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FOREWORD  

I am delighted to write the foreword for this scientific book. This book 
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and expectation that this book will provide an effective learning 

experience and referenced resource for all science professionals.  
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INTRODUCTION 

With the development of industry, water pollution has begun to 

destroy the living spaces of living things all over the world 

(Bhatnagar.2010, Bhatnagar.2011, Santhosh. 2016). There are many 

pollutants in the world that pollute the waters. However, the most 

deadly of these pollutants are heavy metals. Because they poison 

living things even in small amounts (Santhosh. 2017, Sarojini.2021, 

Ukhurebor.2021). As a result, new generation adsorbents are 

necessary to remove harmful metals from wastewater with high 

efficiency and low cost. Sporopollenin and silica materials containing 

can be recommended for this process. 

To remove many impurities and purify wastewater; membrane, 

photocatalyst, electrodialysis and adsorption etc. methods are used 

(Lu.2017, Sarin. 2006, Li.2017). Among these methods, the 

adsorption method has been suggested as the most suitable method 

due to its low cost, easy application and high separation capacity. It 

has been determined that Cr (VI) is a very toxic and mutagenic ion for 

the ecological and biological environment (Tang. 2014). It is used in 

many areas of the industrial sector such as chrome casting industry, 

metallurgy, automotive industry, chemistry, kitchen and bathroom 

materials (Cheng. 2014, Liu. 2020, Aigbe.2020).These industrial 

establishments send waste containing Cr(VI) to water sources after 

productionAccumulation of Cr (VI) in doses that exceed the exposure 

limit in the human body causes many diseases such as sadness, 

spiking confusion, mind loss and allergic rashes.  
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(Bhusari. 2016, Sarojini. 2021 Jang. 2020). The average limit value of 

Cr(VI) ions that should be present in drinking water has been 

determined as 0.05 mg/L by the World Health Organization (WHO) 

(Peng. 2020, Pietrelli. 2020). Therefore, much attention should be paid 

that Cr(VI) amount in wastewater does not exceed this limit value. 

Sporopollenin is a biological polymer that is stable in molecular 

structure, resistant to chemical agents, has a very high adsorption 

ability, can be modified with a multifunctional group, can be obtained 

in a short time and quite easily, and has a low cost. 

In this study, firstly, the surface of Sporopollenin was activated and 

modified with 3-chloropropyl trimethoxysilane (CPTS) compound. It 

was then modified with the compound 2-amino-pyridin-3-ol. The 

kinetic parameters about the adsorption of Cr(VI) on the Sp-CPTS-2-

amino-pyridin-3-ol has been investigated. At the same time, the 

effects of variables such as pH, touch time, amount of adsorbent, 

temperature and concentration were studied to eliminate Cr(VI) ions 

from wastewater.Since the results are very efficient and compatible 

with the literature, Sp-CPTS-2-aminopropyl-3-ol adsorbent can easily 

be recommended to eliminate Cr (VI) from wastewater. 

1. MATERIALS AND METHODS 

1.1. Reagents and Chemicals 

The chemicals used in the study are of analytical purity. They were 

purchased from Sigma and Aldrich companies. It isSporopollenin 

(Sp), 3-chloropropyl trimethoxysilane (CPTS),Toluene (C7H8
), 

Potassium dichromate (K2Cr2O7), 2-amino-3-pyridinol (C5H6N2O). 
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1.2. Instrument 

In experimental studies, devices such as pH meter (Orion ion meter), 

FT-IR, UV-Vis Spectroscopy (Perkin Elmer), thermostatic shaker (A 

HeidolphUnimax 2010) and SEM (Scanning Electron Microscope) 

were used. 

1.3. Synthesis of Sp-CPTS-2-amino-3-pyridinol Microcapsules 

5.0 g of Sporopollenin (Lycopodium Clavatum) and 12 ml of 3-

chloropropyl-triethoxysilane were added to 100 mL of anhydrous 

toluene and the resulting mix was stirred under reflux for 72 hours. 

After filtering, it was washed with methyl alcohol and ethyl alcohol, 

respectively. The compound 3-chloropropyl-trimethoxysilane-

sporopollene (Sp-CPTS) was dried under vacuum at 60 °C for 24 

hours (Bilgiç. 2019, Qu. 2021). 

100 mL of anhydrous toluene was added on 5.0 g of 3-chloropropyl-

trimethoxysilane-sporopollenin (Sp-CPTS) and 1.0 g of 2-amino-3-

pyridinol and themixwas stirred under reflux for 12 hours at 65 °C 

(Bilgiç. 2019). The mixture which was at room temperature was 

filtered and the solid adsorbent (Sp-CPTS-2-amino-3-pyridinol) was 

washed with methanol, ethanol and diethyl ether respectively.Then, 

the synthesized adsorbent (Sp-CPTS-2-amino-3-pyridinol) was dried 

in a vacuum at 60 oC for 24 hours (Goswami et al., 2002). The 

expected formation reaction of Sp-CPTS-2-amino-3-pyridinol 

adsorbent is shown in Figure 1 (Bilgiç. 2019, Qu. 20219). 
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Figure 1. The Expected Structures of Sp, Sp-CPTS and Sp-CPTS-2 amino-3-

pyridinol. 

1.4. Adsorption Procedure 

To be used in adsorption experiments, 0.0294 g K2Cr207 was put into 

1L bottle and completed with pure water. Thus, 1x10-4 M. Cr (VI) 

stock solution was prepared. The pH values used in the experimental 

studies were adjusted with 10-1 M HCl and NaOH solutions. 

Experiments were also carried out for the waste chromium solution 

under the same conditions. Adsorption studies were performed using 

batch method. There are important parameters that affect the 

adsorption efficiency, such as pH (2-7), concentration (8-40 mg/L), 

amount of adsorbent (0.1-0.75 g), contact time (30-180 minutes) and 

temperature (20-50 oC). Various experiments were carried out with 

stock solution and waste solution to determine these parameters (Nur-

E-Alam. 2020). The concentrations of Cr(VI) remaining in the filtrate 

were measured by UV-Vis. Spectroscopy. Experimental results were 

evaluated and optimum conditions were determined. The percent 

adsorption was found from the following Equation 1. 

0

0

( )
% 100eC C

Adsorption x
C

−
= (1) 
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The adsorption coefficient (qe in mg.g-1) was seen Equation 2 (Cimen. 

2015). 

0( )eC C V
qe

W

−
= (2) 

2. CONSEQUENCE AND NEGOTIATION 

2.1. Characterization ofSp-CPTS-2-amino-3-pyridinol 

FTIR spectra of Sp-CPTS-2-amino-3-pyridinol adsorbent were 

recorded using a Perkin Elmer spectrophotometer in the 

wavenumber range of 400–4000 cm-1. In addition, the 

morphology of the adsorbent was examined by SEM. Cr(VI) ions 

in solution were analyzed with a UV–Vis spectroscopy. 

Adsorption is an event that occurs on the surface and its size is 

proportional to the specific surface area. Adsorption is a surface 

phenomenon, and its width is proportional to its surface. Therefore, 

the adsorption efficiency increases in adsorbents with a large surface 

area and pore volume, a certain pore distribution and particle structure 

(Othmani.2021). Surface morphologies of the Sp-CPTS-2-amino-3-

pyridinol adsorbent were observed under SEM. SEM images of Sp, 

Sp-CPTS and Sp-CPTS-2-amino-3-pyridinol are shown in Figure 2. 

According to these images, pure Sp (Figure. 2a) shows a much 

smoother morphology than Sp-CPTS (Figure. 2b). Geometric 

structures of Sp-CPTS-2-amino-3-pyridinol adsorbent are shown in 

Figure 2c. Here, it is seen that the structure is deteriorated and an 

irregular morphology covered with foreign matter such as 2-amino-3-
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pyridinol is formed. As seen in Figure 2c, the presence of particles, 

i.e., (2-amino-3-pyridinol) attached to the surface of the sporopollenin 

confirms the immobilization. 

 

               (a)                                         (b)                                                       (c) 

Figure.2. SEM images of Sp (a), Sp-CPTS (b) and Sp-CPTS-2-amino-3-pyridinol  

2.2. FTIR Investigations 

The FTIR spectra of Sporopollenin (Sp), sporopollenin-3-

chloropropyl-trimethoxysilane (Sp-CPTS) and sporopollenin-3-

chloropropyl-trimethoxysilane-2-amino-3-pyridinol(Sp-CPTS-2-

amino-3-pyridinol) are given in Figure 3. 

The peak at 3321 cm-1 result from the OH stretching bond. The peaks 

between 2850-2921 cm-1 result from the aliphatic (-CH, -CH2, -CH3) 
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group. The peaks at 1706 cm-1 result from the carbonyl (C=O) group 

(Lu.2017). 

The vibrational of the –OH group in Sp shifted from 3321 cm-1 to 

3361 cm-1 in Sp-CPTS.In addition, deep large peaks seen at 1100 cm-1 

indicate C-O-C (similarly Si-O-C) or C-O (similarly Si-O) 

symmetrical or asymmetric stress (Das. 2021Singh. 2021, Shang. 

2021). 

The peaks at 2921–2850 cm-1 for Si-CPTS result from the CH 

stretching bond. The absorption band at 692 cm-1 for Si-CPTS belongs 

to the C–Cl stretching vibration from the silylating agent (CPTS) (Liu. 

2021). The peak at 3361 cm-1 for–OH group in Sp-CPTS shifted to 

3354 cm-1 in the Sp-CPTS-2-amino-3-pyridinol. 

The peak at 1271cm-1 in the structure of Sp-CPTS-2-amino-3-

pyridinol result from the –C–N.–C = N peak in Sp structure shifted 

from 1706 cm-1 to 1603 cm-1 in Sp-CPTS. Peaks seen in 2-amino-3-

pyridinol and Sp-CPTS structures in the range of 2921-2840 cm-1 see 

as three different peaks in the Sp-CPTS-2-amino-3-pyridinolstructure. 

The observation of different CH, CH2 or CH3 groups in the Sp-CPTS-

2-amino-3-pyridinol compound confirms that the 2-amino-3-pyridinol 

composite is immobilized on the Sp-CPTS surface. 
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Figure 3. FTIR spectrums of activated Sp, Sp-CPTS and Sp-CPTS-2-amino-3-

pyridinol. 

2.3. Effective Parameters on The Adsorption Process 

2.3.1. Effect of pH  

One of the significant parameters affecting the adsorption efficiency is 

pH. It also determines the formation and stability of different Cr(VI) 

ions in solution. The adsorption efficiency can be influenced by the 

charge density on the newly prepared adsorbent surface and the Cr(VI) 

solution. In order to find the efficiency of adsorbing Cr (VI) ions in 



 
 13 

solution with adsorbent having different amine groups, a series of 

experiments were carried out at different pH (1-7) using the Bach 

Method. 

The effect of pH on adsorption according to experimental data is 

shown in Figure 4a. 

There are various ionic forms of Cr(VI) ions (HCrO4
-, Cr2O7

-, and 

CrO4
2-) in nature. The stability of these ions is determined by the total 

CrO4
2-concentration and pH of the solution (Lu.2017). Therefore, high 

adsorption efficiency was achieved at low pH (Ukhurebor. 2021). 

As seen in Figure 4b, Cr(VI) removal was 97% at pH 2 and decreased 

to 20% at pH 7. In this case, as the pH increased, the positive charges 

on the adsorbent surface decreased. Thus, the adsorption efficiency 

increases as electrostatic attraction occurs between the negative 

charges of the adsorbent (NH2- and OH-) and the positive charges of 

Cr(VI) (Maleki.2016). 

2.3.2.  Effect of Touch Time  

Figure 4b shows that the amount of heavy metal adsorption increases 

with increasing contact time for Cr(VI) ions. The efficiency of 

removing Cr(VI) ions from the aqueous solution with the newly 

prepared adsorbent reached the highest level in 150 minutes and 

remained stable after this minute. The percentages of removal in 

solution and wastewater are 44% and 32%, respectively. 
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2.3.3. The effect of the dosage of adsorbent 

The adsorbent dosage is an important parameter, which influences the 

extent of metal elimination from the solution. It is clear that the 

removal rate of metal ions increases as the adsorbent dosage increases, 

since there are more surface areas on the adsorbent with more 

adsorbent amount. Removal percentages of Cr(VI) ions from solution 

and wastewater were calculated by Equation 2. Figure 4c shows the 

effect of adsorbent amount on metal removal percentage in aqueous 

solution and wastewater. As can be seen from Figure 4c, the removal 

of metal ions increased as the amount of adsorbent increases. The 

highest amount of adsorbent was calculated as 0.05 g for the 

adsorption of Cr(VI) ions in both solution and wastewater. 

2.3.4. Effect of concentration  

The effect of concentration on the adsorption of Cr(VI) ions is shown 

in Figure 4d. As can be seen from the graph, the amount of substance 

retained on the surface increased in parallel by the increase in the 

dosage of metal ions in the solution. This process ends when the 

system is in equilibrium and the surface area is full. 

2.3.5. Effect of temperature  

Experimental studies were carried out in the range of 20-50oC. The 

reason for metal removal at these temperatures is to increase the 

dynamism of the metal ion and create a swelling effect in the structure 

of the adsorbent, thereby allowing larger metal molecules to penetrate 

the adsorbent more. The amount of adsorption is affected because the 
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temperature changes the molecular movements, solubility and 

reactions. The reason for the increase in removal is the chemical 

reactions that occur between the functional groups of the metal ions 

and the adsorbent molecule (Figure 4e). 

 

 

                                      (a) 

 

(b) 
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             (c) 

 

                                                       (d) 

 

                                          (e) 

Figure. 4. The effect of pH (a). The effect of the contact time (b). The effect of the 

amount (c).  

The effect of concentration (d). The effect of temperature (e). 
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2.4. Isotherm studies 

Langmuir, Freundlich and Dubinin-Radushkevich isotherm models 

were applied to explain the data of adsorption isotherms. Langmuir 

isotherm data were calculated according to Equation 3 (Çimen. 2019). 

𝐶𝑒

𝑞𝑒
=

𝐶𝑒

𝑞𝑜
+

1

𝑞𝑜
𝑏                                                                                                                                

(3) 

 

Figure. 5. Langmuir isotherm (a), Freundlich isotherm (b), D-R isotherm (c). 

The Langmuir isotherm graph is shown in Figure 5a. In this graph, 

1/qob is equal to the slope of the line, and 1/qo is the point where the 

line intersects the y-axis. Adsorption of heterogeneous surfaces is 

explained by the Freundlich isotherm model, which is one of the 

isotherm models (Liu.2021). It is expressed by the following 

Equation4 (Maria. 1994). 

Lnqe= lnKF+
1

𝑛
lnCe(4) 

As seen in Figure 5b, when lnqevalues versus lnCe values are plotted, 

the graph gives a straight line and the y-intercept of this line gives the 
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KF value and the n value is equal to the slope (Equation 4) 

(Ghanizadeh.2012 Liu. 2021). The valuations of 1/n forSp-CPTS-2-

amino-3-pyridinol are <1, confirming a high adsorption capacity. 

Calculation of the KF value as 0.107 from the experimental 

measurements indicates that a high level of adsorption of Cr(VI) ions 

in the solution and waste water occurs with the Sp-CPTS-2-amino-3-

pyridinol adsorbent (Almeida. 2019).Appropriate adsorption 

conditions are expressed by values of n > 1 (Bajpai. 2004). The KF and 

n values were calculated by finding the intersection point and slope of 

the graph in Figure 5b. The results are given in Table 1. The 

adsorption energy was calculated with the DR isotherm. The 

calculations were made with Equation5 (Çimen. 2016). 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝑞𝑚- 𝑘𝜀2(5)                 

The ε2 values against the lnqe values were plotted and the resulting 

graph gave a straight line. The point where this line intersects with the 

y-axis gives the qm value and its slope gives the k value (Figure 5c). 

Average free energy value (E) calculated using Equation 6   and some 

parameters calculated using the values obtained from the isotherms 

are given in Table1. 

𝐸 = (2𝑘)−1/2(6)                

In this study, the average energy for Cr(VI) ions in solution was 

calculated to be 19.61 kJmol-1 (Table 1). It is known that adsorption 

occurs chemically when the average energy is above 8 kJmol-1 



 
 19 

(Çimen.2020). Accordingly, the adsorption of Cr(VI) in aqueous 

medium was carried out by chemical adsorption (Çimen. 2020). 

Table1. Isotherms parameters for Cr(VI) ions by Sp-CPTS-2-amino-3- pyridinol. 

Parameters of the 

Freundlich isotherm 

Parameters of the 

Langmuir 

isotherm 

Parameters of the D-R 

isotherm 

Metal 1/n KF qo 

L/mol 

b(mol2 

(KJ2)-1) 

k 

(mol2K-

1J-1) 

qm(mol/

g) 

E 

(kJmol-

1) 

Cr(VI) 0.233 0.107 0.026 5570.91 0.0013 0.097 19.61 

 

2.5. Thermodynamic studies 

In physicochemical studies, thermodynamic factors such as enthalpy 

change (ΔH°), entropy change (ΔS°) and free energy change (ΔG°) 

should be known in order to predict the mechanism of the reaction and 

the possible structure of the obtained substance (Karthik.2014). 

Also, these factors are very important to explain the adsorption 

phenomenon and should be carefully studied to determine as they 

determine whether a reaction is voluntary or involuntary. 

The effect of temperature (20 °C – 50 °C) on the adsorption of Cr(VI) 

ions to immobilized Sp-CPTS-2-amino-3-pyridinol adsorbent was 

investigated. Thermodynamic factors were calculated according to the 

Equations 7, 8 and 9 (Çimen. 2019). 

KD = (
C0−Ce

Ce
) ×

V

W
(7) 
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logKD =  
ΔS°

2.303R
−

ΔH°

2.303RT
(8) 

ΔG° = ΔH°- TΔS°                                                                                                                    

(9)    

 

 

Table 2. Thermodynamic Parameters for Sorption of Cr(VI) and Cr(wastewater) 

ions of Sp-CPTS-2-amino-3- pyridinol. 

