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Abstract 

Extensive use of Antibiotics in human and veterinary medicines has 

resulted in their frequent detection in soils, groundwater, and wastewater. 

Adsorption and photo-degradation are among the most effective processes 

used in purification of water from contaminants such as antibiotics. In this 

research, we studied the removal of Tetracycline, a common antibiotic, by 

using pristine ZnO and ZnO/Montmorillonite composite material through 

two processes adsorption and photo-degradation.  ZnO is a semiconductor 

photo-catalyst that is used in photo-oxidation of contaminants under solar 

light to safe products.  This is due to ZnO catalyst having low cost, 

demanding mild reaction conditions, and having high photo-catalytic 

activity. 

Montmorillonite, a clay mineral with distinctive physical properties, was 

known as a good adsorbent of Tetracycline in earlier works.  In this work, 

ZnO was supported on the surface of Montmorillonite, and the composite 

was used as photo-catalyst under simulated solar light.  Adsorption 

property of this composite material was also studied.  XRD and 



xvi 

photoluminescence spectra were used to characterize the commercial ZnO, 

prepared ZnO and prepared ZnO/Montmorillonite. 

Adsorption process of Tetracycline on ZnO/Montmorillonite was 

investigated under different conditions such as pH, contact time, amount of 

Tetracycline, annealing and reaction temperature.  Kinetics and adsorption 

isotherms were studied.  The results showed that the adsorption process on 

a prepared non-annealed ZnO/Montmorillonite followed Langmuir 

isotherm model with adsorption capacity 112.36 mg/g in neutral pH.  The 

adsorption capacity of non-annealed composite material is two fold higher 

than that for naked Montmorillonite.  Most effective adsorption was found 

in neutral pH medium.  Adsorption on both ZnO/Montmorillonite and 

naked Montmorillonite followed pseudo second order kinetic model. 

The photo-degradation reaction of Tetracycline was investigated by using 

commercial ZnO photo-catalyst under different reaction conditions.  Under 

basic conditions, the commercial ZnO showed higher photo-degradation 

activity under simulated solar light.  Effects of different reaction conditions 

onto photo-degradation reaction of Tetracycline by ZnO/Montmorillonite 

catalyst were also studied.  The higher degradation was achieved in a 

neutral medium.     
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Chapter 1 

Introduction 

1.1 Overview 

Since the 1940s, antibiotics have played an important role in human and 

veterinary medicines for disease treatment [1, 2].  They are responsible for 

saving millions of human lives and largely used in animal operations for 

growth promotion and for disease prophylaxis. 

The US National Library of Medicine says that antibiotics (powerful 

medicines that fight bacterial infections) can save lives when used properly 

[3].  Antibiotics either stop bacteria from reproducing or kill them [2].  

Many antibiotics involve natural compounds produced and isolated from 

living organisums such as Penicillium.  Most modern antibacterials are 

semisynthetic modifications of various natural compounds such as beta-

lactam antibiotics.  Synthetic antibiotics (e.g. Quinolones) are produced 

exclusively by chemical processes. 

Different types of antibiotics affects different types of bacteria in several 

ways.  Some antibiotics can be used to treat a wide range of infections and 

are known as 'broad-spectrum' antibiotics . Others are only effective against 

a few types of bacteria and are called 'narrow-spectrum' antibiotics.  

Antibiotics transfer to the aquatic environment in the parent compound or 

in conjugated forms then may persist or transport to the water supply.  The 
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potential presence of antibiotics in the environment and water ways via 

different pathways, including wastewater effluent discharge, run off from 

land to which agricultural or human waste is known [4].  It is estimated that 

about 75% of all antibiotics given to animals are not fully digested and 

eventually pass through the body and enter the environment [5]. Table 1.1 

shows a significant fraction of the antibiotic dosage passes through the 

body which is unmetabolized and thus enters into sewage treatment plants 

intact. 

Table 1.1: Daily approved human dose and metabolism of the target 

antibiotics [6]. 

