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Abstract 

Organic and inorganic-doped sol-gel glasses have been synthesized via thermal followed by 

microwave treatment. Tetramethoxysilane (TMEOS) was used as a precursor, whereas dopants 

used were Neodymium oxide, Urea (carbamide) or Thiourea (thiocarbamide) and the obtained 

formulations werereferred as Nd, U, and THU, respectively along with the undoped or plain glass 

(P). Colors of the as-prepared sol-gel glasses ranged from transparent colorless (P) to opaque 

dark purple (Nd). The latter colorcould be owed to the presence of the inorganic transition 

element oxide (Nd2O3).In addition, THU had the smallest particle size range (< 250 microns), 

whereas the other three sol-gel glasses had larger particle sizes ranging from 250- 630 

microns.Thesynthesized sol-gel glasses were tested for their capacity to adsorb and remove 

Methylene Blue (MB) dye from aqueous solutions. Uexhibited the highestsorptioncapacitiesof 

12.6 and 2.6 mg/g with removal efficiencies of 50.3 % and 83.2 %at 12 and 2 mg/L MB, 

respectively.These values were almost twice and 1.7 times those obtained by P at the higher and 

lower MB concentrations, respectively which indicates that doping with urea enhanced sorption 

through introducing new functional groups.Fourier transform Infrared (FTIR)spectroscopy 

revealed that carbonyl group on urea could be responsible for adsorption via electrostatic 

interaction between the negatively charged carbonyl oxygen of urea and the positively charged 

nitrogen or sulfur on MB, or through redox reactions between them. 

Keywords: Sol-gel glasses,Microwave irradiation, Urea, Thiourea, Neodymium, Adsorption, 

Methylene Blue, Network, Industrial Wastewater purification.  
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I.  Introduction 

In material science, the sol gel process is a method by which monomers are converted into a 

colloidal solution known as sol, which acts as the precursor for an integrated network of 

polymers or discrete particles. Typically, metal alkoxides (MOR) are commonly used as 

precursors. 

In the past 50 years and with the tremendously growing world’s population and the 

consequent heavy industrial activities, water stress levels increased dramatically as a result of 

depositing large quantities of pollutants such as heavy metals, dyes, emerging organic 

pollutants, and others, in surface and underground water. This results in a bad quality of 

drinking water and aquatic ecosystems, leading to serious health and environmental 

problems. Consequently, water purification or decontamination became of utmost 

importance. The conventional adsorbents used for water treatment still suffer from lack of 

efficiency, especially for some of the toxic and non-biodegradable organic pollutants. Hence, 

there is a great need to find alternative adsorbent materials that can improve the efficiency 

while being synthesized in a simple manner. The “sol-gel” technique is a promising technique 

for synthesis of these adsorbents (Yongjun Chen et al., 2007; Zarzycki J. et al., 1997). 

“Sol-gel” technique comprises various steps as illustrated in Figure 1, starting with the 

preparation of a sol containing a precursor, followed by aging and deposition of the sol on a 

suitable support, then evaporation of the solvent and volatile compounds for gel formation 

and finally heat treatment for pyrolysis of remaining organics and densification of the film.  
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Figure 1 Steps for preparation of the sol-gel. 

To form a gel, the alkoxide (≡ Si ─ OR) undergoes hydrolysis to form the silane (≡ Si ─ OH), 

which undergoes condensation to give siloxane (              . Formation of sol-gel takes 

place via ageing and drying of sol-gel(Reeta V. et. al., 2008).      

      ≡ Si ─ OR    +     H2O         ≡ Si ─ OH + ROH  Hydrolysis  

{
                                                                  

                                                             H  
        Condensation 

Hydrolysis and Condensation reactions involved in sol-gel formation 

The gels form silicates since they are neither highly electropositive nor liable to nucleophilic 

reactions (Rios P. F. et al., 2007). 