 

Metal 

 

∆Ho 

(kJmol-1) 

∆So 

(JK-

1mol-1) 

−∆Go(kJmol-1) 

298K 303K 313K 323K 

Cr(VI) 44.81 181.74 11.46 12.28 13.55 14.41 

Cr(wastewater) 40.44 50.17 10.27 10.69 11.08 11.52 

Enthalpy and entropy change values for the adsorption of Cr(VI) ions 

were evaluated with Van't Hoff graphs (Figure 6) and Free energy 

change values also were calculated using Equation 8. They are given 

in Table 1 and 2 (Maria.1994 ,Çimen201). The plot of 1/T versus 

logKDis shown in Figure 6. 
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Figure. 6. Plot of log KD versus 1/T  

∆H° and ΔG° values were calculated using experimental data. As seen 

in Table 2, ∆H° values are positive and ΔG° values are negative. 

According to this results, adsorption is endothermic and adsorption 

increases with temperature. Negative ΔG° values indicate that 

adsorption formation varies inversely with temperature. In addition, 

the presence of ∆H° as positive (+) also supports this statement. In the 

light of this information, it can be said that the adsorption took place 

inversely proportional to the temperature. The positive value of ΔS° 

shows the increase in incidental adsorption at the solid-solution 

interface and the existence of ion exchange reactions. Cr(VI) ions and 

water molecules in solution are bound to the adsorbent by covalent 

bonds. As a result of the liberation of water molecules, the degree of 

randomness, the type of mechanism, and the strength of the binding 

adsorption energy increase the value of ΔHo. Since small energies are 

required for physical adsorption to occur, the reaction time is fast and 
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generally reversible. The energy required for H bond formation and 

for Van der Waals interactions is 4-8 kJ mol-1 and 8-40 kJ mol-1, 

respectively. The chemical adsorption enthalpy starts at about 40 kJ 

mol-1. The values below refer to physical adsorption (X. 2020). 

The ΔH° values in solution and wastewater were found to be 44.81 

and 40.44 kJ mol-1, for the - ions in the 25°C–50°Crespectively. 

CONCLUSION 

Sp-CPTS-2-amino-3-pyridinol adsorbent was synthesized for the first 

time. This synthesis was confirmed by FT-IR spectroscopy and SEM. 

Sp-CPTS-2-amino-3-pyridinol adsorbent has a high separation 

capacity, is insoluble in water and many acids, is inexpensive, suitable 

for removing heavy metals from wastewater, and has a very large 

active surface area. The appearance of the Sp-CPTS-2-amino-3- 

pyridinol-Crcan be estimated in Figure. 7. 

 

Figure.7. Estimated structure of Sp-CPTS-2-amino-3- pyridinol-Cr. 



 
 23 

According to the parameters interpreted in this study, the best Cr 

removal was achieved at pH = 2.0, 0.05 g adsorbent and 325.15 K' 

temperature, 20 mg L-1 concentration and 150 minutes contact time. 

The adsorption phenomenon is suitable for the Langmuir isotherm 

model, which is one of the adsorption isotherm models. It mainly 

depends on pH. The best percentage of adsorption occurred at pH 2. 

The mean adsorption energies for the Sp-CPTS-2-amino-3-pyridinol 

adsorbent were found to be 19.61 for Cr(VI) in aqueous solution. 

Experimental results show that adsorption occurs chemically. 

According to the experimental results, a positive ΔH° value indicates 

that the adsorption reaction is endothermic, and a positive ΔGo value 

indicates that the reaction is spontaneous. The adsorption of Cr(VI) 

ions onSp-CPTS-2-amino-3- pyridinol increases at high temperatures. 

Sp-CPTS-2-amino-3- pyridinol adsorbent has fairly high capability for 

adsorption Cr(VI) ions from the wastewater (Çimen.2021).For this 

reason, this study presents new opportunities to explore feasible and 

economical methods for the treatment of wastewater containing 

Cr(VI) and other heavy metals (Kılıçel. 2018). 
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INTRODUCTION 

Coordination chemistry is undoubtedly the most developed and 

interested branch of inorganic chemistry in the last century. One of the 

most important factors in the development of coordination chemistry 

is oximes and their activities. The complexes that oxime compounds 

form with metals through the atoms in their structure are quite stable. 

The activities of oximes and their stable complexes with metals attract 

the attention of many fields of chemistry and science. In this section, it 

is aimed to give information about the important chemical and 

physical properties of oximes. 

1. NOMENCLATURE AND PROPERTIES OF OXIMES 

Oximes are compounds that are formed as a result of the reaction of 

aldehydes and ketones with hydroxylamine and contain carbon-

nitrogen double bonds (C=N) in their structure as shown in Figure 1. 

In fact, the name oxime is an abbreviation of the words oxy-imine 

(Chakravorty, 1974). 

 

 

 

Figure 1. General Structure of Oximes 
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Oxime compounds are named according to the main structures from 

which they are obtained. If it is obtained from aldehydes, it is called 

aldoxime, if it is obtained from ketones, it is called ketoxime (Singh et 

al., 1978). For example, the oxime of acetone is known as acetoxime 

(CH3)2CHNOH. Oximes are separated according to the number of 

oxime groups they carry in their structures, by being named as 

monoxime and dioxime. In dioximes, if each of the two oxime groups 

is attached to one of the adjacent carbon atoms; These oximes are 

called vicinal, which means adjacent, or vic-dioximes for short 

(Chakravorty, 1974). The simple structure of monoxime and vic-

dioximes is shown in Figure 2. 

                   

 

Figure 2. General Structure of Monooximes and vic-Dioximes 

 

The position of the -OH group around C=N in oximes causes 

geometric isomerism. For this reason, oxime compounds are named 

by specifying the isomeric structure. Simple oximes and their 

derivatives have syn- and anti-geometric isomers. The syn- prefix is 

used when the H and OH groups around the C=N double bond are on 
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the same side of the double bond plane and the anti- prefix is on the 

opposite side (Fig. 3) (Kurtoğlu, 1999). 

 

 

Figure 3. Nomenclature of Aldoximes 

 

In vic-dioximes, three isomeric structures emerge according to the 

orientation of the –OH groups to each other and these orientations are 

taken into account when naming. The anti-, syn- and amphi-isomers of 

these structures are given in Figure 4. 

 

 

Figure 4. Isomer Structures of vic-Dioximes 
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2. PROPERTIES OF OXIMES 

An oxime group is an amphiprotic group having a slightly basic 

nitrogen atom and a slightly acidic hydroxyl group. Oximes play an 

important role in the development of coordination chemistry 

(Chakravorty, 1974). 

Oximes are generally colorless organic substances that melt at 

moderate temperatures. Their solubility in water is very low. Those 

with low molecular weight are volatile. While oximes with amphoteric 

character show acidic properties due to the proton of the OH group in 

their structure, they show weak basic properties due to their unpaired 

electrons on the N atom. They behave like both weak acids and weak 

bases, but more like acidic than bases. They form salts with very 

strong acids and bases. Due to the proton of the OH group of oximes, 

the dissociation constants vary between 10-10-10-12 (Kurtoğlu and 

Serin, 2006). 

The most important feature of oxime ligands is that they show 

oximato group ability with additional metal ions thanks to their N and 

O bridging functions. This property is frequently used in the field of 

molecular magnetics for the design and synthesis of polynuclear 

assemblies (Chaudhuri, 1999). While the acidity of aliphatic oximes 

generally decreases with increasing molecular weight, the presence of 

the carbonyl group adjacent to the oxime group increases the acidity. 

The degree of acidity in aromatic oximes varies depending on the 

substituents of the aromatic ring (Migrdichian, 1957). 
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Oximes are difficult to dissolve in concentrated mineral acids due to 

the basic character of the C=N groups in their structures. They 

precipitate in case of dilution with water and hydrochloride crystals 

are formed (Karipcin, 2001). 

3. SYNTHESIS OF OXIMES 

3.1. Reaction of aldehydes and ketones with hydroxylamine 

This method is one of the most used methods to synthesize new oxime 

ligands. Oximes are obtained from the reaction of aldehydes and 

ketones with hydroxylamine hydrochloride in an alcoholic medium at 

appropriate pH and temperature conditions (Macit, 1996). The 

reactions of aldehydes and ketones with hydroxylamine are shown 

below. Aldehydes generally react more readily than ketones, and 

aliphatic ketones are more reactive than aromatic ketones. The 

basicity of the reaction medium is of great importance during oxime 

formation. When the variation of the reaction rate depending on the 

solution pH is examined, it is observed that the rate is maximum near 

the neutral point. The addition of a suitable base to the hydroxylamine 

hydrochloride creates a buffering effect. 

 

Figure 5. Reactions of Aldehydes and Ketones with Hydroxylamine Hydrochloride 
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3.2. Reaction of Ketimines with Hydroxylamine 

Oximes are easier to obtain from ketimines than ketones. Ketimines 

are compounds containing -C=NH in their structure (Özcan, 1985). 

 

Figure 6. Synthesis of Oxime from Ketimines 

3.3. Nitrosylation Method 

By nitrosylation method as shown in Figure 7, it is possible to prepare 

α-ketoximes from ketones. Active methylene groups are needed in the 

reaction. 

 

Figure 7. Synthesis of Oxime by Nitrosylation Method 

3.4. Reduction of aliphatic nitro compounds 

Nitro compounds containing an α-hydrogen can be reduced to oximes 

with zinc powder in acetic acid. Oximes can also obtained by the 

reduction of other reagents like alkandiamines, CS2, Et3N and CaCl2 

with Co-Cu(II) salts (Milios et al., 2006). 

 

Figure 8. Reduction of Aliphatic Nitro Compounds 
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3.5. Oxidation of primary amines 

If primary amines are oxidized with H2O2 or Caro's acid (H2SO5), as 

given in Figure 9, oximes are obtained. During the reaction, 

hydroxylamines are formed as intermediates and can be isolated if 

desired. However, they are mostly oxidized to nitroso compounds 

under reaction conditions. Nitroso compounds without α-hydrogen are 

stable, but if α-hydrogen is present, these compounds form the 

tautomer oxime (Kukushkin and Pombeiro, 1999; Constantinos et al., 

2005). 

 

Figure 9. Oxime Production from Primary Amines 

4. REACTIONS OF OXIMES 

4.1. Reactions with heat and light 

Although oximes are stable substances, some decomposition occurs 

when exposed to light and air for a long time. As a result of 

decomposition, the main carbonyl compound and some nitrogenous 

substances are formed. As an example, when benzophenoxime 

decomposes under the influence of heat, it yields ammonia, nitrogen, 

benzophenone and imine (Smith, 1966). If there are α-hydrogens in 

the oximine structure, degradation occurs in the form of alcohol and 

nitrile decomposition. 
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Figure 10. Decomposition Reactions of Oximes 

 

4.2. Effect of acids 

When oximes are interacted with strong mineral acids, they turn into 

salts. They also perform isomeric conversions. Syn- and amphi-

isomers are converted to anti-isomers with HCl (Gök, 1981). 

 

 

Figure 11. Exchange of Oximes with HCl 
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4.3. Oxidation of oximes 

In aldoximes, different products are formed due to the oxidative 

instability of the C-H bond. When aldoximes are oxidized at -78 oC, 

they give nitrile oxides and vic-dioximes give furoxanes (Chakravorty, 

1974). 

 

Figure 12. Formation of Nitrile Oxides from Oxidation of Oximes 

4.4. Reduction reactions 

The oximes are reduced with ZnCl2 and dry HCl or with LiAlH4 

catalyzed by Ni or Pd. The reduction usually passes through the imine 

step to yield amines. Depending on the nature of the reducing agent, 

compounds containing –NH-OH, =NH or NH2 groups are obtained 

(Özcan, 1985). 

 

      

Figure 13. Reduction Reaction of Oximes 

4.5. Reactions with acylation reagents 

Oximes also react with acylation reagents to form acyl derivatives. All 

of the compounds that oximes give with acyls are in the o-acyl 

structure. Oximes with different geometric isomers give different 
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isomeric acyl derivatives. Although the acyl derivative of the syn-

isomer converts back to the original oxime with the weak base, the 

acyl derivative of the anti-isomer forms nitrile (Smith, 1966). The 

general reaction for the acylation reaction of oximes is given in Figure 

14. 

 

Figure 14. Reactions of Oximes with Acylation Reagents 

4.6. Reactions with Grignard reagents 

Oximes react with Grignard reagents as shown in Figure 15. Oximes 

yield aziridines with Grignard reagents and lithium aluminum hydride. 

As a result of the reaction of arylalkyloximes containing α-hydrogen 

with two moles of Grignard reagent, aziridines or α-aminoalcohol are 

formed instead of the expected product hydroxylamines. The 

formation of aziridine or α-aminoalcohol depends on the hydrolysis 

method. In this reaction, there is no participation in the carbon-

nitrogen double bond, but the migration of nitrogen from the first 

carbon atom to the second carbon atom. Similar to the Grignard 

addition, oximes containing α-hydrogen react with lithium aluminum 

hydride and they form aziridines (Kurtoğlu and Serin, 2006). 
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Figure 15. Reactions of Oximes with Grignard Compounds 

 

4.7. Beckman conversion reactions 

Ketoximes are converted to amides by the Beckman conversion 

reaction. For this, PCI5 in ether with concentrated H2SO4 can be used. 

The alkyl or aryl group migrates onto the nitrogen atom to form N-

substituted amides (Solomons and Fryhle, 2002). 

 

Figure 16. Beckman Conversion Reaction of Oximes  
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4.8. Diazonium coupling reaction 

Diazonium compounds are stable in basic solution and they show 

some electrophilic behavior to oxime nitrogen. The diazonium 

coupling reaction is shown in Figure 17 (Macit, 1996). 

 

 

Figure 17. Diazonium Coupling Reaction 

 

4.9. Halogenation reactions 

In the reactions of oximes and halogens, halogens act directly on the 

oxime carbon and give hydroxamic acid chlorides at the end of the 

reaction which proceeds through ketoximes and halonitrozo, 

aldoximes and chlornitrozo compounds. If excess chlorine is used in 

the reaction, a deterioration will occur and manifested by yellowing. 

In this case, α,β-tetrachloro-α,β-dinitrozoethene type substances are 

formed. Hydrocyanic acid can easily join the carbon-nitrogen double 

bond in oximes forming α-hydroxyamino nitriles at the end of the 
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reaction (Kurtoğlu and Serin, 2006). The reaction of oximes with 

halogens is shown in Figure 18. 

 

Figure 18. Reactions of Oximes with Halogens 

 

4.10. Hydrolysis reactions 

Oximes yield the appropriate aldehydes or ketones by hydrolysis from 

the double bond. Hydrolysis of the carbon-nitrogen double bond 

begins with the addition of water, as shown in Figure 19, which is 

followed by the elimination of the nitrogen group (Bischoff, 1980). 

 

Figure 19. Hydrolysis of Oximes 
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In this reaction, the order of the reaction steps and rate-determining 

step depend on the pH of the medium or other conditions. In addition 

to acidic and basic catalysts, other chemicals such as thallium(III) 

nitrate, acetic acid/titan(III) chloride solution, sodium bisulfite 

solution, iron pentacarbonyl bortrifluoride, lead tetraacetate, 

cerium(IV) ions are also used in the hydrolysis of oximes to aldehydes 

and ketones (Bischoff, 1980). 

5. SPECTROSCOPIC PROPERTIES OF OXIMES 

With the development of spectroscopic techniques, more information 

has been gained about the structure of oximes, and the 

interconversions of isomers have been extensively studied. The 

structures of many oximines and their metal complexes have been 

determined precisely by X-ray diffraction studies. In addition, FT-IR 

and 1H-NMR spectra are widely helpful in elucidating the structures 

of oximes. 

When the FT-IR spectra of the oxime compounds were examined, it 

was observed that the bands of C=N stretching vibration were in the 

range of 1600-1665 cm-1, the N-O vibrational bands were in the range 

of 940-885 cm-1 and the O-H vibrational bands were in the range of 

3500-3200 cm-1. In the case of metal bonding in complexes via oxime 

oxygens, there will be slight shifts in vibration frequency values. In 

the case of different functional groups on carbon and nitrogen, C=N 

stretching bands are observed in the range of 1610-1670 cm-1 with 

little shift due to conjugation (Keeney and Asare, 1984). 
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In monoximes, 1H–NMR peaks of O-H protons are observed between 

approximately 9.00-13.00 ppm. In dioximes, on the other hand, 1H–

NMR peaks differ depending on the anti-, syn and amphi- geometric 

isomer states depending on the environment of the O-H protons. 

While a single peak over 10.00 ppm is observed for anti-isomers, two 

peaks close to each other are observed in amphi-isomers because one 

of the O-H groups forms a hydrogen bond with the other oxime 

nitrogen in the compound, and in syn-isomers, it interacts with the 

neighboring oxygen. These protons are replaced by deuterium in case 

of D2O addition and the 1H–NMR peaks disappear (Karatas, et al., 

1991). 

In the UV-Vis spectra of oximes, the most important and 

characteristic absorption band is the π→π∗ electronic transition band 

of the C=N group is observed in the range of 250-300 nm. In the 

complexes formed by these compounds with transition metals, the 

bands of the π→π∗ transition shift to a slightly longer wavelength. 

However, especially in compounds containing aromatic rings, the 

absorption bands of these transitions may interfere with the B bands of 

the aromatic ring. The low absorption intensities of d→d transitions, 

which provide useful clues in explaining their complex geometries 

with UV-Vis spectra, and the low solubility of oximes in organic 

solvents make it difficult to observe these transitions. In addition, 

since the bands of the d→d transitions can overlap with the bands of 

the ligands which makes it very difficult to distinguish these bands 

(Koçak and Bekaroğlu, 1984). 
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Although the υ(C=N) band is observed at 1685-1650 cm-1 in saturated, 

unconjugated oximes, the band in question may shift up to 1600 cm-1 

in vic-dioximes. The fact that the υ(C=N) vibration is seen as a weak 

band around 1620 cm-1 in anti-glyoximes is due to their central 

symmetry structure. 

