sánchez-Soto | Effects of Dry Grinding on the Structural Changes of Kaolinite Powders[END_REF]Frost et al., 2001b;[START_REF] Hamzaoui | Structural and thermal behavior of proclay kaolinite using high energy ball milling process[END_REF]. The increase in the amount of water loss in TGA is attributed to "gel water" formed by mechanochemical dehydroxylation from the structural hydroxyl groups of kaolinite [START_REF] Makó | Kaolinite-urea complexes obtained by mechanochemical and aqueous suspension techniques-A comparative study[END_REF]. The second mass loss step, between 135 and 400°C indicated the existence of a complex multistep mechanism which is related to the loss of urea (non-intercalated and intercalated) and the residue of coordinated water [START_REF] Kristóf | Thermoanalytical Investigations on Intercalated Kaolinites[END_REF]. The decomposition pattern of urea drastically changed with grinding time (and thus, an increasing amount of intercalated urea) which suggests that the intercalated urea does not follow the same decomposition pathway as the adsorbed (external) urea. Notably, after 2 h grinding and near-complete intercalation of urea (from XRD results), no mass loss was observed between 250 and 350°C, as discussed below.

The third mass loss step, between 400 and 800°C, is due to the dehydroxylation of kaolinite with the formation of meta-kaolinite [START_REF] Miller | Prototropy in Kaolinite during Percussive Grinding[END_REF]Aglietti et al., 1986a;Frost et al., 1997aFrost et al., , 1997b[START_REF] Frost | Raman spectroscopy of urea and ureaintercalated kaolinites at 77 K. Spectrochim[END_REF]Frost et al., , 2003;;[START_REF] Horváth | Thermal treatment of mechanochemically activated kaolinite[END_REF][START_REF] Makó | Kaolinite-urea complexes obtained by mechanochemical and aqueous suspension techniques-A comparative study[END_REF][START_REF] Makó | Mechanochemical intercalation of low reactivity kaolinite[END_REF]. The dehydroxylation of kaolinite took place at 514°C for original kaolinite and at 500, 487 and 482°C for the kaolin milled with 25 m% urea for 1/4, 1, and 2 h, respectively. Thus, the dehydroxylation peak temperature of kaolinite shifted to a lower temperature as the grinding time increased. This feature will be further discussed later in this paper.

Isopropanol washes for excess urea removal

The objective of the washing step with isopropanol was to eliminate the excess urea crystals.

The solubility of urea in isopropanol is lower than in other alcohols (such as methanol or ethanol) which should allow better control of the washing process by decreasing the risk of removal of interlayer urea during washing [START_REF] House | Thermodynamics of dissolution of urea in water, alcohols, and their mixtures[END_REF]. Fig. 4 showed the thermogravimetric analyses of the kaolin ground with 66 m% solid urea for 1 h before and after three and seven successive washing steps with isopropanol. Fig. 4 also displayed the TGA curve of urea. The thermal decomposition of urea under an N2 atmosphere is a very complex process. Based on the study by [START_REF] Schaber | Thermal decomposition (pyrolysis) of urea in an open reaction vessel[END_REF], the mass loss below 190°C was principally associated with urea decomposition, first resulting in the evolution of NH3 (g) and HNCO (g). From 160°C, HNCO (g) reacts with intact urea to produce biuret and from 175°C, small amounts of cyanuric acid(s) and ammelide(s) commence to be produced from common reactants, biuret, and HNCO. Between 190 and 250°C, urea continues and biuret begins to decompose to produce large quantities of cyanuric acid and ammelide. Ammeline begins to be formed in this temperature range. The mass loss above 250°C was related to the sublimation and eventual decomposition of cyanuric acid, ammeline, and ammelide. TGA curves in Fig. 4 showed a progressive decrease in mass losses above 250°C during successive washes, i.e. when excess external urea is eliminated. This suggests that decomposition of intercalated urea takes place by a reaction process different in terms of total product distribution and/or intermediates observed than urea. As no mass loss was observed above 250°C when external urea was totally eliminated, intercalated urea most likely degrades without producing appreciable amounts of cyanuric acid, ammeline, and ammelide.