“Sol-gel” can be prepared in numerous forms, including porous structures, thin fibers, dense 

powders and thin films (Gellermann C et al., 1997). Sol-gel technologies have been successfully 

TMEOS 
+ 

         Methanol 
+ 

 water 

• Mixing 

• Hydrolysis 

Sol 
• Dehydration 

• Condensation 

Wet Gel 
• Drying 

• Shrinkage 

Dry Gel 
• Heating 

• Densification 

Glass 



ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  J. Sci. Res. Sci.,Vol.(35), 2018 ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

403 
 

used to remove CO2 emissions from the atmosphere and there has been various attempts to 

synthesize new sol-gel products and processes that enhance the efficiency and rate for removal of 

CO2 emissions (Babak S. et al., 2014; Bhagat S. D. et al., 2008; Smith S. 2008). The sol–gel 

process has been widely used in preparing oxide-based films on a variety of substrates, such as 

the synthesis of hydrophobic silica nanoparticles(Smith S. et al., 2008; Rios P. F. et al., 2008; 

Hou H. et al., 2007; StöberW. et al., 1968) and surfaces(Nu¨chter M. et al., 2004; Rao K. J. et 

al., 1999; Ferreira M.B. et al., 2000). Monodispersed spherical silica nanoparticles were 

originally developed by Stöber(Mario A. et al., 2012), where aqueous alcoholic solutions of 

silicon alkoxide Si(OR)4were used at high pH and different sized silica particles were prepared 

depending on the water and ammonia (catalyst) concentrations. TEOS, Si(OC2H5)4, was used as 

the precursor and its hydrolysis proceeded as follows:  

Si(OR)4 + H2O → HO−Si(OR)3 + R−OH                    (1) 

In some instances, hydrolysis may proceed to completion to silica depending on the amount 

of water and catalyst used according to the following equation: 

Si(OR)4 + 2 H2O → SiO2 + 4 R−OH                            (2) 

Intermediate species including [(OR)2−Si−(OH)2] or [(OR)3−Si−(OH)] may also be formed as 

products of partial hydrolysis reactions. Early intermediates are formed from two partially 

hydrolyzed monomers linked with a siloxane [Si−O−Si] bond.   

             (OR)3−Si−OH + HO−Si−(OR)3 → [(OR)3Si−O−Si(OR)3] + H−O−H    (3) 

or 

(OR)3−Si−OR + HO−Si−(OR)3 → [(OR)3Si−O−Si(OR)3] + R−OH       (4) 

As a result, polymerization occurs by the formation of a 1-, 2-, or 3-dimensional network of 

siloxane [Si−O−Si] bonds accompanied by the production of H−O−H and R−O−H species.  

Recently, using microwaves as an energy source for chemical reactions and processes has been 

of great interest (Rao K. J. et al., 1999; Ferreira M. B. et al., 2000), since microwave-assisted 

synthesis offers faster, cleaner and more cost-effective synthesis routes than the conventional 

methods. Although the exact mechanism of interaction is not yet elucidated, the rapid heating 

achieved by microwaves could be owed to energy transfer occurring through resonance or 

relaxation. In microwave operation, heating is internally generated in the materials and 

consequently smaller thermal gradients are created which, in turn, potentially reduces cracking 

during the drying process (Mario A. et al., 2012). In addition to the main advantage that 

microwave heating reduces time, it reduces energy consumption (Ahmed M. S. et al., 1998).    
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The aim of the present work is to synthesize sol-gel glasses to be utilized for water treatment 

applications. Plain sol-gel glasses and others doped with neodymium, urea and thiourea will be 

prepared using convenient thermal heating followed by microwave irradiation. These 

formulations will be henceforth referred to as P, Nd, U, and THU, respectively. The as-prepared 

sol-gel glasses will be tested for their adsorption capacity to remove Methylene Blue (MB) dye 

from aqueous solutions and their characteristic functional groups that might be responsible for 

adsorption will be determined by Fourier Transform Infrared Spectroscopy (FTIR). MB is an 

organic cationic water soluble dye that is used heavily in the textile industry and could also be 

found in industrial effluents (Bayoumi et al., 2018; Hameed B. H. et al., 2007; Santos A. et al., 

2007).  