The υ(N-O) band in vic-dioximes shows a strong absorption between 

970-925 cm-1. The N-O frequency does not change significantly 

depending on the conjugation, but changes according to the nature of 

the substituents attached to the oxime group. For example, it is 952 

cm-1 in dimethylglyoximes, 978 cm-1 in anti-chloroglyoximes, 1000 

cm-1 in anti-dichloroglyoximes (Avram and Mateescu, 1972). 

1H-NMR spectra are particularly useful in identifying stereoisomers in 

vic-dioximes. In anti-dioximes (O-H) the peak appears as a large 

singlet, while in amphi-dioximes (O-H·M) one of the protons shifts to 

the weaker field, the other emerges in its normal place, thus appearing 

as two singlets. In addition, in symmetrically unsubstituted vic-

dioximes (O-H) protons are seen as two separate singlets (Avram and 

Mateescu, 1972). 
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6. VARIOUS OXIME LIGANDS 

6.1. Monooximes 

6.1.1. Carbonyl oximes 

Carbonyl oximes are compounds containing oxime carbonyl on 

adjacent carbons as shown in Figure 20. 

 

Figure 20. Carbonyl Oximes 

 

Carbonyl oximes form complexes with transition metals Ni(II), Cu(II) 

and Co(II) in the form of (HL)2M. The structures of these complexes 

are usually square plane or tetrahedral. The structure of these 

complexes is shown in Figure 21. 

 

Figure 21. Tetrahedral and Square Planar Metal Complexes of Carbonyl Oximes 
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6.1.2. Nitrosophenols (Guinonemonoximes) 

These compounds are in cyclic structure and form complexes with 

Cu(II) metal in tetrahedral geometry. However, in the presence of 

pyridine in the environment, it was determined by X-rays that the 

complexes were in a square pyramidal structure as shown in Figure 22 

(Chakravorty, 1974). 

   

Figure 22. Nitrosophenols (Y: H, CH3…) 

 

The structure of the complex formed with nitrosophenols in the 

presence of Ni(II) metal in the environment is dimeric as in Figure 23.  

 

Figure 23. Nitrosophenol Ni(II) Complex 

 

6.1.3. Imine oximes 

Depending on the number of donor groups they contain, iminoximes 

form complexes by binding to metal ions as bi-, tri- or tetradentate 
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ligands (Fig. 24). Binding varies according to the Y group on the 

imine (Schmidt, 1984; Chakravorty, 1974). 

 

 

Figure 24. Iminoxime Ligand 

 

If Y = CH3 in the molecule, the ligand behaves as bidentate and 

attaches to the metal atom through N. (Fig. 25). 

 

Figure 25. Iminoxime Complex 

 

6.1.4. Pyridinoximes 

In such ligands, bonding to the metal occurs through the nitrogens in 

the ring and oxime group (Fig. 26) (Schmidt, 1984). 
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Figure 26. Pyridinoxime Complex 

 

6.1.5. Hydroxyoximes 

These oximes, which act as bidentate, bind to metals via oxygen and 

nitrogen atoms (Fig. 27). 

 

Figure 27. Hydroxyoxime Complex 

6.2. Dioximes 

Dioximes are compounds that contain two "-C=NOH" groups in their 

structure. Coordination of dioximes to metals can occur via different 

or same donor atoms, depending on whether the dioxime is in the anti 

or amphi state Ni(II) complexes synthesized from the anti-form of 

ligands are usually red in color and square plane. Ni(II) synthesized 
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from amphi-dioximes also binds to the metal via N and O atoms and 

forms a yellow-green complex. Studies on dioximes started with 

Tschugeff's synthesis of nickel dimethylglyoxime in 1905 (Fig. 28) 

(Gnichtel and Möller, 1981). 

 

 

Figure 28. Nickeldimethylglyoxime Complexes 

6.2.1. Cyclic Dioximes 

They are compounds that contain two oxime groups directly adjacent 

to each other on the ring (Fig. 29).                                                                         

 

Figure 29. Cyclic Dioxime Ligands 

 

6.2.2. Non-cyclic Dioximes 

These compounds can be obtained from the interaction of 

monochloroglyoxime and dichloroglyoxime with compounds 
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containing groups such as NH2 and SH. The oxime ligands obtained 

from dichloroglyoxime have a symmetrical structure. In addition, 

NH2, SH groups containing compounds form symmetrical oximes by 

giving an additional reaction with cyanogen-di-N-oxide (Macit, 1996). 

7. COMPLEXES OF OXIMES 

As ligands, oximes form stable complexes with transition metals. 

Their stability depends on the oxime structure and cation. Oximes 

have two donor atoms, N and O. Oxime compounds coordinate to 

transition metals either over these two atoms or through one of these 

atoms and act as monodentate or bidentate ligands depending on the 

number of bonds. Mostly, this bonding takes place through the N 

atom. The bonding patterns made with metal in monoximes are shown 

in Figure 30 (Chakravorty, 1974). 

Oximes form coordination with transition metals either directly or in 

the form of conjugated bases. In case B, one of the oximes behaves in 

its own structure and the other in its conjugate acid structure. The 

single hydrogen atom is used collectively in the O...H…O bridge. In 

Figure 30, A and B are the most well-known structures. C is generally 

observed in multi-core structures. In the D structure, the oximato 

anion is bonded to the metal atom through oxygen and is observed in 

very few complexes (Chakravorty, 1974; Kurtoğlu and Serin, 2006). 
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Figure 30. Coordination Modes of Oximes with Metal Atoms 

The stereochemistry of the oxime is a determining factor in the 

structure of oxime complexes. The anti-complexes of oximes are more 

stable than the amphi- and syn-complexes. Especially, nickel 

complexes of anti-dioximes are red in color. Amphi-oxime complexes 

are less stable than anti and nickel complexes and yellowish green in 

color. Generally, amphi-oxime complexes are easily transformed into 

anti-oxime complexes under suitable conditions (Bekaroğlu and 

Sarısaban, 1978). 

Today, the structure of many vic-dioxime metal complexes has been 

elucidated by single crystal X-ray analysis method. In these 

complexes, the metal ion and the four nitrogen atoms in the two 

dioxime molecules are in the same plane (Fig. 31). In the amphi- and 

anti- forms of vic-dioximes, intra-molecular hydrogen bridges are 

formed between oxygen atoms during the formation of complexes. 

Unpaired electrons on both nitrogen and oxygen are involved in this 
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type of complexation. The formed intermolecular hydrogen bridges 

increase the stability of the resulting complex and prevent their 

dissolution in water. Comparing the distances of the intramolecular 

hydrogen bridge (O…H…O) is an interesting application. The 

hydrogen bridge between the oxygen atoms is usually formed when 

the distances between the oxygens are greater than 2.44 Å. The 

distance of the hydrogen atom forming the bridge to the two oxygen 

atoms is equal to each other (Demetgül, 2008). 

 

 

Figure 31. General Representation of vic-dioxime Metal Complexes 

In the dimethyl glyoximine nickel complex, the distance between the 

two oxygens was found to be 2.44 Å by X-ray diffraction analysis. In 

this type of complex structure, C=N and N-O bond lengths were found 

to be 1.30 and 1.34 Å, respectively. When these values compared with 

free oxime ligands, it was observed that the N-O bond length was 

shortened at the end of the complex formation while the C=N bond 

did not change. Hydrogen bridge formation in anti-dioxime complexes 

causes a shift of the hydroxyl proton to approximately 16.8-18.3 ppm 
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in the 1H-NMR spectrum (Pedersen and Larsen, 1973). Since the 

amphi forms of vic-dioximes are in coordination with transition metals 

over N and O atoms, the free –OH group shows a chemical shift close 

to that of ligands (Gül and Bekaroğlu, 1983). 

In square planar vic-dioxime complexes, the distance between 

oxygens (O...H...O) connected by an intramolecular hydrogen bridge 

is 2.4 Å or more. When this distance is below 2.5 Å, the hydrogen 

atom is symmetrical between the oxygen atoms. Above 2.5 Å, H atom 

is located asymmetrically, the (O...H...O) bond angle is 175o and the 

hydrogen atom is usually in an unsymmetrical bridge state (1 Å from 

one of the oxygens). Depending on the diameter of the metal ion 

forming the complex, this distance increases in the order Ni < Pd < Pt. 

The most important factor affecting the symmetry of the hydrogen 

bond formed is the state of the ligands. If the ligands forming the 

complex are symmetrical, the hydrogen bridge is formed in a 

symmetrical structure, otherwise it is mostly asymmetrical. 

Numerous studies have been conducted on the complexes of α-

dioximes and some metals. The isolation of dimethylglyoxime with 

Co(III) complex by L. Tschugaeff in 1907 was an important 

development in terms of being an approach model for elucidating 

biochemical mechanisms (Chin, 1950). The structure of the 

bis(dimethylglyoxymato) Ni(II) complex that dimethylglyoxime gives 

with the Ni(II) ion is shown in Figure 32. 



 
56 SCIENTIFIC RESEARCHES 

 

Figure 32. Bis(dimethylglyoxymato) Ni(II) Complex 

 

Dimethylglyoxime, diaminoglyoxime and divalent cobalt ions react in 

various ways to give coordination compounds that differ from each 

other in terms of structure and magnetic properties. It is not possible 

to fully explain this situation with a theory. Although Co(II) gives 

octahedral complex with dimethylglyoxime (Fig. 33), while it gives a 

square plane complex with diaminoglyoxime. 

 

 

Figure 33. Co(II) Complex of Octahedral Dimethylglyoxime 

 



 
 57 

The difference between these two structures is due to geometry and 

stability. The ability of the dimethylglyoxime cobalt complex to form 

cobalt-nitrogen bonds is of great importance in terms of biochemical 

reaction mechanisms. Because this complex shows properties to be the 

chemical model of vitamin B12 and its coenzymes (Yıldız, 1991). 

8. USAGE AREAS OF OXIMES 

Oxime is used in agriculture, pharmacy, fuel industry and many other 

fields. Oxime compounds are widely recognized due to their 

extraordinary effects in photochemical and biological reactions In 

addition to their properties such as chelating, oxygen retention, and 

biological self-degradation; they have new areas of use depending on 

the technological development as antioxidant and polymer initiator 

reagents, increasing the octane content in fuels, intermediate in 

dyestuffs, recovering precious metals, providing softness and 

waterproofing in leather and textile industry, pesticides, some 

antibiotic drugs (eg., cephalosporin), hormones, as additives in 

photography, in UV-stabilizers, flavorings and perfumes. The 

importance of coordination compounds in biological structures 

resulted with an increase in the rate and area of use in the industry 

each day. The recent anti-tumor effects in cancer research have led to 

intensification of research on complexes, "especially vic-dioxime 

complexes". Oximes are used for different purposes in many areas of 

organic, analytical, inorganic chemistry, industry and biochemistry. 

Some oximes and their various alkyl, oxy alkyl and amino derivatives 

have physiological and biological active properties. They are also 
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being used in motor oils, paints, epoxide resins as additives to 

improve some of their properties. Besides their use in laboratories, 

they are also used as rodentisit (Fessenden, 1993). 
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INTRODUCTION 

 

Light is the reason of existence of colors. Without light there would be 

no colors. Since our eyes are only sensitive to light, colors can be 

noticed only in the presence of light (Shevell, 2003). The relationship 

between the chemical structure of the matter and their color began to 

be investigated with the discovery of synthetic dyes (Seventekin, 

1988).  

In 1868, Graebe and Lieberman (Gräbe and Liebermann, 1868) 

realized that the reason why organic compounds are colored is related 

to their unsaturated character. In the experiments, it was observed that 

when hydrogen is added to colored organic compounds, the color 

disappears, and when hydrogen is removed from the same 

compounds, the color reappears. The thesis, which was put forward as 

a result of this experiment: "The color comes from the unsaturation in 

the molecule" is still among the basic conditions of color, along with 

other reasons.  

Another color study that followed the work of Graebe and Lieberman 

is the theory of "chromophore groups" put forward by Witt in 1896 

(Witt and Dedichen, 1896). According to Witt, the color of a 

compound is due to the presence of unsaturated groups such as nitroso 

or nitro, carbonyl and azo groups in the molecule and groups such as 

weakly acidic or weakly basic hydroxyl and amino in the molecule 

and their mutual interaction. This researcher stated that all 

hydrocarbons are colorless, but appear colored when unsaturated 

groups called chromophores are attached to them. Hydrocarbons with 
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a chromophore group are called chromogens. However, chromogens 

show dye properties. Witt suggested that in order for chromogens to 

acquire dye properties, the second series of molecules, which he called 

auxochrome, must be attached to the compound. In many cases, 

auxochrome groups not only complement the chromophore in color 

formation, but also cause the molecule to dissolve in water and have a 

certain affinity for the fiber (Gürses, 2019). With the binding of 

auxochrome groups to the chromogen, both color intensity and color 

depth increase (Baser and Inanıcı, 1990; Kurbanova et al., 1998). 

DYES 

The substances used to protect the surface of objects from external 

influences or to make them colorful in order to provide a beautiful 

appearance are called dyes. In spoken language, the words dye and 

dyestuff are often used interchangeably. However, these two words 

are not synonyms. Dyes do not make any changes to the areas they are 

applied to. They can be removed from the surface in large pieces by 

scraping. The substances applied to make the objects (fabric, fiber, 

etc.) colored themselves are called dyestuffs (Seventekin, 1988). In 

this review, we chose to use “dye” instead of both words as most of 

the recent publications do.  

In addition to the definition of dye, another term essential colorants 

are yet to be defined. Essential colorants are generally commercial 

products which supply colouring by the addition of some other 

substances. These additives improve the product’s application 

properties like its dispersibility, flow or flocculation resistance. 
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Agreed definition of the essential colorant is a dye or pigment 

responsible for the colour of the product by itself. 

A classification of dyes agreed upon was achieved nearly a hundred 

years ago by the Society of Dyers and Colourists.  A ‘Colour Index’ 

book was produced to fulfill the need which provided certain 

information regarding the constitution and properties of the whole 

range of colours used in dyeing, printing and paint industries. Table 1 

shows a list of colours with Colour Index Constitution Numbers 

(CICN). The colour index numbers are 5-digit numbers grouped into 

numerical ranges according to the chemical structure.  The main 

categories used to classify colorants in Volume 4 (1971) are as 

follows: 
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Table 1. Colours with Colour Index Constitution Numbers (CICN)* 

 

  *(The Colour Index™) 
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Classification of dyes 

Hence, there is a broad spectrum of dye users and manufacturers, an 

unambiguous classification for all type of dye related people is an 

important matter. The classification of dyes may be designed 

considering the target group like the textile industry, manufacturers, 

students and researchers. Dyes are mainly classified according to their 

water-solubilities, chemical structures, dyeing properties and places of 

use (Clark, 2011; Gordon & Gregory, 2012). Here we have chosen a 

type of classification for students and researchers. The types of dyes 

are briefly explained in line with the aim of this review which is 

primarily focused on the dye decolorization.  
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Figure 1. Classification of Dyes 
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1. ACCORDING TO SOLUBILITIES IN WATER 

1.1. Water-Soluble Dyes 

The dye molecule carries at least one salt-forming group. If the 

starting materials used do not contain a water-soluble group, solubility 

can be achieved by adding a salt-forming group to the dye molecule 

afterwards. Dyes in water-soluble class are examined in 3 stages 

(Baser and Inanıcı, 1990) as anionic, cationic and zwitter ion water-

soluble dyes. Na+ salts of acidic (-SO3
- , -COO-), basic (like; -NH2), or 

both groups are added to the medium, respectively forming an internal 

salt. During dyeing, zwitter ion dyes behave like anionic dyes in basic 

or neutral environments (Chavan, 2011). 

1.2. Water-Insoluble Dyes 

It is possible to divide the dyes that are used in textile and other fields 

and that do not dissolve in water into various groups according to their 

solubility mediums. Dyes insoluble in water but soluble in all kinds of 

organic solvents are called solvent dyes which are applicable as sprays 

or lacquer. Also another group of dyes named substrate soluble dyes 

are dispersion dyes and can be applied especially on synthetic fibres. 

Dyes with transient water-solubility are obtained by various reduction 

agents to make them absorbed by the fibers. By a consequent 

oxidation, absorbed dye becomes water-insoluble. 

Earrings and sulfur dyes are applied according to this principle. Some 

water-insoluble dyes are condensing with each other or with other 

molecules forming large molecules while being applied to the fiber or 
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after being applied. This group is called polycondensation dyes. 

Water-insoluble pigments are also classified in this group. Pigments 

with their structural difference have no affinity to the substances that 

affect fiber and other enzymes. Pigments are frequently applied in 

suspensions of drying oils and resins (Hunger, 2003). 

2. ACCORDING TO DYEING PROPERTIES 

Generally, dyeing practitioners do not consider the chemical structure 

of the dye which is an important factor in determining the method of 

dyeing the fiber. According to dyeing properties, dyes may be 

classified in ten groups as shown in Figure 1 (Baser and Inanıcı, 

1990).  

Basic dyes are in the form of hydrochlorides of organic bases and 

carry the cationic group in the colored part. They contain N or S atoms 

as positive charge carriers. Due to their structure, they are bonded 

with fibers containing anionic groups because they act as basic. They 

are mainly used for dyeing polyacrylonitrile, partially wool and cotton 

fibers.  

The second group is called acidic dyes, due to making the applications 

in acidic baths and almost all of them are salts of organic acids. 

Direct dyes form the largest group of dyes. They generally contain 

sodium salts of sulfonic and sometimes carboxylic acids. Direct dyes, 

do not require electrolytes as reactive dyes do. Their exhaustion rate is 

higher compared to other dyes. Most of the dyes in this class are 
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polyazo compounds, along with some stilbenes, phthalocyanines, and 

oxazines (Hunger, 2003). 