Antibiotic Daily Dose 

(mg) 

%Extraction 

Unchanged 

Sulfamethoxazole 2000 20-40 

Trimethoprim 160 25-60 

Ciprofloxacin 200 25-50 

Tetracycline 500 80-90 

Varieties of antibiotics have been detected in wastewater effluents and 

natural waters at ng/L to low μg/L levels [7].  The presence of antibiotics in 

source drinking water is of concern due to the unknown health effects of 

chronic low-level exposure to antibiotics over a lifetime if the antibiotics 

survive drinking water treatment and are present in consumer’s drinking 

water.  

In recent times, advanced oxidation processes (AOPs) have been 

established for the purification of water from many contaminants.  By 

applying AOPs, complete oxidation of organic pollutants into CO2 and H2O 
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will be achieved.  The application of AOPs in heterogeneous photo-

catalysis is highly promising to treat non-biodegradable toxic organic 

molecules that exist in water [8].  

1.2 Tetracycline 

1.2.1 Source, Use, and Chemistry of Tetracycline 

In the late of 1940, Tetracyclines were discovered as a family of antibiotics 

and were accepted to treat a broad spectrum of bacterial infections [1, 9].  

They are widely produced and applied in livestock farming for treating 

animal diseases and encouraging growth rate [10].  Tetracycline antibiotics 

have a very broad spectrum of actions, and can used to treat mild acne, 

urinary tract infections, Rocky Mountain spotted fever, upper respiratory 

tract infections, sexually transmitted diseases, Lyme Disease and typhus 

[11, 12]. 

The most commonly prescribed Tetracyclines are : 

1. Tetracycline  

2. Doxycycline  

3. Minocycline 
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Figure 1.1:  Examples of Tetracyclines.  a) Doxycycline and b) Minocycline     

Tetracyclines antibiotics have the potential to arrive at soil and aquatic 

environment [13].  Residues of Tetracycline have been frequently detected 

in waste water [4, 7, 14], sediments [15], groundwater [16] and surface 

water [14].  Exposure to low-level antibiotics and their transformation 

products in the environment could be poisonous and cause spreading of 

antibiotic resistant genes between microorganisms. Information  about the 

environmental transfer and fate of Tetracycline is still limited [10]. 

 

Figure 1.2: Tetracycline structural formula. 

Currently, the name "Tetracycline" (C22H25ClN2O8) was derived from a 

system of four linearly annelated six-membered rings 

(4S,4aS,5aS,6S,12aS)-4-(Dimethylamino)-3,6,10,12,12a-pentahydroxy-6-

methyl-1,11-dioxo-1,4,4a,5,5a,6,11,12a-octahydrotetracene-2-carboxamide 

a b 
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hydrochloride) or (1,4,4a,5,5a,6,11,12a-octahydronaphthacene) with a 

characteristic arrangement of double bonds.  It exists as yellow crystalline 

powder at room temperature.  It is soluble in water, ethanol, 2-propanol and 

DMSO [17].  Determination of the crystal structure of Tetracycline 

hydrochloride has clearly defined the stereochemistry of each carbon atom 

centers [18].  Due to the functionality and the sensitivity nature of 

Tetracycline, the reactions that undergo are usually of a complicated 

nature.  In Acidic conditions, Tetracycline undergoes dehydration to yield 

anhydrotetracycline.  However, in Basic conditions, Tetracycline is 

transformed to isotetracycline. 

 

  

 

 

Figure 1.3: Structure of a) anhydrotetracycline and b) isotetracycline [18]. 

As described in Table 1.1, It is estimated that about 80-90% Tetracycline 

presence in the environment and waterways via different pathways and thus 

enters into sewage treatment plants intact.  Due to unknown fate of 

Tetracycline molecules and residues in water, this work studied the remove 

of Tetracycline from water. 

 

b a b 
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1.3 Adsorption 

1.3.1 Adsorption Definition and Operation 

Adsorption is a surface phenomenon, which includes the transfer of the 

solute from the solution to the surface of a contact solid material [19].  

When adsorbable solute is exposed to a highly porous solid surface, a new 

intermolecular forces of attraction between solid and liquid cause 

deposition of some of the solute molecules at the solid surface.  Adsorbate 

is a term that describes the solute retained on the solid surface, whereas, 

adsorbent is the solid that adsorbs other species. 