Simultaneous DSC/TGA can be used to study the morphological state of urea in the samples obtained after co-grinding kaolin with solid urea. The DSC curves of the ground samples before and after isopropanol washes are shown in Fig. 5. The endothermic peak at 135°C in the DSC curves was attributed to the melting of urea crystallites. In the DSC curves of the ground samples, it is clearly seen that the amount of crystalline urea decreased with isopropanol washings. It is reasonable to suppose that the intercalated urea is in an amorphous state because the interlayer space is not large enough for urea crystallization.

The area of the endothermic peak at 135°C is thus directly proportional to the amount of external surface urea crystallites. The above results showed that external urea was progressively removed after isopropanol washing. From the DSC curves of the kaolin ground for 2 h with 25 m% urea, it is seen that total elimination of external urea required three successive washes with isopropanol. On the other hand, DSC curves of the kaolin ground for 1 h with 66 m% urea still showed an endothermic melting peak of urea even after seven successive washing steps, indicating that much more washings are needed for the total elimination of external urea when large amounts of urea were used in the kaolin-urea mixture. The following method can be implemented to give a more quantitative description of the type and amount of urea in the kaolin-urea samples. The mass loss in TGA between 135 and 400°C was used to determine the total urea content. Based on this method, the amount of urea in the as ground kaolin-urea samples (corrected from the physisorbed water loss below 135°C) was 27 m% for the kaolin co-ground with 25 m% urea and 67 m% for the kaolin co-ground with 66 m% urea, which is close to the expected values. The slight differences between the expected and calculated values are likely due to a small contribution from the coordinated water produced during the mechanochemical degradation to the loss of mass measured between 135 and 400°C. The percentage of intercalated (i.e. amorphous) urea in the samples relative to total urea, %Xa, was calculated as:

% = 100. (1 - .∆ ) .∆ ) (1)
Where ∆Hm is the heat of fusion of urea in the kaolin-urea sample determined in the DSC thermogram, ∆H0 is the heat of fusion of 100% crystalline urea determined from the DSC thermogram of urea and W is the mass percentage of urea in the kaolin-urea sample determined from TGA by the mass loss measured in the 135-400°C range. The heat of fusion relative to the fusion of urea (in J/g) was determined from the area under the melting endotherm of urea between 129 and 152°C in the DSC signal. The percentage of total urea, %UTot, in the sample calculated by removing the contribution of physisorbed water was determined from Eq. ( 2),

% = 100. ( ) (2) 
Where is the mass % of physisorbed water in the kaolin-urea sample determined from TGA by the mass loss measured in the 20-135°C range. The percentage of intercalated urea (%UInt) in the kaolin-urea sample was determined using the following equation % =

.% !"

(3) Fig. 6 showed the amount of intercalated urea relative to total urea, %Xa, and the amount of intercalated urea, %UInt, in the kaolin-urea samples. After grinding for 2 h kaolin with 25 m% urea (KU-25), the intercalated urea content was 24.6 m% corresponding to 92 m% of the total urea. Three successive washing in isopropanol allowed the total elimination of external surface urea but this was accompanied by a partial deintercalation of urea, giving an intercalated urea content of 14.4 m%. The elimination of external urea required more extensive washing when kaolin was co-ground with 66 m% urea (KU-66). After seven successive rinses with isopropanol, the intercalated urea content in KU-66 was 20.8 m% corresponding to 79 m% of the total urea. Note that the content of intercalated urea is certainly slightly overestimated because of loss of water between 135 and 400°C (gel water formed during co-grinding and/or thermal dehydroxylation below 400°C during TGA ramp) .

