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General Introduction 

Plants need light, heat, mechanical support, air, water and nutrients for growth, which can be 

assisted by other substances like herbicides, insecticides, and fungicides (i.e. pesticides). These are 

called growth factors. The level of growth cannot be greater than that allowed by the most limiting 

growth factor. Although water is fundamental for growth, plant nutrients and pesticides are the 

following most likely limiting factors. However, plant nutrients and pesticides affect soil and water 

quality during the process! How? 

First of all, although nutrients contained in fertilizers and manures are present in both organic and 

inorganic forms, plants can only use the inorganic nutrients. Eventually, organic forms of nutrients are 

converted into inorganic ones for the plant growth. Most commonly, excess fertilizer or manure is 

applied to avoid nutrient loss by runoffs or just the need to create a nutrient-rich environment, for 

instance, in sandy-soils. Many inorganic nutrients are easily dissolved in soil water and can be quickly 

transported to surface or ground water, by leaching, and thereafter converted to inorganic forms 

available for use by algae and aquatic plants. However, there are enough natural sources of nutrients 

to allow these plants to grow; and the additional nutrients from fertilizers and manure usually lead to 

excessive growth of plants and algae, called bloom. This process produces compounds which are toxic 

to livestock, and which decrease the quality of bathing waters, and that of surface water bodies. Most 

importantly, such uncontrolled growth of aquatic flora can lead to fish-kills, because an excess of algae 

needs greater quantities of oxygen, depleting the amount available to sustain aquatic life. Sustainable 

agriculture requires that soil and water quality be maintained; some farm practices have the potential 

to cause environmental harm, which may affect rural and urban areas alike. Many of the potential 

negative impacts of farming can be greatly reduced by the use of the Best Management Practices BMP. 

These are agricultural practices that reflect current knowledge about conserving soil and water without 

sacrificing productivity. 

Similar considerations apply to pesticides. In agriculture, a large quantity of pesticides (over 2 

million tons per year) is used globally, and their presence in surface water bodies is reaching alarming 

concentration values, near 1 μg/L. Most commonly encountered pesticides are the herbicide atrazine, 

the fungicide vinclozolin, the insecticide dichlor-diphenyl-trichloretane (DDT), and the biocide 

tributyltin (TBT). In some European countries the use of the above-mentioned pesticides is prohibited 

due to their proven neurological and health effects upon humans and animals. Nevertheless, the 

absence of efficient control measures and of awareness programs leads to their continuing. In addition, 

the population is exposed to these chemicals because they eat fruits, vegetables and grains imported 

from countries that are still using these pesticides (without a judicious management plan to overcome 



General Introduction 

 

2 
 

their accumulation in plants) or because they remain in the environment for long periods of time. 

These toxic pesticides can bio-accumulate in soil and in different water bodies, as well, reaching 

dangerous levels in the food chain. 

ProWsper was an experimental and demonstrative research project conducted in partnership with 

four Institutions from three European countries (ICECHIM and ICPA from Romania, University of Toulon 

laboratory MAPIEM from France and University of Coimbra from Portugal) that face these common 

problems. The main objective of the project referred to developing original, sustainable, and cost-

effective solutions/products for protecting underground water and soil against nutrient and pesticide 

pollution while ensuring the well-balanced growth of plants (particularly, for greenhouses and small 

crop cultures). Therefore, this project practically developed protective composite layers (as end-

products) as shown in Figure 1. Applying such solutions/products during the fruit/vegetable growth 

cycles, reduces pollution and provides humid- and nutrient-stable environment for plant growth. 

 

 

Figure 1. Concept of ProWsper project. 

 

Several reviews report the different strategies for the preparation of slow/controlled release fertilizers 

(SRFs, CRFs) (Shaviv and Mikkelsen, 1993; Shaviv, 2001; Bajpai et al., 2008; Azeem et al., 2014; Pereira 

et al., 2015; Caccavo et al., 2018; Fu et al., 2018; Kuśtrowski et al., 2018; Ramli, 2019; Lawrencia et al., 
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2021). Controlled or slow release fertilizers can be generally classified into four main categories (Figure 

2): matrix-based fertilizers, coated-based fertilizers,  low solubility inorganic fertilizers  and chemically 

bonded N- fertilizers (Shaviv, 2001). Matrix-based formulations formed the largest category of SRFs 

due to their simple fabrication. The fertilizer is dispersed in a polymer matrix (hydrophilic or 

hydrophobic) and diffuses through pores in the carrier phase. Coated-based fertilizers are the second 

main category of SRFs, in which the fertilizer is surrounded by an inorganic or organic coating material. 

A third category of SRFs is low solubility inorganic fertilizers which include compounds with the general 

formula MeNH4PO4 xH2O, where Me is a divalent cation (Mg, Fe, Zn, Mn), and N-P-K fertilizers, 

prepared by mixing potassium, phosphate and ammonium salts. A last category is chemically bonded 

N- fertilizers. The most common chemically bonded fertilizers used for SRFs are urea-formaldehyde 

(UF) and isobutylidenediurea (IBDU). 

 

Figure 2. Examples of slow/controlled release fertilizers  systems (part of the image is taken from (Guo 

et al., 2018)). 

The thesis work carried out at the MAPIEM laboratory focused on matrix-based fertilizers based on 

kaolinite-hydrogel-urea composite materials. In the following, we will define each of the constituent 

elements of the composites prepared in this work. 
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Hydrogels are three-dimensional networks of hydrophilic polymers with ability to absorb very 

large amounts of water or biological fluid, without dissolving and without losing their structure 

(Fumihiko Tanaka, 2011; Ullah et al., 2015). This three-dimensional network is formed by the 

crosslinking of polymer chains, by covalent bonds (chemical crosslinking) or by physical bonds 

(hydrogen, ionic or hydrophobic bonds). Chemically crosslinked gels can be obtained by radical 

polymerization of low molecular weight monomers in the presence of crosslinking agents. Obviously, 

the degree of crosslinking of a polymer is controlled by the amount of crosslinking agent present in the 

copolymerization and the monomer conversion. Smaller amounts of crosslinking agent and decreased 

final conversion result in both less crosslinked material. Most importantly, not all crosslinking agent 

bonds react to form crosslinks. Potential crosslinking is lost due to intramolecular cyclization reactions, 

where both ends of the crosslinking agent react in the same growing polymer chain, forming a loop 

structure, as shown in Figure 3. 

 

Figure 3. Cyclisation vs crosslinking during polymerization of a monomer in presence of a crosslinking 

agent , (Elliott et al., 2004)  

The high-water absorption is partly provided by the presence of hydrophilic groups in their structure, 

such as hydroxyl (OH), carboxylic (COOH), amide (CONH or CONH2) or sulfonic (SO3H) groups. The 

proportion of water inside the hydrogel structure is characterized by three interdependent 

parameters, namely the volume fraction of polymer in the swollen state, the average molar mass 

between crosslinking points as well as the mesh size network. 

There are different ways to classify hydrogels depending on whether it is based on their origin, 

structure or properties (Figure 4). 



General Introduction 

 

5 
 

 

Figure 4. Classification of hydrogels based on their origin, structure or property, (Ullah et al., 2015). 

 

Scientists have devoted a lot of energy to the development of hydrogels for their vast applications such 

as biodegradable materials, drug delivery applications (Bajpai et al., 2007; Wu et al., 2008), tissue 

engineering (Lee and Mooney, 2001; Khan et al., 2009), sensors (Lee and Braun, 2003; Sorber et al., 

2008), contact lenses (Katsoulos et al., 2009) or agriculture applications (Akelah, 2013; Demitri et al., 

2013; Guilherme et al., 2015; Behera and Mahanwar, 2019; Głowińska et al., 2019). Synthetic 

hydrogels are most often prepared by crosslinking poly(ethylene glycol) (Nagahama et al., 2008), 

poly(vinyl alcohol) (Paranhos et al., 2007), poly(N-isopropylacrylamide) (Bokias et al., 1998; Garay et 

al., 2000; Hirashima et al., 2004; Ma et al., 2007; Chang et al., 2011), poly(acrylamide) (Liang and Liu, 

2007; Cândido et al., 2012; Zhang et al., 2016) and poly(acrylic acid) (Adnadjevic and Jovanovic, 2008; 

Liang et al., 2009; Cheng et al., 2018). 

The large quantity of water that composes hydrogels give them properties similar to those of living 

tissues, and therefore makes them very interesting for biomedical applications (release of drugs into a 

well-defined target). They can also be used as water tank and thus allow better water management. 

Parvathy and Jyothi, (2014) indicated that hydrogels are potential candidates to be applied as an 

alternative to combat global climate change because they can improve the soil properties, mainly in 

conditions of reduced moisture availability. 
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Besides, the structure of hydrogels allows molecules of different sizes to diffuse in or out of the 

network. The rate and mechanisms of diffusion can be controlled by altering factors such as polymer 

composition, crosslink density and crystallinity. 

Kaolins are white, friable and refractory clays, composed mainly of kaolinite of formula Al2Si2O5 

(OH)4 (Figure 5) from the silicate group, subgroup of the phyllosilicates. Originally discovered in China, 

they are the basis for the manufacture of porcelain, but are also used in the paper industry, medicine, 

into the catalyst-units in cars and cosmetics. 

Kaolinite is a hydrated alumina silicate built by combining tetrahedral and octahedral sheets in equal 

proportions, the minerals are called 1:1 clay minerals, constituting one of the main clay minerals and 

forming the essential element of kaolin (Gardolinski et al., 2000; Detellier and Letaief, 2013).  

 

Figure 5. Structure of kaolinite. (Kotal and Bhowmick, 2015). 

Fertilizers are inorganic or organic materials with high analytical value and definite 

composition which can supply nutrients and trace elements, usually applied to the soil to encourage 

the growth of crops. For example, nitrogenous fertilizers (urea, CO(NH2)2, ammonium sulfate, 

(NH₄)₂SO₄) or potassium fertilizers (potassium chloride, KCl). In this work, urea was used as a fertilizer. 

It has been widely used due to its high nitrogen content and easy application, in dry granular form or 

as aqueous solution. When urea is added in the soil, it is first hydrolyzed to ammonium by urease 

enzymes (Equation 1). Then, the ammonium is oxidized to nitrate by the nitrification process (Equation 
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2 and 3). Depending on the soil composition (clay content), pH and temperature, ammonium can be 

converted to ammonia which is lost to the atmosphere. When applied at high rates, urea fertilizer can 

inhibit soil microorganisms due to ammonia toxicity and increases in ionic strength (Eno et al., 1955; 

Omar and Ismail, 1999). The loss of nitrogen through volatilization of ammonia to the atmosphere is 

the main problem responsible for the low efficiency of urea applied to the soil with up to 80% loss of 

applied nitrogen. 

CO(NH2)2 + 3H2O        urease               2NH4
+ +  HCO3

- + OH-  Eq. 1 

NH4
+  +  3/2 O2                                     NO2

- +  2H+ + H2O  Eq. 2 

NO2
-   +  1/2 O2                                  NO3

-    Eq. 3 

 

This work was divided into four chapters. It is noted that the chapters are independent of each 

other and have their own experimental part. 

In Chapter 1 the clay compound, kaolinite-urea are prepared by mechanochemically intercalation of 

urea into kaolinite layers. Effect of ball milling time, of mass % urea (fertilizers) and kaolinite (clay) are 

investigated and discussed by using XRD, FTIR, DTG-DSC and SEM as characterization of materials.  

The Chapter 2 focus on the synthesis of poly(acrylic acid)-urea hydrogels by two different methods. In 

the first method, the polymerization has been carried out in presence of urea while in the second 

method urea was loaded after polymerization by imbibition of the hydrogel in an urea solution. The 

effect of the crosslinker content, neutralization degree and acrylamide comonomer content will be 

studied by measuring the swelling capacity, the water retention capacity and the release rate of urea 

in water. On the other hand, the structure of the hydrogels will be explored by 1H and 13C NMR 

spectroscopy and by FTIR spectroscopy. Tensile tests have also been performed to determine the 

mechanical properties of the hydrogel materials. 

The preparation and properties of kaolinite-hydrogel composite materials is reported in Chapter 3. 

Urea was incorporated along with the other ingredients but either in free form or as kaolinite-urea 

intercalate. The effect of kaolinite on the water absorption and retention properties will be 

investigated. The release kinetics of urea in water is reported for all the prepared composite materials.  

A new method for the preparation of kaolinite-poly(acrylamide) hydrogels without organic crosslinker 

agent is presented in Chapter 4. The preparation method is based on the grafting of 2-[2-

(dimethylamino)ethoxy]ethanol on the interlayer surface of kaolinite. The functionalized kaolinite will 
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be characterized by XRD, elemental analysis, FTIR and DTG-DSC analysis. The swelling behavior and 

mechanical properties of the hydrogels have been investigated.  

In the end, the main results of this PhD work will be resumed in the conclusion and some perspectives 

will be presented. 
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Chapter I. Influencing parameters of mechanochemical intercalation 

of kaolinite with urea 

 

I.1.  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 (Ledoux and White, 1966) or DMSO (Liu et al., 2014). 

The second way is direct intercalation of urea into the interlayer space of pristine kaolinite, by aqueous 

suspension (Frost et al., 2000; Gardolinski and Lagaly, 2005a; Seifi et al., 2016), mechanochemical (Yan 

et al., 2005; Letaief et al., 2006a; Makó et al., 2009, 2013), and homogenization (Makó et al., 2015, 

2019) 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; Zhang et al., 2017; Cheng et al., 

2018). 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 (Tsunematsu and Tateyama, 1999; 

Valášková et al., 2007; Makó et al., 2009; Horváth et al., 2010). A considerable number of studies 

reported on the effect of grinding and milling time on the structure of kaolinite (Aglietti et al., 1986a; 

Gonzalez Garcia et al., 1991; Sánchez‐Soto et al., 2000; Frost et al., 2001a, 2001b; Franco et al., 2004; 

Frost et al., 2004; Valášková et al., 2007; Pardo et al., 2009; Vdović et al., 2010; Valášková et al., 2011; 

Hamzaoui et al., 2015; Ondruška et al., 2018). Frost et al. (2004) 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, 2004). In another 

study, Sánchez‐Soto et al., (2000) 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 (Makó et al., 

2013). 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 (Makó et al., 2015, 2016, 2017). 

The amount of urea used in the mechanochemical and homogenization methods was an order of 
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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 (Makó et al., 2019). 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 (Tsunematsu and Tateyama, 1999; Letaief and Detellier, 2009; Rutkai et al., 2009). 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 (Tsunematsu and Tateyama, 1999; Valášková et al., 2011). Therefore, the structural 

characteristics of kaolinite after washing the Kaol-U intercalates with water were also investigated in 

this chapter. Another scientific problem addressed in this chapter 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. 

I.2.  Experimental details 

I.2.1.  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 (Hinckley, 1962). 

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% 
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(theoretical mass loss 13.95%) indicating that KGa-1b contains 96 m% kaolinite with minor phases such 

as quartz, anatase, and mica (Pruett and Webb, 1993). 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 cm3 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. 

I.2.2.  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 K ( = 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  was calculated using the integral 

intensity of the (001) reflections of the unexpanded kaolinite, I0 and the intercalation compound, 

I  (Gardolinski and Lagaly, 2005b):  = 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. 
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I.3.  Results and discussion 

I.3.1.  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; Makó et al., 2009, 2013, 2017, 2019), the 

intercalation of urea into kaolinite resulted in a displacement of the (001) reflection to a lower angle 

(Figure I.1 and Figure I.2). 

 

 

Figure I.1. X-ray diffraction patterns of the (001) reflection of original kaolin (KGa-1b) and kaolin 

mechanically ground together with 66 m% and (KU-66) and 25 m% (KU-25) solid urea (5 min-2h). The 

degree of intercalation,  (%) and the FWHM values (°) of the reflections of the expanded and non-

expanded kaolinite are indicated. KU-25 and KU-66 were as ground samples. 
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Figure. I.2. X-ray diffraction patterns of the (001) reflection of kaolin mechanically ground together with 

50 m% (KU-50) solid urea for (1/4, 1 h). The degree of intercalation (%), the FWHM values of the 

reflections (°) and d-values (nm) of the expanded and non-expanded kaolinite are indicated. KU-50 was 

as ground sample. 

 

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 (Makó et al., 2013). Here, 1/4 h of co-

grinding was sufficient to achieve almost complete intercalation when kaolin is co-ground with a small 
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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 (Makó et al., 2019). 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 

(Makó et al., 2009). 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 (Figure I.3). 

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 (Figure I.3,b). Figure 

I.3,f 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° (2) 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 Ondruška et al. (2018). 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 ( = 3.8 g/cm3) instead 

of agate balls ( = 2.4 g/cm3), the XRD reflections of kaolinite after 1 h grinding time also showed little 

amorphization of kaolinite (Ondruška et al., 2018). After 1/4 h grinding kaolin with 66 m% urea still 

showed many stacks of euhedral pseudohexagonal platelets with no delamination (Figure I.3,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. Co-grinding kaolin with solid urea for longer grinding times (1 or 2 

h) led to more significant changes in morphology (Figure I.3,d and e). 
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Figure I.3. SEM images showing the morphology of (a) original kaolin, (b) kaolin ground 1 h, (c) kaolin 

ground 1/4 h with 66 m% urea, (d) kaolin ground 1 h with 66 m% urea, (e) kaolin ground 2 h with 25 

m% urea (samples c, d and e after repeated washing with isopropanol to remove excess urea) and (f) 

XRD of kaolin before and after 1 h grinding. 

 

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 
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agglomerates consisting of partially fused nanometer-sized particles giving them an apparent rugged 

surface. 

The derivative thermogravimetric (DTG) curves in Figure I.4 showed the complex nature of the 

decomposition of the Kaol-U samples. 

 

Figure I.4. Derivative thermogravimetric (DTG) curves of (a) original kaolin, (b) kaolin ground with 25 

m% urea for 1/4 h (as ground), (c) kaolin ground with 25 m% urea for 1 h (as ground), (d) kaolin ground 

with 25 m% urea for 2 h (as ground) and (e) urea (the DTG peak temperatures of the thermal 

dehydroxylation of the kaolinite are indicated). 

 

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 

(Gonzalez Garcia et al., 1991; Sánchez‐Soto et al., 2000; Frost et al., 2001b; Hamzaoui et al., 2015). 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 (Makó et al., 2009). 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 

(Kristóf et al., 1998). The decomposition pattern of urea drastically changed with grinding time (and 
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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 (Miller and Oulton, 1970; Aglietti et 

al., 1986a; Frost et al., 1997a, 1997b, 2000, 2003; Horváth et al., 2003; Makó et al., 2009, 2013). 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 chapter. 

I.3.2.  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 (House and House, 2017). Figure I.5 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. Figure I.5 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 Schaber et al. (2004), 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 Figure I.5 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 Figure I.6. The endothermic peak at 135°C in the DSC curves 

was attributed to the melting of urea crystallites. 
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Figure I.5. Thermogravimetric analysis of (a) urea, (b) kaolin ground for 1 h with 66 m% urea, (c) sample 

(b) washed three times with isopropanol, (d) sample (b) washed seven times with isopropanol and (e) 

original kaolin. 

 

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. 
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Figure I.6. DSC curves of (a) kaolin ground for 1h with 66 m% urea (b) sample (a) washed three times 

with isopropanol, (c) sample (a) washed seven times with isopropanol, (d) kaolin ground for 2h with 25 

m% urea and (e) sample (d) washed three times with isopropanol. 