Adsorption processes are classified into two types according to the nature 

of attractive forces between adsorbent and adsorbate.  Physisorption occurs 

when the weak Van Der Waals forces attract the molecules.  Chemisorption 

process happens when a real chemical bond forms between the solute and 

solid surface (such as covalent bond). 

1.3.2 Adsorption features 

Adsorption is an extremely important process of utilitarian significance.  It 

has a practical application in technology, environmental protection, 

biological and industrial fields [20].  In many catalytic reactions, 

adsorption of a substrate is the first stage of the process [21].  Moreover, 

adsorption is also one type of methods that used for separation  of the 

mixtures in the laboratory [22].  On the other hand, adsorption process is of 

vital importance in purification.  Adsorption is gaining attention as one of 
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the most useful processes for treatment of industrial effluent containing 

toxic materials and  removing them from water, soil and air [23].  

The major advantages of adsorption over conventional treatment methods 

include: 

1. Low cost 

2. Simplicity 

3. High efficiency  

4. Minimization of chemical and biological waste 

5. Regeneration of adsorbate 

6. Possibility of adsorbent recovery  

7. Successful operation over a wide range of pH and temperature. 

1.3.3 Adsorbents Used to Remove Tetracycline from Water 

Different adsorbents were widely used to remove Tetracycline from water 

such as: clay [24], Montmorillonite [25, 26], kaolinite [26], soil [27, 28], 

carbon nanotubes [29], Graphene oxide [30], borosilicate glass [31], 

aluminum oxide [32], hydroxyapatite [33], humic-mineral complexes [34], 

chitosan particles [35], goethite [36] and palygorskite [37]. 

1.4 Clay  

Clay is an abundant natural material in the earth crust.  It is a class of 

Phylosilicates which mostly involve fine-grained minerals (less than 2 μm) 

[38].  Clay involve hydrous silicates, largely of magnesium, aluminum, and 
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iron [39]. Chemically, clays have colloidal layered aluminosilicates 

[Al4Si4O10(OH)8] and hold negative charges [40].  It  has affinity to adsorb 

water and other polar fluids due to this negative charge on its surface [40].  

The basic structure of clay minerals can be obtained according to the 

stacking of two sheets: a sheet of corner-linked tetrahedra and a sheet of 

edge- sharing octahedra sometime separated by an interlayer.  Different 

types of clay minerals are formed by (1) different combinations of these 

two units and the interlayer space and (2) type of cations between layers 

such as (Mg
+2

, Fe
+2

, Na
+
 and K

+
).  The linkage of atoms in tetrahedral and 

octahedral sheets was illustrated in Figure 1.4. 

 

Figure  1.4: Basic structures of clay minerals, a) Octahedral sheets and b) Tetrahedral 

sheets [41]. 

The important clay mineral groups are Kandites, Chlorite, Smectites, 

Illitesm, Vermiculites and Kaolin.  The most frequent clay minerals found 

in nature are Kaolinite from the Kaolin group and Montmorillonite from 

the smectite group [38].  

a) b) 
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Based on Figure 1.5, clay minerals can be classified as 1:1 or 2:1, when one 

tetrahedral sheet is bonded to one octahedral sheet, a 1:1 clay mineral is 

produced as kaolinite.  The electronegativity and capacity of kaolinite clay 

units to adsorb cations is due to the surface and broken OH -edge groups.  

A 2:1 clay consists of an octahedral sheet sandwiched between two 

tetrahedral sheets, and example is Montmorillonite.  2:1 clays can be 

classified into non-expanding (Illite and micas) and expanding (smectites) 

clays. 

 

Figure 1.5: Structural of different type of clay [42]. 

For example, in a 1:1 clay mineral layer, such as kaolinite, clay mineral 

would have one tetrahedral and one octahedral sheet per clay layer (Figure 
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1.5).  Clay is known for surface activity, which depends to different 

degrees on their crystal structures and according to the size, charge and 

structure of the adsorbate [43, 44].  Organic molecules may interact or 

adsorb on clay particles in several ways: by dispersion forces, ion-dipole 

forces or by hydrogen bonding [43]. 

1.4.1 Montmorillonite 

Montmorillonite, which is a member of smectites clay minerals (2:1 

minerals), typically forms microscopic or tiny platy micaceous crystals.  