XRD analyses of the samples were also carried out to determine the changes in the degree of intercalation after isopropanol washes (Fig. 7). XRD patterns of KU-25 showed that the (001)

reflection collapsed partially to a d-value of 0.71 nm after the successive rinses with isopropanol. This agrees with the DSC/TGA results that showed a significant deintercalation of urea after isopropanol washes. On the other hand, KU-66 exhibited no collapse to a dvalue of 0.71 nm after isopropanol washing. DSC/TGA results of KU-66 indicated that intercalated urea reduces from 26.8 m% to 20.8 m%, before and after seven successive washes. These results suggest that a small deintercalation of urea during isopropanol rinses was not necessarily accompanied by the collapse of the kaolinite layer.

FTIR analysis

FTIR spectra of the original kaolin and the ground kaolin-urea (25 m%) mixtures were shown in Fig. 8. KGa-1b had the characteristic OH stretching pattern with 3687, 3669, and 3651 cm -1 bands attributed to the inner surface hydroxyl groups of the alumina surface. The surface -OH groups were accessible for hydrogen bonding with the intercalated molecules. Their intensity and location are thus usually sensitive to the intercalation of organic molecules.

Another characteristic band at 3620 cm -1 is attributed to the stretching of the inner hydroxyl groups. The inner-OH are located within the kaolinite framework and rarely interact with organic intercalates [START_REF] Elbokl | Kaolinite-poly(methacrylamide) intercalated nanocomposite via in situ polymerization[END_REF]. Upon grinding kaolin with 25 m% urea for different times, the absorption bands at 3687, 3669, and 3651 cm -1 from inner-surface hydroxyl groups decreased with grinding times while the band at 3619 cm -1 remained unperturbed. The infrared spectrum of urea was characterized by two strong bands at 3428 and 3334 cm -1 assigned to the NH2 stretching vibrations. The weak band at 3254 cm -1 is assigned to a combination band of the symmetrical NH2-deformation and the CO stretching vibration [START_REF] Keuleers | Vibrational Analysis of Urea[END_REF]. These bands were observed in the infrared spectra of the as-ground samples showing the presence of external urea for these samples. However, they disappeared completely after washing with isopropanol, indicating that the excess external urea was totally removed during the isopropanol washing. This is identical to the DSC/TGA results. New bands also appeared at 3500, 3410, and 3387 cm -1 . The position of these new bands was similar to those previously reported (Letaief et al., 2006a;[START_REF] Zhang | Mechanism Associated with Kaolinite Intercalation with Urea: Combination of Infrared Spectroscopy and Molecular Dynamics Simulation Studies[END_REF].