 

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: 

Since W(%) is the mass percentage of urea in the kaolin-urea sample, the heat of fusion that should 

have been measured if the urea contained in the kaolin-urea mixture was 100% crystallized, HF (100%), 

is given by : 

𝐻𝐹 (100%) =
∆𝐻0. 𝑊(%)

100
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Where H0 is the heat of fusion of 100% crystalline urea determined from the DSC thermogram of 

urea. Since the measured heat of fusion of urea in the kaolin-urea sample determined in the DSC 

thermogram was Hm, the % of crystallized urea, Ucryst(%), in the kaolin-urea mixture is expressed as : 

𝑈cryst(%) =
100. ∆𝐻𝑚

𝐻𝐹 (100%)
=

100. ∆𝐻𝑚

∆𝐻0.𝑊(%)
100

 

Then, the % of amorphous (intercalated) urea relative to total urea in the kaolin-urea mixture is given 

by,  

%𝑋𝑎 = 100 − 𝑈𝑐𝑟𝑦𝑠𝑡(%) = 100 −
100. ∆𝐻𝑚

∆𝐻0.𝑊(%)
100

 

which can be rearranged to give equation (1) : 

 

%𝑋𝑎 = 100. (1 −
100.∆𝐻𝑚)

𝑊.∆𝐻0
) (1) 

 

Where W(%) was determined from TGA by the mass loss measured in the 135-400°C range and 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 

equation (2) : 

%𝑈Tot = 100.
𝑊

(100−𝑊𝑤)
   (2) 

 

Where 𝑊w 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 : 

 

%𝑈Int =
𝑋𝑎.%𝑈Tot

100
  (3) 

 

Figure I.7 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%.  



Chapter I. Influencing parameters of mechanochemical intercalation of kaolinite with urea 

 

27 
 

 

 

Figure I.7. Effect of isopropanol washes on the amount of intercalated urea relative to total urea (%Xa) 

or relative to the kaolin-urea content (%UInt) for (a) kaolin ground with 66 m% urea for 1 h and (b) kaolin 

ground with 25 m% urea for 2 h. The error bars (the average deviation from the mean of duplicate 

measurements) are smaller than the size of the symbols. 

 

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 (Figure I.8). 

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 

d-value 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. 
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Figure I.8. Changes in the degree of intercalation calculated for the kaolin ground with 66 m% urea for 

1 h (KU-66) and for kaolin ground with 25 m% urea for 2 h (KU-25) after isopropanol washes (XRD of 

KU-66 and KU-25 after washes with isopropanol are shown as inset). The error bars (the average 

deviation from the mean of duplicate measurements) are smaller than the size of the symbols. 

 

 

I.3.3.  FTIR analysis 

FTIR spectra of the original kaolin and the ground kaolin-urea (25 m%) mixtures were shown in Figure 

I.9. 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 (Elbokl and Detellier, 2009). 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.  
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Figure I.9. Infrared spectra of (a) original kaolin, (b) the kaolin ground with 25 m% urea for (b) 1/4 h, (c) 1 h and (d) 2 h, (e) sample (d) washed three times 

with isopropanol and (f) urea. 
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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 (Keuleers et al., 1999). 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; Zhang et al., 2017). 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 (Keuleers et al., 1999). 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 (Ledoux and White, 1966). 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 (Zhang et al., 2017). 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. Seifi et al., (2016) 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 (Madejová and Komadel, 2001). 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 s (NH2), as(NH2), (CO) and as(CN) vibrations, respectively (Grdadolnik and Maréchal, 2002). As 
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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 as(CN) band 

was similar to that found by Zhang et al. (2017) 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.  

 

Figure I.10. Infrared spectra (950-1250 cm-1) of (a) original kaolin, (b) the kaolin ground with 25 m% 

urea for (b) 1/4 h, (c) 1 h and (d) 2 h, (e) sample (d) washed three times with isopropanol and (f) urea. 



Chapter I. Influencing parameters of mechanochemical intercalation of kaolinite with urea 

 

32 
 

 

The bands at 1000 , 1025 (Si-O-Si in plane vibrations) and 1115 cm-1 (apical Si-O) seen in Figure I.10 are 

the typical SiO bands of kaolinite (Horváth et al., 2010). The bands at 1000 and 1025 cm-1remained 

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 (Si-O) region have been 

reported for hydrazine intercalated kaolinite (Johnston et al., 2000). 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 Makó et al. (2009). 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. 

I.3.4.  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. 

 



Chapter I. Influencing parameters of mechanochemical intercalation of kaolinite with urea 

 

33 
 

 

 

Figure I.11. (a) X-ray diffraction patterns of the (001) reflection, (b) thermogravimetric analysis 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. 
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Figure I.11,a 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 (Tunney and Detellier, 1994; Gardolinski et al., 

2000; Valášková et al., 2007). A 0.76 nm reflection appeared when a potassium acetate complex of a 

Georgia kaolinite was washed with water (Deeds et al., 1966). 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 

(Tsunematsu and Tateyama, 1999; Valášková et al., 2007). The results of the thermal analyses of the 

water-washed samples were given in Figure I.11,b. 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 (Costanzo et al., 1984). 
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Table I.1. Influence of milling conditions and washing steps on the DTG dehydroxylation peak 

temperature (°C) 

Milling conditions Post-milling treatment 

as ground after three 

washes with 

isopropanol 

after seven 

washes with 

isopropanol 

after removal of 

urea with water 

Kaolin  

no grinding 

514 - - - 

Kaolin  

ground for 1 h 

508 - - 502 

Kaolin 

ground for 1/4 h with 66 m% urea 

486 491 498 502 

Kaolin  

ground for 1 h with 66 m% urea 

n.d.a 478 480 489 

Kaolin  

ground for 1/4 h with 25 m% urea 

500 504 506 513 

Kaolin  

ground for 1 h with 25 m% urea 

     487 495 497 513 

Kaolin  

ground for 2 h with 25 m% urea 

    482 488 489 507 

a n.d. : not determined due to weak and broad signal  

 

Table I.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 
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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, 1986b; Gonzalez Garcia 

et al., 1991; Suraj et al., 1997; Sánchez‐Soto et al., 2000; Frost et al., 2001b; Pardo et al., 2009; Vdović 

et al., 2010). 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 co-grinding). 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 (Makó et al., 

2013). 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 (Makó et al., 2009, 2013; Hamzaoui et al., 2015) (the 

amount of dehydroxylation water of the unground kaolin was considered to be 100% (Makó et al., 

2009)). 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 (Makó et al., 2009, 2013). These 

findings are consistent with the former XRD and SEM observations. The infrared spectra of the not-
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ground kaolin and kaolin ground for 1 h after water washing were nearly identical to the infrared 

spectrum of the original kaolin (Figure I.11,c). 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 (Tunney and Detellier, 1994). 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 

(Costanzo and Giese, 1990; Tunney and Detellier, 1994). 

 

I.4.  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. 

  



Chapter I. Influencing parameters of mechanochemical intercalation of kaolinite with urea 

 

38 
 

I.5.  References 

Aglietti, E.F., Porto Lopez, J.M., Pereira, E., 1986a. Mechanochemical effects in kaolinite grinding. II. 
Structural aspects. International Journal of Mineral Processing 16, 135–146. 
https://doi.org/10.1016/0301-7516(86)90080-3 

Aglietti, E.F., Porto Lopez, J.M., Pereira, E., 1986b. Mechanochemical effects in kaolinite grinding. I. 
Textural and physicochemical aspects. International Journal of Mineral Processing 16, 125–
133. https://doi.org/10.1016/0301-7516(86)90079-7 

Cheng, H., Liu, Q., Xu, P., Hao, R., 2018. A comparison of molecular structure and de-intercalation 
kinetics of kaolinite/quaternary ammonium salt and alkylamine intercalation compounds. 
Journal of Solid State Chemistry 268, 36–44. https://doi.org/10.1016/j.jssc.2018.08.009 

Costanzo, P.M., Giese, R.F., 1990. Ordered and Disordered Organic Intercalates of 8.4-Å, Synthetically 
Hydrated Kaolinite. Clays Clay Miner. 38, 160–170. 
https://doi.org/10.1346/CCMN.1990.0380207 

Costanzo, P.M., Giese, R.F., Lipsicas, M., 1984. Static and Dynamic Structure of Water in Hydrated 
Kaolinites. I. The Static Structure. Clays Clay Miner. 32, 419–428. 
https://doi.org/10.1346/CCMN.1984.0320511 

Deeds, C., Van Olphen, H., Bradley, W., 1966. Intercalation and interlayer hydration of minerals of 
the kaolinite group, in: Proceedings of the International Clay Conference. Jerusalem, Israel, 
pp. 183–199. 

Elbokl, T.A., Detellier, C., 2009. Kaolinite–poly(methacrylamide) intercalated nanocomposite via in 
situ polymerization. Can. J. Chem. 87, 272–279. https://doi.org/10.1139/v08-142 
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Chapter II. Effect of nitrogen fertilizer loading on the properties of 

polyacrylic acid hydrogels 

 

II.1.  Introduction 

The crucial elements in plant growth are water and fertilizers. Rapid global population growth, 

reduction of arable land and intensive use of fertilizers implies an optimization of these elements.  

To meet the inevitable increase in demand for global food, the agricultural sector increases the 

quantities of fertilizers which results in undesirable environmental impacts (Azeem et al., 2014; Zhou 

et al., 2018). On the other hand, good management of water resources appears inevitable. 

Superabsorbent hydrogels are three dimensional cross-linked polymeric structures able to incorporate 

and retain large amounts of water (Teodorescu et al., 2009; Zhang et al., 2014). Superabsorbent 

polymers are increasingly used in the agricultural sector in particular to better regulate water supplies 

to the plant (Kazanskii and Dubrovskii, 1992). Increasingly intensive use of fertilizers to improve 

agricultural yields has a negative impact on the quality of surface water, soil, causing disturbance to 

aquatic ecosystems. The incorporation of fertilizer into superabsorbent hydrogel to control the 

quantity delivered to crops is a way to dwindle the environmental pollution (Zhang et al., 2006) and to 

reduce fertilizer losses (Singh et al., 2011; Bortolin et al., 2016; Xiang et al., 2017). 

Among the N fertilizers, urea is extensively used due to its high nitrogen content (46%) and low cost.  

Many researchers have studied the way to control the urea supply to reduce these losses in 

environment by the use of slow release fertilizers. As noted in the general introduction, matrix-based 

formulations formed the largest category of SRFs. The fertilizer is dispersed in a polymer matrix and 

diffuses through pores in the carrier phase. Superabsorbent polymers have been frequently used as 

polymer matrix in matrix based SRF formulations (M. Guo et al., 2005; Helaly et al., 2005; Liu et al., 

2006; Zhang et al., 2006; Liu et al., 2007; Akelah, 2013; Ianchis et al., 2019; Ramli, 2019). The release 

of a low molecular weight solute from hydrogel matrix is classically assumed to take place by diffusion 

(Muhr and Blanshard, 1982). The effect of the structure of the polymer gel on this diffusion is complex 

and is still the subject of many studies (Anseth et al., 1996; Favre and Girard, 2001). Two main routes 

to load hydrogels with fertilizer are possible: the first method consists in synthesizing the 3D hydrogel 

network in the presence of the fertilizer while in the second method, the hydrogel is first synthesized 

before being loaded with the fertilizer in a second step. In this chapter, polyacrylic acid hydrogels with 

urea fertilizer have been prepared using the two previously described loading methods. The objective 

of this study was to compare the advantages and disadvantages of each of these two methods in terms 

of swelling capacity, recycling swelling capability, water retention and slow release properties of urea 
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fertilizer Biopolymers have been a very popular area of research in recent years but hydrogels based 

on polyacrylic acid have several advantages: they are non-toxic, the structure of the gels obtained 

during synthesis is easier to control and they have high swelling capacity, swelling being tunable by the 

partial neutralization of the acid groups of the polymer. Among all the synthesis parameters of 

polyacrylate hydrogels, the concentration of crosslinking agent and neutralization degree are the most 

effective parameters for modulating the swelling properties of hydrogels (El‐Rehim and A, 2006; 

Pourjavadi et al., 2007; Teodorescu et al., 2009; Cândido et al., 2012). The effect of these two 

parameters on the properties of swelling and urea release kinetics will be studied within the 

framework of this work. 

 

II.2.  Materials and methods 

II.2.1.  Materials 

Acrylic acid (AA, Aldrich, 99%) was distilled under vacuum to remove the polymerization initiator and 

stored in the freezer. Other reagents including N,N’–methylene-bis-acrylamide, MBA, urea and 

ammonium persulfate, APS, were purchased commercially as analytical grade products and were used 

as received. 

II.2.2.  Methods 

Preparation of urea-loaded hydrogels. Urea-loaded hydrogels were prepared by an in-situ loading 

method and by a post-loading method as follows. 

II.2.2.1.  In situ loading method 

The proper amounts of urea (8 M stock solution), AA and MBA (60 mM stock solution) were stirred 

together to give a 1 :1 wt ratio of urea :(AA+MBA). The monomer concentration AA was held at a 

constant value of 2 M for all syntheses. The neutralization of AA was carried out with a 10 M sodium 

hydroxide solution This reaction mixture was placed into a glass tube of 6 mm inner diameter which 

was sealed by a rubber septum. After nitrogen bubbling for 10 min to remove dissolved oxygen, the 

tube was placed in a water bath at 60°C. Then, a certain amount of a 0.1M APS aqueous solution was 

added to give an APS concentration of 15 mM. Polymerization was carried at 60°C for 3 h. After the 

reaction was completed, the product was dried at 50°C to a constant weight, ground with a cryogenic 

freezer mill and screened. All dried hydrogel samples investigated in this study had a particle size in 

the range 35-50 meshes (300-500 µm). The samples were coded PAA/urea. 

II.2.2.2.  Post-loading method 

A similar protocol to that described in the in situ loading method was followed for the synthesis of 

hydrogels but without the addition of urea (PAA). Dried PAA (0.1 g), previously sieved to 35-50 mesh 
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was placed into a tea-bag with a 170 mesh nylon screen and the bag was immersed entirely in an 

aqueous solution of urea for 24 hours at room temperature. Preliminary experiments showed that 24 

h immersion allowed to reach equilibrium. The typical concentration of urea solution was 10 g/L but 

samples were also loaded in a 500 g/L urea solution. Thereafter, the swollen gel was dried in vacuum 

oven at 50°C to constant weight. The loading percentage was calculated by the following equation (1). 

Loading Capacity= 
𝑀1−𝑀0

𝑀0
   (1) 

where M0 and M1 are the weights of unloaded and loaded dry gel, respectively. The samples prepared 

by the post loaded method were designated urea-loaded PAA. 

Materials were designated CL x% where x represents the mol% of MBA relative to AA. 

Figures II.1 and 2 show respectively the nitrogen line for removing O2 before reaction and the hydrogels 

obtained after synthesis in glass tubes. 

 

Figure II.1. O2 removal before reaction. 

 

Figure II.2. Hydrogels after synthesis in glass tube. 

II.2.2.3.  Swelling measurements 

The gel samples were placed in a 170 mesh nylon screen tea-bag and this set was immersed entirely 

in 500 mL distilled water at ambient temperature (25°C). The bag was removed from the solution at 



Chapter II. Effect of nitrogen fertilizer loading on the properties of polyacrylic acid hydrogels 

47 
 

different time intervals with the excess of water removed superficially with tissue paper and the 

weight, Ws of the swollen gel was measured. The sample swelled for 5 h was dried in a vacuum oven 

at 50°C for 24h and the weight of the dried sample, WD was measured. The weight swelling ratio, Q, 

was determined according to 

Q = 
WS−WD

WD
  (2) 

Figures II.3 and II.4 show the tea bags used for swelling tests and photos of the xerogel before and 

after swelling.  

 

Figure II.3. Tea bags during swelling tests. 

    

Figure II.4. 300-500 µm diameter xerogel powder and the swollen gel. 

II.2.2.4.  Water retention capacity  

25-30 mg of dried gel was placed in 500 mL distilled water for 24 hours. The swollen gel was centrifuged 

at 2000 rpm or heated at 60°C in an air oven at different times, weighed and WRC (%) was calculated 

according to Eq 3. 

WR(%)= 
Mt

MS
x100   (3) 

where MS and Mt are the weights of the gel before and after centrifugation or thermal drying, 

respectively. 
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II.2.2.5.  Effect of drying-swelling cycles on hydrogel swelling capacity 

The dried material was immersed in water at ambient temperature for 5 h and the swelling degree 

was determined as previously described. The swollen material dried at 50°C for 24h was again 

submitted to swelling process. This drying-swelling cycle was repeated five times. The following 

equation (4) was used to calculate the percent extractables (E%) after each swelling-deswelling cycle: 

E%=100x
MD1‐MD2

MD1

    (4) 

where MD1 and MD2 are the weight of the dry gel before and after a swelling-deswelling cycle. 

II.2.2.6.  Release of urea in water 

The urea concentration in solution was determined by UV-vis spectrophotometry (Shimadzu 2501 PC), 

according to Watt method (Watt and Chrisp, 1954) (Watt, Chrisp, Anal Chem, 1954,26, 452). This 

method is based on the yellow-green color produced when p-dimethylaminobenzaldehyde is added to 

urea in dilute hydrochloric acid solution. The calibration curve for urea as a function of urea 

concentration (ppm) was prepared as follows. The standard urea solution was prepared by dissolving 

0.4 g of urea in 100 mL of deionized water. The color reagent consists of 6 g of p-

dimethylaminobenzaldehyde, 300 ml of ethanol absolute and 30ml of concentrated hydrochloric acid 

(37%). Ten ml of color reagent was added to appropriate urea aliquots and this mixture was diluted to 

a volume of 25 mL with deionized water. 

The reaction between p-dimethylaminobenzaldehyde and urea gives the yellow-green colored 

complex which exhibits a maximum absorbance at 420-430 nm. 

 

 

 

Figure II.5 shows that the plot of absorbance at 420 nm as a function urea concentration follows Beer-

Lambert’s law within the concentration range 16 to 480 ppm. 

N(CH3)2CHNHC

O

H2N CHNHC

O

H2N N(CH3)2
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Figure.II.5. Spectral curve for the reaction product of urea (ppm) with p-dimethylaminobenzaldehyde. 

 

Figure II.6. Calibration curve for urea at 420 nm. 

0.1 g of urea loaded xerogel was embedded into a tea bag and then immersed in 75mL of distilled 

water. At various intervals, 2 mL solution was taken out to which was added 5 ml of color reagent and 

deionized water to give a total volume of 10 mL. 

The fertilizer release percentage (FR %) was calculated using Eq. (5) 

%FR = 
0.01𝑥 ∑ 𝐶𝑖+5𝑥𝐶𝑛

𝑛
𝑖=1 𝑥0.073

𝑊0
𝑥100  (5) 

Where and W0 is the initial fertilizer weight (mg) in the loaded hydrogel and Ci is the fertilizer 

concentration (in ppm) of the ith sample collection  

Each measurement was replicated three times and the average result was taken as the result. Some 

measurements of nitrogen content remained in the gels were also made. To do this, the tea bag with 

y = 0.00440970x
R² = 0.99791131
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the swollen granules was retrieved at the given time, placed on a filter paper and dried. Then the dry 

granules were removed from the tea bag and assessed for nitrogen content.  

The weight fraction of urea in the loaded xerogel was also determined from the elemental analysis 

results. 