The theoretical formula is (OH)4Si8Al4O20·nH2O.  Due to the high cation-

exchange capacities and the interlayer spacing of Montmorillonite, the 

water content is variable and occurs between their layers.  In addition to 

being involved in inorganic exchange reactions, Montmorillonite react with 

and adsorb some organic molecules through hydrogen bonding, such as 

amines, glycols, glycerols, and other polyhydric alcohols [45].  

 

 

Figure 1.6: Montmorillonite layered structural. 
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Montmorillonite has been considered as a potential adsorbent toward heavy 

metals [46], organic herbicides [47], dyes [48, 49], antibiotics [50, 51] and 

others. Organo - Montmorillonite is a complex, which is  formed by 

adsorbing organic compounds on Montmorillonite.  The adsorption 

mechanism and how strongly the molecules are bonded to Montmorillonite 

depend on the type, structure and number of polar functional groups 

present in the organic compound. 

Montmorillonite carries a negative charge that attracts the positively 

charged molecules.  Thus, Montmorillonite adsorbs cationic molecules 

mainly by electrostatic forces.  Nonionic organic compounds are also 

adsorbed by Montmorillonite, but the adsorption is due to hydrogen 

bonding and van der Waals' attraction forces.  However,  inorganic anions 

are adsorbed at the positive sites on the edges of Montmorillonite crystals. 

The degree of adsorption at these sites would be relatively minor as 

compared to cationic adsorption [52].  

This adsorptive property has benefits to enforce the  photo-activity of 

semiconductor when a photo-catalyst is immobilized on Montmorillonite. 

Previous studies reported photo-activity increase  by dispersing catalyst, 

such as TiO2, onto Montmorillonite supports [53, 54].  Results of these 

investigations recommended that the high specific surface area and porous 

structure of Montmorillonite were useful to photo-activity via enhancing 

adsorption.  Adsorption is believed to be the determining step in the 

heterogeneous photo-catalytic reactions.  Therefore, a combination of 
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adsorption and heterogeneous photo-catalysis makes photo-oxidation or 

degradation more effective for the removal of contaminants from 

wastewater as discussed later. 

1.5 Photo-degradation 

1.5.1 Concept of Photo-degradation  

In the early 1970's, the Photo-catalysis phenomenon attracted a special 

attention after Fujishima and Honda discovered the photolysis of water by a 

photo-catalyst [55-57].  It is a promising phenomenon for many 

applications of solar light.  Photo-catalysis was defined as the "speeding up 

of the photoreaction by the presence of a catalyst."  A catalyst is "a 

substance, which accelerates a reaction by providing a new path with 

lower activation energy without being consumed in the reaction process". 

There are two classes of photo-catalysis processes according to the phase of 

photo-catalyst used.  In a homogeneous photo-catalysis, the reaction 

medium and catalyst are in the same phase as photo-Fenton System.  By 

contrast, in a heterogeneous photo-catalysis reaction the catalyst exists in 

the different phase from that of the reaction. 

Semiconductors and some transition metal oxides, which have a continuum 

of electronic states, are the most frequent heterogeneous photo-catalyst.  

Some semiconductors (as TiO2, Fe2O3, ZnO, ZnS and CdS) are described 

by a filled valence band and an empty conduction band [56].  
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A semiconductor is usually a solid substance that has an electrical 

conductivity between a conductor and an insulator.  In semiconductors, the 

band of energy where all of the valence electrons are located and are 

involved in the highest energy molecular orbital is the valance band (VB), 

while the conduction band (CB) is the lowest unoccupied energy band. 

 

Figure 1.7: Photo-catalysis reaction after light radiation [58].  

In photo-catalysis, when a photon with an energy (hυ) matches or exceeds 

the band gap energy (Eg) of the semiconductor, an electron  is elevated 

from the valence band into the conduction band leaving a hole (h
+
) in VB 

(see Figure 1).  Recombination of excited electron and hole may occur and 

release the excitation energy of the electron as radiation or heat.  However, 

this recombination is not desirable process.  Main goal of the created 

electron–hole pairs is to have a reaction between the holes with reducible 

molecules to produce an oxidized product, and a reaction between the 

excited electrons with oxidants to produce products through a series of 

possible reactions to degrade those molecules to give CO2 and H2O.  This 
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oxidation-reduction reaction occurs at the surface of semiconductors.  The 

positive holes in the oxidative reaction react with the H2O molecules close 

to the surface and generate a hydroxyl radical [57]. 