Mordant dyes are characterized by carrying of a hydroxyl group ortho 

to the azo-group. They also require a mordant metal like chromium to 

form an insoluble compound for the fixation of the color on fabric 

properly. Many natural and synthetic dyes fall into this class. They 

contain acidic or basic functional groups (Cardon, 2007). 

Reactive dyes containing reactive groups that can form true covalent 

bonds with functional groups in the fiber structure. After the treatment 

applied they eventually will have a reactive group which enables them 

to react with the OH- group of cellulose. A sulphonic group is added 

to the reactive dye to make solubility possible. Depending on the 

application method reactive dyes may be classified as alkali-

controllable, salt-controllable and temperature-controllable dyes. 

(Basar and Inanici, 1990; Gürses et al., 2016).  

Earring dyes that contain carbonyl groups and are insoluble in water. 

They are made water-soluble by reduction and in this state they are 

drawn to the fiber. As a reducing agent, sodium dithionite, (Na2S2O4), 

air oxygen is used for oxidation. As a result of the reduction, the keto 

group in the dyestuff molecule turns into an enol group. 

All dyes that can be formed on the fiber and converted into their final 

form are included in developmental dyes. Naphtol-AS dyes and 

phthalocyanine dyes, called azo dyes, are in this class. In this type of 

dyes, the component with fiber affinity is the first absorbed by the 

fiber, then it is reacted with the second component and converted into 
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a water-insoluble form. Almost all color variations are obtained with 

this process. 

Metal complex dyes may be divided into two classes: 1:1 metal 

complexes and 1:2 metal complexes. The dye molecule will typically 

be a monoazo structure with functional groups as hydroxyl, carboxyl 

or amino groups which form strong coordination complexes with 

transition metal ions. Cr, Co, Ni and Cu are frequently used metal 

ions. Application of metal-complex dyes to protein fibers gave good 

results. However, the negative effects of metal-complex dyes to the 

environment is intensively concerned (Dede et al., 2016) 

Dispersion dyes can dissolve in water in trace amounts and therefore 

can be applied as dispersions in water. Disperse dyes are characterized 

by the absence of solubilizing groups and low molecular weight 

(Figure 2). More than 50% disperse dyes are simple azo compounds, 

about 25% are anthraquinones and the rest are methine, nitro or 

naphthoquinone dyes. Disperse dyes, which are mainly used for 

polyester, are also used for cellulose acetate and triacetate, polyamide 

and acrylic fibers. Disperse dyes are supplied as powder and liquid 

form. (Clark, 2011) 
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Figure 2. Generalized Structure of a Dispersion Dye 

Textile fibers can also be combined with inorganic and mostly 

preferred organic pigments (Figure 3).  

Figure 3. The Types of Organic and Inorganic Pigments  

(Gürses et al., 2016) 
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Pigment dyes do not have affinity to the fiber themselves unless they 

adducted on a synthetic resin called binder molecule as shown in 

Figure 4. They are used as finely dispersed water-in-oil emulsions. 

Emulsion deteriorates after being impregnated with fiber or fabric. 

Disintegration and hardening of the binder to the fabric are its 

undesirable properties. There has been progress on these undesirable 

issues recently. 

 

Figure 4. Binder Spheres Coated with Acrylic Acid (a)  

and Anionic Surfactant (b) 

 

3. ACCORDING TO THEIR CHEMICAL STRUCTURES 

Dyes are basically the organic chemical structures with three 

important groups as (a) chromophore, (b) auxochrome, and (c) matrix 

in the molecular structure (Figure 5). A chemical classification based 

on the synthesis and practical applications of dyes is given below 

(Maheshwari et al., 2021). 
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Figure 5. Auxochrome, Chromophore and Chromogen Parts of   4-

Hydroxyazobenzene 

Azo dyes are characterized by the existence of a chromophore azo (-

N=N-) group in their structure. Nitrogen atoms in this group are 

bonded to carbon atoms by sp2 hybridization forming σ bonds. One of 

the carbon atoms attached to the azo group may be an aromatic or 

heterocyclic ring and the other may be an aliphatic chain-linked 

group. Since the color intensities of aliphatic azo compounds are low, 

azo dyes are generally formed with aromatic azo compounds. Azo 

dyes are represented by the formulas Ar1-N=N-Ar2 (aromatic azo 

compounds), R1-N=N-R2 (aliphatic azo compounds), R-N=N-Ar 

(aliphatic-aromatic azo compounds). 

 

Figure 6. Chemical Structure of an Orange Colored Azo Dye 

Nitro and nitroso dyes contain electron donor groups in -ortho 

position with nitro and nitroso groups in their chemical structures. 
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Nitroso compounds are mostly used in the synthesis of other dyes. 

They do not have any dye properties unless they formed complexes 

with heavy metal salts. While ortho-nitroso compounds have complex 

forming characteristics, technically important nitro dyes have an 

electrodonor group in -o position (Figure 7). Picric acid is the oldest 

known synthetic nitro dye (Püntener, 2000). 

 

Figure 7. Nitro Dye Picric Acid (left) and p-Nitrosophenol  

and p-Benzoquinone Monooxime (right) 

Polymethine dyes form a large group of colored compounds. They are 

compounds with polymethine (-CH=)n and heteroatoms in their 

structure as shown in Figure 8. Polymethine dyes are the cation dyes 

currently used for dyeing polyacrylonitrile fibers. 

 

Figure 8. Polymethine Dye 

Arylmethane and poly(aza) dyes have the general formula of (Ar-

X=Ar) in which X; can be -CH= (diarylcarbonium) or –N=. 

Compounds in which X is in the form of -CH= are called 

][O2N     C = C      C = NH2

H H H +
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diarylcarbonium, and compounds in the form of -C(Ar)= are called 

triarylcarbonium. If this group is –N=, it is the aza derivative which is 

the basic part of the analog absorption system. 

 

 

 

Figure 9. Arylmethane Dyes 

Aza annulene dye class has a cyclic colorant structure with 18 π 

electrons and double bonds in the conjugated state. Whether a closed 

system has an aromatic structure is determined by the number of 

(4n+2)π electrons according to Huckel's rule. If n=1,2,3,… is an 

integer number, 6, 10, 14, 18, 22, systems can be aromatic. However, 

for aromaticity to occur, this number of electrons must be in a plane 

and be delocalized. A monocyclic ring consisting of successive C=C 

and C-C bonds may also be referred to as [n]annulen (Chaudhary & 

Violet, 2020). 

 

Figure 10. Aza [18] Annulene Dye 

 

CH
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Carbonyl dyes are characterized with a conjugated double bonds and 

at least two carbonyl groups again conjugated state to these in their 

molecular structure (Figure 11). It is divided into two subclasses as 

indigo and anthraquinone structure. 

 

Figure 11.  Carbonyl Dye 

Sulfur dyes are called water-insoluble, macromolecular, colored 

organic compounds formed by the reaction of aromatic amines, 

phenols, sulfur and sodium sulfide or sodium polysulfide (Figure 12). 

It can be symbolized as Bm-S-S-Bm (Chaudhary & Violet, 2020). 

 

Figure 12. Sulfur Dye 

 

Dye Removal Methods 

Dyes are widely used in many fields as textile, leather, cosmetics and 

food industry. These dyes or pigments are added to the wastewater 

stream and cause harmful effects for the environment. Colored 

wastewater discharged to the receiving waters reduces the light 

O

O
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transmittance in the aquatic environment causing an adverse effect on 

the rate of photosynthetic activity which leads to the depletion of 

oxygen and eventually threaten the life in the aquatic ecosystem. Also, 

discharged dyes cause the rise of some aquatic organisms which 

brings the accumulation risk of toxic and carcinogenic products. In 

this context, the color removal processes of industrial wastewater 

containing dyes become crucial (Moussavi and Mahmoudi, 2009). 

Removal of dyes from wastewater can be divided into three main 

categories as physical, chemical and biological methods. 

 

1. PHYSICAL TREATMENT METHODS 

A. Adsorption 

Adsorption is an effective method to remove waste color, toxic 

substances and organic solvents. Activated carbon is the most widely 

used and effective adsorbent for dyes. The molecular structure of a 

compound has a determining effect on adsorption. Adsorption 

improves with increasing molecule size and factors such as 

aromaticity, polarity and C-chain branching. High molecular weight 

dyes have difficulty passing through the pores of an activated carbon, 

while low molecular weight dyes are dispersed within the micropores 

(Jayswal, 2007). 

While decolorization with activated carbon is particularly effective for 

cationic, mordant and acid dyes, there is less decolorization for 

disperse, direct, vat, pigment and reactive dyes. The performance of 

the method depends on the type of carbon used and the characteristics 
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of the wastewater. While regeneration and reuse cause a decrease in 

performance, this disadvantage can be eliminated by using an 

excessive amount of activated carbon which is an expensive material 

(Kocaer and Alkan, 2002). 

B. Membrane filtration 

It is possible to continuously purify, concentrate and most importantly 

separate the dye from the wastewater with membrane filtration. The 

most important advantage of the membrane filtration to other methods 

is that the system is resistant to temperature, an unexpected chemical 

environment and microbial activity. Reverse osmosis membranes 

yield over 90% for most ionic species and provide a high quality 

permeate. Dyes and auxiliary chemicals in dye bath effluent are 

removed in a single step (Kocaer and Alkan, 2002). 

C. Ion Exchange 

The ion exchange method is a widely used and preferred method in 

the industry for removing anions and cations from the solution and 

softening the water. Organic substances that dissolve in water and 

contain ion-forming groups are removed by this method (Jayswal, 

2007). 

The advantages of ion exchange are its high water treatment capacity 

and high efficiency in removing metal ion contaminants. Factors such 

as pH, temperature, metal concentration, ionic charge and contact time 

allow us to understand and manage heavy metal ions (Göde and 

Pehlivan, 2006).  
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2. CHEMICAL TREATMENT METHODS 

A. Coagulation and flocculation 

Coagulation is the name given to the disorder of colloidal particles in 

an aqueous solution and flocculation is a term used to separate solid 

particles from aqueous solution by aggregation of colloidal particles 

of an organic polymer. 

Both inorganic and organic polymers are used in the removal of dyes 

from wastewater. Coagulation and flocculation are often used as a 

pretreatment step before using other techniques (Jiang, 1997). 

Inorganic coagulants, lime (CaO), alum (AI2(SO4)3), iron and ferrous 

sulfate Fe2(SO4)3 and FeSO4 are widely used in the treatment of 

wastewater containing dyes separately or in combination (Germirli et 

al., 1990). 

Organic polymers are used as flocculating agents for color removal 

treatment. Generally, it offers more advantages than inorganic 

coagulants hence, the volume of sludge it produces is less and it 

significantly increases color removal. However, the color removal 

efficiency using flocculation alone was found to be unsatisfactory 

(Hazel, 1995). 

B. Electrochemical method 

Electrochemical methods have been successfully tested for various 

industrial wastewaters. Electrochemical removal of dye containing 

wastewaters is a relatively new technique and was developed in the 

early seventies. Organic and toxic pollutants such as dyes and phenols 
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in wastewater are removed by anodic processes that enable the 

formation of strong oxidants such as OH• radical and ozone. This 

method has been applied to many other related sectors in wastewater 

originating from the paint manufacturing industry. Generally, during 

electrochemical treatment, contaminants can be removed either by 

direct or indirect oxidation process. When compared to other aqueous 

processes, the electrochemical mechanism seems quite complex 

(Brillas & Martínez-Huitle, 2015).  

C. Chemical oxidation method 

Among all chemical methods, oxidation is one of the most powerful 

method for the removal of various refractory compounds from 

stabilized leachate (Parsons and William, 2004). 

The efficiency of chemical oxidation is attributed to the power of 

highly concentrated radicals such as free hydroxy radical (OH•) as an 

oxidant. These radicals can be produced exposing the potential 

oxidant to UV light. Some of these oxidant couples are UV/O3, 

UV/H2O2, O3/H2O, UV/TiO2, Fe2
+/H2O2 (Fenton oxidation) (Gogate 

and Pandit, 2004). The kinetics of the advanced oxidation process 

depends on the concentration of radicals and pollutants (Murray and 

Parsons, 2004). 

D. Chlorination 

Chlorine is added to the solution to oxidize the molecules. 

Chlorination has been found to be an effective method for COD 

reduction and decolorization of wastewater containing azo dyes. The 



 
 85 

most important factor regarding chlorination is the potential to form 

toxic organic compounds as a result of chemical reaction. Chlorination 

is a process that uses chlorine (Cl), hypochlorite (HOCl) and chlorine 

dioxide (ClO2) as strong oxidizing reagents. Although the chlorination 

is an efficient and lower cost method compared to other methods, its 

application is not common due to the concerns about the safety of the 

method (Bafana et al., 2011). Excess chlorine forms adsorbed 

organohalides. Trihalomethane is one of the end products occurs 

during chlorination process which is listed among the carcinogen 

organic chemicals. Therefore, chlorination is not considered a safe 

method for waste color removal. On the other hand, chlorine dioxide 

(ClO2) is less reactive and causes fewer side reactions. However, it 

cannot show effective color removal in colored wastewater (Waterick, 

1988). 

E. Ozonation 

Ozonation is not only used commonly to decolorize but also to 

disinfect wastewaters. The interest in ozone oxidation among the color 

removal methods from wastewater is still in tendency to increase 

probably due to its effective color removal, as well as the treatment of 

COD (chemical oxygen demand), not forming AOX (adsorbable 

organic halogen), not causing treatment sludge or concentrated waste 

problems. One of the biggest problems with ozone formation is that its 

formation has high energy costs. In addition, ozone decomposition 

produces free radicals and oxygen (Chhaya et al., 2020). 
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This formed free radical and oxygen atom react with the dye and 

break up the chromophore group in its structure and remove it. When 

dissolved in water, the oxidizer reacts with a large number of non-

biodegradable compounds. In this case, the nature of the compounds 

in the wastewater will determine the degree of reaction with ozone 

and the efficiency of ozonation. As a result of the tendency of 

compounds with special functional groups such as aromatic ring and 

C=C double bond to react with ozone, carbonyl compounds are 

formed (Westerhoff et al., 1999). 

Ozone oxidation follows two main pathways: After the ozone 

molecule decomposes, either the ozone molecule makes a direct 

electrophilic attack on the pollutants or it produces OH radicals and 

this allows the radicals it produces to react with pollutants (Steensen, 

1997). 

F. Fenton reaction 

Briefly, this method is the production of OH radical with a mixture of 

hydrogen peroxide and Fe2+ salt (Spetch et al., 1996). Today, this 

method is used effectively in reducing toxicity, destruction of organic 

pollutants, increasing biodegradability, BOD/COD, odor and color 

removal (Bishop, 1968). 

The advantages of the Fenton method are that the mechanical part is 

simple, it allows working in a wide temperature range, it consists of a 

combination of oxidation and coagulation processes, and it increases 

the oxygen concentration in the water. Since it is ecologically safe, it 

is anticipated that this method will be used effectively in the treatment 
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of all colored wastewater in the future. In addition, it is widely used as 

a pretreatment reagent in H2O2 dyeing processes which makes the 

Fenton method more economical (Bautista et al., 2008). 

H2O2 and Fe2+ ions are generally more stable in a strongly acidic 

environment. If H2O2 and Fe2+ ions are added to a water system 

containing organic matter, they will form complex redox reactions in a 

strongly acidic environment (Eq. 1.1-1.4) (Kang and Hwang, 2000; 

Külünk, 2000; Matavos-Aramyan & Moussavi, 2017). 

 

 

The OH• radicals formed react with organic substances such as RH 

(example: unsaturated dye molecules). Thus, the chromophore and 

chromogens of the dye molecule are damaged and their colors are 

removed. 

Fenton oxidation is still being used to remove the wastewater by 

textile, olive-oil, paper and wine industries. It is also effective to 

remove the toxic/organic wastes from landfill leachate, sludge waste, 



 
88 SCIENTIFIC RESEARCHES 

contaminated soil and refinery effluents (Matavos-Aramyan & 

Moussavi, 2017). 

3. BIOLOGICAL TREATMENT METHODS 

A. Aerobic method 

Aerobic system is the process of using free oxygen dissolved in 

wastewater to reduce organic waste components in the presence of 

microorganisms. The traditional aerobic biological process is also not 

very successful in the treatment of dyes. Because paints are designed 

to be durable (Stern et al., 2003). 

The basic mechanism of decolorization in aerobic processes is through 

adsorption by biomass. These reactions are continuous reactions. 

However, the rate of reaction is limited by parameters such as 

dissolved oxygen (DO), concentration, mixing, nutrients, and 

concentration of micro-bacteria. 

B. Anaerobic method 

The anaerobic method occurs in the absence of free oxygen and 

converts the components in organic wastewater into methane and 

carbon dioxide. Anaerobic biological treatment technologies have 

proven to be effective tools to treat various industrial wastewaters. 

It has been proven that a large number of biooxidation-resistant dyes 

can initiate removal studies in an anaerobic environment through the 

degradation of a chromophore (Field et al., 1995; Rai et al., 2005). 

The suitability of anaerobic technology in color removal has been an 

area where intensive studies are carried out today. Figure 13 shows the 
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advantages of applying the biological techniques compared to 

conventional physical and chemical ones. 

 

Figure 13. Advantages of Biological Techniques in Wastewater Treatment. 

(modified from Sghaier et al., 2019). 
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INTRODUCTION 

The hydro-meteorological conditions are essential factors that 

determine the anthropic activities, especially in agricultural field and 

the management of the water resources. Last decade the climate 

change impact the hydrological processes. Extreme events, as drought 

and flood are more frequent than before all over.  

Water availability is another issue that population is facing in different 

countries, especially in arid zones. The variation of precipitation 

significantly influences the water supply, the vegetation growth and 

the ecosystems’ equilibrium. 

Analysing the precipitation and temperature evolution at different 

scales help to forecast and prevent the effects of extreme events on the 

economy and households, by making decisions on the water resources 

allocation and use and taking measure to prevent floods.  