Let’s consider that 1g xerogel contains x g of urea and y g of water. Then the N % and C % in the loaded 

xerogel can be calculated using Eqs. (6) and (7) 

%N : (28x/60.05+%Nth/100)/(1+x+y)  (6) 

%C : (12x/60.05+%Cth/100)/(1+x+y)  (7) 

Where %Cth and %Nth are the carbon percentage and nitrogen percentage of the xerogel calculated 

from the monomer feed composition (acrylic acid and MBA content) as follows: 

For PAA-urea hydrogels prepared by the in-situ loading method 

%Cth (mol%(MBA)) = 100* 

((420+7*%mol(MBA))*MC)/((420+7*%mol(MBA))*MC)+((240+2*%mol(MBA))*MN)+((320+2*%mol(MBA))*MO)

+((880+10*%mol(MBA))*MH) 

%Nth (mol%(MBA)) = 100* 

((240+2*%mol(MBA))*MN)/((420+7*%mol(MBA))*MC)+((240+2*%mol(MBA))*MN)+((320+2*%mol(MBA))*MO)

+((880+10*%mol(MBA))*MH) 

For PAA-urea hydrogels prepared by the post-loading method 

%Cth (mol%(MBA)) = 100* ((300+7*%mol(MBA)+%molurea_loaded)*MC)/((300+7*%mol(MBA) 

+%molurea_loaded)*MC)+((2*%mol(MBA)+2*%molurea_loaded)*MN)+((200+2*%mol(MBA)+%molurea_loaded)*MO)+(

(400+10*%mol(MBA)+4*%molurea_loaded)*MH) 

%Nth (mol%(MBA)) = 100* ((2*%mol(MBA)+2*%molurea_loaded))/((300+7*%mol(MBA) 

+%molurea_loaded)*MC)+((2*%mol(MBA)+2*%molurea_loaded)*MN)+((200+2*%mol(MBA)+%molurea_loaded)*MO)+(

(400+10*%mol(MBA)+4*%molurea_loaded)*MH) 

With MC, MN, MO and MH the molecular weight of carbon, nitrogen, oxygen and hydrogen, 

respectively (g/mol) 

The relative amount of urea x can then be determined from Eqs (6) and (7) using Eq.(8) : 

x = (0.6005*(%Cth-%Nth(%C/%N))/(28*(%C/%N)-12)  (8) 

with the carbon and nitrogen percentages in the loaded xerogel %C and %N given by elemental 

analysis measurements. 
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II.2.3.  Characterization 

The infrared spectra of the dried samples were recorded on a Thermo Nicolet Nexus instrument at a 

resolution of 4 cm-1. Contents of nitrogen and carbon element in the dried gels were determined by an 

elemental analysis instrument (Thermo Scientific, Flash 2000). The network structure in molecular 

level was studied by 13C and 1H HR-MAS and 13C cross-polarization/magic-angle spinning CP-MAS. The 

samples for 13C and 1H HR-MAS analysis were prepared by mixing 20 mg of dried gel with 100 µL of 

D2O. The samples analyzed by SEM were prepared by soaking the swollen gels into liquid nitrogen and 

then placing these samples into the chamber of the freeze-dryer. Lyophilization was then carried out 

at a temperature of -110°C and under vacuum for 96 hours. SEM investigations were performed on 

freeze-dried hydrogels coated with a thin layer of gold. A Supra 40VP electron microscope, operating 

at an accelerating voltage of 5 kV was used for the observations. Tensile mechanical measurements 

were performed at room temperature on as prepared hydrogels of the same size (6.0 mm ϕ x 160 mm 

length) and the same water/polymer ratio (SD=6) using an Instron 5982 tensile testing machine fitted 

with a 1 kN load cell using a crosshead speed of 100 mm.min-1. The elastic modulus was determined 

by the slope of the stress–strain curve over the strain range 0–10%. The samples to be tested have 

been coated with a thin layer of polymethyl siloxane fluid (50 cst, Dow Corning Corp) to keep the water 

content unchanged. 

 

Scheme II.1. The two routes for the preparation of PAA urea hydrogels. 
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II.3.  Results and discussion 

The polymer materials prepared in this work are polyacrylic acid hydrogels obtained by radical 

polymerization of acrylic acid using ammonium persulfate as initiator and methylene-bis-acrylamide, 

MBA as crosslinker. Scheme II.1 shows the two routes used to load urea into hydrogels, (i) prepare the 

gel in presence of urea or (ii) synthesize the gel and then load urea into the gel via equilibrium 

partitioning. Gelation of the polymerization medium rapidly occurred (< 4 min) in all cases. 

To the best of our knowledge, a systematic comparison of the effect of the mode of urea loading in 

hydrogels on the macroscopic material properties such as water absorption and urea release 

properties of hydrogels has never been carried out.  

We will successively study the swelling kinetics and swelling capacity, the reswelling cycling capacity, 

the water retention properties and the release kinetics of urea fertilizer. 

II.3.1.  Swelling kinetics 

We first investigated the effect of crosslinker content (CL) on the kinetics of swelling. Time-dependent 

swelling behaviors of the PAA hydrogels in deionized water are plotted in Figure II.7. For each swelling 

curve, swelling of the hydrogels increased with time until a stable value was reached after less than 5 

hours. This constant weight is related to the equilibrium swelling value (Isık and Kıs, 2004). 

Several kinetic models could be used to investigate the controlling mechanism of the hydrogel swelling 

process. The portion of the water absorption curve with a fractional uptake less than 0.60 was analysed 

using the following empirical equation (Ritger and Peppas, 1987). 

𝐹 = 𝐾 𝑡𝑛  (9) 

Where F is the fractional water uptake at time t (=Q/Qeq), k is a characteristic constant of the polymer 

and n is the diffusional exponent, which is indicative of the transport mechanism. LnF vs lnt graphs 

were made for PAA and urea loaded PAA gels and the diffusional coefficient n was obtained from the 

slope of the lines (Figure II.8). The model was not used for PAA/urea because water absorption was 

too fast resulting in a lack of kinetic data.  

Ritger and Peppas (1987) showed that the transition from Fickian to non-Fickian diffusion occurs at a 

value of n that depends on the geometry of the absorbing material. The limiting value of n for Fickian 

and non-Fickian transport is 0.50 for thin film, 0.45 for cylindrical sample and 0.43 for spherical 

samples. The polydispersity of the absorbing material also affects the diffusion time, giving lower 

limiting values of n in comparison with a monodisperse system (Ritger and Peppas, 1987). The gel 

particles used for absorption are polydisperse granular samples with a more or less spherical shape 

(Figure II.9) and a polydisperse size distribution (dried particles between 300 and 500 µm). It is thus 

reasonable to assume that Fickian diffusion will be characterized by n values lower than 0.43. The 
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values of n determined for PAA swollen in water or in water-urea solution correspond to a Fickian 

diffusion except for the samples prepared with the lower CL content which gives values of n>0.43 

corresponding to anomalous diffusion. For low CL content, the diffusion process thus occurs 

simultaneously by diffusion and relaxation of the hydrogel chains.  

 

Figure.II.7. Time-depending swelling behaviors of the PAA hydrogels. 

 

Figure II.8. LnF vs lnt graphs for PAA gels immersed in water or in urea 10 g/L urea solution (r2 > 0.98 in 

all cases). 
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Figure.II.9. A typical dried particle used for absorption. 

For extensive swelling of polymers, (Schott, 1992) proposed the following expression 

𝑡

𝑄
= 𝐴 + 𝐵𝑡 (10) 

where Q is the swelling ratio at time t, A = 1/Ks Qeq
2 , the reciprocal of the initial swelling rate (dQ/dt)0 

and B=1/Qeq, the inverse of the equilibrium swelling ratio. Schott demonstrated that Eq.(2) implies a 

second-order swelling kinetics in the form of 

𝑑𝑄

𝑑𝑡
= 𝐾𝑆(𝑄𝑒𝑞 − 𝑄)2  (11) 

Where Ks is the rate constant. 

The second-order kinetics model has been used for particles shapes with a range of diameters (Cândido 

et al., 2012) as those used in our work. Figure II.9 shows the linear regression by means of Eq.(10) for 

the swelling data. A good correlation with the Schott model is observed for all the hydrogels. 

The results in Figure II.10 and Tables II. 1, 2, 3 show that the time taken to reach the steady state and 

the swelling rate constant increase when the CL content decreases. These observations are in 

agreement with those reported by (Omidian et al., 1998). These results can be interpreted by 

considering that crosslinking lowers the resistance to permeation presumably by preventing the chains 

from packing as closely in the drying step. Over the range of crosslinking investigated, permeability 

increased with crosslinking probably by restricting the collapse of the polymer network during the 

drying process. The swelling rate constant Ks rose when the crosslinker content increases. In the 

second-order kinetic model, Ks depends on the initial rate of swelling and the equilibrium swelling 

ratio. The initial swelling rate is related to the relaxation rate of the chain segments in the network of 

the dry gel. The relaxation rate is affected by the following factors: the rigidity/flexibility, the 

hydrophobicity/hydrophilicity and the degree of crosslinking and the size of dry gel powder (Ofner and 
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Schott, 1986) . The initial swelling rate of PAA hydrogels loaded in water and in urea solution decreased 

when crosslinker content increases. Thus, the rose in Ks is related to the higher ability to absorb large 

amounts of water of the gels prepared with low MBA content. The decrease in the initial rate of 

swelling with the increase in the amount of MBA because of the increase in the rigidity of the network 

with the increase in the degree of crosslinking. The rate of swelling of PAA gels is faster in an urea 

solution than in water. The presence of urea in water resulted in an increase in swelling over that in 

pure water in interpenetrated hydrogels based on poly(vinyl alcohol) and poly(2-

hydroxyethylmemthacrylate) (Ramaraj and Radhakrishnan, 1994). This was explained by the ability of 

urea to break hydrogen bonding of the bound water and counteract the polymer-polymer interaction. 

Here, PAA gels showed larger swelling ratios in water than in urea solution. Hydrogels prepared by 

Ramaraj absorbed much less water (Qeq < 5) than PAA gels prepared in this work. The sorbed water is 

mainly free water and the bound water contributes little to the sorbed water at equilibrium. Therefore, 

it is assumed that the decrease water swelling in urea solution is caused by an increase in osmotic 

pressure of the external medium. Our observations agree with the decrease in swelling in urea solution 

for polyacrylamide/polyacrylate and polyacrylamide/polymethacrylate hydrogels with high sorption 

capacities reported by others (Abd El-Rehim et al., 2006; Karadağ et al., 2010). On the other hand, it is 

seen that that the gels containing urea, PAA/urea, swells faster in water compared to their counterpart 

prepared without urea. This behavior can be attributed to an initially large chemical potential or 

osmotic driving force for swelling due to the presence of solute (urea) within the gel. The initial swelling 

rate is maximum for an MBA level of 0.75 mol% and, consequently, is not controlled by the amount of 

crosslinking agent. The fact that PAA/urea hydrogels rapidly absorbs water is a positive point for the 

targeted applications in the agricultural sector. 

 

Table II.1 Swelling kinetics parameters for the second-order kinetics model as well as the value of n 

exponent of the empirical model Eq (9) of PAA gels in deionized water. 

MBA 

(%mol) 

Qeq(exp) Qeq(calc) Ks(min-1) (dQ/dt)0 

(min-1) 

R2 n 

0.40 187 196 2.98 x 10-4 11.4 0.9971 0.5665 

0.75 89 91 7.08 x 10-4 5.9 0.9919 0.4472 

1.10 58 57 1.27 x 10-3 4.1 0.9840 0.4199 

1.50 45 46 1.44 x 10-3 3.0 0.9856 0.2598 
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Table II.2 Swelling kinetics parameters for the second-order kinetics model as well as the value of n 

exponent of PAA gels in 10 g/L urea solution. 

MBA 

(%mol) 

Qeq(exp) Qeq(calc) Ks(min-1) (dQ/dt)0 (min-1) R2 n 

0.40 146 149 6.54 x 10-4 14.5 0.9986 0.6401 

0.75 63 63 2.96 x 10-3 11.7 0.9998 0.4310 

1.10 42 43 3.09 x 10-3 5.7 0.9999 0.4353 

1.50 36 35 2.41 x 10-3 3.0 0.9857 0.3309 

 

Table II.3 Swelling kinetics parameters for the second-order kinetics model of PAA/urea gels in 

deionized water. 

samples Qeq(exp) Qeq(calc) Ks(min-1) (dQ/dt)0 (min-1) R2 

CL0.40% 133 133 2.94 x 10-3 52 0.9998 

CL0.75% 114 115 1.05 x 10-2 138 1 

CL1.50% 90 90 1.02 x 10-2 82 1 
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Figure II.10. The plot of t/Q versus time for (a) PAA in water, (b) PAA in urea solution (10 g/L) and (c) 

PAA/urea. 

II.3.2.  Swelling and reswelling cycling capacity 

Figure II.11 and II.12 shows the water absorbency (Qeq) obtained after successive swelling – deswelling 

cycles. Five cycles were performed. The effects of MBA content and neutralization degree of AA have 

been studied. 

When the crosslinker amount increased from 0.40 mol% to 1.50 mol%, the swelling ratio decreases. 

Indeed, higher crosslinker content implies more crosslink nodes, which, in turn densifies the network 

and decreases the free volume in the hydrogel (Li et al., 2004; Jin et al., 2011a). It must be noted that 

the water absorbency of PAA/urea hydrogels is much less dependent on the amount of crosslinker. 

Overall, the water absorbency of PAA and PAA/ urea hydrogels is close with low or moderate amount 

of MBA, while the PAA/urea hydrogels obtained with a high amount of MBA swell more than their 

counterpart prepared without urea. It thus seems that the presence of urea in the polymerization 

medium can result in a more swellable structure. The neutralization degree of acrylic acid is specified 

as the molar percentage of acidic groups in acrylic acid neutralized by sodium hydroxide. The effect of 

the neutralization of acidic groups on the water absorption capacities was studied while keeping the 

other synthesis parameters fixed. Figure shows that the water absorbency of PAA hydrogels increases 

with the neutralization degree of AA. This is due to the electrostatic repulsion of negative charges 

which makes possible to widen the network and therefore to incorporate more water. As we have 

already observed with the effect of MBA content, the water absorbency of PAA/urea hydrogels is much 

less dependent on the degree of neutralization of AA. 

The swelling of PAA hydrogels was found to increase during the five successive cycles but much more 

during the three first cycles. Urea is known to break hydrogen bonds so it is believed that urea can 

break the H bonds between COOH groups of PAA chains. The degree of swelling is thus much more 
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stable during successive swelling-deswelling cycles with PAA/urea as COOH bonds were disrupted by 

urea. On the other hand, it is seen that the greatest increase in swelling is observed for the sample 

prepared at the lowest MBA content. At a low level of crosslinking, when the synthesized gel is 

thermally dried, the network is loose enough to allow chain reorganization accompanied by the 

formation of interchain bonds between COOH groups. This is not the case with higher MBA contents 

because in this case, some of these COOH groups would remain "free" during drying due to a lack of 

molecular mobility and water can therefore have easier access to these groups when the xerogel is put 

back into the water. 

With PAA hydrogels, it takes several successive swelling-deswelling cycles to break the intermolecular 

bonds between COOH groups. This hypothesis is in agreement with the results of the neutralized PAA 

hydrogels for which the maximum degree of swelling is reached from the 1st cycle even in the absence 

of urea during the polymerization. Intermolecular COOH bonds are less operative in these hydrogels 

due to the partial neutralization of COOH groups. The observed decrease in the degree of swelling 

during cycling of the PAA neutralized gels is undoubtedly linked to a partial reprotonation of the 

carboxylates by exchanges between Na+ and H+ (Wu et al, 2001). Even when the urea is completely 

eliminated, which is nearly the case soon after the first cycle (see next section), there is a large 

difference in the degree of swelling depending on whether the hydrogel was prepared without or with 

urea when the PAA is partially neutralized. PAA-Na/urea hydrogels swelled less than PAA-Na hydrogels. 

 

Figure II.11. Variation of water absorbency (Qeq) of PAA and PAA/urea hydrogels prepared with 

different MBA content CL (mol% vs AA) after 5 successive swelling-deswelling cycles (swelling for 5h at 

22°C). 
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Figure II.12. Variation of water absorbency (Qeq) of PAA and PAA/urea hydrogels prepared with 

different neutralization degree ND of AA after 5 successive swelling-deswelling cycles (swelling for 5h 

at 22°C; CL content=0.75 mol%). 

 

II.3.3.  Loading and partition of urea in PAA gels 

The loading of urea in PAA gels has been realized by swelling the gels in 10 g L-1 urea solution. Figure 

II.13 shows that urea loading percentage is strongly affected by the crosslinker content, decreasing 

with increasing content of MBA. The change in urea loading with MBA content follows the same trend 

than that of the swelling ratio which suggests that urea is mainly distributed in water channels.  

 

Figure II.13. The relative urea vs polymer amount and equilibrium water content of the PAA hydrogels 

loaded for 24 h in 10 g/l urea solution as a function of MBA content. The data corresponds to the mean 

value of duplicates and error bars are smaller than the symbol size. 
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The partition coefficient of urea in PAA gels is defined as, 

KD= 

𝐶𝑔𝑤.𝑉𝑤
(𝑉𝑑𝑟𝑦+𝑉𝑤)

𝐶𝑠𝑜𝑙
  (12) 

Where Csol = concentration of external solution after sorption, Cgw = concentration of the solute in 

water channels of the swollen gel, Vdry= volume of the polymer, Vw= volume of water channels in the 

swollen gel 

The water volume fraction of the swollen gel is defined as, 

φw,s =
𝑉𝑤

𝑉𝑑𝑟𝑦+𝑉𝑤
=

Q

Q+
ρw
ρp

  (13) 

with ρp and ρw , the densities of polymer and water (1.2 g/cm3 for PAA at 298K (Van Krevelen, 1990)). 

it follows that the partition coefficient is related to the swelling degree, Q, according to the following 
relation: 

 

KD= 
𝐶𝑔𝑤

𝐶𝑠𝑜𝑙

𝑄

(Q+
ρw
ρp

)
  (14) 

 
Thus, KD is expected to increase with Q.  

The partition coefficient (KD) of urea was determined from the elemental composition using the C/N 

ratio of the loaded gels. Water absorption is difficult to avoid in particular for gels obtained at low 

levels of MBA, particularly hygroscopic. TGA analysis of urea loaded gels showed that urea loaded gels 

rapidly absorbed 4 to 6% water before being transferred to the thermogravimetric analyzer. The 

method using the C/N ratio has the advantage of being free from the possible absorption of water by 

the gel preceding the elemental analysis. This is not the case of the method using only the N content. 

Figure II.14 and 15 show that the elemental analysis method give a satisfactory agreement with the 

expected values from the feed composition. 

 

Figure II.14. Experimental N/C ratio as a function of MBA content and comparison with the values 

calculated form the feed composition. 
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Figure II.15. Urea (wt%) of the PAA/urea gels as a function of MBA content. 

 

The change in partition coefficient with the equilibrium swelling ratio is shown in Figure II.16. 

The partition coefficient KD did not significantly change with the equilibrium swelling ratio. The mean 

value of KD was 0.69±0.06. It was reported that the partition coefficient of urea for 2-hydroxyethyl 

methacrylate (HEMA) hydrogel membranes crosslinked with various amounts of hexamethylene 

diisocyanate, increased linearly with φw,s (Yoon and Jhon, 1982). Therefore, urea partitioned only into 

the water-containing region. It is important to note that the poly(HEMA) membranes studied by Yoon 

et al. contained significantly lower water contents (Q between 0.3 and 0.7) than the polyacrylic acid 

hydrogels studied in this work (Q values greater than 20). Eq.14 shows that the partition coefficient 

becomes almost constant when the value of Q becomes significantly greater than 1, which corresponds 

to the hydrogels studied in this work. 