           H2O + h
+

                    
   ·

OH     +    H
+                                             

(1.1) 

           O2    + e
-
                     ·O2

-   
                                                    (1.2)

 

On the other hand, electrons combines with O2 molecules to produce 

Superoxide ion (
.
O2

 -
) which is a highly reactive particle and capable to 

oxidize organic materials.   

Semiconductors have several important applications in chemistry.  For 

example, conversion of light to electricity,  photo-catalysis of water, soil 

and air purification and disinfection from pesticides, herbicides, 

microorganisms drugs and many other  pollutants. 

1.5.2 ZnO Semiconductor Catalyst 

Zinc oxide, which is a white inorganic fine particle powder, is almost 

insoluble in water but soluble in acids or bases.  It is a promising substance 

that was used  in semiconductor device applications and as an additive 

material in plastics, ceramics, glass, lubricants, paints, adhesives, sealants, 

pigments, foods (source of Zn nutrient), ferrites, batteries and others [59-

61].  
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The reactions of ZnO depend on the pH value of the media, because ZnO is 

an amphoteric oxide.  It reacts as a base in acidic solution and as an acid in 

basic solutions [62] 

In acids:         ZnO + 2H
+
                                   Zn

2+ 
+ H2O              (1.3) 

In bases:         ZnO + H2O + 2OH
-
                       [Zn(OH)4]

2-
             (1.4) 

  ZnO in materials science is frequently classified as II-VI semiconductor 

because zinc and oxygen belong to the second and sixth groups 

respectively in the periodic table.  This semiconductor is mostly used due 

to [63]: 

1. High photosensitivity 

2. Photochemical stability 

3. Wide band gap [64] 

4. Strong oxidizing power 

5. Non-toxic nature 

6. Low cost  

The band gap of  ZnO is relatively  large (3.2 eV at room temperature) 

[60], with limited photo-catalytic applications to shorter wavelengths (it  

demands UV light). Only about 5% of the solar spectrum falls in the UV 

region, so ZnO semiconductor show activity under solar light.  Based on 

previous investigations utilizing ZnO, the desinfection mechanism can be 

written as a following [61, 65]: 
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ZnO + hv                    ZnO (ecb
-
 +hvb

+
)                                                   (1.5) 

ecb
-
 +hvb

+
                      heat                                                                  (1.6) 

hvb
+
 + H2O                  H

+  
+ 

.
OH                                                           (1.7)  

hvb
+  

+  OH
-
             

     .
OH                                                                    (1.8) 

.
OH  + organic compound                  Oxidized organic  

1.6 Composite Catalysts 

Composite materials are solid materials that involve two or more different 

substances to attain properties that the constituent materials cannot attain  

individually, or to increase the activity of  desirable properties of one of  

the substances [66, 67].  In general, composite materials involve two 

phases: ‘reinforcements’ or ‘fillers’ and ‘Binder’ or  ‘matrix’[67]. The 

matrix surrounds the reinforcement and holds them in place.  This concept 

has been known as early as 1500 B.C.  Currently in chemical industry, 

composite catalysts are being used to meet the practical catalytic 

performance requirements of high selectivity, high activity, and good 

stability. 

The main advantage of composite materials lies in their easy recovery from 

treated solutions.  Catalyst powder diffuses in an aqueous solution, as ZnO 

and TiO2 particles, and is very difficult to recover.  To solve the recovery 

problem for these catalysts, TiO2 and ZnO were supported on different 

materials to enlarge application fields and overcome recovery problems 
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[54, 65].  Materials with large surface area as silica, clay minerals, zeolites 

or activated carbons and combined metal oxides have also been used.  

Photo-activity of these materials has been studied for dyes such as methyl 

orange, acid black 1, and methylene blue [65]. 

The adsorption of the contaminant molecules is the main step in composite 

catalysis work during the equilibrium step.  Then, the electron transfers 

from the valance band to the conduction band of catalyst and initiate the 

photo-catalysis reaction.  Adsorption capacity enhancement of organic 

substrates on the supported material surface appeared to be the main 

advantage leading to enhance photo-degradation efficiency. 