Most spatio-temporal analyses are based on testing the existence of a 

monotonic trend. Here, after a short statistical analysis, we adopt – the  

fractal technique to characterized the series evolution.  

Different researchers searched the fractal characteristics of 

precipitation and temperature series (Hubert, 1992; Bărbulescu et al., 

2010; Bărbulescu, and Deguenon, 2015; Bărbulescu and Șerban, 

2012) or its multifractal structure (Venogupal et al., 2006; Veneziano, 

2006; Deidda et al., 2006). Even if this approach is not new, it can 
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help obtaining a throughout image of the hydro-meteorological series 

of interest, emphasizing the existence of a pattern of the series at hand.  

Here we apply this methodology to study the precipitation series 

recorded at Constanta hydro-meteorological station located in the 

Dobrogea region, Romania (Figure 1).  

 

Figure 1. The Romanian map and Constanța city 

The complexity and variety of the region’s characteristics results from 

the soil, relief, vegetation and hydrographical network and the climate 

factors (Brânză, 2005)  
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The mean annual temperature is about 11°C, higher on the North and 

North – East. In the summer temperatures are about 22
o
 - 23

o
C. The 

thermic gradients decrease on the direction North - South.  

The variation of average annual temperature is inversely proportional 

with the continental influence, inside Dobrogea. The minimum 

thermic was registered in January and the maximum, in July. The 

highest thermic winter potential has been registered at the South of 

Cape Midia.  

The mean annual precipitations are in the interval 350-450 mm, the 

400 mm isohyet being, parallel to the seashore. Years with 

precipitation in the interval 200-250 are also noticed.  

2. METHODOLOGY 

 

2.1. Statistical analysis 

Normality, homoscedasticity, autocorrelation tests have been 

performed for each series, using the Shapiro – Wilks (Shapiro and 

Wilk, 1965), Levene (Levene, 1960) and Box-Ljung tests (Box and 

Ljung, 1978).  

The change points presence has been checked by the Hubert 

segmentation (Hubert et al., 1989; Hubert and Charbonnel, 1993). 

The existence of the anomalies has been assessed by the IQR and 

Local Outlier Factor (LOF) methods.   
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In the IQR method, the aberrant values are those values of the series 

situated outside the interval [Q1-1.5*IQR, Q3+1.5*IQR], where Q1 and 

Q3 are the first and third quartiles, and IQR the interquartile range.  

In the local outlier factor (LOF) method (Alghushairy et al., 2021; 

Breuning et al., 2000), the outliers are selected based on a score.  

The outlier is ‘local’ because only a neighborhood situated at a k-

distance from the analyzed object is considered. Therefore, for a value 

xi in a time series, its local outlier factor,       
  is calculated by 

     
 

 

   
     

∑            
, 

where    
 is the number of neighbors of    and      

 is the local 

reachability density of   , defined as the maximum between the k -

distance to    and the distance between any p and    (Knorr and Ng, 

1998, 1999; Ramaswamy et al., 2000). 

The Mann-Kendall (MK) test is utilized for verifying the hypothesis 

of a monotonic trend existence. With the values increasingly ordered,  

the test statistic S is computed by (Mann, 1945; Kendall, 1975):           

  ∑ ∑          
     

   
       ,                          

where      is the sign function. 

For n >11, S is approximately Gaussian, with a variance that depends 

on the tied values and zero mean. When there are no such values, the 

variance is:  
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The existence of a monotonic trend cannot be rejected if               

where    is the test statistics and      is the critical value at a 

significance level     

The seasonal version of the Mann-Kendall test is employed for 

checking same hypothesis as for the Mann-Kendall test but for 

seasonal data. After applying the Mann-Kendall series on each season, 

the mean and variances of these seasons are summed up for 

computing the Seasonal Mann-Kendall statistics (Kulkami and Von 

Storch, 1995).  

Since the series autocorrelation may influence the test’s results, the 

series’ preprocessing may be utilized (von Storch and Navarra, 1999).  

When the hypothesis that there is a monotonic trend is not rejected, 

the Sen’s slope (Sen, 1968) is calculated using the medians. 

The KPSS test was applied to test the series stationarity against its 

nonstationarity (Kwiatkowski et al., 1992). 

2.2. Fractal analysis 

Mandelbrot (1982) defined a fractal by comparing the 

topological and the Hausdorff–Besicovitch dimensions. If the first one 

is lower than the second one, the set is called fractal.  

Leibovitch (1998) refers to fractals as objects for which ‘the shapes of 

the smaller features are kind of the shapes of larges features.  
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The properties of invariance of different processes at different scales 

can be analyzed with the fractal and multifractal tools. In the fractal 

approach (Mandelbrot, 1977) the evolution (or behavior) is defined by 

a single parameter, the fractal dimension, which can be evaluated by 

box-counting methods. 

To determine the fractal dimension, the scaling exponent is computed 

as a linear function of the fractal dimension (d); d is determined from 

the linear regression fitted for log Q(d) as a function of log(d), where 

Q is the studied characteristic. 

Here, the fractality is assessed by the box-count (Falconer, 1990), and 

Hall-Wood dimension (Hall and Wood, 1993), variogram, and 

variation estimators. 

The box-count dimension of a curve in R
2
 is defined by 

DBC =                      

where N(ε) (ε>0) is the smallest number of squares with the side ε in 

R
2 

that can cover the curve (Falconer, 1990). 

The Hall – Wood dimension is a version of box-count dimension, 

defined by 

DHW =                     , 

where N(ε) is the sum of the areas of all boxes with the side ε 

intersecting the curve obtained by the linear interpolation of the graph 

of the data (Hall and Wood, 1993). 
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Davies and Hall (1998) introduced the variogram estimator, while 

Genton (1999) proposed a robust version of this method.  

The dimension estimator, DG is determined by plotting log(d) against 

log(  ̂( )), where  

  ̂                                
 , 

                   , 

d is the lag and               
     

 

The variation estimator (Gneiting et al., 2012) is a generalized 

version if the variogram estimator, which relies on  

 

                   
 . 

Particular cases are the madogram (p = 1), and variogram (p = 2). 

2.2. Data series 

The studied series are maximum monthly precipitation and maximum 

annual precipitation series collected between January 1961 and 

December 2009 (Figure 2).  
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Figure 2. Annual and monthly maximum precipitation series 

3.  RESULTS AND DISCUSSION 

 

The histogram and the correlogram of the maximum monthly series 

are presented in Figures 3 and 4. The histogram is right skewed, so the 

data series is not Gaussian.  
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Figure 3. The histogram of the monthly maximum precipitation series 

 

Figure 4. The autocorrelation function (and 95% confidence level- dotted lines) of 

the monthly maximum precipitation series 

Similar shape has the annual precipitation series. From Figure 4 it 

results that there is no correlation of the monthly data series. There 

same is true for the annual series.  

The Box-Ljung method rejected the autocorrelation hypothesis for 

both annual and monthly series. The Hubert segmentation procedure 
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detected a change point in August 2005 (with a maximum 

precipitation of 201 mm). 

The only outlier detected by IQR method for the annual data was 201. 

For the monthly data, 34 outliers were found to be outliers.  

The LOF method selected the same outlier for the annual series and 

only 27 for the monthly one (Figure 5). 4.05% of monthly values are 

aberrant values (at 95% confidence level). 

 

Figure 5. Outliers detected for monthly data (represented by dots) 

The Mann – Kendall test rejected the hypothesis that there is a trend 

of the annual series.  

The same test and its seasonal version on the monthly series rejected 

the same hypothesis as well.  
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The only p-value less than 0.05 in the KPSS test corresponds to the 

test for stationarity in level on the monthly series. So, the 

nonstationarity in level cannot be rejected for this series.  

The fractal dimensions for the annual series are presented in Figures 6 

and 7. 

  

Figure 6. Box count and Hall-Wood dimensions for the annual series 
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Figure 7. Variogram and variation estimators for the annual series  

There is a concordance of the values given by the Hall-Wood 

dimension, and the values of the variation and variogram estimators, 

which are approximately 2. A lower value was returned by the box-

count dimension, 1.69.  

The corresponding dimensions for the monthly series are presented in 

Figures 8 and 9. The Box dimension, the variogram and variation 

estimators are approximately the same as for the annual series.  
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Figure 8. Box count, Hall-Wood dimensions and the variogram for the monthly 

series 
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Figure 8. Variation estimator for the monthly series 

The value of the Hall-Wood estimator is higher (2.38) for the monthly 

series. All these values show the fractal character of the maximum 

annual and monthly series. 

9. CONCLUSIONS 

In this article we addressed the fractal character of the maximum 

annual and monthly precipitation series recorded at Constanta, 

Romania.  

Compared to the results for the annual precipitation series (Bărbulescu 

et al., 2010), show a more accentuated fractal behavior of these series. 

In a future study, we would be interesting to estimate the multifractal 

characteristics of the same series and to compare with the results from 

the literature. 
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INTRODUCTION 

Semiconductors are materials whose resistivity varies between ρ=10 

ohm.cm and 10 ohm.cm at room temperature. The electrical properties 

of semiconductors can be changed by methods such as optical 

excitation, doping, and heat treatment. For this reason, semiconductor 

materials are used in many devices such as transistors, switches, 

diodes, detectors, thermistors and sensors. Zinc oxide is a 

semiconductor compound from group II B-VI A of the periodic table. 

Considering the recent increase in research on zinc oxide, it is seen 

that there is an intense interest in this field. In recent years, 

considering the increase in research on zinc oxide, it is seen that there 

is an intense interest in this field. 

ZnO has a direct band structure and is a semiconductor that has a very 

wide band gap (~3.3 eV) [1-4]. Due to its wide band gap, it is 

considered as a suitable material for making LEDs in the blue and 

ultraviolet region of the electromagnetic wave spectrum. 

The photoelectric, piezoelectric and thermoelectric properties of the 

ZnO semiconductor are quite good and are used in many applications 

due to these properties. These applications are; gas sensors, thin film 

transistors, photoelectric devices, optoelectronic devices, solar cells, 

UV detectors, piezoelectric transducers, surface acoustic circuits, 

thermoelectric devices, pH sensors, biosensors [5-8]. In addition, ZnO 

absorbs UV light and performs band transitions. Due to this feature, 

zinc oxide is widely used as a transparent conductive oxide thin film 

[9].  
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In this study, undoped and Er/Gd doped ZnO nano thin films are 

prepared by using dip coating method with sol-gel method. Sol-gel 

method, which is one of the thin film forming techniques, has a wide 

area of use in terms of easily covering of large areas and creating 

homogeneous multi-layered films. Sol-gel method can be used in the 

production of single-component or multi-component oxide films 

[10,11]. The binary structure system (Zn0.95Er0.05O) are transformed 

into ternary structure (Zn0.95-xEr0.05GdxO) with 5% Er and 1%, 2%, 

3%, 4% and 5% Gd doping rate. The effects of Gd doping on the 

characterization of ZnO thin films are investigated. X-ray diffraction 

pattern results show that the films have a hexagonal structure and a c-

axis (002) orientation. This trend emerges as the dominant peak at 

approximately 2θ=34.38o. According to the grain size results 

calculated from the X-ray diffraction peaks, it is observed that the 

grain sizes decreased with the increasing Gd doping. 

The transmittance and energy band gap are determined by making UV 

measurements of undoped and Gd-doped ZnO thin films. The basic 

absorption spectra of the semiconductor samples produced by the sol-

gel method are obtained in the 190-1100 nm scanning region at room 

temperature. It is observed from the results of UV measurements that 

the transmittance values of the films decreased with increasing Gd 

doping, and accordingly, there is a large defect in the material. 
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1. EXPERIMENTAL DETAILS 

 

In the preparation of the solution, % 98,0 − % 101,0 purity ZnO (zinc 

oxide), 99.9% purity Gd(OOCCH3)3. xH2O (Gadolinium (III) acetate 

hydrate) and 99.9% purity C15H21ErO6 (Erbium (III) 2,4-pentandione) 

powder is used. 0.6 ml methanolamine and 50 ml methanol are added 

as solvent. x values are determined as 0.01, 0.02, 0.03, 0.04 and 0.05 

% in the  𝑍𝑛1−𝑥𝐸𝑟0,05𝐺𝑑𝑥𝑂 compound. The solutions prepared in the 

beakers are covered and stirred for at least 5 hours in a heated 

magnetic stirrer until it became a transparent solution. The most 

important point at this stage is that the solution is transparent and no 

precipitation or granulation appears in the solution. After mixing, the 

sol is prepared for film formation. The films are coated in a vertical 

furnace at 400°C using the dip coating method. The coating process is 

repeated 20 times for each sample. This situation is expressed as 20 

dipped of the film are covered. Then, the Gd-doped ZnO thin films are 

heat treated at 600°C for 30 minutes. 

2. RESULT AND DISCUSSIONS 

 

2.1.  X-Ray Diffraction (XRD) Measurements 

 

In this thesis, XRD measurements are performed by Bruker D8 

Advance X-ray powder diffractometer using Cu−Kα radiation in the 

range of 3o≤ 2θ ≤90𝑜. The phase structures and lattice parameters of 

samples are determined by Bruker-EVA 10.0.1.0 analysis program 

and ICDD PDF2-2002 data cards. 
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All of the samples have hexagonal wurtzite crystal structure that is 

specific structure of ZnO. Bragg angle and full width half maximum 

(FWHM) values are found from X-ray diffraction pattern results and 

grain size is calculated for each sample using Warren-Scherrer method 

[12]. 

                           𝐷=0,941𝜆/𝐵𝑐𝑜𝑠𝜃        (1) 

where, D denotes the grain size, λ presents the wavelength of the X-

ray used and B depicts the full width half of the maximum (FWHM) 

peak intensity. 

 
 

Figure 1: XRD images of doped and undoped thin films. 

According to the XRD results of doped and undoped ZnO thin films, 

no secondary phase is found that caused a remarkable change in the 
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obtained diffraction patterns (Fig.1). This means that the presence of 

Er+2 and Gd+2 ions in the ZnO lattice affects crystal structure. The 

reason of that is the small amount of Er and Gd enters into the 

structure in grain boundary of the lattice. 

The dominant peak is (002) oriented zinc oxide. This orientation is 

along the c axis. The calculated c lattice parameters are given in Table 

1. The grain size value decreases with increasing the Gd ions in the 

ZnO based material. The smallest value is 17.56 nm for the Gd003. 

Table 1: d, 2θ, FWHM, c and D values of doped and undoped thin films. 

 

Samples d (m) 
2θ  

(Degree) 

FWHM  

 

Lattice 

Parameters (Å) 

 

Grain Size 

(nm) c (Å) 

Undoped 

ZnO 

2.606 34.38 0.253 5.21 34.36 

Gd001 2.601 34.44 0.446 5.20 19.49 

Gd002 2.599 34.46 0.464 5.19 18.74 

Gd003 2.608 34.35 0.495 5.21 17.56 

Gd004 2.608 34.35 0.467 5.21 18.61 

Gd005 2.604 34.41 0.410 5.20 21.20 

 

2.2.  Optical Measurements 
 

The transmittance values and energy band gaps of undoped and Gd 

doped ZnO thin films are determined by using UV-VIS measurements 

[13-15]. The basic absorption spectra of the semiconductor thin films 

produced using the dip coating method with the sol-gel method are 
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obtained in the 190-1100 nm scanning region at room temperature 

(Fig. 2). 

 

Figure 2: Optical transmittance spectra of ZnO-based nano-thin films. 

It is determined that the films were quite transparent (approx. 75%) in 

the visible region (400-700nm). The band-gap energy (Eg) of the films 

are determined using (αhʋ)2) versus (hʋ) graph (Kubelka–Munk 

function versus energy) in the Fig.3. The obtained values are given in 

Table 2.   
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n is associated with type of optical transmission in the band gap. 

 

 
 

Figure 3: Energy band gaps of optical transmittance spectra of ZnO-based nano-thin    

                films. 

The optical band-gap energy of the undoped ZnO film is 

approximately 3.27 eV. Energy band gaps of the Gd-doped thin films 

vary between 3.23-3.25eV as shown in Fig. 3 and Table 2. As can see, 

the undoped ZnO exhibits a larger band-gap energy [16,17].   
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Table 2: Film thickness, dislocation density, micro-strain, transmittance and energy 

gap values for thin films. 

 

Samples 

Film 

Thickness 

(nm) 

Dislocation 

Density  

(𝛿) 

Micro 

Strain  

(휀) 

Average 

Transmittance 

(%) 

Band-Gap 

Energy 

(eV) 

Undoped 

ZnO 

339 0.800 0.0010 81.12 3.27 

Gd001 335 2.266 0.0017 80.84 3.23 

Gd002 182 2.332 0.0017 71.32 3.24 

Gd003 550 2.608 0.0018 87.22 3.25 

Gd004 108 2.223 0.0017 64.52 3.23 

Gd005 147 1.528 0.0014 67.01 3.23 

CONCLUSIONS 

As seen from the XRD pattern, the (002) plane is the dominant 

orientation plane of ZnO and Gd-Er doped ZnO thin films. The ZnO 

structure with Gd-Er dopant element is possess hexagonal wurtzite 

type structure. It is seen that the c lattice parameters of the samples 

decreased until the Gd002 doping and the values increased after this 

rate. Grain sizes decreased until the Gd003 doping, then increased. 

According to this result, we can say that 002-003 doping rates are a 

threshold value. The grain sizes are reduced with increasing Gd 

doping. Transmittance values decreased with increasing Gd doping. 

Poor transmittance shows great defect in the material. More defects 

increase absorption. Optical analysis revealed that the films are quite 

transparent (approx. 75%) in the visible region (400-700nm). 

Obtained energy gaps show that conduction band and valence band 
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converged and thus energy band gap decreased. It is seen that the 

energy range of the Gd003 doping, which has the highest 

transmittance value among the samples, the energy band gap of the 

Gd003 doping is closest to the energy band gap of undoped zinc 

oxide. 
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INTRODUCTION 

Composite material is a group of materials formed by the combination 

of at least two different materials for a specific purpose. The purpose 

of composite material synthesis is to obtain a property that does not 

exist in any of the components alone (Kathiryelu et al., 2008). 