They were related to NH2 groups of urea involved in hydrogen bonds with inner-surface hydroxyls. The antisymmetric and symmetric NH2 stretching vibrations of urea in urea-water solutions were reported at 3488 and 3379 cm -1 , respectively [START_REF] Keuleers | Vibrational Analysis of Urea[END_REF]. The corresponding bands shifted to higher wavenumbers in the FTIR spectra of Kaol-U intercalates, supporting the weak hydrogen bonds between occluded urea and kaolinite. The amine group of urea can interact as an H-donor with the oxygens of the tetrahedral sheet (NH2…O-Si) and with the oxygens of the hydroxyl groups on the alumina surface. The broad 3500 cm -1 band contains the contribution of the NH antisymmetric stretching of intercalated urea with alumina and siloxane sheets in different environments. The bands at 3410 and 3387 cm -1 were due to the corresponding NH symmetric stretching vibrations. In the literature, it was postulated that the 3380 cm -1 band corresponded to NH2 groups interacting with the siloxane sheet [START_REF] Ledoux | Infrared studies of hydrogen bonding interaction between kaolinite surfaces and intercalated potassium acetate, hydrazine, formamide, and urea[END_REF]. It was more recently reported using molecular dynamics simulation that the interaction energy of urea with alumina surfaces was greater than that with siloxane surfaces [START_REF] Zhang | Mechanism Associated with Kaolinite Intercalation with Urea: Combination of Infrared Spectroscopy and Molecular Dynamics Simulation Studies[END_REF]. The assignment of each of the two bands at 3410 and 3387 cm -1 to a specific interaction with the siloxane or alumina sheet is thus rather speculative. Another difference in the NH stretching region was the appearance of a poorly resolved band around 3450 cm -1 . The intensity of this band increased with grinding time but it is strongly reduced after extensive isopropanol washing. [START_REF] Seifi | Kaolin intercalated by urea. Ceramic applications[END_REF] noted absorption in the same wavelength range for Kaol-U intercalates and assigned this band to NH groups of urea linked to kaolinite by hydrogen bonding. The FTIR spectrum of KGa-1b (KBr pellet) gave two bands at 3457 and 1635 cm -1 that are related to OH stretching and OH deformation of water, respectively [START_REF] Madejová | Baseline studies of the clay minerals society source clays: infrared methods[END_REF]. The infrared spectra of the ground kaolin-urea mixtures did not show a well-resolved band at 1635 cm -1 due to overlapping with the strong NH2 deformation bands but the intensity of the absorption around 1635 cm -1 increased with grinding time and strongly decreased after isopropanol washing. Thus, the most likely explanation of the 3450 cm -1 band is that it corresponded to adsorbed water formed by mechanochemical dehydroxylation and which was largely removed during extensive isopropanol washing. In the infrared spectrum of urea, the bands at 1674, 1618, 1588 and 1460 cm -1 were assigned to δs (NH2), δas(NH2), ν(CO) and νas(CN) vibrations, respectively [START_REF] Grdadolnik | Urea and urea-water solutions-an infrared study[END_REF]. As the symmetrical NH2 deformation and CO stretching vibrations are strongly coupled, any further discussion concerning the shifts of the 1674 and 1588 cm -1 bands would be purely speculative. The CN stretching vibration was shifted from 1460 to 1466 cm -1 in the spectra of the 2 h-ground kaolin-urea mixtures. After elimination of external urea by isopropanol washing, the CN stretching vibration of the intercalated urea was shifted to 1474 cm -1 . The increase in wavenumber indicated interactions in intercalated urea that strengthen the C-N bond. It suggests the formation of charge-transfer complex in which the oxygen atom of CO acts as an electron donor and the hydrogen atom of NH2 as an electron acceptor resulting in C-N bond having more double bond character. This positive shift of νas(CN) band was similar to that found by [START_REF] Zhang | Mechanism Associated with Kaolinite Intercalation with Urea: Combination of Infrared Spectroscopy and Molecular Dynamics Simulation Studies[END_REF] and it supports their conclusion that the C=O groups of urea acted as H-acceptors for the hydroxyl groups on alumina surfaces while the amino group of urea acted as H-donor with basal oxygens on siloxane surfaces and/or with the oxygens of hydroxyl groups on alumina surfaces. The position of the CN stretching vibration of the as-ground samples (no isopropanol washing) reflected the presence of intercalated urea and of some external crystals of urea. The bands at 1000 , 1025 (Si-O-Si in plane vibrations) and 1115 cm -1 (apical Si-O) seen in Fig. S2 are the typical SiO bands of kaolinite [START_REF] Horváth | Vibrational Spectroscopy of Intercalated Kaolinites[END_REF]. The bands at 1000 and 1025 cm -1 remained constant in position in the spectra of Kaol-U intercalates; however two shoulders appear at ∼1040 and ∼1122 cm -1 that were both increasing in intensity with grinding time. Thus, the local environment of Si atoms was changed upon the intercalation of urea. Similar band shifts in the υ(Si-O) region have been reported for hydrazine intercalated kaolinite [START_REF] Johnston | Infrared and Inelastic Neutron Scattering Study of the 1.03-and 0.95-nm Kaolinite-Hydrazine Intercalaeon Complexes[END_REF]. Another means of evaluating the changes in the structure of kaolinite upon intercalation is the study of the AlOH bending region between 850 and 960 cm -1 . Kaolinite had two bands at 938 and 910 cm - 1 that can be assigned to the bending vibrations of the inner-surface hydroxyl and inner hydroxyl, respectively. On grinding kaolin with urea an additional absorption appeared at 902 cm -1 . The intensity of 902 cm -1 bands increased with grinding time. Due to the concomitant decrease of the 938 cm -1 band with increasing grinding time, it seems reasonable to assign the 902 cm -1 band to the hydroxyl deformation vibration of the inner surface hydroxyls hydrogen bonded to the C=O of urea, as proposed by [START_REF] Makó | Kaolinite-urea complexes obtained by mechanochemical and aqueous suspension techniques-A comparative study[END_REF].