 

Figure II.16. The partition coefficient of urea as a function of equilibrium water content, Qeq, of the PAA 

hydrogel samples. The data corresponds to the mean value of duplicates and error bars are smaller 

than the symbol size. 
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II.3.4.  Water retention ability 

The water retention ability of hydrogels is an important parameter because it helps to mitigate the 

adverse effects of drought periods on the growth of the plant, prolongs irrigation cycles and reduces 

irrigation frequencies. The water retention properties were studied by subjecting the saturated 

hydrogels to a centrifugal force or placing them in a normally ventilated oven at a temperature of 60 

°C. The results of water retention test are shown in Figure II.17 and 18. WR%, as a function of the 

centrifugation time at 2000 rpm is shown in Figure II.17. It is noteworthy that the PAA/urea gels do not 

contain urea because urea was released completely during the swelling phase preceding the water 

retention test. In all cases, the initial water loss is rapid followed by a slower water loss phase. The 

highest loss rate at the first stage is related to the water weakly bound to the gel, principally localized 

at the gel surface. After this first phase, the water must gradually come out of a gel having an increasing 

concentration of polymer and increasing diffusion path with an increasingly contribution of water 

bound in interaction with the carboxylic groups of the polymer. The initial phase of water loss occurs 

at the same rate for PAA and PAA/urea hydrogels but the loss of water following this first phase occurs 

at a slower rate with PAA/urea gels compared to PAA gels. The loose network of the gels prepared 

with a low MBA content (0.40 mol%) cannot retain efficiently water under the effect of a pressure or 

centrifugal force. Increasing the crosslinking density by increasing MBA content allows to obtain a 

more rigid polymer which increases its ability to retain water under the effect of pressure. Tensile tests 

(Figure II.19) realized on the as prepared gels gave Young’s modulus increasing from 22 kPa to 84 kPa 

for PAA gels and from 24 kPa to 104 kPa for PAA/urea gels when MBA content increases from 0.4 mol% 

to 1.5 mol %. Urea loaded PAA gels resulted in the same WR behavior under centrifugal force than 

their unloaded counterpart which confirms that the WR capacity under centrifugal force is controlled 

by the strength of the polymer network. This also seems to agree the higher modulus of PAA/urea gel 

prepared with 1.5 mol % MBA relative to PAA gel. However, it is important to remain cautious when 

comparing the values of Young’s modulus of the two types of hydrogel because of the presence of urea 

in PAA/urea gels which can impact the mechanical properties of the PAA/urea gels. The effect of the 

degree of crosslinking on the water content under thermal stress is opposite to that observed under 

centrifugal force. The desorption rate increases when the crosslinker content increases. It is believed 

that looser networks can immediately reorganize during thermal drying resulting in more collapsed 

chains which hinders the release of water molecules. Urea loaded PAA gels retain more water than 

PAA gels because under thermal stress, desorption is not controlled by the crosslinking density as it 

was the case under mechanical stress. This result can be attributed to the osmotic driven force for 

desorption due to the presence of urea within the gel. The PAA/urea gels obtained at low MBA 
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contents (0.4 and 0.75 mol%) retained less water when thermally dried compared to PAA gels. This 

effect could be related to a lower ability of polymer chains to rearrange during thermal drying of 

PAA/urea gels or to interact with water molecules. 
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Figure II.17. Water retention % as a function of time of centrifugation at 2000 rpm for PAA gels,  

PAA/urea gels  and urea loaded PAA gels prepared at different MBA contents. 
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Figure II.18. Water retention % as a function of time of drying at 60°C for PAA gels, PAA/urea gels and 

urea loaded PAA gels prepared at different MBA contents. 
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Figure II.19. Representative tensile load-strain curves of PAA and PAA/urea hydrogels.  

 

II.3.5.  Study of network parameters 

The polymer volume fraction of the swollen gel, was determined using Eq. 15., 

φp,s =
1

1+Q(
ρp

ρw
)
  (15) 

With ρp and ρw , the densities of polymer and water (1.2 g/cm3 for PAA at 298K ). 

Experimental values of M̅c were evaluated from the tensile properties of hydrogels measured at a 

constant Q value (=6). Due to its high Tg (ca. 106°C (Brandrup et al., 1999), the polyacrylic acid chains 

are frozen in a glassy state at room temperature. However, with hydrogels containing a sufficient 

quantity of water, the PAA chains are solvated and behave like a network of flexible chains in the 

rubbery state. The PAA hydrogels thus behave according to the rules of rubber elasticity at room 

temperature. According to the theory of rubber elasticity, the molecular weight between crosslinks, 

M̅c, can be determined from the following equation (Peppas and Merrill, 1977; Huglin et al., 1986; 

Horkay and Zrinyi, 1988; Powers and Stein, 2006; C. Walowski, 2010): 

E(φp) =
3RT𝜌𝑝φp

1/3

�̅�𝐶
  (16) 

Where E is the Young’s modulus, φp is the fraction of polymer in hydrogel, R is the gas constant (8.314 

J K-1 mol-1) and T is the temperature. 

The M̅c values determined from tensile properties using Eq.(16) are summarized in Table II.4. These 

calculations were not performed for PAA/urea gels because of the presence of urea in these gels which 
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has certainly an impact on the mechanical properties. The theoretical values of M̅c, M̅c,th, were 

calculated using Eq(16 and 17) and are also included in Table II.4: 

M̅c,th =
M𝑟

2X
  (17) 

with X, the crosslinking ratio (mol MBA/mol PAA repeating unit) and Mr, the molecular weight of the 

repeating unit (72 g/mol). 

Table II.4 Parameters characterizing network structure of PAA hydrogels 

Sample X (mol 
MBA/mol AA) 

Swelling ratio 
Q 

M̅c,exp 

(g/mol) 

M̅c,th 

(g/mol) 

Mesh size 

 (Å) 

PAA-0.4 0.004 187 15084 9006 2142 
PAA-0.75 0.0075 89 9094 4803 1405 
PAA-1.1 0.011 58 7819 3275 1238 
PAA-1.5 0.015 45 4198 2401 738 

 

An increased concentration of MBA crosslinker resulted in a reduction in the value of Mc. 

The molecular weights obtained from tensile tests were higher than the theoretical values, irrespective 

of the crosslinker content. The tensile tests were carried out on the as prepared hydrogels with 

therefore an identical water content for all the samples (Q=6). Free PAA chains are therefore certainly 

present and contribute to increasing the mobility of the chains which resulted in lower Young's 

modulus. This thus leads to higher effective M̅c than the theoretical M̅c values calculated by 

considering an ideal lattice. On the other hand, the presence of dangling chains could also contribute 

to the difference observed between the experimental and theoretical M̅c values. 

The gel mesh size, , defined as the statistical length between two crosslinks, is another important 

parameter used to describe the gel structure (Figure II.20). 

 

 

Figure II.20. Schematic of mesh size in hydrogels (adapted from (Peppas et al., 1999) ). 
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The mesh size, , was determined according to Eq. (18) (Canal and Peppas, 1989): 

𝜁 =  𝜑𝑝
−1/3. 𝑙𝐶−𝐶√2𝐶𝑛

𝑀𝑐̅̅ ̅̅

𝑀𝑟
  (18) 

 
where lC-C is the length of the covalent carbon-carbon bond (1.54 Å) and Cn is the the Flory characteristic 

ratio of PAA (6.7 (Brandrup et al., 1999) VII-34). The mesh size of the PAA networks decreased with 

increase in CL content from 214 nm to 74 nm. 

The morphology of cryofixed -swollen PAA hydrogels is shown in Figure II.21 and 22. The pore size 

distribution determined form SEM images is given in Figure II.23. All SEM pictures show irregular 

macropores with sizes ranging from 2 to 20 µm. Identical structures were found for pictures taken at 

different locations indicating that pictures shown in Figure. can be considered as representative of the 

overall morphology. SEM images have been analyzed to extract a statistical relevant pore size 

distribution by Image J software analysis. PAA hydrogels prepared with urea showed some differences 

in morphology compared to hydrogels prepared without urea. Honeycomb -like networks are formed 

without urea with a severe distortion from spherical shape of hole while the pores of hydrogels 

prepared in the presence of urea have a more spherical shape and appear separated by large portions 

of polymer films. 

SEM images show that PAA gels with a low crosslinking degree have bigger pores than PAA/urea gels, 

which is in agreement with the greater water uptake capability of PAA gels. The size of the pores 

depends much more on the amount of crosslinking agent used in the synthesis for the PAA gels than 

for the PAA/urea gels. Consequently, the pore sizes of the PAA and PAA/urea gels becomes closer 

together when CL content increases. However, PAA/urea gels still appear les porous than PAA gels 

even for high CL contents. It thus seems that the little higher water uptake capability of PAA/urea gels 

prepared at high CL contents is not related to the formation of a larger number of macropores during 

swelling. This might indicate that a more homogeneous network is formed when urea is present in the 

polymerization medium which results in the formation of a large amount of small pores upon swelling 

in water.  Similar trends were found for the effect of crosslinker content on the pore size than that 

found from the estimate of mesh size by swelling or tensile measurements. However, the pore sizes 

by SEM are one decade higher than the estimate values of mesh size. Paterson et al. (2013) have shown 

that the method of dehydration by quenching with liquid nitrogen made it possible to preserve the 

morphology of the hydrated sample better than the method consisting in freezing the hydrated sample 

in a freezer before freeze-drying. The plunge freeze/freeze-drying method was therefore used in our 

case. The differences in pore size observed with SEM and from the swelling measurements or tensile 

properties suggest that the liquid nitrogen quenching method may not completely prevent the 

formation of ice crystals excluding the polymer from the growing crystal domains. Moreover, the 

swollen gels were all transparent in appearance which suggest a pore size in the submicrometer range 
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(Chirila et al., 1993) It is thus not certain that the morphology of pores observed with SEM represent 

the native morphology of the hydrated gels. 

 

Figure II.21. SEM images of lyophilized PAA gels prepared with different MBA content (a) 0.4, (b) 0.75 

and (c) 1.5 mol%. 

 

Figure II.22. SEM images of lyophilized PAA/urea gels prepared with different MBA content  (a) 0.4 , 

(b) 0.75 and (c) 1.5 mol%. 
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Figure II.23. Pore size distribution of the lyophilized PAA and PAA/urea hydrogels prepared at different 

MBA content. 

 

II.3.6.  Urea release properties 

The release curves of urea fertilizer in deionized water are shown in Figure II.24. There is good 

agreement between the data from the photometric analyzes and those from the elementary analysis. 

The release curves indicate a slower release of urea in the case of PAA/urea gels, in particular when 

the gels are prepared at intermediate levels in MBA. A more quantitative analysis of these results can 

be carried out by modelling the diffusional release of urea from the PAA gels.   
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Figure II.24. Urea release in deionized water for urea loaded PAA and PAA/urea gels prepared at 

different crosslinker content, the points correspond to the results of the photometric analysis, the data 

from elemental analysis carried out at 5 hours immersion time are also represented. 

The release of an active agent from hydrogel is classically assumed to take place by diffusion (Muhr & 

Blanshard, 1982). A kinetic equation (Cobby et al., 1974) with a cubic form had been derived to 

describe the diffusion control release behaviors of solute for a porous matrix (Mt/M0 < 60%): 

𝛼 =  
𝑀𝑡

𝑀0
= 3𝐾𝑡1/2 − 3(𝐾𝑡1/2)2 + (𝐾𝑡1/2)3  (19) 

where α is the fraction of weight released at time t, and K is the release rate constant. 

This expression can be written in a linear form as: 

(1 − 𝛼)
1

3 = 1 − 𝐾𝑡
1

2   (20) 

By plotting the left-hand side of the above expression as a function of the square root of time, a linear 

plot with slope K is obtained. 

The release rate constant K is defined as: 

𝐾 = (
1

𝐶0
 𝑟0) [𝐷(2𝐶0 − 𝐶𝑠)𝐶𝑠]

1

2  (21) 

where C0 is the weight of urea per unit volume of granular, Cs is the equilibrium solubility of the urea 

in the dissolution liquid, D is the diffusion coefficient of the urea in the swollen granular (including the 

effect of porosity and tortuosity) and r0 is the granular radius (0.2 mm). 
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The diffusion coefficient D was calculated from the release rate K according to: 

𝐷 =
(𝐾𝐶0𝑟0)2

(2𝐶0−𝐶𝑠)𝐶𝑠
  (22) 

The values calculated for the diffusion coefficient D of urea in PAA and PAA/urea hydrogels are given 

in Table II.5. The obtained values are in general agreement with the values reported in literature , ie in 

the range 10-5-10-6 cm² s-1   (Shavit et al., 1995; Helaly et al., 2005b) . The diffusion coefficient of the 

loose network of the urea loaded PAA obtained at a 0.4 mol% MBA is smaller than the D values 

obtained at higher CL content. This result may seem surprising at first glance since this gel contains the 

largest mesh sizes and absorbs a large amount of water.  

It can be explained from the results of water absorption kinetics which showed that rate constant 

parameter and the initial swelling rate are lower with PAA/urea prepared at the lowest content of 

crosslinker, noting that the same trend should be obtained for the swelling kinetics of urea loaded PAA 

gels. It may be due to the fact that the network prepared at low CL contents have more ability to 

rearrange itself during the drying of the gel to form multi-site hydrogen bond interactions between 

COOH groups of polymer chains and urea. These interactions would slow down the access of water 

and therefore the departure of urea from the dried gels when they are immersed in water. 

The diffusion coefficient D is up to one decade smaller for PAA/urea gels compared to the values found 

for urea loaded PAA gels with a crosslinker content in the medium range (0.75 mol % and 1.10 mol%). 

The slower rate of urea release may be related to the more homogeneous nature of the network 

leading to smaller pore sizes than PAA gels, as suggested by SEM results. It could also be due to urea 

molecules establishing on average more interactions with the polymer when the polymerization is 

carried out in the presence of urea. The urea release kinetics of the two types of gels prepared at the 

highest content of MBA (1.5 mol%) are almost similar. It may be related to the higher water absorption 

capacity of the PAA/urea gels compared to PAA at this content of MBA. 

Long-term release tests were carried out in the case of gels prepared with 0.75 mol% of MBA. The 

results in Figure II.25 indicate a continuous and slow release of urea up to a 100% release obtained 

after approximately 32 hours for urea loaded PAA gels and ca. 45 hours for PAA/urea gels. 
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Figure II.25. Urea release in deionized water for urea loaded PAA and PAA/urea gels prepared with 0.75 

mol% MBA, up to a 100% release. 

Table II.5. Diffusion coefficient of urea for urea loaded PAA and PAA/urea gels. 

samples D (cm2/s) R2 
Urea loaded PAA PAA/urea Urea loaded PAA PAA/urea 

CL0.40% 4.4 x10-6 2.1 x10-6 0.997 0.983 
CL0.75% 1.0 x10-5 1.5 x10-6 0.821 0.989 
CL1.10% 1.2 x10-5 1.4 x10-6 0.998 0.865 
CL1.50% 1.1 x10-5 6.5 x10-6 0.952 0.869 

 

 

II.3.7.  13C NMR Spectroscopic investigation of PAA hydrogels 

To investigate the structural change in molecular level and the influence of urea fertilizer in different 

networks formation, 13C HR-MAS for swollen gel was carried out in order to clarify the nature of the 

gel/urea interactions. 

The 13C NMR spectra of PAA, urea loaded PAA and PAA/urea before and after immersion in water for 

24 h are shown in Figure II.26 and 27 for samples prepared with 0.75 mol% and 1.5 mol% of urea, 

respectively. The 13C HR-MAS spectra show four main groups of signals, (i) in the range δ=34.6-36.3 

ppm for the CH2 groups, (ii) in the range δ=42.2-43.6 ppm for the CH groups, (iii) at δ=163.5 ppm 

corresponding to carbonyl of urea (Kuchel et al., 2014) and finally (iv) in the range δ=179.4-181.1 ppm 

assigned to carbonyl groups of the polymer. 

Although the formation of diacyl ureas by condensation of urea with carboxylic acids in the presence 

of a metal catalyst (iron or zinc oxide) has been speculated in the patent literature (Dean, 2002), no 

characterization data confirming the structure of the products formed was presented. On the other 

hand, it is clearly established that urea has the ability to form hydrogen-bonded crystalline structures 

with a wide variety of dicarboxylic acids (Alhalaweh et al., 2010). Based on 13C spectral data of fatty 
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acid-derived diacyl ureas (Stec and Pecic, 2020) and on the chemical shift predictions by ChemDraw 

Software, the urea and diacyl carbonyl peaks of diacyl urea structures are respectively expected at 

around 150 ppm and 174 ppm. No signals assigned to diacyl urea crosslinks were identified. In PAA 

gels, the 13C NMR spectrum only contains the signals related to the polymer network. The immersion 

of the PAA gel in an urea solution results in the appearance of the urea peak at =163.5 ppm, 

confirming that urea has been loaded in the PAA and that it has not been degraded during the thermal 

drying of the gel. The characteristic peak of urea at =163.5 ppm almost completely disappeared after 

immersion of PAA/urea gels in water for 24 hours. These results are in agreement with the photometric 

titration and elemental analysis results and confirm that almost all of the urea incorporated in the gel 

can be released after a sufficiently long time of immersion in water. 

 

Figure II.26. Swollen-state 13C HR-MAS NMR spectra (d1=40s, 20mg + 100µL D2O) of PAA/urea before 

and after immersion in water for 24 h (top) and of PAA synthetized without fertilizer before and after 

urea loading (bottom). All samples prepared with a crosslinker content of 0.75 mol%. 
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Figure II.27. Swollen-state 13C HR-MAS NMR spectra (d1=40s, 20mg + 100µL D2O) of PAA/urea before 

and after immersion in water for 24 h (top) and of PAA synthetized without fertilizer before and after 

urea loading (bottom). All samples prepared with a crosslinker content of 1.5 mol%. 

 

 

II.4.  Conclusion 

In this part, we have developed polyacrylic acid hydrogels loaded with urea as nitrogen fertilizer. The 

objective was to evaluate the influence of the urea loading method on the properties important for 

the intended agricultural application, namely the swelling properties and the ability of these gels to 

release the fertilizer over a long period. Loading of the urea was thus carried out either during the 

polymerization or once the polymer had been formed to give PAA/urea and PAA gels, respectively. 

Contrary to what several studies in the literature advance, we have shown that the urea incorporated 

in these two types of hydrogels is not chemically linked to the polymer network but only establishes 

hydrogen bond interactions with the COOH groups of the network. The previous studies were based 

only on unconvincing FTIR spectrometry results. In our case, 13C solid state NMR analyzes of the urea 

loaded gels clearly rejected any chemical link between urea and the polymer network. The gels 

prepared at low crosslinker content imbibed more than 100 times their dry weight of water and can 

consequently be categorized as superabsorbent polymers. The variations in the degree of swelling at 

equilibrium with the amount of crosslinking agent or neutralisation degree of acrylic acid are less when 

the urea is incorporated into the polymerization medium. PAA/urea gels swell less than PAA gels at 

low crosslinker content and more at high crosslinker content. Moreover, compared to PAA gels, 

PAA/urea gels are more stable during successive swelling-deswelling cycles. Besides, we found that 
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urea in these hydrogels mainly partition in the water-containing region in the swollen gel. PAA/urea 

retain more water than PAA gels under mechanical stress but less under thermal stress. SEM 

observations indicated that these hydrogels are macroporous gels with pore size in the micrometer 

range. The size of pores decreases with increasing crosslinker content for both types of hydrogels but 

the variations are less for the PAA/urea gels compared to those observed with PAA gels. The results 

obtained suggested that PAA/urea network is more homogeneous than PAA network which leads to 

the formation of smaller pores when the gel swells. The diffusion coefficient D is up to one decade 

smaller for PAA/urea gels compared to the values found for urea loaded PAA gels with a crosslinker 

content in the medium range (0.75 mol % and 1.10 mol%). The slow release properties of PAA/urea 

gels was related to the more homogeneous nature of the network leading to smaller pore sizes than 

PAA gels and/or to urea molecules establishing on average more interactions with the polymer when 

the polymerization is carried out in the presence of urea. 
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Chapter III. Hydrogel composites based on kaolinite-urea intercalates 

for slow release fertilizers 

 

III.1.  Introduction 

In agriculture, an adequate supply of fertilizer and water are two essential factors for the 

growth of a plant. It is therefore important to improve the efficiency of use of water resources and 

nutrient fertilizer (Azeem et al., 2014; Wanyika, 2014; Campos et al., 2015). Increasing the efficiency 

of fertilizer use by preventing the loss of fertilizer in the environment is a key objective agronomic 

management. One of the solutions considered to limit the losses of fertilizer and thus increase their 

efficiency is to use slow or controlled release fertilizer (SRFs) systems (Wu and Liu, 2007). Among 

fertilizers, urea is extensively used as an effective nitrogen source in agriculture due to its high nitrogen 

content (46%), formula CO(NH2)2, and low cost (Liang and Liu, 2007; Zheng et al., 2009; Kim et al., 2011; 

Azeem et al., 2014). However, excessive supplies of urea leads to losses in soils and causes pollution 

of soils and underground water by transformation into ammonia as explained in the general 

introduction. Different strategies have been used to control the release of urea in the environment 

(Liang and Liu, 2007; Pereira et al., 2012; Azeem et al., 2014). Hydrogel-based slow release fertilizer 

SRFs (gel-based SRFs) are matrix-type formulations, based on mixtures of natural and/or synthetic 

hydrophilic polymers and conventional fertilizers. 