Nanocomposites are defined as composites be formed of particles 

synthesized in at least one dimension at the nanometer scale. 

Nanocomposite material synthesis is a subject that has attracted a lot 

of attention in recent years (Alexandre and Dubois, 2000). According 

to their composition nanocomposites; it can be classified in different 

categories as polymeric, ceramic, metallic and metal oxide (Gao, 

2004). Clay minerals are used in agriculture, ceramics, construction 

and chemical catalysts. Clays have a very important feature due to 

their intercalation, two dimensional semi-magnetism, structural phase 

transition, fractal properties and mixed crystal behavior (Dintcheva et 

al., 2009).  In recent years, natural clay minerals such as 

montmorillonite, kaolinite, bentonite, zeolite and polygorskite have 

been used in catalyst synthesis, preparation of nanocomposites, 

sensors, electrodes, as antibacterial agents and nuclear waste storage 

(Arora et al., 2011). Chemical analysis, the water holding and ion 

exchange properties of clays they are composed of aluminum silicate 

compounds (Auta and Hameed, 2013). The color of natural clays is 

available in various colors such as white, gray, pink and brown 

depending on the mineral structure and chemical composition of the 

minerals (Chang et al., 2016). Because the clay particles are very 

small and form permanent suspensions in water, clays can be easily 
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separated from their great impurities (Shaban et al., 2017). Clay 

minerals are essentially aluminum hydrosilicates. In some minerals, 

aluminum is completely or partially change by Fe or Mg (Zhang et al., 

2013a). Alkali minerals or alkali metals form the main components of 

clay structures. Clays consist of a single clay mineral. But most are 

mixtures of several minerals (Dogan et al., 2006). Clays are 

substances that can become plastic when mixed with water at a certain 

rate. The plasticity property is lost when the adsorbed water moves 

away from the clay (Zahedi et al., 2013). Particle size of clay; it 

depends on factors such as adsorbed ions, the type of clay, the organic 

substances it contains and the formation of the clay ground (Tyagi et 

al., 2006). 

Graphene, which is one of the honeycomb lattice structures of the 

carbon atom, has gained great importance recently due to it is thermal, 

mechanical and electronic properties (Song et al., 2014). Due to the 

unique properties of graphene, it is use as an inorganic filler is 

preferred to improve the electrical, thermal and mechanical properties 

of graphene derived nanocomposite materials (Liu et al., 2015). 

Graphene is a two-dimensional nanomaterial with a length of 0.142 

nm between covalent bonds of carbon atoms (Meng et al., 2016). Due 

to the electrons in it is structure, it moves as massless relativistic 

particles in a unique way in the quantum vacuum and can be used in 

many areas due to it is superior properties (Hanifah et al., 2015). The 

areas where graphene is used can be listed as specific electrodes, 

transistors, sensors, clean energy devices, organic photovoltaic 

devices and nanocomposites (Chen et al., 2012). Graphene oxide is a 
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single layer graphite oxide that can be obtained by reducing graphite 

into layered layers by sonication or mechanical mixing (Park and 

Ruoff, 2009). Graphene oxide, on the other contains more functional 

groups in its structure than graphene (Singh et al., 2016). These 

functional groups increase the interaction at the interface and provide 

the homogeneous distribution of the support material in the matrix 

(Stankovich et al., 2007). However, the presence of oxygen containing 

functional groups causes graphene oxide to display non-conductive 

properties. To increase the electrical and thermal conductivity of 

graphene oxide reduction is done and reduced graphene oxide (rGO) 

is obtained (Yasin et al., 2018).  

Also graphene; it is composed of zero-dimensional fullerenes, one-

dimensional carbon nanotubes and three-dimensional graphite (Yun et 

al., 2013). Graphene is one atom thick nanoparticle in a hexagonal 

structure in which carbon atoms are sp2 hybridized. Due to it is many 

uses, it is one of the most popular and most researched materials in 

recent years (Kim et al., 2012). Because of the strong covalent bonds 

between the C-C bonds of graphene it has important mechanical 

properties. Single layer graphene has a Young's modulus of about 

1100 GPa and a tensile strength of 130 GPa (Thema et al., 2013). 

However, it has high conductivity at room temperature and has a very 

large surface area (Potts et al., 2011). Considering that a single layer 

of graphene is 0.42 nm, it is impressive that it is 30 times stronger 

than steel. Graphene can conductive electric current at the speed of 

light due to it is high carrier concentration and mobility (Cao et al., 

2015). 
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1. METAL OXIDE/CLAY AND METAL OXIDE/GRAPHENE 

OXIDE NANOCOMPOSITES 

1.1. Metal Oxide/Clay Nanocomposites 

Clays have been widely used in industry as they are inexpensive and 

easily available materials (Neaman and Singer, 2000). The properties 

of clay minerals such as high cation exchange, pH, interaction with 

water were investigated and their structures were tried to be developed 

by modified them according to these properties (Zhang et al., 2019). 

Clay minerals are naturally heterogeneous substances. There are many 

minerals such as quartz, calcite and pyrite in their structures (Ning et 

al., 2007). Clays are found in many different colors in nature 

depending on the ratio and chemical composition of these mineral 

contents (Huang et al., 2004). The most important feature that 

distinguishes clays from stones is that the clays have a very small size 

and large surface area even in one size (Mishra et al., 2018). In 

addition to these properties, it is physical adsorption properties are 

rather high. Clay minerals, which have a layered structure, are 

composed of two different structures tetrahedral and octahedral units 

(Kuang et al., 2019). 

A tetrahedral structure is a unit with a silicon atom in the center and 

equidistant from the central atom with oxygen or hydroxyl ions at the 

corners. It is geometric shape is regular tetrahedron (Yu et al., 2011). 

An octahedral structure is a geometric structure with aluminum ions at 

its center and oxygen or hydroxyl ions at its corners. It is geometric 

shape is regular octahedron (Powell and Beall, 2006). The structures 
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of clay minerals are formed by the overlapping of different 

combinations of lattice layers formed by tetrahedral and octahedral 

units. Clay minerals are classified according to these formations 

(Marcussen et al., 2009). The resulting layers are named to 1:1 layered 

if they formed of one octahedral, 2:1 layered if they formed of two 

tetrahedrals and one octahedral (Nathaniel et al., 2011). The clay 

minerals with a 1:1 (TO) layer formed by a tetrahedral layer and an 

octahedral layer form the kaolinite clay group. Clay minerals with a 

2:1 (TOT) layer with an octahedral layer between two tetrahedral 

layers contain the group of sepiolite, smectite, vermiculite, chlorite 

and montmorillonite (Sari and Tuzen, 2014).  

 

Figure 1. Structure of 2:1 layered clay minerals (Zanetti et al., 2000; Zhao et al., 

2010) 

The change of cations (Al and Si) in clay minerals with each other is 

called isomorphic change (Zhao et al., 2010). As a result of these 

change, due to the different charge amounts of the cations, the 
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electrical charge balances are disturbed in the structures they are and 

positive charge excesses occur (Wang et al., 2014). Therefore, the 

surface of the clay layers is negatively charged. Negative charges 

adsorb the cations around them. These cations provide electrical 

neutralization and are held by ineffectual electrical forces (Ma et al., 

2017). 

Sepiolite, natural magnesium hydrasilicate, belonging to the 

paligorskite family it is a clay mineral. It has a fibrous structure 

formed as a result of the stacking of tetrahedral and octahedral oxide 

layers and has channel spaces that continue along the fiber (Hu et al., 

2020). Sepiolite is the most widely used clay mineral among 

adsorbent clays due to its fibrous and porous structure, as well as its 

high surface area and effective physicochemical properties (Zhou et 

al., 2019). In recent years, it has been observed that the use of 

sepiolite clay in the environmental applications has increased (Liu et 

al., 2018a; Zhou et al., 2018). 

Montmorillonite clay has a 2:1 layered structure, which is from the 

smectite clay class.  It has the properties of being a unit with an 

octahedral layer between two tetrahedral layers (Na et al., 2010). 

Montmorillonite is a clay mineral whose chemical structure occurs of 

aluminum hydrosilicates, formed by the penetration of the aluminum 

layer between two silicon layers and occur of a TOT layer (Wu et al., 

2011). Octahedrals of aluminum in montmorilonite clay it is 

sandwiched by silicon tetrahedral layers on both sides. The layers are 

connected to each other by weak Van der Waals bonds the separation 
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of the layers is easier compared to other clay minerals (Varadwaj et 

al., 2014). 

Table.1 Properties and applications of montmorillonite (Kıranşan, 2015) 

Physical Properties                       Value                                            Applications 

Unit cell molecular wt. (g/mol) 540.46 g/mol To slow down water flow 
through soil  

Density (g/ml)   2.5-2.5 to 3.0 To produce 

Nanocomposites 

Moh hardness (20°C) 1.5-2.0 As filler for paper or rubber  

Crystal system and d-spacing 

(nm) 

Monoclinic; 

1.47x0.442x0.149 

To de-colour & purify 

liquids, wines, juices, etc.  

Characteristic  H2O its volume 

expands up to 30-fold 

As a base for pesticides and 

herbicides  

Appearance  White, Yellow, or 

Brown with dull luster 

In drilling muds to give the 

water greater viscosity 

DSC endothermic peaks, T (°C) 140; 700; 875°C For thickening of 

lubricating oils and greases  

DSC exothermic peak T ( °C) 920°C For binding foundry sands  

MMT swells in water more than 

any other mineral 

Largest for Na-MMT 

smaller for 

multivalent counter-

ions 

Absorption of ammonia, 

proteins, dyes and other 

polar, aromatic or ionic 

compounds 

Cleavage   Perfect in on 

direction, lamellar 

As an absorbent 

 

The most important features that distinguish montmorillonite clay 

from other clay groups are that it has a layered structure and swelling 

with water at a high ratio. The reason for this is the adsorption of 

water between the layers (Kalantari et al., 2015). Due to this 

properties of clay, it is widely preferred especially in chemistry, 

industry, agriculture, environment and engineering applications. In 
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addition, it is a highly studied mineral due to its high plasticity, 

abundance in nature and low cost (Bhattacharyya and Gupta, 2008). 

Vermiculite clay is a 2:1 layered phyllosilical mineral, usually formed 

as a result of the change of mica minerals or chlorite. This clay with 

high plasticity and colloidal structure was named vermiculite (Dos 

Anjos et al., 2014). Although the use of pure clay in industry is 

limited, processed vermiculites are widely used especially for thermal 

and insulation purposes (Marcussen et al., 2009). 

Metal oxide nanostructures are one of the raw materials of advanced 

technological products and their application areas are extended over 

many different sectors (Lyons et al., 2013). It has important 

application areas such as automotive, informatics and communication, 

chemistry, biology, genetic engineering, electronic technology, 

energy, environment and defense industries (Wu et al., 2010). If the 

sizes, shapes and atomic regulations of metal oxide semiconductors on 

the surface are formation at the nanoscale, they turn into effective 

materials with superior electronic, magnetic, optical, chemical and 

catalytic properties (Beura et al., 2017). In order to development and 

improve some properties of metal oxide structures, different atoms 

consisting of cations or anions must be doped by entering into the 

crystal lattice. This process affects the properties of metal oxides such 

as semiconductivity, surface structure and optical transmittance (Kim 

et al., 2016). 
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Table.2 Chemical structures of some commonly used clay silicates and some 

characteristic parameters (Morgan and Gilman, 2003; Ray and Okamoto, 2003; 

Bergaya et al., 2006; Açışlı, 2014). 

 

Chemical structures and some characteristic properties of some 

commonly used clay silicates are given in Table 2. A schematic 

representation of clay modification with various quaternary 

ammonium surfactants is shown in Fig. 2. 

 

Figure 2. Schematic representation of clay modification with various quaternary 

ammonium surfactants (Ray and Okamoto, 2003; Stodghill et al., 2004; Shah et al., 

2016). 
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Metal oxides with different structures are used alone as chemical 

catalysts. Because they have higher oxidizing power compared to 

other materials, metal oxide such as titanium dioxide (TiO2), zinc 

oxide (ZnO), iron(III) oxide (Fe2O3), tungsten oxide (WO3), tin 

dioxide (SnO2), nickel (II) oxide (NiO), manganese dioxide (MnO2) 

nanostructures are the main materials preferred and used as chemical 

catalysts (Mori, 2004; Pfitzner et al., 2013).  

Metal oxide nanostructures; nanocomposites with more effective 

surface area can be synthesized by immobilized them between the 

layers of clays such as bentonite, montmorillonite and sepiolite with 

different methods (Araujo et al., 2013). In the literature, metal 

oxide/clay nanocomposites synthesized by different methods are 

Fe3O4/bentonite (Hashemian et al., 2015), MMT/kaolinite/TiO2 

(Dukic et al., 2015), Fe3O4/montmorillonite (Kalantari et al., 2015), 

ZrO2/kaolinite (Bhattacharyya and Gupta, 2006), 

CoFe2O4/montmorillonite (Ai et al., 2011), structures with different 

properties such as were synthesized. As a result of the modified of 

metal oxide nanoparticles between the clay layers, nanocomposites 

with different synergetic properties containing the properties of both 

metal oxide and clay are obtained (Meshram et al., 2011). Metal 

oxide/clay nanocomposites preparation with different methods have 

conductivity, nanosize effect and catalyst properties of metal oxide. 

These structures have properties of clay such as surface area, 

micropore area and total pore volume (Miao et al., 2006). 
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1.2. Metal Oxide/Graphene Oxide Nanocomposites 

Graphene is a single layered, atomic thick particle that formation the 

main class of carbon allotropes in which the regular carbon atoms in 

its hexagonal particle structure are sp2 hybridized (Chowdhury et al., 

2014). Graphene is one of the most important materials researched 

today regarding it is application areas. Graphene has very good 

electrical, electrochemical, thermal and mechanical properties due to 

its two dimensional, single atom thickness and strong bonding 

structure (Hibino et al., 2010; Sun et al., 2015). Two dimensional tight 

lattice of graphene that does not pass even the smallest atom due to its 

structure, it is theoretically preferred to be used as a very effective 

sensor (Xia et al., 2015). Since the carbon atoms in the layers of 

graphene are at different distances from each other, it causes the 

formation of carbon allotropes in the graphene structure (Novoselov et 

al., 2005; Mao et al., 2012). 

Hummers method is preferred for graphene oxide synthesis. The 

advantages of the Hummers method are it is ease of synthesis, low 

cost and ability to produce great quantities of products (Yang et al., 

2012; Zan et al., 2013). The synthesis of graphene oxide is based on 

the oxidation of graphite with an oxidant and strong acid. Oxidation 

reactions change according to the applied method, experimental 

conditions and graphite properties (Sengupta et al., 2011). Graphene 

oxide is defined as heavily oxygenated because it contains many 

oxygen containing functional groups such as epoxy, hydroxyl, 

carbonyl and carboxyl groups in the basal plane (Wu et al., 2013; 
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Istrate et al., 2016). Graphene oxide large surface area, functional 

groups (hydroxyl and carboxyl groups), water dispersing properties 

and easy modified, it has some effective adsorption properties against 

toxic ions (Novoselov et al., 2004; Xia et al., 2015). The structures of 

graphene oxide (GO) and reduced graphene oxide (rGO) are shown in 

Fig. 3. 

 

Figure 3. Molecular structures of graphene oxide (GO) and reduced graphene oxide 

(rGO) (Tadyszak et al., 2018; Carneiro et al., 2019; Raffone et al., 2019). 

Toxic chemicals are used in the production of graphene oxide and 

toxic gases are produced during the experiment (Marcano et al., 

2010). In the Hummers method, graphite is subjected to a reaction 

with chemicals such as potassium permanganate, which has strong 

oxidation properties and concentrated sulfuric acid (Guo et al., 2011; 

Yoon et al., 2017). The Hummers method is the most extensive 

method used in the preparation of graphene oxide.  
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A standard graphene oxide (GO) product preparation by this method, 

on average 1 nm thick and lateral dimensions on the other hand, it 

consists of thin graphene oxide flakes of 1 µm (Platero et al., 2017). 

When graphite layers are oxidized, graphene layers are opened with 

the effect of oxide derivatives and these layers are separated from 

each other by sonication (Zeng et al., 2019). With this method, non-

hydrophilic graphite is converted into hydrophilic and dispersed 

graphene oxide (Ensafi et al., 2016; Wang et al., 2018). The physical 

and chemical methods used in graphene synthesis are shown in Fig. 4. 

 

Figure 4. Physical and chemical methods used in graphene synthesis (Pei et al., 

2010; Wakeland et al., 2010; Konios et al., 2014). 

Graphene oxide has some hydrophilic properties due to the functional 

groups in its structure. These properties reduce the conductivity of 

graphene oxide, thus causing limitations in electronic applications 

(Chen et al., 2019a). Therefore, the functional groups of graphene 
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oxide are reduced it must be removed by reduction to produce reduced 

graphene oxide (You et al., 2020). Reduced graphene oxide (rGO) 

structures are obtained by reducing the different functional groups in 

the structure of graphene oxide using chemical, photochemical, 

photothermal and electrochemical methods (Zou et al., 2020). The 

reduced graphene oxide has different electronic and interface 

properties and the C/O ratio increases with the reduction of graphene 

oxide (Guruprasad et al., 2019). The stages of the synthesis of 

graphene oxide and reduced graphene oxide from graphite by 

Hummers method are shown in Fig. 5. 

 

Figure 5. Stages of synthesis of graphene oxide and reduced graphene oxide from 

graphite by Hummers method (Ramesha et al., 2011; Erçarıkcı et al., 2014; Dağcı 

and Alanyalıoğlu, 2016). 