II. Materials and Methods 

II.1 Materials 

Tetramethoxysilane (TMEOS),Fluka (98%, MW 152.22, density 1.027), Neodymium Oxide 

(Nd2O3), Sigma-Aldrich (99.99 %), Urea (Carbamide), Sigma-Aldrich (98%, MW 60.06), 

Thiourea (Thiocarbamide), Sigma Aldrich (99%, MW 76.12), and Methylene Blue, Sigma 

Aldrich (82%, MW 319.85) were used. 

 

II.2 Characterization 

The as-prepared sol-gel glasses were characterized by Fourier Transform Infrared 

(FTIR)spectroscopy (Thermo Scientific, Nicolet 380), using 1-mm KBr pellets at a range of wave 

numbers of 500 to 4000 cm
-1

.  

II.3 Experimental 

Preparation of Plain Sol-gel (P) 

Plain sol-gel glass has been prepared at pH 2.5,by mixing solutions of TMEOS, methanol, 

distilled water andconcentrated nitric acid with molar ratios 0.05: 0.35: 0.55: 0.039, respectively, 

followed by stirring the mixed solution for 30 minutes at room temperature,and then heated in an 

oven adjusted at 60
o
C for 7 days. Sample was then solidified and finally subjected to a 

microwave irradiation for 6 minutes (Olympic electric, model no. KOG-134K, Egypt, Power 20). 

Evaporation of the solvents led to shrinking and cracking of the plain sol-gel glass formed. 

Preparation of Sol-gel with Inorganic Dopant 

With Metal Oxide (Nd2O3) Dopant (Nd)   

Neodymium sol-gel glass has been prepared at pH 2.5,by mixing solutions of Nd2O3, TMEOS, 

methanol, distilled water andconcentrated nitric acid with molar ratios0.027: 0.05: 0.35: 0.55: 

0.039, respectively, followed by stirring the mixed solution for 30 minutes at room 
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temperature,and then heated in an oven adjusted at 60
o
C for 7 days. Sample was then solidified 

and finally subjected to a microwave irradiation for 6 minutes (Olympic electric, model no. 

KOG-134K, Egypt, Power 20). Evaporation of the solvents led to shrinking and cracking of the 

sol-gel glass formed. 

Preparation of Hybrid Sol-gel (with Organic Dopants) 

Urea (Carbamide) (U) or Thiourea (Thiocarbamide) (THU)  

Hybrid sol-gel glasses were prepared in a manner similar to that of the inorganic doped glasses 

that is previously explained, but the organic dopant added is either urea or thiourea in an amount 

with molar ratio 0.039 mol.  

Physical Properties of the Prepared Sol-gel Glasses 

The optical properties and particle sizes of the prepared sol-gel glasses have been measured, 

recorded and given in Table 1. Clearly, THU has the smallest particle size range (< 250), while 

the size of the other three sol-gel glasses ranges from 250- 630 microns. Among the prepared sol-

gel glasses, Nd exhibited the darkest color due to the presence of the transition element oxide 

(Nd2O3). The results obtained are given in fig. 2. 

Table 1: Some of the physical characteristics of the as-prepared sol-gel glasses  

Sol gel glass Transparency Color Particle size 

(microns) 

P Transparent Colorless 500-630 

U Transparent Light brown 500-630 

THU Opaque Pale yellow < 250 

Nd Opaque Purple 250-500 

II.4 Sorption of Methylene Blue (MB)Using Prepared Sol-gel Glasses 

A mass of 0.01 g of each sol-gel glass prepared was added to 10 mL solutions of methylene blue 

(MB) with four different concentrations ranging from 2 to 12mg/L.Themixtures were then heated 

for 4 hourson a thermostatic shaking water bath (Shaking water bath (biobasebiodustry 

(Shandong) Co., Ltd, model SWB-C, China),adjusted at 27±1
0
C, after which were centrifuged for 

5 minutes at 300 rpm. The supernatants were collected and their absorbances were measured 

using UV-VIS spectroscopy (Cary 500 Scan, Varian). All measurements were performed in 

duplicates and the concentrations were obtained from absorbances using a calibration curve, 
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while the amount of MB adsorbed at equilibrium (q) was calculated using the following mass 

balance relation: 

  
(      

 
 

(5)   

WhereC0 is the MB initial concentration,V is the solution volume, and m is the mass of the sol-

gel adsorbent. 