Superabsorbent hydrogels are cross-linked polymeric networks with the ability to absorb large 

quantities of water, ie more than 100 times their dry weight of water (Cipriano et al., 2014). 

Superabsorbent hydrogels can be obtained by radical polymerization of acrylic acid (AA) or its salt and 

acrylamide (Am) as monomer, using methylene-bis-acrylamide (MBA) as crosslinker agent. This 

polymer network included very hydrophilic groups (COO-, COOH, CONH2) which allow it to absorb a 

very large quantity of water (Zhang et al., 2006; Liang and Liu, 2007; Ahmed, 2015). Relative to their 

application in agriculture, another interesting property of hydrogels is their capacity to retain water 

that can help to reduce the excess loss of water by evaporation in soils and limit the effects of drought 

periods. 

The incorporation of fertilizers can be operated during (Zheng et al., 2009; D. Cheng et al., 

2017) or after (Liang and Liu, 2007) the polymerization step. Recently, clays were incorporated with 

hydrogel matrix to achieve a slower release of fertilizer (Bortolin et al., 2016; Cheng et al., 2017). 

Kaolin group include dickite, nacrite, halloysite and kaolinite the most abundant mineral clay 

in the group. The chemical composition of kaolinite Al2Si2O5(OH)4 composed of silicon tetrahedral 
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sheets and aluminum octahedral sheets (Letaief et al., 2006). Kaolinite allows by spacing its interlayer 

space the intercalation of organic molecules such as urea, hydrazine, dimethyl sulfoxide. Intercalation 

of urea in kaolinite was studied by Ledoux and White, (1966) by using aqueous suspension, one of 

different techniques to intercalate kaolinite. Mechanochemical intercalation of urea using ball mills is 

also a technique to intercalate kaolinite as means of powder activation during reactions (Frost et al., 

2001; Makó et al., 2009). The mechanochemical intercalation of fertilizer in kaolinite interlayer and 

other clays to reduce the rate of fertilizer release has interested several authors (Zhang and Saito, 

2009; Solihin et al., 2011; AlShamaileh et al., 2018). (Solihin et al., 2011) prepared by mechanochemical 

reaction, the incorporation of KH2PO4 and NH4H2PO4 into the kaolin structure for slow release of 

fertilizer. At 25 m% kaolin addition, release of dispersed nutrients in water reached over 85% and 

closer to 100%, but decreased to between 30 and 50% for kaolin content at 50 m% and was further 

reduced to below 10% for sample mixture with kaolin content at 75 m%. (Pereira et al., 2012) described 

the preparation and characterization of a novel urea slow-release nanocomposite, based on urea 

intercalation into montmorillonite clay by an extrusion process at room temperature, the release rate 

of active components in water showed that the nanocomposite showed a slow release behavior for 

urea dissolution, even in low montmorillonite amounts (20% in mass). (Roshanravan et al., 2015) used 

intercalated kaolinite-urea as the fertilizer base with a chitosan was used as the binder to prepare 

controlled release of fertilizer (CRFs). (Borges et al., 2015) also prepared by mechanochemical 

intercalation of phosphate fertilizer in kaolinite layer. Recently, (Rudmin et al. 2020) also prepared the 

formulation of slow release fertilizers by the mechanical activation of a mixture of powdered clays and 

urea using planetary or ring milling techniques. (Xiaoyu et al., 2013) implemented a new method for 

slow release urea using bentonite and organic polymer to form three-dimensional lattice structure by 

melting urea. 

In this study, we focus on the preparation of kaolinite-urea/hydrogel composites, by varying 

the amount of kaolinite in the hydrogel matrix (0 to 25 m%) and by varying the amount of urea (0 to 

30 m%). The gel matrix used in this study is poly(acrylic acid-co-acrylamide), p(AA-co-Am) hydrogels. 

The gel time, the swelling ratio, the release of urea in deionized water and the water retention capacity 

was investigated. The mechanochemical intercalation of kaolinite-urea complex was first prepared by 

a planetary ball milling by varying the amount of urea and the complex obtained was used to prepare 

hydrogel composite. Kaolinite/urea/hydrogel composites with the same composition were prepared 

for comparison using non-intercalated kaolinite-urea mixtures.  

Scheme III.1 describes the preparation of two types of kaolinite-hydrogel composites by using 

kaolinite-urea intercalate complexes and kaolinite not intercalated with urea. 
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III.2. Materials and methods 

III.2.1.  Materials  

Acrylic Acid (AA, Aldrich, 99%) was distilled under vacuum to remove the polymerization inhibitor and 

stored in the freezer. N,N’–methylenebisacrylamide (MBA, Sigma Aldrich, 99%), ammonium persulfate 

(APS, Acros Organic, 98+%), sodium hydroxide (NaOH, Acros Organic, 98.5%), acrylamide (Am, Fluka, 

98%), absolute ethanol  99%, 4-(dimethylamino)benzaldehyde (Aldrich 98%), hydrochloric acid (HCl, 

Fisher 37%), urea (Fisher, >99%)  and Kaolin (KGa-1b; Georgia) were used without further purification. 

III.2.2.  Kaolinite-urea intercalation  

The mechanochemical intercalation of urea in the interlayer space of kaolinite was carried out in the 

same conditions than those described in Chapter 1. The samples prepared by mechanochemical 

intercalation in this chapter were kaolinite-urea complexes (KU) KU-25m%, KU-50m% KU-66m% and 

KU-80m% with m% the mass percentage of urea. For sample KU-25m%, the ball milling time was 2 

hours and for the samples KU-50, 66, 80m%, the ball milling time was 1 hour. Table III.1 listed the m% 

of kaolin and urea in samples prepared. 

Table III.1. List of kaolinite-urea complexes prepared by mechanochemical intercalation. 

KU samples m% kaolin m% urea 

KU-25m% 75 25 
KU-50m% 50 50 
KU-66m% 34 66 
KU-80m% 20 80 

 

III.2.3.  Preparation of the kaolinite-hydrogel composites with urea fertilizer 

p(AA-co-Am)/kaolinite/urea 

A series of samples were prepared with different amounts of kaolinite-urea complex treated by 

mechanochemically intercalation, and with fixed amounts of acrylamide co-monomer (30 mol%), N,N’-

methylenebisacrylamide (MBA) (0.75 mol%), 60% of neutralization degree of AA (with sodium 

hydroxide) and ammonium persulfate (APS) 0.75mol% (all mol% relative to AA). The total 

concentration of monomers was 2 mol/l. Stock solutions of Am 2.5 mol/l, MBA 0.12 mol/l, APS 0.1 

mol/l and NaOH 10 mol/l were prepared. Acrylic acid solution 1.54 mol/l was first added to glass tube 

and appropriate quantities of Am, MBA, deionized water, NaOH and APS were successively added to 

obtain 0.46 mol/l Am, 15 mmol/l MBA and 15 mmol/l APS. The solution was purged for 5 minutes with 

nitrogen just before the introduction of the APS. The final solution was added to kaolinite-urea powder 

and mixed manually by shaking for few seconds and then placed in a water bath at 60°C. Before 
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gelation (ca. less than 5 minutes), the glass tube was shaken at regular intervals maintain a good 

dispersion of kaolinite. After the 3 hours of reaction, the glass tube was broken to recover the gel in 

the form of discs 1 cm thick. The discs were dried at 40°C in oven to constant weight. Lastly, the dried 

xerogel, was cryo-grinded and screened to a particle size of 30-50 mesh. In order to evaluate the effect 

of the intercalation of urea in kaolinite, kaolinite/urea hydrogel composites were prepared using non-

intercalated kaolinite-urea mixtures. The composition of the hydrogel composite samples are 

summarized in Table III.2. 

Table III.2. Composition of hydrogel composites prepared with kaolinite-urea intercalates, HG-KU-X-Y 

and with kaolinite/urea non-intercalated mixtures, HG-K-U-X-Y (not listed). X corresponds to the 

amount of urea (m%) in KU complex and Y is the mass % of KU relative to the mass of polymer. 

Sample Code Polymer (m%) Kaolin (m%) Urea (m%) 

HG-KU-25-2 98.0 1.5 0.5 

HG-KU-25-5 95.2 3.6 1.2 

HG-KU-25-20 83.3 12.5 4.7 

HG-KU-25-50 66.7 25 8.3 

HG-KU-50-2 98.0 1.0 1.0 

HG-KU-50-5 95.2 2.4 2.4 

HG-KU-50-20 83.3 8.3 8.3 

HG-KU-50-50 66.7 16.7 16.7 

HG-KU-66-2 98.0 0.7 1.3 

HG-KU-66-5 95.2 1.6 3.2 

HG-KU-66-20 83.3 5.6 11.1 

HG-KU-66-50 66.7 11.1 22.2 

HG-KU-80-2 98.0 0.4 1.6 

HG-KU-80-5 95.2 1.0 3.8 

HG-KU-80-20 83.3 3.3 13.3 

HG-KU-80-50 66.7 6.7 26.7 

 

Hydrogel composites were also prepared without urea by varying the amount of kaolin (1 to 50m% 

relative to the mass of polymer) HG-K-m% and without kaolin by varying the amount of urea (1 to 

50m% relative to the mass of polymer), HG-U-m%. 
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III.2.4.  Methods 

III.2.4.1.   Gel time.  

The gel time was measured by inverting test tube. When a test tube containing a solution is tilted, it is 

defined as a sol phase if the solution deforms by flow, or a gel phase if there is no flow. 

III.2.4.2.   Swelling measurements.  

The bag containing an accurately weighed specimen (0.1 g 300-500 µm particles) was immersed 

entirely in 500 mL deionized water at room temperature. After 5 hours immersion, the bag was 

removed from the solution, the excess of water was removed superficially with tissue paper and the 

bag was weighed. A balance with 10-4 g precision was used for weighing. The swelling ratio Q at 

equilibrium was calculated using equation (1).  

𝑄 =
𝑚𝑡−𝑚0

𝑚0
   (1) 

Where m0 is the weight of dry gel, mt is the weight of the swollen gel at equilibrium. 

III.2.4.3.   Water retention properties.  

A 0.1 g of xerogel was immersed in deionized water (500 mL) for 24h. The swollen hydrogel M0 was 

placed at 40°C in an oven. For different intervals, the mass of remaining hydrogel was weighed and 

denoted by Mt. the water retention of the sample is calculated by using the equation (2). 

𝑊𝑅(%) =
𝑀𝑡

𝑀0
. 100   (2) 

Were Mt = weight hydrogel – (weight polymer + kaolinite) at t time and M0 = weight hydrogel – (weight 

polymer + kaolinite) after swelling 24 hours in deionized water). 

III.2.4.4.   Release of urea from hydrogel-clay composite.  

 The release of urea was studied by following the same method as that described in chapter 2. Each 

measurement was replicated three times and the average result was taken as the result. 

Powder X-ray diffraction (XRD) analyses were carried out on a Siemens D5000 type diffractometer 

equipped with a vertical goniometer and diffracted beam monochromator. The radiation applied was 

Cu K (=0.1541 nm) generated at 40 kV and 40 mA. The samples were measured in step scan mode 

with 0.04° step size and 4s step scan. 

An elemental analysis instrument (Thermo Scientific, Flash 2000) was used to determine the contents 

of nitrogen and carbon element in dried gels before and after swelling different times in deionized 

water. 

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). Spectra were acquired at a resolution of 4 cm-1 over a spectral range of 600-4000 cm-1. 
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III.3.  Results and discussion 

Scheme III.1 resume the procedure adopted to prepare kaolinite hydrogel composites. In the one step 

process (1), urea loaded hydrogel composites are prepared by in situ polymerization after adding all 

ingredients individually. In the two steps process (2), urea was first mechanochemically intercalated in 

interlayers of kaolinite and then, the kaolinite-urea complex is added to the reaction mixture before 

polymerization and crosslinking. Urea was intercalated between interlayer of kaolinite in order to delay 

the release of urea in water. We used the denomination KU-m% for kaolinite urea samples 

mechanochemically ground and K-U-m% for samples obtained by simply mixing kaolin and urea 

together in the reaction mixture. 

 

Scheme III.1.  A schematic presentation of the two routes for the preparation of poly(acrylic acid-co-

acrylamide)/kaolinite-urea composite hydrogels. 

 

III.3.1.  Kaolinite-urea complexes  

Firstly, we will study the kaolinite-urea complexes obtained by mechanochemical intercalation of urea 

in the interlayer of kaolinite using different amounts of urea. The amount of urea was varied in a wide 

range, from 25m% to 80m% as indicated in table III.1. The mechanochemical intercalation was 

operated by planetary ball mill in the same conditions than those described in Chapter 1. It is important 

to emphasize that the kaolin urea intercalates were incorporated without washing into the reaction 

mixture. The KU samples thus obtained contain an excess of non-intercalated urea increasing with the 

amount of urea used during grinding. This excess urea present at the outer surface of the kaolinite 
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sheets is likely to limit de-intercalation during polymerization and potentially combine two types of 

urea within the hydrogel: easily releasable urea and urea released over longer durations. 

XRD patterns of kaolin and kaolin mechanochemically ground with urea at different mass% of urea, 

are shown in (Figure III.1). As noted in Chapter 1, we observed an agglomeration of the powder at a 

urea content of 80 m%: the powder stuck to the jar walls and the balls even after short milling times. 

In this case, the agglomerated powder was crushed by a pestle mortar by hand to obtain a fine powder. 

As reported by many studies (Makó et al., 2009, 2013), for pure kaolinite the d-value was 0.71 nm and 

after mechanochemical grinding, the d-value was shifted to 1.07 nm after intercalation of urea. The 

degree of intercalation α (%) was 94% for sample KU-25m%, 96% for KU-50m%, 99% for KU-66m% and 

99% for KU-80m%. X-ray diffraction results thus confirm the nearly quantitative intercalation of urea 

in kaolinite. These complexes will be used for the synthesis of composite hydrogels.  

Considering that the amount of urea in the kaolinite urea intercalates is of the order of 25 m% (from 

the results in chapter 1), the percentage of non-intercalated (ie in excess) urea amounts to around 0 

%, 33 m%, 54 m% and 73 m% for KU-25m%, KU-50m%, KU-66m% and KU-80m%, respectively. 

Kaolinite-urea complexes were also studied by infrared spectroscopy. Pure kaolinite KGa-1b (Figure 

III.2,a) shows the typical infrared absorption bands of well-crystallized kaolinite. In the high 

wavenumber region (4000 to 3000 cm-1), OH stretching bands observed at 3687, 3669 and 3651 

correspond to inner surface hydroxyl groups while the band at 3619 cm-1 corresponds to inner OH 

groups, usually not affected by intercalation. (Ledoux and White, 1966; Letaief and Detellier, 2005; 

Letaief et al., 2006). Intercalation of urea into kaolinite layers result in the striking reduction in intensity 

of the 3687, 3669 and 3651 cm-1 absorption bands of kaolinite (Figure III.2,b c d e). As expected, the 

band at 3619 cm-1 is not influenced by the interlamellar modification. The bands at 3440 cm-1 and 3345 

cm-1 correspond to the NH stretching vibrations of urea. The intensity of these bands increase with the 

amount of urea in the KU complex. 
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Figure III.1. X-ray diffraction of (a) kaolin, kaolin mechanochemically ground with (b) 25m% urea (KU-

25m%), (c) 50m% urea (KU-50m%) (d) 66 m% urea (KU-66m%) and (e) 80 m% urea (KU-80m%). 
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Figure III.2. FTIR spectra of (a) kaolin, kaolin mechanochemically ground with (b) 25m% urea (KU-

25m%), (c) 50m% urea (KU-50m%) (d) 66 m% urea (KU-66m%) and (e) 80 m% urea (KU-80m%). 

III.3.2.  Kaolinite-urea hydrogel composites 

III.3.2.1.   Preparation and physico-chemical characterization of hydrogel composites 

The incorporation of kaolin and urea is liable to modify the conditions of formation of the crosslinked 

polymer network. These effects were studied by measuring the gel time in the different reaction 

mixtures studied. First, the effect of adding kaolin alone or urea was studied (Figure III.3). Kaolin has a 

significant effect on gel time. The gel time decreases for low kaolin contents (less than 2%) and then 

increases until a gel time comparable to the unfilled polymer is reached. The kaolin incorporated in 

the reaction medium in a small proportion appears to be well dispersed with a translucent appearance 

of the gel obtained. On the other hand, the kaolin incorporated in high proportion leads to an opaque 

gel. Faster gelation in the presence of a small proportion of kaolin could be related to the hydrophilic 

nature of the kaolin surface which involves hydrogen bonds interactions with the polymer chains being 

formed and thus, play a role of physical crosslinking node contributing to the gelation of the medium 

reaction. Increasing amounts of kaolin lead to an agglomeration of the kaolinite which decreases the 

exchange surface with the polymer chains. On the other hand, a high level of kaolin can also partially 

block the diffusion of reactive species within the reaction medium, thus leading to an increase in the 

gel time. Unlike kaolin, the incorporation of urea did not induce a significant variation in the gel time. 
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The gel times measured on the composites prepared from the kaolin-urea complexes are shown in 

Figure III.4. There is no clear trend in the evolution of gel times with the content of KU complex in the 

various hydrogels. In all cases, gelation is rapid (less than 5 minutes) showing that the kaolin urea 

complex does not significantly modify the kinetics of the polymerization reactions and building of the 

3D organic network. A fundamental point in this study is to ensure that the urea trapped between the 

kaolinite sheets is not partially or totally released in the reaction medium knowing that the reaction 

occurs in water and that urea has a high solubility in water. This risk is undoubtedly maximum before 

gelation and therefore the short gel times obtained constitute a positive aspect of the polymerization 

process retained in this study. 

 

Figure III.3. Gel times for kaolin hydrogel composites and urea loaded hydrogels. 

 

 

Figure III.4. Gel times for kaolin-urea hydrogel composites based on kaolinite urea intercalates. 
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The FTIR spectra of the hydrogel composites prepared by the one step and by the two step methods 

are shown in Figure III.5. As noted previously, the OH stretching region of kaolinite is very sensitive to 

the effects of interlayer modification. For hydrogel built by mixing kaolinite and urea without 

mechanochemical intercalation (Figure III.5,e), the relative intensity of the inner and surface hydroxyl 

groups at 3619 and  3687 cm-1 remains identical to that of pure kaolinite. Therefore, urea was not 

intercalated during the mixing of ingredients or during the in-situ polymerization. On the contrary, the 

infrared spectrum of the hydrogel composite prepared by the two steps method shows the band at 

3687 cm-1 still having a lower intensity than the band at 3619 cm-1. This indicates that the inner surface 

OH groups of kaolinite are still in interaction with urea and, consequently, that urea is still intercalated 

in the interlayer space of kaolinite. 

 

Figure III.5. The FTIR spectra (4000-3000 cm-1) of kaolinite (a), kaolinite-urea intercalated KU-25m% (b), 

poly(AA-co-Am) hydrogel (c), hydrogel composite HG-KU-25-50 prepared by the two steps method and 

(d) hydrogel composite HG-K-U-25-50 prepared by the one step method).  

The X-ray diffraction patterns of the hydrogel composites prepared by the on step and by the two steps 

method are shown in Figure III.6. The hydrogel composite prepared by the one step method shows the 

characteristic non-expanded (001) reflection of kaolinite at 0.71 nm. Urea was thus not intercalated 

during the in-situ polymerization process. On the contrary, the hydrogel composite prepared by the 
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two steps method still shows the (001) reflection at 1.07 nm characteristic of urea kaolinite 

intercalates. XRD results are in agreement with FTIR analysis.  