1.7 Objectives 

The main purpose of this work is to purify water from organic antibiotic 

residues by two ways: adsorption and   photo-degradation with simulator 

solar light, using a safe and low cost semiconducting material (ZnO).  The 

nano- ZnO will be used in its commercial and prepared particle forms, and 

as a composite catalyst combined with safe supporting material 

(Montmorillonite).  Evaluation of the process in terms of efficiency, cost, 

environmental and economic points of view will also be investigated.  

Reuse of the composite catalyst will also be investigated.  Technical 

objectives include: 

 

 



18 

1. Preparation of nano-sized powder ZnO. 

2. Characterization of the commercial and prepared nano- ZnO using 

XRD, photoluminescence, and other techniques. 

3. Preparation of new nano-sized composite material (ZnO/ 

Montmorillonite) and characterize using XRD and photoluminescence. 

4. Using the prepared ZnO powder in photo-degradation of Tetracycline 

in water with simulate solar light, and comparing with commercial 

ZnO. 

5. Using ZnO/ Montmorillonite composite material in photo-degradation 

of Tetracycline with simulate solar light. 

6. Studying effects of pH, contaminant concentration, annealing, catalyst 

concentration, temperature, and time of contact on photo-catalyst 

activity and photo-degradation process efficiency. 

7. Studying the possibility of multiple use of the ZnO/ Montmorillonite catalyst (recovering 

and reusing the photo-catalyst for multiple times in photo-degradation process). 

1.8 Novelty of This Work 

Photo-catalysis process, which is a new promising environmental 

technology, has been widely investigated for removing water pollutant by 

degradation.  In this study, Zinc oxide is a material having special features 

as discussed earlier.  Researchers used naked ZnO as photo-catalyst to 

degrade many toxic and organic pollutants.  In addition, others studied ZnO 

as photo-catalyst for degradation of Tetracycline antibiotic under UV 

radiations.  In this work, nano-ZnO powder was applied in photo-
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degradation process of Tetracycline under simulator solar light.  In 

addition, ZnO was supported onto Montmorillonite clay, and then the 

adsorption and photo-degradation properties were studied.  Naked 

Montmorillonite was known as a good adsorbent of Tetracycline in earlier 

work [25].  To our knowledge, this is the first work that investigates the 

work of ZnO/ Montmorillonite composite material in water purification 

from Tetracycline by adsorption and photo-degradation effects under 

simulated solar light.  

Several efforts were proposed here to enhance ZnO photo-activity specially 

when supporting it on Montmorillonite.  Supporting the semiconductor 

onto Montmorillonite will provide high efficiency due to Montmorillonite 

distinctive physical properties, such as large specific surface area, porous 

structure and exhibits good adsorb ability and cation exchange capacity 

which permits the intercalation of cationic antibiotics  [65] and reduce the 

cost. It was reported that ZnO was intercalated into the interlayer space of 

Montmorillonite and also adsorbed on the surface of Montmorillonite [68]. 
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Chapter 2 

Materials and Methods 

2.1 Chemicals  

Commercial zinc oxide powder was purchased from Sigma Aldrich Co.  

ZnCl2 (purchased from Chem. Samuel) and NaOH (from Frutarom Co.) 

were used for ZnO nanoparticle preparation.  Zinc acetate dihydrate 

[Zn(OOCCH3)2. 2H2O] from sigma Aldrich was used for composite 

catalyst preparation.  Montmorillonite (Aluminum Pillared Clay), with 

surface area 250 m
2
/g, was purchased  from Sigma-Aldrich Co. Dimethyl 

sulfoxide (DMSO) was purchased (from sigma-Aldrich Co.).  Tetracycline 

hydrochloride was kindly donated from Birziet- Palestine Pharmaceutical 

Company in a pure form. 

2.2 Equipments: 

A Shimadzu UV-1601 spectrophotometer was used to study the effect of 

Tetracycline adsorption and degradation by measuring the change in 

absorbance.  It is equipped with a thermal printer Model DPU-411-040, 

type 20BE.  An ICE 3000 Atomic Absorption spectrometer was used to 

determine the exact amount of Zn in solution through the composite 

catalyst preparation by using flame and Hollow Cathode Lamp of Zn.  