The removal efficiency could be calculated using the following equation: 

          
(     

  
× 100 (6) 

The results obtained are given in Tables 2-5. 

Table 2: Methylene blue and (P) (Thermal followed by MW) 

C0 A C % removal q, mg/g 

12.5 1.696 9.28298 25.73618 6.43404 

6.25 0.354 1.9376 68.99836 8.62479 

3.125 0.338 1.85003 40.79912 2.54995 

1.575 0.1508 0.8254 47.59385 1.49921 

 

Table 3: Methylene blue and(U) (Thermal followed by MW) 

C0 A C % removal q, mg/g 

12.5 1.135 6.21237 50.301 12.5753 

6.25 1.122 6.14122 1.74056 0.21757 

3.125 0.4824 2.64039 15.5074 0.96921 

1.575 0.0484 0.26492 83.18 2.62017 
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Table 4: Methylene blue andTHU (Thermal followed by MW) 

     
C0 A C %  removal q, mg/g 

12.5 1.628 8.91078 28.7137 7.17843 

6.25 1.1021 6.03229 3.48331 0.43541 

3.125 0.5561 3.04379 2.5988 0.16242 

1.575 0.1408 0.77066 51.0691 1.60868 

Table 5: Methylene blue and Nd (Thermal followed by MW)    

C0 A C % removal q, mg/g 

12.5 1.6106 8.815544609 7.368910783 1.316480569 

6.25 0.849521 4.649813903 3.200372195 25.60297756 

3.125 0.295559 1.617728517 3.014542967 48.23268747 

1.575 0.167492 0.9167597154 1.316480569 41.79303394 

III. Results and Discussion 

Sorption capacities of the different synthesized sol-gel glasses and their % removal for 2 and 12 

mg/L of MB are shown in Figures3A and B, respectively. It can be observed that the highest 

sorption capacity and % removal for the two employed MB concentrations were achieved by U. 

For the highest concentration; 12 mg/L of MB, U demonstrated a sorption capacity of 12.6 mg/g 

with a removal efficiency of 50.3 %. The corresponding values for the lowest concentration; 

2mg/L of MB were 2.6 mg/g and 83.2 %, respectively. Increase in removal efficiency with 

concentration was reported in previous literature (El-Sayed and El-Sayed, 2014). Furthermore, 

sorption capacity and removal efficiency achieved by U were almost twice and 1.7 times those 

obtained by P at the higher and lower MB concentrations, respectively. This indicates that doping 

the plain sol-gel glass with urea enhanced its sorption characteristics probably due to the 

introduction of urea functional groups to the plain sol-gel. As for THU and Nd, they both showed 

comparable sorption capacities and removal efficiencies to that of P at the two employed MB 

concentrations; thus implying that neither doping with neodymium oxide (Nd2O3) nor 

thiourea(THU) affected the sorption behavior of the sol-gel. Doping with neodymium oxide did 

not introduce any new functional groups to the sol-gel matrix and probably did not alter its pore 

structure in the manner that would affect its sorption capacity. Although thioureaintroduces new 
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functional group to the sol-gel, yet it might have been used up in binding to the sol-gel matrix. In 

addition,thethiocarbonyl group of thioureacouldbe less reactive than the carbonyl group of 

ureatowards binding with MB, due to the electron deficiency of sulfur. 
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Figure 3 Sorption capacities (A) of different concentrations of the prepared sol gel glasses and 

their %removal (B) for MB dye. 

However, methylene blue (MB)is a well-known photosensitizer that tends to aggregate. Its 

aggregation negatively interferes with its singlet oxygen generation, thus MB aggregates tend to 

undergo electron transfer reactions, rather than energy transfer with oxygen.The high sorption 

efficiency of U to MBcould be attributed to the fact that urea destabilizes MB aggregates mainly 

by causing a decrease in the enthalpic gain of dimerization. This finding was reported in previous 

literature where they computed the free energy for the dimer association process (ΔG(dimer)) in 

aqueous solution as well as its enthalpic component in aqueous and in aqueous/urea solutions by 

molecular dynamics simulations, and they foundthatMB monomers are more stable in urea 

solutions(Nuñez SC et. al.,2015).  