 

Figure III.6. X-ray diffraction pattern of (a) kaolinite-urea intercalate, KU-25m%, (b) hydrogel composite 

prepared with KU-25m% and (c) hydrogel composite prepared by the one step method (mixing kaolinite 

and urea directly in the reaction mixture).  

III.3.2.2.   Swelling properties 

The swelling ratio of hydrogel composites was studied by the tea bag method. The effect on swelling 

ratio of kaolin content, urea content intercalated KU complex  and not intercalated K-U content in the 

hydrogel composites was successively investigated (Figure III.7, Figure III.8 and Figure III.9). The 

swelling ratio did not change significantly at low kaolin loadings (below 5 m%) but it significantly 

decreased at higher loadings. In general, increasing the amount of kaolin in hydrogels decrease the 

swelling ratio (W.-M. Cheng et al., 2017, Liang, 2007 ). At low loadings, kaolinite is well dispersed and 

water certainly interacts with the external surface of kaolinite particles. The physical nodes between 

kaolinite and polymer chains are certainly broken when the water molecules accumulate in the swollen 

hydrogel and, thus, do not lead to a decrease in swelling ratio. At high kaolin loadings, kaolin particles 

are more agglomerated and water can not have access to the whole surface of agglomerated particles. 
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This leads to a decrease in the swelling ratio. Urea alone also resulted in a decrease in swelling ratio 

when added at a high content as already noted in Chapter 2. In the case of hydrogel composites 

prepared from the kaolin-urea intercalates, the swelling ratio does not decrease even at high loadings 

of kaolinite. There is even a significant increase in the swelling ratio at intermediate loadings of kaolin, 

(see for example the sample HG-KU-25-20). Such evolution has been noted in the literature with more 

expandable clays than kaolinite such as bentonite (Cheng et al, 2017). This suggests that kaolinite in 

these samples is more well-dispersed than in the hydrogel composites obtained without urea. It is 

noteworthy that the swelling ratio of hydrogel composites obtained by the one step method 

significantly decreased at high kaolinite loadings. These results suggest that the high swelling degree 

of high loaded kaolinite urea hydrogel composites prepared from KU intercalates is related to the 

presence of urea in the interlayer space. The expansion of the kaolinite by urea allows an easier access 

to the interlayer space to water molecules. This can be combined with a partial exfoliation after long 

times swelling in water. XRD patterns of the two types of hydrogel composites after 24 hours swelling 

are shown in Figure III.10. After swelling for 24 hours, the intensity of the (001) reflection strongly 

decreased in the case of the hydrogel composite prepared by the two step method. This is not 

accompanied by an increasing intensity of the 0.71 nm reflection, related to the collapsed kaolinite. 

On the contrary, the composite prepared by the one step method still shows the same XRD pattern 

after swelling than before swelling, related to unexpanded kaolinite. The XRD analysis of the hydrogels 

after swelling for 24 hours in water thus confirmed the partial exfoliation of kaolinite in the case of 

hydrogel composites prepared by the two step method. As seen in Chapter 1, when KU-25m% was 

immersed alone in deionized water, hydrates of kaolinite are formed. On the contrary, when the KU-

25m% was introduced into the matrix hydrogels before immersion in water, the hydrates of the 

kaolinite are not formed because kaolinite interlayer was partially exfoliated. This suggests that the 

partial exfoliation of the kaolin sheets is associated with the hydrophilicity of the polymer network and 

its superabsorbent properties. It thus seems that the stresses generated during the swelling of the 

polymer would promote the exfoliation of the kaolinite. 
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Figure III.7. The effect of kaolin and urea content on the swelling ratio of poly(acrylic acid-co-

acrylamide) hydrogels. 

 

Figure III.8. Swelling ratio of hydrogel composites  prepared by the two step method with KU-25m%, 

KU-50m%, KU-66m%, KU-80m%, as a function of KU-m% in the composite. 
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Figure III.9. Comparison of the swelling ratio of hydrogel composites  prepared by the two step method 

(based on KU intercalates) with those prepared by the one step method. 

The graph in Figure III.10,c,d presented the hydrogel prepared with mixed without intercalation 

kaolinite urea. In this case the (001) reflection was not perturbed after polymerization and after 24 

hours in deionized water (0.71 nm).  

 

Figure III.10. X-ray diffraction (2θ = 5°-30°) of (a) xerogel HG-KU-25-50, (b) xerogel HG-KU-25-50 after 

24h swelling in deionized water, (c) xerogel HG-K-U-25-50 and (d) HG-K-U-25-50 after 24h swelling in 

deionized water. 

 

III.3.2.3.   Water retention properties 

In drought periods the water retention capacity of hydrogels is essential in order to keep the water as 

long as possible for plants. For this purpose many studies are looking into this aspect (Liang and Liu, 
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2006; Abedi-Koupai et al., 2008; Jamnongkan and Kaewpirom, 2010; Jin et al., 2011; Yang et al., 2013; 

Xiang et al., 2017). A large quantity of studies investigated water retention capacity of hydrogels in soil 

at room temperature. This implies that the monitoring of water loss until dryness is done for days. In 

our work, the water retention capacity was measured by placing the swelled hydrogels in oven at 40°C, 

desorption takes place for hours.  

Figure III.11 shows the % water retention as a function of time for hydrogel composites prepared by 

the one step method and those prepared by the two step method. Hydrogels composites prepared 

with KU-25m%, K-U-25m%, KU-66m% and K-U-66m%, were investigated. After 22 hours drying time, 

hydrogel composite HG-KU-25-50 and HG-K-U-25-50 retained respectively 40% and 26% of water. And 

HG-KU-66-50 retains 13% more water compared to HG-K-U-66-50.  

Hydrogels prepared with kaolin urea intercalates have a better ability to retain water than samples 

prepared by simply mixing individual ingredients. This can be explained on the one hand by the partial 

exfoliation during the swelling of the hydrogels prepared with the kaolin urea intercalates. This 

exfoliation is likely to increase the diffusion path of the water molecules and therefore to delay the 

departure of the water. Besides, the results associated with the study of the release of urea (see 

following part) indicated a higher residual urea content after 24 hours of swelling in the case of the 

samples prepared from the KU intercalates. The osmotic pressure associated with the presence of urea 

in the hydrogels is therefore higher in this case, which can also help to retain more water within the 

swollen gel. It is also noted that the amount of kaolin urea strongly impacts the capacity of hydrogels 

to retain water. For all the systems studied, this capacity to retain water increases with the amount of 

kaolinite urea and reaches an optimum at a KU loading of 20 m%. Beyond 20 m%, the capacity to retain 

water decreases. It is thus noted that the capacity to retain water of the hydrogels HG-KU-25-20 and 

HG-KU-50-20 is the highest of all the samples tested and that it is in particular higher than the 

uncharged hydrogel (Figure III.12, Figure III.13 and Figure III.14). 
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Figure III.11. Water retention capacity at 40°C of hydrogel composites prepared by the one step method 

(HG-K-U-25-20, HG-K-U-50-20, HG-K-U-25-50 and HG-K-U-66-50) and by the two step method (HG-KU-

25-20, HG-KU-50-20, HG-KU-25-50 and HG-KU-66-50). 

 

Figure III.12. Water retention capacity at 40°C of hydrogel composites prepared by the two step 

method with different KU-25 m% loadings (0, 5, 20 and 50 m%). 
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Figure III.13. Water retention capacity at 40°C of hydrogel composites prepared by the two step method 

with different KU-50 m% loadings (0, 5, 20 and 50 m%). 

 

Figure III.14. Water retention capacity at 40°C of hydrogel composites prepared by the two step method 

with different KU-80 m% loadings (0, 5, 20 and 50 m%). 
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III.3.2.4.   Release properties 

The release of urea from p(AA-co-Am) hydrogel composites was done by spectrophotometric 

determination of the amount of urea released in water using a method adapted from the Watt's 

method (Watt and Chrisp, 1954).  

Firstly, we studied the release of urea for the kaolin urea complex at 25% by weight of urea and we 

compared it to the manual mixing of kaolin and urea in the same proportions as the complex. The 

results are shown in Figure III.15. It is observed that the release kinetics are slower in the KU complex 

than in the mixture ground manually. The urea is completely released in just 10 minutes in the case of 

the manually ground mixture while 90 minutes are required in the case of the KU complex. The 

intercalation of urea between the kaolinite sheets therefore makes it possible to slow down the release 

kinetics of urea.  

 

Figure III.15. Urea release curves in deionized water for the KU complex, KU-25m%, for kaolin urea 

mixture (25 m%) obtained by manual grinding and for hydrogel composites prepared by the one step 

method (HG-K-U-25-50) and by the two step method (HG-KU-25-50). 

The kinetics of urea release in the composite hydrogels were then studied. Release curves for 

composites prepared from kaolin urea complexes (25m%), i.e. according to the two-step method and 

for composites of the same composition but prepared by simple mixing of the individual ingredients 

(one-step method) are shown in Figure III.16. It is clear that the incorporation of urea into a hydrogel 

matrix makes it possible to reduce the release kinetics. It is also observed that the kinetics are slower 

when the urea is incorporated into a kaolin urea intercalate than when it is directly in contact with the 

polymer hydrogel matrix. The release kinetics were prolonged over long periods in order to assess 
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whether all of the incorporated urea is releasable or if part of the incorporated urea is not releasable, 

for example, due to its partial decomposition during the formation and/or drying of the composite 

(thermally activated hydrolysis) or due to chemical bonds established with the constituents of the 

hydrogel.  

A slow but continuous release is observed over long periods of time. This result is particularly 

interesting for the targeted application because it indicates that the plants will have a progressive 

nutrient supply over long periods of time. In addition to the results obtained from the 

spectrophotometric analysis, Figure III.16 indicates two measurement points resulting from the 

elementary analysis of C, H and N elements. There is a very good agreement between the two 

methods. Urea is completely released in 83 hours in the case of the hydrogel prepared by the one-step 

method and in 120 hours for the hydrogel prepared in two steps, i.e. from the kaolin urea intercalates. 

Consequently, there is no loss of urea or all of the urea incorporated is therefore released, which is 

advantageous in terms of cost efficiency of the process. The diffusion coefficient D of urea was 

calculated from equation (3) detailed in chapter 2.  

𝐷 =
(𝐾𝐶0𝑟0)2

(2𝐶0−𝐶𝑠)𝐶𝑠
  (3) 

The D values shown in Table III.3 indicate a diffusion coefficient twice as low for the composite 

prepared from the kaolin urea intercalate. On the other hand, the diffusion coefficient of the 

composite obtained by mixing the individual ingredients is close to the diffusion coefficient of the 

hydrogel polymer not comprising kaolin. This result could suggest that the slower release with the 

composite loaded with the kaolin-urea intercalate would be due mainly to a slower release of the 

intercalated urea. However, it should be remembered that the state of dispersion of kaolin in the two 

types of composites is different and that this can also have an impact on the release kinetics of urea.  

Table III.3. Diffusion coefficient of hydrogels   

samples HG-KU-25-50 HG-K-U-25-50 HG-U-50 

D (cm2/s) x 10-9 3.9 7.6 7.5 
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Figure III.16. Release of urea from hydrogel composites HG-KU-25-50 and HG-K-U-25-50 in deionized 

water over long release times. 
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Figure III.17. The comparison of urea release curves for hydrogel composites prepared from KU-50m% 

intercalates and from K-U-50m% with different KU (and K-U) loadings 

 

Figure III.17 illustrates the effect of the kaolin-urea loading rate on the urea release kinetics is 

illustrated in the case of the composites prepared from the kaolin urea complexes at 50% by mass of 

urea, KU-50. The results of Figure III.17 confirm that urea is released more slowly in the case of 

composites prepared by the two-step method compared to composites prepared by the one-step 

method. On the other hand, the release rate seems to increase with the loading rate and therefore 

with the quantity of urea and kaolin present in the hydrogel. The low urea rate of the HG-KU-50-5 

composite (2.4 m% urea) explains the absence of measurement points on the release curve because 

the released urea rate cannot be measured because we are in this case at the limit of sensitivity of the 

method. It is noteworthy that the swelling ratio for all the HG-KU-50 composites reached values 

greater than 100 after only 5 to 10 minutes of immersion in water. The above results are therefore not 

correlated with different swelling kinetics between these composites. The swelling kinetics of the 

hydrogels in this study therefore does not appear to be a determining factor explaining the differences 

observed in the release curves as a function of the kaolin level in the composites. The urea 
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concentration gradient between the hydrogel and the surrounding solution increases with the kaolin-

urea content of the composites. This could explain the lower urea flux obtained in the case of the HG-

KU-5 composite. Figure III.18 shows the release curves for the composites prepared from kaolin-urea 

at 66% by mass of urea and at 80 m% of urea. Again, the release is slower with the composites prepared 

with the kaolin-urea intercalates.  

 

 

 

Figure III.18. The comparison of urea release curves for hydrogel composites prepared from KU-66m%, 

K-U-66m%, KU-80m% and K-U-80m%  
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III.4.  Conclusion 

Poly(acrylic acid-co-acrylamide) hydrogel composites have been prepared by in situ polymerization by 

incorporating in the reaction medium either a kaolin-urea intercalate or kaolin and urea 

independently. Kaolin urea intercalates with different urea content were prepared in short time by 

mechanochemical grinding using a planetary ball mill. Gelation occurs in a few minutes in all cases 

showing that the kaolin and urea do not hinder the formation of the 3D polymer network. The two 

preparation methods lead to different properties in terms of swelling, water retention and urea release 

kinetics. Swelling results show a significant decrease in the swelling ratio in composites prepared by 

simple mixing of individual components.  This is due to an agglomeration of the kaolin which decreases 

the water absorption capacity of the composites compared to the uncharged hydrogel. On the 

contrary, the composites prepared from the KU intercalates leads to swelling ratio es most often close 

to the polymer matrix. A significant increase in swelling is even observed at an intermediate loading 

ratio of 20% with the kaolin - urea (25 m%) intercalate. This was explained by the expansion of the 

kaolinite by urea which allows an easier access to the interlayer space to water molecules. It is also 

explained by a partial exfoliation after long times swelling in water as suggested by XRD analysis. 

Moreover, hydrogel composites prepared with kaolin urea intercalates have a better ability to retain 

water than samples prepared by simply mixing individual ingredients. This was mainly related to the 

better dispersion of kaolinite in the former case which results in a more tortuous path for water 

molecules. Finally, we found that the release of urea from the hydrogel composites prepared with the 

KU intercalates is slower than with the composite prepared by the one-step method. This slow release 

is related to embedding of KU with the hydrogel matrix together with the urea location in the interlayer 

space of kaolinite. 
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Chapter IV. Catalytically activated kaolinite for the preparation of 

polyacrylamide hydrogel composites at ambient temperature 

 

IV.1.  Introduction 

Polyacrylamide (PAAm) based hydrogels have been widely applied in agriculture applications 

due to their great hydrophilicity and simplicity in synthesis (Gao et al., 1999, 2015; Zhang and Wang, 

2007; Guilherme et al., 2010; Mahdavinia et al., 2013; Ferfera-Harrar et al., 2014). PAAm hydrogels are 

usually produced using free radical polymerization method, in which crosslinking agent (e.g.  N,N′-

methylene-bis-acrylamide (MBA)) is introduced in the polymerization process. Generally, ammonium 

persulfate (APS) is used to initiate the polymerization reaction. N,N,N’,N’-tetramethylethylenediamine 

(TEMED) is the most common accelerator which, when combined with APS, allows polymerization to 

be carried out at room temperature (Guo et al., 1990; Si et al., 1995). The chemically crosslinked PAAm 

hydrogels are generally weak and brittle due to their structural inhomogeneity (Haraguchi et al., 2002). 

The formation of polymer clay nanocomposites has been considered over the past 20 years as a means 

of improving the mechanical properties of polyacrylamide gels. 

Most of these studies were done with expandable clays such as montmorillonite, vermiculite and 

bentonite. In this work, we aimed to develop polyacrylamide-kaolinite composite hydrogels without 

additional chemical crosslinker i,e; with kaolinite acting as a multifunctional crosslinker in place of an 

organic crosslinker. To our knowledge, no research has reported the formation of kaolinite-based 

hydrogels without the addition of a chemical crosslinker (MBA type) in the polymerization medium. 

Zhang recently showed that polyetheramine having the tertiary amine structures could be used as both 

the initiation and cross-linking point for the formation of polyacrylamide hydrogels. Based on Zhang 

results, we decided to explore the possibility of grafting of a dimethylamino fragment with a structure 

similar to TEMED on kaolinite in order to initiate the growth of polyacrylamide chains from the surface 

of the clay mineral layers. 

In this work, the grafting of 2-(2-dimethylaminoethoxy) ethanol on kaolinite will be first carried out. 

The functionalized kaolinite will be characterized by thermogravimetric analysis, elemental analysis, X-

ray diffraction, 13C solid state NMR spectroscopy and FT-IR analysis. The functionalized kaolinite will 

then be used as an accelerator and co-initiator of the polymerization of acrylamide in order to produce 

polyacrylamide-kaolinite hydrogel composites. Then, the swelling characteristics and mechanical 

properties of the hydrogel composites will be reported.  
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IV.2.  Experimental details 

IV.2.1.  Materials 

The kaolin (KGa-1b) used was from the Source Clays Repository of the Clay Mineral Society. 2-[2-

(dimethylamino)ethoxy]ethanol (DAEE, Fisher), acrylamide (Am, Aldrich), ammonium persulfate (APS, 

Acros Organic,98+%), dioxane (Aldrich), isopropanol (Fisher), acetone, dimethyl sulfoxide (DMSO) and 

methanol (MeOH) were of analytical grade and used as received.  

IV.2.2.  Kaolinite-dimethyl sulfoxide intercalate  

The preparation of kaolinite-dimethyl sulfoxide (K-DMSO) intercalate precursor was carried out as 

follows. 10 g of kaolinite powder was added to a mixture of 60 ml of DMSO and 5 ml of deionized 

water. The suspension was maintained under constant stirring for 10 days at 80°C and then allowed to 

stir for 5 days at room temperature. The resulting material was recovered after two series of washing-

centrifugation using successively dioxane (2 x 50 ml) and isopropanol (2 x 50 ml). The product was 

finally dried at 50°C overnight. 

IV.2.3.  Preparation of 2-[2-(dimethylamino)ethoxy]ethanol-grafted kaolinite 

1 g of K-DMSO was mixed with 6 g of 2-(2-(dimethylamino)ethoxy)ethanol (DAEE) in a flask equipped 

with a stirrer, a reflux pipe and a nitrogen line  under constant stirring. The temperature of the mixture 

was increased slowly from room temperature to 180°C and maintained stable during 2 h, giving the 

sample K-DAEE-2, or during 17 h, giving the sample K-DAEE-17. The samples were recovered after three 

washing by centrifugation with 50 ml isopropanol. The solids were dried at 60°C overnight.  

1 g of sample K-DAEE-2 was remixed with 6 g of DAEE with the same conditions as above (2 hours at 

180°C), to give the sample K-DAEE-2C.  

The hydrolytic stability of the K-DAEE intercalates was studied. Typically, 100 mg of K-DAEE was added 

to 100 ml of deionized water under vigorous stirring for 24 hours. The powder was recovered by 

centrifugation and then dried at 60°C for 48 hours. 