The decreasing intensity of the band at 902 cm -1 following washing with isopropanol suggested that urea was partially deintercalated from kaolinite by washing. This result is consistent with the XRD observations.

Structural characteristics of kaolinite after urea washing

The morphological changes which took place in the Kaol-U complexes after water washing treatment were studied by XRD, FTIR, and TGA. Fig 9a showed the first basal diffractions of kaolinite and Kaol-U intercalates after water washing treatments. Upon water washing of the original KGa-1b or KGa-1b after 1 h grinding, the non-expanded (001) diffraction at 0.71 nm remained unchanged. The washed Kaol-U intercalates showed a more interesting XRD pattern with a broad (001) reflection indicating the formation of a hydrate phase with a poorly resolved XRD reflection centered around 0.84 nm and an additional phase at a slightly higher interlayer distance than the original kaolinite (mean 0.76 nm). The XRD pattern of the non-expanded kaolinite was thus not restored after the removal of urea by water washing.

Various synthetic kaolinite hydrates were reported with d-values near 0.84 nm [START_REF] Tunney | Preparation and Characterization of an 8.4 Å Hydrate of Kaolinite[END_REF][START_REF] Gardolinski | Layered polymer-kaolinite nanocomposites[END_REF][START_REF] Valášková | Exfoliation/delamination of kaolinite by low-temperature washing of kaolinite-urea intercalates[END_REF]. A 0.76 nm reflection appeared when a potassium acetate complex of a Georgia kaolinite was washed with water [START_REF] Deeds | Intercalation and interlayer hydration of minerals of the kaolinite group[END_REF]. Residual unexpanded (d-value = 0.71 nm) kaolinite was observed for the washed Kaol-U intercalate prepared with 25 m% urea, which is not surprising when we take into account that the Kaol-U intercalate with 25 m% urea contains 6% of non-expanded kaolinite. The intensity in the 0.84 nm reflection of the hydrate as relative to the intensity of the 0.76 nm reflection was slightly higher for the intercalate prepared with the higher amount of urea (66 m%). Compared to the Kaol-U intercalates prepared with 25 m% urea, a more pronounced reduction of the 001 diffraction intensity was observed for the kaolinite intercalated with 66 m% urea. This suggests that the exfoliation/delamination of kaolinite is more efficient when a high concentration of urea is used in the preparation of the Kaol-U intercalate, in agreement with previous studies [START_REF] Tsunematsu | Delamination of Urea-Kaolinite Complex by Using Intercalation Procedures[END_REF][START_REF] Valášková | Exfoliation/delamination of kaolinite by low-temperature washing of kaolinite-urea intercalates[END_REF]. The results of the thermal analyses of the water-washed samples were given in Fig. 9b. The complete disappearance of the DTG peaks related to urea decomposition indicated that urea was almost totally removed by the water washing procedure. The TGA curves showed a continuous mass loss in the temperature range of 20-300°C due to dehydration (and possibly residual urea for the co-ground samples) while the second mass loss step between 350 and 700°C was due to the elimination of structural water. It was noticeable that the DTG curve of the washed KU-66 intercalated with 66 m% urea showed two distinct peaks at 44 and 190°C related to dehydration which suggested two types of water in kaolinite. The sample prepared with 25 m% urea lost water in an apparently continuous mass loss between 20 and 300°C. The mass loss due to dehydration corresponded to 4.8% for the sample prepared with 66 m% urea and 4.4% for the sample prepared with 25 m% urea, giving a stoichiometry of Al2Si2O5(OH)4(H2O)0.72 and Al2Si2O5(OH)4(H2O)0.66, respectively. The stoichiometry of the water molecules thus found was in accordance with the stoichiometry reported for 0.84 nm kaolinite hydrates prepared from other kaolinite intercalates [START_REF] Costanzo | Static and Dynamic Structure of Water in Hydrated Kaolinites. I. The Static Structure[END_REF]. Table 1 showed the variations in the DTG dehydroxylation peak temperature with the milling and post-treatment conditions.