Increasing the C/O ratio causes the bandgap of the graphene oxide to 

decrease and increases the conductivity of the sample (Cheng et al., 

2018). The new nanocomposite structure formed as a result of the 

interaction of metal oxide structures with graphene oxide has the 



 
 145 

properties of both metal oxide and graphene oxide (Silva et al., 2017; 

Vilian et al., 2018). Chemical catalysts, sensors, biosensors, super 

capacitors, effective electrodes and new alternative nanotechnological 

produces can be obtained by synthesize metal oxide/graphene oxide 

nanocomposites with different methods (Yan et al., 2010; Lin et al., 

2018).  

There are metal oxide/graphene oxide nanocomposite structures 

synthesized by different chemical processes in the literature. These 

nanocomposite structures are MoO2/GO (Chen et al., 2019b), 

MnO2/GO (Liu et al., 2021), Fe3O4/GO (Chien et al., 2020), 

CeO2/rGO (Yao et al., 2016), MoS2/rGO (Pytlakowska et al., 2020), 

MgFe2O4/GO (Hwa et al., 2020), Cu2O/PANI/rGO (Liu et al., 2018b). 

2. PREPARATION METHODS OF METAL OXIDE/CLAY AND 

METAL OXIDE/GRAPHENE OXIDE NANOCOMPOSITES 

2.1. Sol-Gel Method 

In general definition, the sol-gel method is the synthesis of an 

inorganic complex by a chemical reaction at a low temperature in a 

suitable solvent. Inorganic complex can also be formed by vapor 

phase or high temperature processes such as melting (Shao et al., 

2014). The sol-gel process is the process by which organometal 

compounds, usually alkoxides form the final solid produce in solution. 

The resulting produce may be a high surface area aerogel or 

nanoparticle (Choi et al., 2013). An advantage of the sol-gel method is 

that the process can be carried out at room conditions. This advantage 
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of the process is that it allows the synthesis of materials with different 

functional properties (Athanassiou et al., 2010). 

The sol-gel process also to the formation of an amorphous complex in 

contrast to the crystallization process from a solution. In this method, 

it includes all the methods that the gelation of colloidal solutions and 

the formation of a solid phase (Pappas et al., 2008). Sol-gel method is 

mostly used in the synthesis of oxide gels. In this process, one or more 

compositions must have the effective properties of the sol or gel 

(Chandradass and Balasubramanian, 2006). Sol is a stable suspension 

of colloidal solid particles in a liquid. These solid particles must be 

small enough when moving from dispersion forces greater than 

gravity (Randall et al., 2011). 

The dispersion state of colloidal particles in a liquid consisting of 

solid particles with a diameter between 1-100 nm is named to "sol". In 

the same solution, substances with a complex structure with 

submicron size pores and an average length of more than 1 µm are 

named to "gels" (Nistico et al., 2017). The molecules that make up the 

gel are connected to each other by weak or strong bonds, forming 

complex textures that contain liquid between the spaces (Puetz and 

Aegerter, 2004). Therefore, a non-aqueous phase is formed which is 

formation by the combination of molecules in the liquid medium (Gill 

et al., 2018). The different chemical structures of the reaction starting 

materials determine the type of solvent to be used in the Sol-Gel 

process (Silahua-Pavon et al., 2019). These solvents may be water, 

alcohol or alkyl halides. In the production of metal oxides, water is 



 
 147 

used as a solvent and in metal alkoxides, alcohols are used as a solvent 

(Lepry and Nazhat, 2015). 

The gel formation of the alkoxide precursor as a result of a series of 

hydrolysis and condensation reactions forms the basis of the chemistry 

of the sol-gel process (Lukowiak et al., 2013). By supporting this 

process with acid or base catalysts, products with different physical 

properties of hydrolysis kinetics are obtained. The selection of starting 

material and catalyst varies according to the effective properties of the 

final produce (Fan et al., 2014). In the sol-gel process, a solution is 

obtained by mixing the starting gel materials (nitrates or hydroxides) 

with a certain concentration of catalyst and solvent for the synthesis of 

metal powder (Delben et al., 2013). 

By mixing the synthesized solution, cross bonds are formed between 

the polymer chains. As a result of the reactions, a complex molecular 

structure is formed (Maeda et al., 2013). The formation of various 

complex structures by the sol-gel process is shown in Fig. 6. 
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Figure 6. Diagram showing the formation of various complex structures by the sol-

gel process (Yea et al., 2017; Sharma et al., 2018). 

Silicon alkoxides have a very weak tendency to reaction and reaction 

very slowly. Therefore, the hydrolysis and condensation reaction rates 

of silicon alkoxides should be increased with the supporting of an acid 

or base catalyst (Cotolan et al., 2016). Transition metal alkoxides are 

generally more reactive than silicon. In order to slow and control the 

speedy condensation of transition metal alkoxides, they must be 

complexed with a suitable organic ligand before sol-gel reactions 

(Astinchap et al., 2016). Theoretically, almost all of the porous metal 

oxides used in the heterogeneous catalysis such as SiO2, Al2O3, TiO2, 

ZrO2 can be synthesized by the sol-gel process (Sreethawong et al., 

2013). Initiator salts generally used in the preparation of metal oxides 
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by the sol-gel method are metal-organic compounds known as metal 

alkoxides (Danks et al., 2016). 

2.1.1. The Phases of the Sol-Gel Method 

Sol-Gel process consists of alkoxide hydrolysis, peptidization and 

polymerization, gel synthesis and calcination/sintering phases. The 

reaction stages of sol-gel chemistry are to preparation the solution of 

the starting material in a certain solution and to obtained a 

homogeneous mixture as a result of the reaction of the necessary 

chemicals according to the synthesized material (Debecker et al., 

2013; Brinker and Scherer, 2013). In addition, it is the conversion of 

the solution into gel as a result of hydrolysis and condensation 

reactions and the conversion of the gel formed into the desired 

produced with appropriate processes (Yu et al., 2012). A metal 

alkoxide, which is a starting material, reaction with tetra ethoxysilane 

and water to hydrolysis. As a result of hydrolysis, silanol and ethyl 

alcohol are formation (Song et al., 2018). Four moles of water are 

consumed in the all reaction for hydrolysis to occur in all alkoxy 

groups. The formed tetrahedral silica [Si(OH)4] gives condensation 

reaction siloxane bonds are formed. The condensation reaction 

happens as water or alcohol condensation (Zhang et al., 2016). 

Colloidal particles behavior as ‘sol’ when sufficient Si-O-Si bonds are 

formation during simultaneous hydrolysis and polycondensation 

reactions. The size of the particles in the sol and the degree of cross 

bonds between the particles primarily depend on the water/alkoxide 

ratio and the temperature and mixing rate in the reaction medium 
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(Ogawa et al., 2003). Colloidal particles and condensed silica species 

in the reaction medium are effectively bonded to form a three 

dimensional complex (Wu et al., 2017). The physical properties of this 

complex structure depending on the size of the particles and the 

degree of cross bonds that be formed between the particles. During 

gelation, the viscosity of the gel increases rapidly (Lichtenberger and 

Schubert, 2010). The phases of the gel formation process are shown in 

Fig. 7. 

 

Figure 7. The phases of the gel formation process (Livage and Sanchez, 1992; Chen 

and Mao, 2007; Sharma et al., 2018). 

Peptidization is the dispersion of precipitation substances under the 

action of a solvent. A sol is prepared by dispersing these residues. 

Preferred substances in peptidization are electrolytes (Kurajica, 2019). 

Electrolytes make the colloidal particles ion-charged. The reason for 

charging is that colloidal particles can be found stable once they 

become charged (Mandic and Kurajica, 2015). During the drying 
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process of the gels, the liquid phase between the pores is separated. In 

this process, high capillary stress occurs and an undesirable in this 

way cracks and cleavages occur, which will disrupt the porous 

structure of the gel (Dalvandi and Ghasemi, 2013). Surfactants are 

preferred to decrease capillary stress. With the effect of the surfactants 

used the volume of the pores can be increased or the hyper critical 

drying method can be applied (Bagheri et al., 2013). 

During the dehydration of the gel, the gel formed is heated to a certain 

temperature under vacuum to removal non-reaction free silanol (Si-

OH) groups in the pores. In this case, stable gels with chemical 

properties can be synthesized (Kakihana, 1996). During the 

condensation of the gels, the porous structure of the gel, which is kept 

at high temperatures, decreases and a complex gel structure is formed 

(Alvarez et al., 2017). The condensation temperature depends on the 

three-dimensional complex structure and surface area of the gel. 

Alkoxide gels can be condensation at temperatures such as 1000 oC 

(Dave and Chaturvedi, 2011). 

2.1.2. Advantages and Disadvantages of the Sol-Gel Method 

The structures synthesized by the Sol-Gel process method should be 

of high homogeneity, nm size and the crystal structure should be 

symmetrical (Akia et al., 2009). Although these properties have an 

effect on the heat treatment made as a result of Sol-Gel application, 

the synthesis parameters applied during the direct gel produced also 

have an effect (Malengreaux et al., 2017). 
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Among the advantages of the sol-gel process, the chemical reactions 

of the method can be controlled, sol-gel products are more 

homogeneous according to pure substances. Nanosized powder 

particles can be synthesized and it is also a basic process (Cecilio et 

al., 2004). Sol-Gel method is an energy saving process. With this 

method, low temperatures can be processed and materials with new 

properties can be obtained (Dumeignil et al., 2003). Other advantages 

of the sol-gel method are that special materials such as thin films can 

be synthesized less pollution the air (Kim et al., 2005). The 

disadvantages of the Sol-Gel method are that the starting materials are 

expensive substance loss is high during application and the chemicals 

used are harmful to health (Nguyen et al., 2012). In addition, the 

formation of carbon and hydroxyl residues in complex structures 

during sol-gel synthesis is an undesirable disadvantage (Tokudome et 

al., 2007). 

2.2. Hydrothermal Method 

The basis of the hydrothermal method depends on geological studies. 

The term "hydrothermal" was first used in the mid-19th century by the 

English geologist Roderick Murchison (1792-1871) to describe the 

formation of minerals in thermal water solutions arising from cold 

magma (Alshammari and Hellgardt, 2017). In recent years, extensive 

studies have been carried out to examine the synthesis of hybrid 

materials, the development of new hydrothermal processes and the 

reaction mechanism (Biller et al., 2015). The hydrothermal process is 

defined as a heterogeneous reaction that occurs to ensure the 



 
 153 

dissolution and recrystallization of materials that cannot be dissolved 

under normal conditions with the support of high pressure and 

temperature controlled aqueous solutions (Danso-Boateng et al., 2015; 

Elliott et al., 2015). 

The hydrothermal method is carried out by placing the starting 

materials and solvents in a closed container and heating them to the 

determined pressure and desired temperatures (Alper et al., 2019; 

Azzaz et al., 2020). If water is preferred as the solvent it is named the 

hydrothermal method, if alcohol or another organic solvent is 

preferred it is named the solvothermal method (Berge et al., 2015). 

Hydrothermal process is the crystallization of reagents in aqueous 

solution at high pressure (>1 atm) and high temperature (>100 ᵒC) in a 

closed system (Libra et al., 2011; Zhuang et al., 2017). A different 

definition of the hydrothermal synthesis method is the crystal 

synthesis process, depending on the solubility of substances in high 

pressure and high temperature water (Tay et al., 2009; He et al., 

2013). The initial reagents do not fully dissolve in the solution, it is 

possible to make the experiments by controlling different parameters 

such as temperature and pH (Passos et al., 2015; Obeid et al., 2019).  

The need for expensive autoclave systems in the hydrothermal method 

is an important disadvantage for this process (Tran, 2016; 

Bhuvaneshwari and Gopalakrishnan, 2016). However, controlling the 

chemical mechanism of this process, providing better homogeneity 

compared to the reagents, not requiring high temperatures and 

processes such as calcination are among the important advantages 
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(Kannaki et al., 2012; Hussain et al., 2019). The diagram of the parts 

of the autoclave used in the hydrothermal process is given in Fig. 8. 

 

Figure 8. Diagram representation of autoclave used in hydrothermal process 

(Byrappa and Yoshimura, 2001; Zou et al., 2006; Asim et al., 2014). 

The hydrothermal method is a very interesting method for the 

synthesis of nanomaterials with perfect crystal structure, since the 

reaction temperature is lower than 200 ᵒC (Sim et al., 2007; Huang et 

al., 2010). The synthesis method carried out in solution allows 

obtaining a very high quality product without impurities (Sui et al., 

2013). In the hydrothermal method, the particle size and morphology 

of the obtained product can be controlled by change the experimental 

conditions (Peterson et al., 2008; Reza et al., 2014). This process 

allows the material to be synthesized in the desired crystal structure it 

is a convenient method (Qi et al., 2014). The schematic representation 

of the stages of the hydrothermal synthesis method is shown in Fig. 9. 
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Figure 9. Schematic representation of the stages of the hydrothermal synthesis 

method (Yu et al., 2014; Kesavan et al., 2020). 

In addition, the synthesis of nano sized particles in a completely 

closed system prevents the decrease in the amount of solvents over 

time (Escala et al., 2013).  

In the hydrothermal process, the synthesis temperature is very 

important to control the chemical reaction. Because the temperature 

increase can increase the number of collisions in the solution (Chang 

and Hu, 2006; Khaleed et al., 2016). 

2.3. Microemulsion Method 

Systems with dispersion of a liquid in another liquid and containing 

micelles are named emulsions. Microemulsions, which are a special 

type of emulsions, have a thermodynamically stable structure (Eastoe 

et al., 2006; Chu et al., 2013). Microemulsion system, dispersed liquid 

droplets inside they are systems with a diameter of less than 100 nm 

and a homogeneous appearance in structure (Capek, 2004). 
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In general, the particles in the microemulsion show spherical or 

spherical like precipitation (Lin and Yates, 2005). Unlike these 

structures, in elliptical, hexagonal or cylindrical structures obtaining is 

possible (Li et al., 2009; Abazari et al., 2014). The shape of the 

micelle formed depends on the molecular geometry of the surfactants, 

their polarity, their concentration in the solution, parameters such as 

temperature and pH (Bai et al., 2013). When the forces in the 

formation of micelle are examined, micelles can only form if the 

surfactant concentration is above the critical micelle concentration and 

the ambient temperature is above the critical micelle temperature 

(Sanchez-Dominguez et al., 2015). When micelles are examined 

thermodynamically, they are systems that form spontaneously as a 

result of the equilibrium between entropy and enthalpy (Bai et al., 

2013). 

2.4. Microwave Heating Method 

Microwave heating is emerging as one of the most attractive 

alternative technologies in the pyrolysis process (Gerbec et al., 2005). 

Microwave pyrolysis not only overcomes the disadvantages of 

traditional pyrolysis methods such as slow heating, but also improves 

the quality of pyrolysis end products (Maitani et al., 2016). The 

microwave heating process provides important savings in processing 

time and energy (Xia et al., 2009). 

To start heating the material in microwave heating is at a higher 

temperature than the surrounding area, unlike the conventional heating 

process, where the conventional furnace space must reach it is 
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operating temperature (Tong et al., 2013; Gao et al., 2017). As a 

result, microwave heating facilitates reactions involving solid reagents 

and increases the efficiency of reactions occurring in the environment, 

such as homogeneous reactions in the gas phase, compared to 

conventional heating (Mushtaq et al., 2014; Mao et al., 2018). In 

addition, low temperatures in the microwave space can be useful for 

condensing the final pyrolysis vapors (Xie et al., 2016; Zhang et al., 

2017). Microwave heating is the transfer of microwave energy to an 

electromagnetic field it exhibits higher heating rates because it is 

transmitted directly to the material through molecular interaction and 

does not take time to heat the ambient space (Lidstrom et al., 2001; Bu 

et al., 2013). 

2.5. Electrochemical Synthesis Method 

The electrochemical synthesis method is formed by passing an electric 

current between two or more electrodes separated by an electrolyte. 

Synthesis occurs at the electrolyte-electrode interface (Therese and 

Kamath, 2000; Pang et al., 2005). Electrochemical synthesis occurs 

within the electric double layer, which has a very high potential 

gradient and near the electrode (Buama et al., 2017). Under 

electrochemical conditions, reactions often synthesize products that 

cannot be obtained by a chemical synthesis. The resulting product is 

formed on the electrode surface as a thin film or a coating (Avramova 

et al., 2006; Casella and Di Fonzo, 2011).  

Electrochemical synthesis is a technique limited by the boiling point 

of the electrolyte. The boiling point of the electrolyte can be increased 
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by the addition of dissolved salt (Kang et al., 2015). Electrochemical 

synthesis is an oxidation or reduction reaction. By fine calibration the 

applied cell potential, the oxidizing or reducing power is constantly 

changed, bringing advantages that cannot be achieved by chemical 

synthesis (Chen et al., 2006; Han et al., 2014). However, this process 

has some disadvantages. Electrochemical synthesis can often produce 

amorphous solid products whose structural characterization is 

imprecise (Zhang et al., 2001; Karuppuchamy et al., 2006). Therefore, 

electrodeposition can only be performed on conductive and 

semiconductor substrates. In a general electrochemical synthesis, the 

reactants dissolved in the electrolyte are deposited as a solid product 

(Marchesi et al., 2015; Oliveira et al., 2016). Therefore, the effect of 

the reactant decreases as the reaction progresses. Two important 

parameters that determine the synthesis products of the 

electrochemical reaction are the deposition current and the cell 

potential (Wessels et al., 2006; Peng et al., 2012; Yang et al., 2013). 

2.6. Sonochemical Synthesis Method 

In high energy sonochemical reactions, nanostructures are formed by 

the collapse, growth and shaping of chemical components in a liquid 

by ultrasonic effect without molecular reaction (Gedanken et al., 

2004; Suslick and Bang, 2010). It has acoustic cavitation with a 

temperature of 5000°C and a pressure of 1700 atm formed in the 

liquid (Yayapao et al., 2013). In structures formed as a result of the 

sonochemical synthesis, the liquid film at low pressure has a 
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temperature of about 2000°C (Abulizi et al., 2014; Anandan et al., 

2014). 