IV.2.4.  Preparation of kaolinite-g-DAEE/acrylamide intercalate 

Kaolinite-acrylamide intercalate (K-DAEE-Am) was prepared by stirring 0.2 g of K-DAEE-2C in 20 ml of 

a 2.5 mol/l acrylamide aqueous solution for 3 hours under nitrogen and centrifuged. The solid part was 

suspended again in the same conditions for 72 hours. The excess acrylamide was displaced from 

kaolinite by washing with acetone (100 mg of sample in 10 ml acetone). The resulting solid was dried 

under vacuum at 40°C overnight.  
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IV.2.5.  Preparation polyacrylamide hydrogels  

The list of samples prepared are detailed in Table IV.1. The samples were prepared using a stock 

solution of acrylamide (2.5 mol/l) and a stock solution of ammonium persulfate (0.1 mol/l). First, 

acrylamide and an appropriate amount of deionized water are mixed in a flask to give a concentration 

of 2 mol/l acrylamide in the final solution. O2 is removed by bubbling with nitrogen for 5 min. The other 

components are added successively to another flask, systematically ending with the stock solution of 

APS and under vigorous stirring for 2 min. The resulting mixture is transferred to a glass tube and the 

acrylamide solution was added. The glass tube is closed with a septum and bubbled with nitrogen for 

5 min. Before gelation, the glass tube was shaken at regular intervals to maintain a good dispersion of 

kaolinite. For gelled samples, the glass tube was broken, and the hydrogel was cut into 0.5 cm cylindric 

discs.  

Hydrogels and hydrogel composites were also prepared using conventional cross-linker N,N’-

methylene-bis-acrylamide (MBA) to compare their mechanical properties to hydrogels prepared with 

only clay mineral as a crosslinker. In these formulations, polymerization was carried out at 60°C 

because there is no TEMED accelerator into the polymerization medium. The composition of the 

samples including MBA crosslinker is given in Table IV.2. 

 

Table IV.1. Composition of reactants (in g) for the synthesis of polyacrylamide samples without organic 

cross-linker. 

samples Am K K-DAEE-2C K-DAEE-Am DAEE APS 

Am  0.454 - - - - 0.014 

Am + DAEE  0.454 - - - 0.002 0.014 

Am + K  0.454 0.028 - - - 0.014 

Am + K + DAEE  0.454 0.028 - - 0.002 0.014 

Am + K-DAEE  0.454 - 0.028 - - 0.014 

Am + K-DAEE-Am  0.454 - - 0.028 - 0.014 

 

Table IV.2. Composition of reactants (in g) for the synthesis of polyacrylamide hydrogels prepared with 

MBA crosslinker.  

samples Am MBA K K-DAEE-Am APS 

HG-MBA-0.40 0.454 0.005 - - 0.014 

HG-MBA-0.75 0.454 0.009 - - 0.014 

HG-K-MBA-0.40 0.454 0.005 0.028 - 0.014 

HG-K-MBA-0.75 0.454 0.009 0.028 - 0.014 
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IV.2.6.  Material characterization 

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 K ( = 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 CHNS elemental analysis was determined using an elemental 

analyzer Flash EA 1112 series Thermo Finnigan at dried state. Thermogravimetric analysis (TGA) was 

performed using a TA Instruments SDT600 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. Solid-state 13C NMR 

Cross-Polarization Magic-Angle-Spinning CP/MAS spectra were collected on a Bruker AVANCE 400 

NMR spectrometer operating at 100.68 MHz for 13C. Approximately 100 mg of sample was packed in 4 

mm O.D. Zirconia rotors which was spun at the magic angle at 12 kHz.  

For swelling measurements, the as-prepared hydrogel was cut into disc 1 cm in diameter and 0.5 cm 

in height. Disc was immerged in deionized water (0.5 L) for one week and wiped off before weighing 

(Ms). The swollen disc was dried at 40°C to constant weight (MD). The swelling ratio was calculated 

from the following equation: 

Q = 
𝑀S−𝑀D

𝑀D
 (1) 

TA-DMA Q800 dynamic mechanical analyzer was used to investigate the mechanical properties of 

hydrogels at swollen state. All test measurements were performed on as prepared hydrogel samples 

in the form of disc. Samples were tested at 25°C with a compression strain rate of 1000 µm/min and a 

preload force of 0.001 N and in multi-frequency-strain mode with a preload force of 0.1 N, 5% 

oscillation strain and a frequency sweep from 0.2 to 10 Hz. 
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Scheme IV.1. Schematic illustration of the preparation of the polyacrylamide-kaolinite composite 

hydrogels. 

 

IV.3.  Results and discussion 

Scheme IV.1 illustrates the different steps adopted to prepare the polyacrylamide-kaolinite hydrogel 

composites without organic crosslinker. Kaolinite was expanded with DMSO before grafting DAEE on 

the surface of kaolinite. The polymerization at ambient conditions of acrylamide initiated by the DAEE 

functionalized clay resulted in the polyacrylamide-kaolinite hydrogel composite. 

IV.3.1  Preparation and characterization of kaolinite grafted with 2-(2-

(dimethylamino)ethoxy)ethanol 

The grafting of the dimethylamine functionality on the kaolinite surface was carried out by reaction 

between the OH groups of 2-[2-(dimethylamino)ethoxy]ethanol and aluminol groups present at the 

surface of kaolinite. This reaction leads to the formation of an Al-O-C bond between the grafted 

molecule and the kaolinite and generates water as a by-product (scheme IV.2). The grafting reaction 

was investigated by XRD, TGA, 13C CP-MAS NMR, elemental analysis and FTIR spectrometry. 

 

 

Scheme IV.2. Grafting of 2-(2-(dimethylamino)ethoxy)ethanol onto the aluminols of the interlayer 

surface of kaolinite. 
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IV.3.1.1.   X-ray diffraction 

 

Figure IV.1. XRD patterns (2θ = 5-30°) of (a) kaolinite, (b) K-DMSO, (c) K-DAEE-2 (reaction time :2h), 

(d) K-DAEE-2C (2h of reaction repeated twice) and (e) K-DAEE-17 (17h reaction time). 
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Figure IV.1,a shows the (001) reflection of raw kaolinite corresponding to an interlayer distance d-value 

= 0.71 nm. After intercalation with DMSO, the (001) reflection is shifted to 1.12 nm in agreement with 

previous studies (Olejnik et al., 1968; Gardolinski and Lagaly, 2005a) (Figure IV.1,b). The interlayer 

distance correspond to the keying of one of the methyl groups of DMSO in the siloxane rings of the 

tetrahedral sheets (Letaief and Detellier, 2011). After reaction of K-DMSO with DAEE, (Figure IV.1,c ,d 

,e), the (001) reflection remained unchanged at 1.12 nm. (Gardolinski et al., 2000; Gardolinski and 

Lagaly, 2005b) reported basal spacing of kaolinite grafted with a variety of amino alcohols between 

1.10 nm and 1.14 nm.  

Thorough washing with water was carried out in order to remove the non-grafted organic molecules 

(Letaief and Detellier, 2007). 0.1 g of K-DMSO, K-DAEE-2, K-DAEE-2C and K-DAEE-17 was suspended in 

100 ml of deionized water under magnetic agitation at 300 rpm for 24 hours. The elemental 

composition of the kaolinite samples before and after washing with water is shown in Table IV.3. 

 

Table IV.3. Elemental composition (CHNS) of the kaolinite samples before and after washing with 

water. 

Samples %C %H %S %N 

K-DMSO 5.60 2.65 7.55 - 

K-DMSO-w 0.97 1.98 0.29 - 

K-DAEE-2 6.08 2.76 5.21 0.40 

K-DAEE-2-w 2.87 2.59 - 0.31 

K-DAEE-2C 7.48 2.82 4.65 0.82 

K-DAEE-2C-w 3.87 2.83 - 0.64 

K-DAEE-17 6.69 2.81 6.77 0.30 

K-DAEE-17-w 1.30 2.03 - 0.18 

 

 XRD patterns of the washed samples are shown in Figure IV.2,b’,c’,d’,e’. It is seen that (001) reflection 

returned to 0.72 nm as raw kaolinite for K-DMSO. Elemental analysis confirmed that DMSO was 

strongly displaced by water during water washing. For K-DAEE-2, the (001) reflection shifted from 1.12 

nm to 1.03 nm after washing. For K-DAEE-17-w, the (001) reflection shifted from 1.13 m to 0.85 nm. 

The interlayer space of the washed sample close to the values of kaolinite hydrates. Elemental analysis 

of K-DAEE-17 indicates that a significant amount of nitrogen is still present in the washed sample.  

Elemental analysis also shows that a treatment of kaolinite for 17 hours at 180°C with DAEE results in 

a much lower amount of N than that found for kaolinite treated during shorter times (2 h). The 

elimination low amount of DAEE and the reduction of the interlayer space suggest that long reaction 

times at 180°C is detrimental to the efficiency of the grafting reaction, maybe through hydrolysis of 

the Al-O-C bonds. The non-grafted intercalated DAEE molecule can adopt an orientation parallel to the 

plane of the layers in order to optimize the interactions between its nitrogen, ethoxy and OH groups 
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with the oxygen of Si-O-Si and Al-OH of kaolinite. This orientation could explain the low value (0.85 

nm) of the interlayer space. 

This X-ray result confirmed that a reaction time of two hours results in an efficient grafting of DAEE. 

Elemental analysis showed that before washing with water, K-DAEE-2 and K-DAEE-2C contain a large 

amount of S and thus DMSO still intercalated. This would explain that the interlayer distance was the 

same between K-DAEE and K-DMSO before washing. DMSO was totally removed after washing and 

this resulted in a smaller interlayer distance for K-DAEE-2 and K-DAEE-2C. The molecule DAEE was 

grafted and only a low amount of non grafted DAEE was removed from kaolinite interlayer by water 

washing. The degree of intercalation α (%) was calculated using the integral intensity of the (001) 

reflections of the expanded and unexpanded kaolinite by the following equation:  

𝛼(%) =
𝐼𝑖(001)

𝐼𝑘(001)+𝐼𝑖(001)
𝑥100    (2) 

Where Ii(001) is the peak intensity observed for the kaolinite intercalate and Ik(001) is the peak intensity 

observed for the non-expanded kaolinite. For sample K-DAEE-2C, repeating the process for grafting led 

to increase the degree of intercalation α from 95.6 to 97% and from 94% to 97.2 % for the washed 

samples. 
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Figure IV.2. XRD patterns (2θ = 5-30°) after washing with water  (a’) kaolinite, (b’) K-DMSO, (c’) K-

DAEE-2 (reaction time :2h), (d’) K-DAEE-2C (2h of reaction repeated twice) and (e’) K-DAEE-17 (17h 

reaction time). 

 

IV.3.1.2.   Thermal analysis 

Thermogravimetric analysis (TGA) was used to determine the amount of organic material loaded in the 

kaolinite derivatives before and after water washing. Derivative thermogravimetry (DTG) and TGA 



Chapter IV. Catalytically activated kaolinite for the preparation of polyacrylamide hydrogel composites at ambient temperature 

121 
 

traces are shown in Figure IV.3. The first mass loss observed in all samples between 60°C and 150°C 

correspond to the removal of physically adsorbed water. In the case of intercalated kaolinites, an 

increase in temperature above 170°C produces release of the organic material. In figure (IV.2,b), TGA 

of K-DMSO shows a second loss at 179°C which is attributed to the endothermic removal of DMSO.  

The organic material loaded in the intercalated sample was calculated from the weight loss between 

150°C and 350°C. It  corresponds to 18.2% mass loss for K-DMSO in agreement with literature reports 

(Letaief and Detellier, 2005, 2007; Tonlé et al., 2007). The second mass loss was attributed to the 

dehydroxylation of kaolinite observed at 514°C for pure kaolinite, with a 3.5% mass loss corresponding 

to the loss of the structural water of kaolinite during the transformation of kaolinite to metakaolinite 

(Letaief and Detellier, 2011). In Figure IV.3,c ,d ,e, a maximal rate for the decomposition of organic 

material appeared at 309°C, 319°C and 297°C for K-DAEE-2, K-DAEE-2C and K-DAEE-17, respectively. 

Elemental analysis revealed a still high amount of DMSO in the unwashed K-DAEE samples. The mass 

loss between 150 and 350°C therefore corresponds to DMSO and DAEE evaporation and/or 

decomposition. The mass loss % between 150 and 350°C was 13.8, 14.7 and 17.1% for K-DAEE-2, K-

DAEE-2C and K-DAEE-17, respectively. It thus seems to increase with reaction time but it is difficult to 

separate the amount of DAEE and DMSO in these unwashed samples. These samples must also contain 

a significant amount of non-grafted DAEE, intercalated or physically adsorbed on the external surface 

of kaolinite. The third mass loss above 350°C could be first ascribed to the dehydroxylation of kaolinite. 

For samples K-DMSO, K-DAEE-2, K-DAEE-2C and K-DAEE-17 the dehydroxylation of kaolinite appeared 

at 508, 467, 461 and 478°C respectively. The dehydroxylation of the grafted amino alcohols hybrid 

materials was observed at lower temperature (400-460°C) in literature, this effect was attributed to 

the lower crystallinity of grafted materials (Gardolinski and Lagaly, 2005a; Letaief and Detellier, 2007, 

2011; Dedzo and Detellier, 2016).  

In Figure IV.4,a the TG curve of K-DMSO-w was close to the TGA curve of raw kaolinite, proving the 

nearly total elimination of DMSO during water washing, in agreement with elemental analysis. For K-

DAEE samples, a sharp decrease in loss between 150 and 350°C is observed for washed samples 

compared to the loss observed for unwashed samples. The mass loss in the 150-350°C range amounts 

to 2.50 %, 2.53% and 2.10 % for the washed K-DAEE-2, K-DAEE-2C and K-DAEE-17, respectively. This 

loss corresponds to the decomposition of the grafted DAEE. The higher efficiency of the grafted 

reaction appears for the sample treated twice for 2 hours at 180°C, K-DAEE-2C, in agreement with 

elemental analysis results. After water washing kaolinite hybrid samples, the dehydroxylation 

appeared at512, 479, 454, 505°C for K-DMSO K-DAEE-2, K-DAEE-2C and K-DAEE-17, respectively 

(Figure IV.4). The sharp decrease in the dehydroxylation temperature relative to kaolinite for the 

KDAEE-2C sample suggests that the decomposition of the grafted DAEE is not completed at 350°C and 
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that it partially overlaps with the dehydroxylation of kaolinite. The loss between 150 and 350°C 

therefore undoubtedly underestimates the rate of grafted DAEE.  

For the washed K-DAEE, 8.2% mass loss correspond to the water adsorbed and/or hydrates kaolinite 

and ca. 2.50% mass loss of DAEE molecule grafted in kaolinite layers. For K-DAEE-17-w, the TG shows 

the reduction of the organic with the washing with an accordance with other analysis. 

Based on the percentage of mass loss of water and organics to form the metakaolinite Al2O3.2SiO2, the 

TGA data allowed to calculate the formula unit of K-DAEE-2C. The formula calculated for K-DAEE-2C 

determined from TGA results was Al2Si2O5(OH)4[-(OCH2CH2-O-CH2CH2-N(CH3)2]0.05. The formula 

determined from elemental analysis (N content) of K-DAE-2C was Al2Si2O5(OH)4[H-(OCH2CH2-O-

CH2CH2-N(CH3)2]0.12. This confirms that TGA largely underestimates the amount of grafted DAEE. 

 

Figure IV.3. DTG-TG curves of kaolinite (a), K-DMSO (b), K-DAEE-2 (c), K-DAEE-2C (d) and K-DAEE-17 (e). 
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Figure IV.4. DTG-TG curves of K-DMSO-w (a), K-DAEE-2-w (b), K-DAEE-2C-w (c) and K-DAEE-17-w (d). 

IV.3.1.3.   FTIR spectrometry 

FTIR spectra (4100-2500 cm-1) showed of kaolinite and kaolinite-DAEE hybrids before extensive 

washing with water are shown in Figure IV.5.  Kaolinite has the three typical bands at 3687, 3669 and 

3651 cm-1 corresponding to inner surface hydroxyl groups. These bands should be significantly 

modified after intercalation or grafting compound into kaolinite layers, contrary to the band at 3619 

cm-1 which corresponds to the stretching vibrations of the inner hydroxyl groups (Ledoux and White, 

1966; Cheng et al., 2014). After intercalation with DMSO molecules, a significant modification in 

position and intensity of the bands of the surface hydroxyls is observed while the band of the internal 

groups remains intense and at the same position. The new vibration bands appearing at 3535 and 

3503 cm-1 are related to the inner surface OH perturbed by DMSO (Letaief and Detellier, 2008). The 

new bands appearing at 2937 and 3022 cm-1 are assigned to the CH3 vibrations of DMSO. After the 

reaction with DAEE the surface hydroxyl bands appeared modified in intensity and position. The FTIR 

spectra of K-DAEE and K-DAEE-2C corresponding to short reaction times show significant changes 

compared to the FTIR spectrum of K-DMSO. The OH vibration bands appear less well resolved than for 

K-DMSO. These results suggest that DAEE was intercalated and interact with surface hydroxyl groups 

of kaolinite. The FTIR spectrum of K-DAEE-17 shows nearly the same features than the K-DMSO. It thus 

seems that long reaction times are detrimental to the efficient intercalation and grafting of DAEE.  

Figure IV.6 shows FTIR spectra of the samples after their extensive washing with water. The FTIR 

spectrum of the washed K-DMSO shows the same features than raw kaolinite. This confirms the 
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efficient removal of DMSO during the washing step. The small band at 3544 cm-1 corresponds to 

kaolinite hydrate which suggests the displacement of DMSO by water molecules. This is in accordance 

with XRD results discussed above. Unlike K-DMSO, the OH bands of the K-DAEE samples after washing 

still corresponds to perturbated OH inner surface groups. This confirms that DAEE is well-grafted and 

that the Al-O-C bond resists to water washing. The FTIR spectrum of K-DAEE prepared by long reaction 

time (K-DAEE-17) shows significant differences relative to the K-DAEE prepared by short immersion 

times (K-DAEE-2 and K-DAEE-2C). Notably, a strong band appears at 3544 cm-1. This band can be 

ascribed to kaolinite hydrate. As discussed before, the removal of the non-grafted DAEE and/or the 

hydrolysis of the Al-O-C bond during washing with water resulted in a partial collapse of kaolinite 

layers, a re-orientation of DAEE intercalated molecules and trapping of water molecules to form 

kaolinite hydrates. FTIR results are in good agreement with XRD results. 

 

Figure IV.5. FTIR spectra (4000-2500 cm-1) of (a) kaolinite, (b) K-DMSO, (c) K-DAEE-2, (d) K-DAEE-17 and 

(e) K-DAEE-2C. 



Chapter IV. Catalytically activated kaolinite for the preparation of polyacrylamide hydrogel composites at ambient temperature 

125 
 

 

Figure IV.6. FTIR spectra after water washing of samples (a) kaolinite (K-w), (b) K-DMSO-w, (c) K-DAEE-

2-w, (d) K-DAEE-17-w, (e) K-DAEE-2C-w. 

 

IV.3.1.4.   NMR spectroscopy  

13C CP/MAS-NMR was used to obtain further information on the structure of the intercalated or grafted 

species into kaolinite. The assignment of carbon signals of DAEE molecule is shown in Figure IV.7. K-

DMSO spectrum is characterized by a doublet at 43.2 and 42.1 ppm due to the asymmetric location of 

DMSO within the interlayer spaces of kaolinite (Letaief and Detellier, 2008). The 13C NMR spectra of 

unwashed K-DAEE samples still contains an intense signal at ca. 43 ppm which confirms that DMSO has 

not been totally displaced by DAEE during the grafting reaction. Extensive washing with water allows 

to remove DMSO as indicated by the large decrease of the 43 ppm signal in the NMR spectra of the 

washed samples. The 43 ppm signal is indeed shifted to ca. 44.2 ppm for K-DAEE-2C-w and K-DAEE-2-

w which corresponds to the resonance of the dimethylamino units of grafted DAEE. The peak at 55.2 

ppm corresponds to the carbon of Al-0-C bond, this peak is shifted compared to the HO-13C signal of 

DAEE molecule (61.3 ppm) (Figure IV.8). In the case of K-DAEE-17-w, the intensity of peak at 55.2 ppm 

is very low which would confirm that DAEE residues are not chemically grafted. The N-CH2 and CH2-O 
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give resonance signals at 60.6 and 69.3 ppm. 13C NMR thus confirm that DAEE was grafted for short 

immersion times and that the higher efficiency of grafting was repeated two times during short 

reaction times (2h). 