With increased grinding time, the dehydroxylation temperatures shifted to lower values and it may be noted that the shift was more pronounced when kaolin was co-ground with a large fraction of urea. Further, it appeared that when the crushed samples were subjected to washing with isopropanol or urea removal upon immersion in water, the thermal dehydroxylation temperature increased significantly again, while remaining lower than the dehydroxylation temperature of the original kaolinite. The effect of isopropanol washes on the dehydroxylation temperature was more pronounced with kaolin co-ground with low fraction of urea (25 m%). This, combined with the fact that the washes of Kaol-U intercalates with isopropanol induced a higher degree of deintercalation with urea loading of 25 m%, implies that the drop in the dehydroxylation temperature was partly linked to the interactions established by intercalated urea. Urea is almost completely decomposed when thermal dehydroxylation of kaolinite occurs. Therefore, it is in fact the residues of the decomposition of urea which, by interacting with the kaolinite, would be at the origin of the drop in the dehydroxylation temperature. On the other hand, dry grinding or co-grinding produced an increased amount of disordered and amorphous kaolinite phase (Aglietti et al., 1986a(Aglietti et al., , 1986b;;[START_REF] Gonzalez Garcia | Effects of dry grinding on two kaolins of different degrees of crystallinity[END_REF][START_REF] Suraj | The effect of micronization on kaolinites and their sorption behaviour[END_REF][START_REF] Sánchez-Soto | Effects of Dry Grinding on the Structural Changes of Kaolinite Powders[END_REF]Frost et al., 2001b;[START_REF] Pardo | X-Ray Diffraction Line-Broadening Study on Two Vibrating, Dry-Milling Procedures in Kaolinites[END_REF][START_REF] Vdović | The surface properties of clay minerals modified by intensive dry milling -revisited[END_REF]. The effect of the irreversible structural changes induced by grinding can be illustrated by observing the thermal behavior of the ground samples after the removal of urea by repeated washing with water. Compared to the original kaolinite, after co-grinding kaolin with 66 m% urea for 1 h and subsequent removal of urea by immersion in water, the dehydroxylation temperature showed a decrease of around 25°C. On the contrary, when kaolin was co-ground with 25 m% urea, there was a marginal decrease in the dehydroxylation temperature (~7°C after 2 h cogrinding). The decrease in dehydroxylation temperatures observed in this study appeared to be lower than that reported in a previous study about the Kaol-U complex obtained by mechanochemical intercalation [START_REF] Makó | Mechanochemical intercalation of low reactivity kaolinite[END_REF]. This confirmed that ball milling was performed under relatively mild conditions that did not result in a strong disorder of kaolinite. The remaining structural water after grinding kaolin or co-grinding kaolin with solid urea and subsequent washing of urea with water can be related to the relative mass losses in the range 400-800°C [START_REF] Makó | Kaolinite-urea complexes obtained by mechanochemical and aqueous suspension techniques-A comparative study[END_REF][START_REF] Makó | Mechanochemical intercalation of low reactivity kaolinite[END_REF][START_REF] Hamzaoui | Structural and thermal behavior of proclay kaolinite using high energy ball milling process[END_REF] (the amount of dehydroxylation water of the unground kaolin was considered to be 100% [START_REF] Makó | Kaolinite-urea complexes obtained by mechanochemical and aqueous suspension techniques-A comparative study[END_REF]). After 1 h of grinding, the relative mass loss of KGa-1b was 93%. After the kaolin was co-ground with 66 m% urea for 1/4 h and 1 h, the relative mass losses of dehydroxylation were 97% and 93%, respectively. After 1/4, 1 and 2 h co-grinding kaolin with 25 m% urea, the relative mass losses of dehydroxylation were 100%, 95%, and 92%, respectively. These results indicated that amorphization increased with the grinding time, with only a minor effect of the urea content on the amorphization rate. On the other hand, the above values showed that the ball milling conditions used in the present study led to minor amorphization of kaolinite (after grinding or co-grinding with urea), notably comparing with other milling conditions reported in previous studies [START_REF] Makó | Kaolinite-urea complexes obtained by mechanochemical and aqueous suspension techniques-A comparative study[END_REF][START_REF] Makó | Mechanochemical intercalation of low reactivity kaolinite[END_REF]. These findings are consistent with the former XRD and SEM observations. The infrared spectra of the notground kaolin and kaolin ground for 1 h after water washing were nearly identical to the infrared spectrum of the original kaolin (Fig. 9c). The infrared spectra of the Kaol-U intercalates after water washing showed a OH stretching band at 3545 cm -1 and a water deformation band at 1652 cm -1 which support the formation of a kaolinite hydrate. These spectral features were in good accord with those observed in the infrared spectra of the 0.84 nm hydrate prepared by washing with water an ethylene glycol intercalated kaolinite [START_REF] Tunney | Preparation and Characterization of an 8.4 Å Hydrate of Kaolinite[END_REF]. Additional changes were observed in the inner -OH band at 3619 cm -1 which was broader with the appearance of two shoulders at 3627 and 3609 cm -1 .