In addition, the interaction between MB and U could be due to an electrostatic attraction between 

the positively charged nitrogen or sulfur in MB and the lone pair of electrons on the carbonyl 

oxygen in urea, or alternatively via redox reaction between both of them. These properties are 

less pronounced in thiourea due to the acidity of electron deficient sulfur.  The different forms of 

urea and thiourea are shown in Figure 4. 
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Figure 4 Different forms of urea and thiourea 

By inspecting the FTIR spectra of the synthesized sol-gel glasses (Figure 5), it can be inferred 

that P and Nd (Figures5A and 5D) prior to adsorption exhibit a broad peak at about 3430-3470 

cm
-1

 pertaining to the OH stretching vibration, while after adsorption this peak is slightly shifted. 

In addition, Nd shows a peak for the stretching vibration of Si-OH at about 942 cm
-1

 before 

adsorption which disappears after adsorption, while P exhibits a peak at 959 cm
-1

 which shifts to 

972 cm
-1 

after adsorption. P also shows two peaks at 1650 and 1383 cm
-1 

which could be 

attributed to the stretching vibration of the C=O group and the bending vibration of the CH3 

group, respectively and these peaks remain unchanged after adsorption. The corresponding peaks 

for Nd appear at 1666 and 1342 cm
-1

 and these are shifted after adsorption. For both P and Nd, 

the peaks appearing before adsorption at about 1087 cm
-1

 remain unchanged after adsorption and 

these could be ascribed to the asymmetric vibration of Si-O-Si. 

For U and THU (Figures5B and 5C), the peak shown before adsorption at about 3415-3425 cm
-1

 

could be ascribed to the NH stretching vibration while the peak at about 3100 cm
-1

 could be 

attributed to the CH stretching vibration, and these peaks merge into one broad peak after 

adsorption. Furthermore, the CH3 bending vibration peak appearing for U and THU before 

adsorption at 1384 cm
-1

 is not altered after adsorption, whereas the carbonyl peaks appearing at 

about 1650-1669 cm
-1 

prior to adsorption are slightly shifted after adsorption which confirms the 

interaction referred to earlier between the carbonyl group and MB. Moreover, the Si-O-Si peaks 

appearing for both U and THU at 1080 cm
-1

 before adsorption are slightly shifted after 

adsorption. 

Amine form Imine form 
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Figure 5 FTIR spectra of the prepared sol-gel glasses (P(A), U(B), THU(C) and Nd(D)), before 

and after adsorption. 
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IV. Conclusion 

Different doped and undoped sol-gel glasses were prepared by thermal followed by microwave 

treatment. The urea-doped glasses showed the highest sorption capacity and % removal for MB 

from aqueous solutions probably due to interaction between the nitrogen or sulfur groups on MB 

and the carbonyl carbon on urea. This interaction was confirmed by FTIR analysis. 
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Figure 2. Sol-gel Glasses Synthesized Using Convenient Thermal Heating Followed by 

Microwave Irradiation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plain sample thermal followed by 

microwave 

 Neodymium oxide doped thermal followed 

by microwave                               

 

  

Urea doped thermal followed by microwave  Thiorea doped thermal followed by 

microwave 



ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  J. Sci. Res. Sci.,Vol.(35), 2018 ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

416 
 

 الملخص باللغة العربية

 

صيم انضصبصي يٍ انًشكببث انعضٕيت ٔغيش انعضٕيت ٔحى ليبط خٕاصًٓب انفيضيبئيت  –حى حغضيش انصٕل 

يمبسَت َشبطٓى َغٕ إصانت يشكب انًيزيهيٍ بهٕ انًهٕد نهًيبِ ٔانُبحش  ٔانكيًيبئيت نهًمبسَت بيُٓب، كًب حى دساست

كذنيم ٔبإضبفت انُيٕديُيٕو، أ انيٕسيب   (TMOS)حى اسخخذاو حخشاييزٕكسي سيلاٌ  يٍ صُبعت انُسيش.