 

Figure IV.7. 13C NMR spectra for DAEE molecule. 

 

Figure IV.8. Solid state 13C CP/MAS NMR spectra for (a) the starting materials K-DMSO, (b) K-DAEE-17, 

(c) K-DAEE-2, (d) K-DAEE-2C and (a’, b’, c’, d’) for their corresponding water washed samples. 
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IV.3.2.  Polymerization of K-modified DAEE with acrylamide 

IV.3.2.1.   Polymerization method 

K-DAEE-2C was used both as initiator and activator of persulfates with respect to the polymerization 

of acrylamide. Dimethylamino units grafted on kaolin are believed to react with persulfate ions in the 

same way as TEMED reacts with APS. As represented in Scheme 3, lone pair electrons of nitrogen atoms 

firstly attack the persulfate and the unstable intermediate (1), (2) and sulfate ion are created. Then, 

the oxygen anion of sulfate in intermediate (2) abstracts a hydrogen from the dimethyl group to give 

the free radicals (3) and (4). Therefore, two kinds of free radicals are formed that can both initiate the 

polymerization of acrylamide. The initiation via radical (4) will result to polyacrylamide chain bonded 

to the kaolinite surface. In order to understand the role of each component of the system, several 

preliminary tests were carried out. First, acrylamide was mixed with APS at room temperature for 

several hours. No change in viscosity was noted. It is well known that the activation of APS requires 

heating the reaction medium and thus polyacrylamide was not formed in these conditions. The same 

observations were made when kaolin was added to the reaction medium. With the addition of DAEE 

(without or with kaolinite) in the reaction medium, a rapid increase in viscosity (less than 5 minutes) is 

observed at room temperature. DAEE can thus activate the polymerization of acrylamide, certainly in 

the same way as TEMED. On the other hand, simple mixing of K-DAEE-2C with APS and acrylamide did 

not lead to an increase in viscosity. At this stage, two hypotheses can be made: either the DAEE loses 

its capacity to catalyze the initiation reaction when it is immobilized on the surface of the kaolin or the 

DAEE grafts can still activate the polymerization but the APS and / or more probably the monomer do 

not have access to the interlamellar space. A final experiment was therefore carried out using a DAEE-

kaolinite pre-intercalated with acrylamide together with acrylamide monomer and APS. In this case, 

an increase in viscosity is observed followed by gelation after approximately 80 minutes of reaction at 

room temperature. This last result validates the mechanism presented in Schemes 1 and 3 where the 

polymerization of acrylamide is initiated on the surface of the kaolinite surface and where the kaolinite 

plays the role of a multifunctional crosslinker to obtain polyacrylamide-kaolinite hydrogel. 
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Scheme IV.3. The initiation mechanism of the system of persulfate tertiary amine grafted on kaolinite 

interlayer. 

IV.3.2.2.   Characterization of K-DAEE-Am intercalates 

The XRD pattern of the product obtained by treatment of K-DAEE-2C with an aqueous 18% acrylamide 

solution is shown in Figure IV.10. The (001) peak shifted from 1.06 nm to 1.12 nm. Elemental analysis 

of the product gave 9.23% of C, 2.92 % of N and 0.26% of S. The amount of S is a littler lower to the 

amount of S found after extensive washing of K-DMSO with water and it is much lower than the S 

amount in K-DAEE-2C. This suggests that DMSO has been largely displaced by acrylamide and that the 

interlayer distance of 1.12 nm, which is the same value than that found for K-DMSO intercalate is 

related to the intercalation of acrylamide in kaolinite. The N content related to grafted DAEE for K-

DAEE-2C was 0.64 %. By considering that the fraction of grafted DAEE remains unchanged during the 

intercalation of acrylamide, it is possible to calculate the fraction of C associated with DAEE grafts from 

their N content knowing that DAEE contains 6 C for 1 N. On the other hand, the difference between 

the amount of total N and the amount of N level associated with DAEE grafts makes it possible to 

determine the amount of N coming from acrylamide and therefore the amount of C coming from 

acrylamide (knowing that acrylamide contains 3 C for 1 N). By summing the amount of C coming 

respectively from the acrylamide and DAEE grafts, the obtained value was very close to the measured 

value of total C in the product. It can be concluded that DAEE grafts are preserved during the 
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intercalation process of acrylamide. Overall, K-DAEE-Am contains ca. 11.4 m% of acrylamide and 6.1 

m% of DAEE grafts i.e. a total of 17.5 m% of organic component. 

 

Figure IV.9. K-DAEE-Am FTIR spectra. 

 

The FTIR spectrum of KDAEE-Am is shown in Figure IV.9. The inner surface OH bands appear perturbed 

relative to the bands of the raw kaolinite. The new band that appears at 3627 cm-1 (partly overlapped 

with the 3619 cm-1 band of inner OH can be related to hydroxyl groups interacting with carbonyl and 

amino groups of acrylamide. The bands at 3487 and 3370 cm-1 correspond the stretching of NH2 groups 

of acrylamide. The OH region give a broad band with several shoulders, notably at ca. 3650 cm-1 due 

to the presence of several environments since OH groups strongly interact by hydrogen bonding with 

grafted-DAEE and intercalated acrylamide. The low wavenumber part of the IR spectrum contain 

several features confirming the intercalation of acrylamide with bands at 1675 cm-1 and 1660 cm-1 (as 

shoulder), assigned to ν(C=0) and ν(C=C), respectively and bands at 1622 and 1594 cm-1, attributed to 

δ(NH2) of acrylamide. The FTIR spectral features of K-DAEE-Am supports the formation of a kaolinite-

acrylamide intercalation compound. 
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Figure IV.10. XRD patterns of (a) K-DAEE-2C, (b) K-DAEE-Am intercalate and (c) HG-K-DAEE-Am hydrogel 

composite. 

The XRD pattern of the PAAm-kaolinite shows a broad (001) peak shifted to 1.22 nm and with a small 

intensity. The shift of (001) peak suggests the intercalation of polymer chains while the broadness and 

low intensity of the peak suggests a decrease in the stacking order and/or partial exfoliation of 

kaolinite. 

IV.3.2.3.   Mechanical properties and swelling capacity 

The viscoelastic properties of polyacrylamide hydrogels has been studied by DMA analysis in 

compression mode at room temperature and at different frequencies (Figure IV.10). The water content 

of each sample was 87 wt%.  The storage modulus of the hydrogels are more than one decade higher 

than their viscous modulus, showing that the elastic properties of these gels is more pronounced than 

their viscous properties. The hydrogels containing kaolinite have relatively higher mechanical 

properties than their unreinforced polymer matrix. Moreover, the polyacrylamide-kaolinite hydrogel 

prepared by surface initiated polymerization resulted in a higher storage modulus than the hydrogel 

composites prepared with MBA conventional crosslinker.   
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Figure IV.11 showed a typical stress-stain curve recorded during uniaxial compression test of HG-K-

MBA-0.40, HG-K-MBA-0.75 and HG-K-DAEE-2C-Am. When the compression strain is above 35%, the 

compression stress of all the hydrogels begins to increase exponentially because the chain segments 

are getting closer with compression. 

The compressive strength of the hydrogel prepared without adding MBA is between the compressive 

strength of the gel prepared with an MBA level of 0.4 mol% (relative to acrylamide) and an MBA level 

of 0.75 mol%. 

 

 

Figure IV.11. Dynamic rheology of PAAm and K-PAAm gels (a) Storage modulus, G’ and (b) loss modulus, 

G’’ as a function of frequency. Reaction conditions: kaolinite content in K-PAAm gels 5.8 wt%, water 

content of each sample ca 87 wt%. 
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Figure IV.12. Strain with a compression strain rate of 1000 µm/min and a preload force of 0.001 N of 

different hydrogels. 

 

Figure IV.13 shows a comparison of the behavior of the polyacrylamide gels under uniaxial 

compression. Digital photos of hydrogel before and after compression test illustrated the rigidity and 

physical aspect of hydrogels (Figure IV.13). As can be seen, hydrogels with conventional MBA cross-

linker, HG-MBA-0.40 and HG-MBA-0.75 were brittle and degraded under compressive stress (Figure 

IV.13,a,b,c,d). The addition of 5.8 wt% of kaolinite to the conventional hydrogel allowed to strengthen 

the gel when low MBA content is used, HG-K-MBA-0.40. This sample has a good elastic recovery 90%. 

The hydrogel prepared with a higher MBA content, HG-K-MBA-0.75, is brittle and broke during 

compression test (Figure IV.13,e,f,g,h). The HG-K-DAEE-Am hydrogel was soft and did not degraded 

upon compressive stress and showed a good elastic recovery although lower than HG-MBA-0.4 (Figure 

IV.13,i,j,k). As vividly shown in Figure IV.13, the as-prepared HG-K-DAEE-Am hydrogels appeared soft, 

resilient, tough and completely opaque. They can be compressed or stretched, have a good elastic 

recovery returning instantaneously to their initial length after unloading by hand manipulation. The 

hand elongation can attain more than 120% (Figure IV.14,a,b,c,d). Cylindrical HG-K-DAEE-Am showed 

also a good elastic recovery after compressive stress (Figure IV.14,e,f). 
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Figure IV.13. Comparison of the behavior of polyacrylamide gels under uniaxial compression (before 

compressing, under 80% compressing, and after unloading) HG-MBA-0.40 (a, b), HG-MBA-0.75 (c, d), 

HG-K-MBA-0.40 (e, f),  HG-K-MBA-0.75 (g,h) and HG-K-DAEE-Am (i, j, k). 

 

 

Figure IV.14. Digital photos of HG-K-DAEE-Am hydrogels (a) as prepared, (b, c) stretched, (d) returned 

after stretch, compressed with a finger and release (e, f). 
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HG-K-DAEE-Am hydrogels did not dissolve but swelled, maintaining its original shape very well. The 

swelling ratio of HG-KDAEE-Am hydrogel was 30 g/g. Ibraeva et al. (2015) reported a maximum degree 

of swelling for polyacrylamide-kaolin composites with 10 wt% kaolin prepared using MBA as a 

crosslinker in the range 4-10 g/g, depending on the MBA content. 

 

IV.4.  Conclusion 

In conclusion, in this chapter we have prepared a new functionalized kaolinite by the interlayer 

attachment of 2-(2-dimethylaminoethoxy)ethanol to the aluminum groups of the octahedral sheets. 

This grafting reaction was confirmed by XRD, TGA, 13C NMR and elemental analysis. Immersion in water 

under vigorous stirring for 24 hours showed that Al-O-C bond resists to hydrolysis degradation.  The 

DAEE-functionalized kaolinite was used with ammonium persulfate to initiate the polymerization of 

acrylamide. Several different combinations of reactants lead to conclude that the DAEE-kaolinite 

hybrid played the role of a multifunctional crosslinker. DAEE graft is a key element in the system by 

reacting with APS to generate free radicals on the surface which allows the initiated surface 

polymerization of acrylamide to occur. The pre-intercalation of acrylamide into the interlayer was 

necessary to obtain the hydrogel composite. The XRD results revealed an expansion of the interlayer 

during polymerization with a low stacking order and certainly partial exfoliation of kaolinite. The 

polyacrylamide-kaolinite composites showed good elastic recovery properties and a high swelling 

capacity. 
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Conclusion and perspectives 

The need for innovative strategies for water and soil protection that substitute the time-, energy- 

and resource-consuming remediation processes with other more efficient and environmentally-

friendly is becoming urgent. In this respect, the interest of this project was to promote such solutions 

for public and private practitioners and to up-rise industrial competitiveness through economically 

sustainable technologies/products, in the Agriculture Field and indirectly in the Water Management 

area. Therefore, this project practically developed acrylic-kaolinite composite hydrogel with a 

controlled release of nitrogen fertilizers. To achieve this objective, first, the mechanochemical 

intercalation of kaolinite with urea fertilizers was thoroughly investigated. Secondly, acrylic-hydrogels 

with urea fertilizers were prepared following two different strategies, a one step method with the 

presence of urea during the network formation and two step method by post loading urea into the 

preformed polymer. Thirdly, acrylic-kaolinite composite with urea were developed at various amounts 

of kaolinite and urea. Finally, kaolinite was functionalized to allow the surface initiated polymerization 

of acrylamide at room temperature. 

The chapter 1 was focused on the elaboration of clay-fertilizer compound using kaolin as clay and urea 

as fertilizer. 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 kaolinite-urea 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. 

In chapter 2, a superabsorbent polyacrylic acid hydrogels was prepared by two routes by free radical 

polymerization using N,N’-methylene-bis-acrylamide MBA as a crosslinker and ammonium persulfate 

APS as an initiator. In the first route urea fertilizer is added to the reaction mixture and polymerized in 

situ within the gel matrix, PAA/urea and in the second route PAA hydrogels was prepared first and dry 
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gel was allowed to swell in urea solution 10 g.L-1 to obtain urea loaded PAA. The effect of crosslinker 

on water absorbency Q, water retention WR, slow urea release and mechanical properties was 

investigated in these two types of PAA hydrogels. The result showed that in term of swelling ratio, 

water retention and urea release, PAA and PAA/urea gels leads to a difference for the two polymer 

networks. 

In this part (chapter 3), poly(acrylic acid-co-acrylamide)/kaolinite-urea (p(AA-co-Am)/KU) composite 

hydrogel was synthetized using N,N’,methylenebisacrylamide as crosslinker agent and ammonium 

persulfate as initiator. The kaolinite-urea (KU-m%) powder complexes were mechanochemically 

intercalated by ball milling with different amounts of urea, 25, 50, 66, 80 m% and were characterized 

by X-ray diffraction and FTIR analysis to confirm the intercalation. These complexes KU-m% where 

incorporated in the gel-type matrix p(AA-co-Am). The swelling ratio Q of hydrogels was 200 g/g and 

the retention capacity at 40°C can attained 50 hours before complete desorption of water. The 

interesting result in this study is the difference between the kinetic release of urea in water from 

hydrogel prepared by KU-m% intercalates and by K-U-m% mixture without intercalation. In p(AA-co-

Am)/KU-25m%, the release of urea in water appear with significant difference in kinetics release in 

favor of the pre-intercalated sample. 

In chapter 4, a novel organic-inorganic hybrid hydrogel material was prepared by grafting the 2-(2-

dimethylaminoethoxy)ethanol (DAEE) molecule in the interlamellar kaolinite. The grafting reaction 

was optimized and characterized by X-ray diffraction, 13C solid NMR, thermogravimetric analysis and 

infrared spectroscopy. The DAEE grafts was n=0.12 mol per unit structure of kaolinite. Increasing the 

time of reaction from 2 hours to 17 hours led to less grafting of DAEE to interlayer of kaolinite.  The 

amino group in this grafted molecule was used as precursor of redox polymerization of acrylamide to 

build hydrogel composite. The mechanical properties of hydrogel tested by dynamic mechanical 

analysis indicated that the storage modulus G’ was 35 kPa. These types of hydrogels could be stretched 

to 120% and their elasticity makes it possible to return to the initial state. 

A logical progression of this PhD work would consist to develop hydrogels based on biopolymers such 

as alginates. The lower water uptake of these polymers relative to the acrylate superabsorbent 

hydrogels prepared in this work should result in a slower release of urea. The initial results concerning 

the mechanical properties and swelling capacity of the polyacrylamide-kaolinite hydrogel composites 

prepared by surface initiated polymerization from the 2-(2-dimethylaminoethoxy)ethanol grafted-

kaolinite are encouraging and could be optimized in the future by playing in particular on the kaolin 

and APS content. 
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This thesis is part of the development of new granular fertilizers that can be used in agriculture and that combine a slow 

release of organic nitrogen fertilizer and a high water absorption and retention capacity. Urea was first incorporated into 

acrylic superabsorbent hydrogels by two methods, either by incorporation during polymerization or by a post-loading step 

with the preformed polymer. The first method leads to a more homogeneous polymer network with reduced pore sizes and 

leading at the same time to a slow release of the fertilizer and to excellent water retention capacity under pressure and 

swelling/reswelling capacity. Kaolinite-urea intercalates were prepared in a second part of this work by dry grinding kaolin 

KGa-1b with urea using a laboratory-scale planetary ball mill. A degree of intercalation close to 100% with very little 

amorphization of the kaolinite was obtained by grinding KGa-1b with a small excess of urea for only 15 minutes. The slow 

release of urea from composites consisting of a poly (acrylic acid-co-acrylamide) matrix and kaolinite-urea intercalates is 

linked to the coating of the kaolinite-urea complex in the hydrogel matrix as well as at the location of the urea in the interlayer 

space of the kaolinite. In a final part, polyacrylamide-kaolinite hydrogels were prepared in the absence of organic crosslinking 

agent and at room temperature. The polymerization of acrylamide is initiated at the surface of the kaolinite previously 

functionalized with 2- (2-dimethylaminoethoxy) ethanol. The grafting reaction was studied by X-ray diffraction, 

thermogravimetric analysis, IRTF spectrometry, 13C NMR and elemental analysis. The XRD results revealed an expansion of 

the interlayer during polymerization with a low stacking order and partial exfoliation of kaolinite. Kaolin acts as a 

multifunctional crosslinking agent in this composite. The polyacrylamide-kaolinite composites showed good elastic recovery 

properties and a high swelling capacity. 

Keywords: Hydrogels, kaolinite, urea, composite, slow release of fertilizers. 

Hydrogels composites acrylique-kaolinite pour une libération contrôlée de 
fertilisants azotés 

Cette thèse s’inscrit dans la mise au point de nouveaux fertilisants granulaires utilisables en agriculture et combinant une 

libération lente de fertilisant azoté organique et une capacité d’absorption et de rétention d’eau élevée. L’urée a été intégrée 

dans des hydrogels superabsorbants acryliques selon deux méthodes, soit par incorporation lors de la polymérisation, soit 

lors d’une étape de post-chargement du polymère préformé. La 1ère méthode conduit à un réseau polymère plus homogène 

avec des tailles de pores réduites et conduisant à la fois à une libération lente du fertilisant à une capacité de rétention d'eau 

sous pression élevée et à d’excellentes propriétés de gonflement/regonflement. Dans une seconde partie de ce travail, des 

intercalats kaolinite-urée ont été préparés par broyage à sec de kaolin KGa-1b avec de l'urée à l'aide d'un broyeur planétaire 

à billes. Un degré d’intercalation proche de 100% avec très peu d'amorphisation de la kaolinite a été obtenu en broyant Kga1b 

avec un faible excès d'urée pendant seulement 15 minutes. La libération lente de l’urée de composites constitués d’une 

matrice poly(acide acrylique-co-acrylamide) et d’intercalats kaolinite-urée est liée à l'enrobage du complexe kaolinite-urée 

dans la matrice d'hydrogel ainsi qu'à l'emplacement de l'urée dans l'espace interfoliaire de la kaolinite. Dans une dernière 

partie, des hydrogels polyacrylamide-kaolinite ont été préparé en l’absence d’agent réticulant organique et à température 

ambiante. La polymérisation de l’acrylamide est amorcée à la surface de la kaolinite préalablement fonctionnalisée avec le 2-

(2-diméthylaminoéthoxy)éthanol. La réaction de greffage a été étudiée par diffraction des rayons X, analyse 

thermogravimétrique, spectrométrie IRTF, RMN du 13C et analyse élémentaire. Les résultats de diffraction des rayons X ont 

révélé une expansion de l'espace interfoliaire lors de la polymérisation avec un ordre d'empilement faible et une exfoliation 

partielle de la kaolinite. Le kaolin joue le rôle de réticulant multifonctionnel dans ce composite qui présente de bonnes 

propriétés élastiques et un taux de gonflement élevé. 

Mot clés: Hydrogel, kaolinite, urée, composites, libération contrôlée de fertilisants 