The shoulder at 3609 cm -1 can be interpreted as a red-shift of the 3619 cm -1 inner OH band.

The perturbance of the inner hydroxyls, as a red-shift, had been observed previously in other 0.84 nm hydrates and it supported the partial keying of water into the siloxane ditrigonal cavity [START_REF] Costanzo | Ordered and Disordered Organic Intercalates of 8.4-Å, Synthetically Hydrated Kaolinite[END_REF][START_REF] Tunney | Preparation and Characterization of an 8.4 Å Hydrate of Kaolinite[END_REF].

Conclusion

A summary of the advantages and limitations of the described mechanochemical intercalation method can be given as follows. On the one hand, when kaolin is co-ground with excess urea, a well-ordered complex is formed after a short grinding time but repeated isopropanol washing is needed to remove excess urea. On the other hand, co-grinding carried out with a lower amount of urea (close to the maximum urea content in the Kaol-U complex) promotes amorphization of kaolinite and requires long grinding times but no need for additional treatment. Complete intercalation of urea was achieved with very little amorphization of the kaolinite by grinding kaolin Kga1b with a small excess of urea (66 m%) in a ball mill for a short time (1/4 h). It was proposed that these results could be related to the specific grinding conditions used in this study: milling device, the jar and ball materials, and the use of a slight excess of urea relative to kaolinite. The Kaol-U intercalates prepared in this work will be used for the preparation of controlled-release fertilizer formulations through encapsulation with hydrogels to provide a humid-and nutrient-stable environment for plant growth. 
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	765	temperature (°C)		
		Milling conditions		Post-milling treatment
			as ground	after three	after seven	after removal
				washes with	washes with	of urea with
				isopropanol	isopropanol	water
		Kaolin	514	
		no grinding		
		Kaolin	508	
		ground for 1 h		
		Kaolin	486	491	498
		ground for 1/4 h with 66 m% urea		
		Kaolin	n.d. a	478	480
		ground for 1 h with 66 m% urea		
		Kaolin	500	504	506
		ground for 1/4 h with 25 m% urea		
		Kaolin	487	495	497
		ground for 1 h with 25 m% urea		
		Kaolin	482	488	489
		ground for 2 h with 25 m% urea		

a n.d. : not determined due to weak and broad signal
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and (c) Infrared spectra in the range 3000-3900 cm -1 of original kaolin (K), kaolin ground for 1 h after water washing process (K-W), kaolin ground with 66 m% urea for 1 h after water washing process (KU-66-W) and kaolin ground with 25 m% urea for 2 h after water washing process (KU-25-W). The embedded graph in (b) shows the dehydration section of the DTG curves of KU-25-W and KU-66-W.