يٍ  )انكبسببييذ(، أٔ انزيٕيٕسيب )انزيٕكبسببييذ(. حى أيضب انًمبسَت بيٍ انصٕل صيم انضصبصي انزي حى حغضيشِ

خلال انخسخيٍ انغشاسي انًعخبد ٔبيٍ انزي حى حغضيشِ ببنخسخيٍ انغشاسي انًعخبد رى حعشيضّ لأشعت 

عهي انخٕاني. حى اخخببس كفبءة  THU,U,Nd, P ٔلذ أطهك عهي ْزِ انًشكببث فيًب بعذانًيكشٔٔيف.

صيم انضصبصي  انزي حى حغضيشْى َغٕ إصانت صبغت انًيزيهيٍ بهٕ يٍ انًغبنيم انًبئيت  –اديصبص انصٕل 

ببسخخذاو ليبسبث الأشعت فٕق انبُفسضيت نهًغبنيم، ٔحبيٍ أٌ َشبط ْزِ انًشكببث َغٕ يمذسة اديصبص صبغت 

نهًبءٔانُبحضت يٍ صُبعت صببغت انُسيش،يمع في انًهٕرت (Methylene Blue; MB)انًيزيهيٍ الأصسق 

، أي أٌ انيٕسيب حخًيض بمٕة اديصبص نخُميت انًيبِ يٍ يهٕربث ,U>>>THU >Nd>>>>Pانخشحيب انخبني: 

صيم انضصبصي فكبٌ أصغشْى عضًب ْٕ  -انصُبعت حفٕق انًشكببث الأخشي. أيب عٍ عضى صضيئبث انصٕل

بيًُب كبٌ عضى انزلاد يشكببث الأخشي يخشأط يب   052ذ حبيٍ أَّ ألم يٍ عيTHUانًخكٌٕ يٍ انزيٕيٕسيب 

(، ٔعُذ دساست أنٕاٌ صصبس انصٕل صيم انًخكٌٕ احضظ أَٓب حخشأط يب بيٍ عذيًت انهٌٕ 062-052بيٍ )

 ، (Nd2O3)إني صصبس يعخى بهٌٕ بُفسضي غبيك يع أكسيذ انُيٕديُيٕو   (P)ٔشفبفت كًب حكٌٕ يع عيُت انذنيم 

صيم انًخكٌٕ يُّ أغًك نَٕب فيٓى )انهٌٕ انبُفسضي انغبيك(، ٔحخشأط  –ْٕٔ عُصش اَخمبني، صصبس انصٕل 

  (Nd)إني انبُفسضي انغبيك (P)صيم انخي حى حغضيشْب بيٍ عذيًت انهٌٕ ٔشفبفت  –أنٕاٌ انضصبس صٕل 

انبشحمبني ٔانزيٕيٕسيب انهٌٕ  فمذ أكسبخّ انهٌٕ  (U)ٔخٕاصٓب انضٕئيت يٍ شفبفت إني يعخًت. أيب انيٕسيب 

. ٔبذساست حأريش إشعبع انًيكشٔٔيف عهي انعيُبث انًغضشة يٍ انخسخيٍ (THU) الأصفش انهيًَٕي 

صيم انضصبصي انًخكٌٕ ببلإضبفت إني لخبيت في نَّٕ  –انغشاسي انًعخبد فمذ أدث إني صيبدة حصذع انصٕل 

حمبني انزي يًيم إني انبُي. حى انخعشف عهي انًضًٕعبث عيذ حغٕل انهٌٕ إني انبش(U)ٔيخضظ رنك يع انيٕسيب 

نخُميت انًبء انًهٕد (MB)صيم انزي حى حغضيشِ ٔانًسئٕنت عٍ اديصبص صبغت –انفعبنت في  صصبس انصٕل 

 (FTIR)بّ، يٍ خلال انميبسبث انطيفيت نلأشعت حغج انغًشاء 

 