Under the influence of this temperature, nanostructured deposition of 

chemicals in the liquid film occurs (Ullah et al., 2017). 

Nanostructured particles for catalytic applications are sonochemically 

synthesized using volatile organometallic starting reagents (Jamshidi 

et al., 2016; Mosleh et al., 2018). Although these nanostructured 

particles have a surface area, they are more precious than commercial 

powders. Sonochemical synthesis is generally carried out in an inert 

gas atmosphere (Thompson and Doraiswamy, 1999; Jiang et al., 

2004). 

3. APPLICATIONS OF METAL OXIDE/CLAY AND METAL 

OXIDE/GRAPHENE OXIDE NANOCOMPOSITES 

Semiconductor metal oxide technologies are of great importance to 

solve the world's energy needs and environmental problems caused by 

the intense consumption of non-renewable fossil fuels (Chae et al., 

2003; Akhavan and Ghaderi, 2009). Therefore, hybrid nanocomposite 

structures synthesized with metal oxide support have gained great 

popularity in recent years (Sakaushi et al., 2010; Gordon et al., 2012). 

These hybrid nanocomposite structures are preferred because of their 

low cost, chemical stability, high catalytic activity and 

biocompatibility (Vinodgopal et al., 2010; Morales-Torres et al., 

2012).  

Metal oxide/graphene oxide nanocomposites are being investigated 

for applications such as solar cells, lithium-ion batteries, sensors, 
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photocatalytic reduction of carbon dioxide, development of self-

cleaning surfaces and antibacterial activities (Zhang et al., 2013b; 

Taheriniya and Behboodi, 2016). Hybrid metal oxide nanostructures 

have been intensively investigated in recent years due to their various 

application areas such as optics, electronics, magnetic devices, 

catalysts, adsorbent and sensors (Lambert et al., 2009; Jadhav et al., 

2013). Metal oxide/clay nanocomposites are becoming attractive as 

chemical catalysts because they have large surface areas (Badre et al., 

2007; Fterich et al., 2016). In addition, metal oxide hybrid structures 

are frequently preferred in degradation processes with the effect of 

light according to their semi conductivity status (Titirici et al., 2006; 

Duo et al., 2017). 

4. CONCLUSION 

Modified clay, metal oxide/clay and metal oxide/graphene oxide 

nanocomposites have been used as composite materials efficiently and 

effectively to removal harmful pollutants from wastewater. However, 

there are certain disadvantages in terms of minimum amount of 

harmful pollutants removal, cost effect and efficiency of 

nanocomposite materials. 

Therefore, advanced research has been carried out to development 

effective and complex composites for wastewater treatment. Recently, 

researchers have begun to produce new nano sized composite 

materials with different properties, large surface area and multi-

functional. New materials have begun to be synthesized by using 



 
 161 

materials such as clay, metal oxide and reduced graphene oxide with 

effective properties. 
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INTRODUCTION 

Carbonic Anhydrases are extensively distributed in living things, 

because the substrate of CA is carbon, that forms the basis of the life 

of all living things. CAs carry out reversibly reaction between 

bicarbonate ion and carbon dioxide in all organisms and play 

significant role to regulate numerous pathological/physiological 

processes. This enzyme is accepted as a target molecule for drugs in 

many tissues (Supuran ve Scozzafava, 2007). Overactivity of CA 

enzymes causes different diseases such as especially glaucoma, 

atherosclerosis, tumor formation, edema, and obesity (Supuran and 

Scozzafava, 2007). Glaucoma, an eye disease, is characterized by high 

intraocular pressure. This disease shows its effect by damaging the 

optic nerve and resulting in progressive vision loss and eventually 

blindness. The most effective way to reduce high intraocular pressure 

in glaucoma is to inhibit CA II activity (Renzi et al., 2000). The 

researches about inhibitors of CA have gained great importance for 

researchers after discovering that CA activity could be inhibited by 

many chemicals and drugs (Supuran and Scozzafava, 2002; Gülçin 

and Beydemir, 2013; Scozzafava et al., 2015; Gocer et al., 2017; 

Uzunoglu et al., 2020; Karaçelik et al., 2021). Natural, low-toxic, 

biocompatible, and water-soluble CA inhibitors are mostly preferred 

as potential drug components because of are without any side effects 

on health. Recent studies have shown that phenolic compounds in 

plants exhibited CA inhibition activity. 
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In the light of this information, it is a promising approach to evaluate 

natural products in the discovery of new chemotypes with improved 

drug-like properties to treat CA enzyme-related diseases.  

1. PHENOLIC ACIDS AND POLYPHENOLS 

The secondary plant metabolites, especially phenolics are produced 

naturally in all plants. It is a fact that phenolic compounds are 

important constituents of both human and animal diets. The researches 

have been still explained the effects of phenolics in foods on health. 

However, many studies about human health indicated that the diet 

including foods abundant in polyphenols prevents many different age-

related diseases, especially cancers, type II diabetes, and 

cardiovascular and neurodegenerative diseases (Clifford et al., 2006; 

Issa et al., 2006; Kelsey et al., 2010; Rashmi and Negi, 2020). 

Elementary phenols contain one and/or more hydroxyl groups (-OH) 

bounded on an aromatic ring. Phenolic acids are classified as 

hydroxycinnamic and hydroxybenzoic acids.  Examples of 

hydroxybenzoic acids with C6-C1 phenylmethane structure are 

protocatechuic, gallic, p-hydroxybenzoic, and vanillic acids. On the 

other hand, hydroxycinnamic acids are in the C6-C3 phenylpropane 

structure and may show different properties thanks to their structure 

and position of the -OH group attached to the phenyl propane ring. 

Ferulic, caffeic, o-coumaric acids, and p-coumaric, are the most 

abundant hydroxycinnamics in nature (Figure 1). 

Polyphenols containing two or more phenolic rings exhibited a wide 

structural diversity. Polyphenols are composed of the polyketide 
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(acetate) and shikimate (phenylpropanoid) pathways or metabolisms 

related to these pathways. The most common polyphenols are 

flavonoids, which protect plants against UV rays and microorganisms. 

Up to date, approximately 8000 polyphenolic compounds from 

different plants have been discovered and more than 4000 of them are 

flavonoids and this number is increasing (Harborne et al., 1999). 

Flavonoids, diphenyl propane compounds with a C6-C3-C6 skeleton, 

contain two benzene rings linked by a 3-carbon chain. -OH groups of 

flavonoids are rapidly glycosylated due to their reactive properties 

(Nizamlıoğlu and Nas, 2010). They are structurally divided into five 

different groups: anthocyanidins, flavones and flavonols, flavanones, 

flavon-3-ols and proanthocyanidins (Herrmann, 1993). Some of the 

common flavonoids are myricetin, apigenin, quercetin, morin, chrysin, 

kaemferol, luteolin, eriodictol, and datiscetin (Figure 1). In addition, 

glycosides are the most found form of flavonoids in plants (Macheix 

et al., 1990). Flavonoids are highly effective antioxidants and protect 

against cardiovascular diseases by reducing oxidation. 
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Figure 1. Some Phenolic Compounds and Chemical Structures  

 

The interactions of plant phenolics with many targets are occurred due 

to the physicochemical properties of the amphiphilic ring, which is the 

main structural unit. The planar aromatic ring, which is hydrophobic 

takes responsibility for hydrophobic interactions (π-stacking), while 

polar hydroxyl groups involve in hydrogen bonding. The phenolics 

bind to amino acid residues of various compounds including receptors, 

proteins, and enzymes due to these reactions. In addition, the 

formation of ortho-hydroxyl groups makes them chelating and 

antioxidant compounds. The indicated characteristics make phenolics 

obtained from plants considerable alternative molecules for studying 

metalloenzyme inhibitions. 
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2. CARBONIC ANHYDRASE ENZYME AND INHIBITION 

MECHANISMS 

Carbonic anhydrase (EC 4.2.1.1., CA) known as an enzyme, which 

regulates pH-regulating, is found in many cell types. It performs 

carbon dioxide (CO2) regeneration of and CO2 hydration to 

bicarbonate (HCO3-) and bicarbonate dehydration in an acidic 

environment (Gülçin et al., 2004; Zimmerman et al., 2007; Supuran 

and Scozzafava, 2007; Supuran, 2008). All known CAs today are 

divided into six different classes as α, β, γ, δ, ζ, η. The enzyme family 

has been identified in different living things including some bacteria, 

protozoa, algae, green plants, and vertebrates (Supuran, 2008; 

Krungkrai and Supuran, 2008). CAs contain one metal ion per protein 

subunit. All six CA classes can use Zn2+ as a metal ion to maintain 

catalytic activity. While γ-CAs can use Fe2+ and maintain their activity 

with Co2+ under anaerobic conditions, Zn2+ can be replaced by Cd2+ in 

the structure of ζ-CAs. Similarly, Co2+ can be replaced by Zn2+ in 

many α-CAs without remarkable loss of catalytic activity (Iverson et 

al., 2000; Xu et al., 2008; Zimmerman et al., 2010; Supuran, 2016). α-

CAs, the most researched class of CA, possess 16 isoenzymes, which 

have been identified. Isoenzymes may possess different catalytic 

activity, intracellular localization, and susceptibility against different 

classes of inhibitors. CA I, II, III, VII, and XIII are cytosolic CA 

isoenzymes, and some CA isoenzymes, such as CA IV, IX, XII, and 

XIV, are also membrane located. The two CA isoenzymes, CA VA 

and VB are mitochondrial enzymes and CA VI is produced in saliva. 

It has been shown that the CA XV isoenzyme is not produced in 
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humans or other primates, but is abundant in other higher vertebrates 

and rodents. Isoenzymes have active properties in many important 

biological processes such as CO2 and ion transportation, acid-base 

balance, bone resorption, respiration, ureagenesis, lipogenesis, 

gluconeogenesis, and production of body fluid (Hilvo et al., 2005; 

Supuran and Scozzafava, 2007; Innocenti et al., 2010a; Supuran, 

2016).  Among the isoenzymes, CA IX and CA II are the most active 

enzymes for CO2 hydration. CA II is located mainly in red blood cells, 

and many secretory tissues of the eye, kidneys, lungs, central nervous 

system, and gastrointestinal tract, while CA IX is a tumor-associated 

isoenzyme (Hilvo et al., 2005; Supuran and Scozzafava, 2007; 

Supuran, 2008). Many CA isoenzymes are crucial therapeutic targets, 

which are able to be inhibited or activated for treating diseases 

(glaucoma, edema, cancer, obesity, epilepsy, and osteoporosis 

(Supuran and Scozzafava 2002; Supuran and Scozzafava, 2007). 

3. INHIBITION MECHANISM OF PHENOLS 

In mammals, CAs with 16 known isoenzymes are inhibited by three 

basic mechanisms. The first is the inhibitor coordination from the 

active site region of the enzyme to the zinc ion, which is catalytically 

important and by changing the water/hydroxide ion bound to Zn2+ in 

the active site of the enzyme and leading to the tetrahedral geometry 

of Zn2+. The second is the mechanism by which the inhibitor binds to 

a water or hydroxide ion bound to Zn2+. Phenols and polyamines are 

compounds with this CA inhibition mechanism (Nair et al., 1994). 

Third, when inhibitors interact to the activator bounding site of CA 
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active sites, the active enzymes are blocked. Coumarins are bound by 

this inhibition mechanism. It should be noted that the role of Zn2+ in 

its interaction with the inhibitor decreases continuously when it comes 

to the last of the CA inhibition mechanisms. This possesses significant 

implications to design drugs as CA inhibitors. Since 16 CA 

isoenzymes described so far in mammals have highly conserved active 

site cavity. The active sites exhibited the highest variation in amino 

acid sequence and the highest structural variation, which are only 

those at the active site entrance. This has recently been shown that 

phenols, coumarins, and other noninteracting inhibitors with Zn+2 ion 

lead to isoenzyme selective CA inhibitors, a target that is difficult to 

reach with classic sulfonamide/sulfamate inhibitors (Supuran and 

Scozzafava, 2007). The researches about the potential of phenols as 

inhibitors of CA indicated that simple phenols are the only 

competitive inhibitor with CO2 as the substrate for the major carbonic 

anhydrase isoenzymes (Nair et al., 1994). It was first reported that 

phenol is a competitive inhibitor of human CA II (Innocenti et al., 

2008b). In the study, the X-ray crystal structure of h CA II and its 

adduct was examined and it was revealed that two phenol molecules 

bind to the enzyme. Initially, it is found in a hydrophobic pocket of 

about 15 Å from the catalytic zinc ion. Therefore, this binding seems 

not to be connected with catalytic activity of enzyme. However, the 

second phenol molecule was found in the active site and exhibited a 

new binding mode. In fact, it is not coordinated with the zinc ion. 

However, the zinc-bound water/hydroxide ion and the NH amide of 

Thr 199 are attached to the active site via two hydrogen bonds to the 
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OH moiety. Moreover, the aromatic ring has been reported to lie in a 

hydrophobic pocket of the active site bounded by residues Val 121, 

Val 143, Leu 198, and 197 Trp 209, thereby contributing to complex 

stabilization as shown in Figure 2 (Supuran, 2016). 

 

Figure 2. Schematic Illustration of Phenol Binding Mode In The hCA II Active Site 

(Supuran, 2016) 

 

The findings contributed to the detailed investigation of different 

polyphenolic and phenolic natural products as carbonic anhydrase 

enzyme inhibitors. In vitro kinetic studies of a number of 

commercially available phenolic compounds, such as ferulic, caffeic, 

gallic, p-coumaric, salicylic acids, and resorcinol, have shown that 

they are effective inhibitors of CA in the low micromolar range 

(Innocenti et al., 2008b; Innocenti et al., 2010b; Davis et al., 2010; 

Öztürk Sarıkaya et al., 2011; Şentürk et al., 2011; Gülçin and 

Beydemir, 2013; Adem et al., 2019; Ghiasi et al., 2021).  

In another study, inhibitory activities of phenolics such as 4-methyl 

guaiacol, guaiacol, 4-propyl guaiacol, catechol, 4-methyl catechol, 
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eugenol, 3-methyl catechol, 3-methoxy catechol, syringaldehyde, 

isoeugenol, and vanillin against h CAXII, h CAIX, h CAII, and h 

CAI, isoenzymes were determined (Scozzafava et al., 2015).  Except 

for the catechol, all other compounds showed inhibition potential 

ranging from 2.2-10.92 µM.  In addition, among the phenolic 

derivatives tested, 3-methoxy catechol and 4-methyl catechol 

compounds showed potent inhibitory activity on the tumor-associated 

transmembrane isoenzymes h CAIX and h CAXII. The combination 

of the phenolic moiety with other functional groups is used to obtain 

compounds with stronger activity. For example, in the so-called 

"sugar approach," incorporating the hydrophilic part of sugar allows 

the molecule to bind to the enzyme cavity in a different way.  It also 

increases its selectivity towards membrane-bound CA isoenzymes 

over cytosolic ones. Selectivity towards specific h CA isoenzymes 

reduces side effects. In this context, a series of synthetic C-cinnamoyl 

glycosides have been synthesized and a low micromolar range 

inhibition potential has been detected against CA I, II, IV, VA, VB, 

VI, VII, IX, XII, XIII, and XIV (Riafrecha et al., 2013). Structurally 

containing both phenol and lactone (α-pyrone) moieties (Ki: 5.5–10.4 

μM), h CA I, III, IV, XIII, and XIV of Dodonein showed inhibitory 

properties (Carreyre et al., 2013). Rosmarinic acid obtained from 

medicinal and aromatic plants including rosemary, sage, and thyme, 

was reported to be a potential CA inhibitor on h CA I (Ki: 86.0 μM) 

and h CA II (Ki: 57.0 μM) isoenzymes (Topal and Gülçin, 2014). In 

another study, the inhibitory effects of a series of phenolic acid esters 

containing ferulic, p-coumaric and caffeic acids, benzyl, p-hydroxy-



 
 203 

phenetoxy-phenethyl and m/p-hydroxyphenethyl- moieties on h CA 

XIV, XII, and I isoenzymes were investigated (Maresca et al., 2015). 

A study about inhibition of h CA XII, h CA IX, h CA II, and h CA I 

isoenzymes with the flavones and aminoflavones showed that these 

compounds are low micromolar CA inhibitors in the range of 1.88-

9.07 µM Ki (Balboni et al., 2012). Studies about the interaction of 

flavonoids with CAs suggest that they may be another relevant 

category of CA inhibitors that can be used as a guide to producing 

more potent CA inhibitors. A number of flavonoids (apigenin, 

flavones, luteolin, catechin, morin, and quercetin) have been shown to 

have inhibitory effects against human (CA I, II, IV) and bovine (bCA 

III) α-CA isoenzymes similar to the standards used (Ekinci et al., 

2013). In other studies, the inhibitory effects of a series of flavonoids 

(apigenin, catechin, epicatechin, rhamnetin, kaempferol, isorhamnetin, 

fisetin, rutin, silymarin diosmetin, eriocitrin, hesperidin, naringin, 

taxifolin, and quercetin-3-O-glucoside) on h CA I, h CA II, h CA IV, 

h CA VI, h CA VA, h CA IX, h CA XII and bCA III isoenzymes were 

investigated (Sahin et al., 2012; Koz et al., 2013; Gidaro et al., 2015). 

The results reported above encourage researchers to discover new 

phenolic compounds against a range of human and bovine CAs. 

CONCLUSIONS 

Up to now, several discovered phenolic compounds have been deeply 

researched for their interaction with the main isoenzymes of hCAs. 

Phenols and polyphenols are the most studied compounds among the 

natural products and have provided possibility to identify selective 
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inhibitors of CA. Because of their structural diversity, these 

compounds are characterized by different selectivity profiles 

compared to conventional CA inhibitors that have long been used in 

clinical practice but still have pharmacological side effects. 

Nevertheless, considering the wide variety of chemotypes of natural 

phenolics, it illustrates the fact that there is still much to explore. 

There is a great need new studies, including in vitro, in vivo testing, 

and disease models, are required to support these results.   
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