Then, the percentage of ZnO, which supported into the Montmorillonite, 

was calculated.  A Perkin-Elmer (LS50) Luminescence Spectrometer was 



21 

used for catalyst characterization.  A Lux-meter (Lx-102 light meter) was 

used to determine the intensity of lamp radiation.   

A Scientific Ltd model 1020 D.E. centrifuge was used to prepare the 

aliquot for analysis.  The accurate masses of chemicals were measured by 

using four degenerate balance AR-3130 from OHAUS Crop. The solar 

simulator lamp (LUXTEN) was used as a source of the visible light 

irradiation.  Lindberg Hevi-Duty Control Tube Furnace was used for 

annealing the composite materials.  Crystal structure and crystallinity of 

ZnO and other solid materials were investigated by PANalytical X’Pert 

PRO X-ray diffractometer (XRD), where Cu Kα rays was used.  The 

measurements of XRD were kindly conducted in Industrial Co., LTD. 

#1239-5, South Korea. 

2.3 Preparation of Required Solutions 

2.3.1 Stock Solutions  

1.  A Tetracycline stock solution (1000 ppm) was prepared by dissolving 

0.100 g Tetracycline in distilled water and then diluted to 100.01 mL.  

Different   solutions 20, 30, 40, 50, 60, 80, 120 ppm were prepared 

using a stock solution. 

2.  The Tetracycline stock solution (1000 ppm) was prepared by 

dissolving 0.100 g Tetracycline in dimethyl  sulfoxide (DMSO) and 

then diluted to 100.01 mL.  
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2.3.2 Other Solutions 

The following solutions were required and prepared. 

1- Sodium hydroxide NaOH (0.9 M) solution was prepared by dissolving 

9.000g in 250.01 mL distilled water. 

2- Zinc acetate (0.39 M) was prepared by dissolving 8.500 g of Zinc 

acetate dehydrate in 100.01  mL distilled water. 

 2.4 Catalyst Preparation  

2.4.1 ZnO Nano-Particles 

The precipitation method was used to prepare ZnO nanoparticles.  In 

500.01 ml flask, 250.01 ml of Sodium hydroxide solution (0.9 M) was 

poured and heated at about 55 ºC.  Then 250.01 ml of zinc chloride solution 

(0.45 M) was added drop wise (in about 40 minutes) to the heated solution 

under high speed stirring (magnetically).  The resulting powder was 

decanted and washed with water until the solution became neutral.  The 

powder was then separated from the mixture using a centrifuge (speed 500 

rounds per minute, for 6 min).  

2.4.2 Preparation of ZnO Particles Entrapped in Montmorillonite  

ZnO was supported on Montmorillonite.  Clay (10.000 g) was suspended in 

250 mL of 0.9 M sodium hydroxide solution and the mixture was stirred at 

55 °C for 120 min with adding drop wise 100.01 mL of 0.39 M zinc acetate 

solution.  The resulting solid was filtered and washed continuously with 



23 

distilled water until the mother liquor was neutral.  The solid was dried and 

calcinated at 250 °C for 1 hour and then stored. 

2.5 Photo-Catalytic System and Irradiation Sources 

2.5.1 Photo-Catalytic System 

The light source was assembled above the sample, and the light intensity 

was controlled using a Lux-meter.  The lamp has a high stability and an 

intense coverage of wide spectral range (450 to 800 nm).  The average 

measured solar light intensity during February and March months at 

noontime in Nablus city was 1300 Lux (1300 Lux, 0.000190337W/cm2). 

The photo-degradation reaction was carried out in a 100 mL beaker 

containing the catalyst and the pre-contaminated water sample with the 

antibiotics substance. 

The beaker was placed in a thermostated water-bath to prevent 

instantaneous change of sample temperature.  The temperature was 

measured through reaction time and kept constant by manipulating the 

water bath when needed.  The reactor was continuously stirred 

magnetically to make a good distribution of the catalyst through the 

sample.  The Light source was adjusted at constant distance above the 

reactor (70 cm).  

The change in Tetracycline concentration was measured with time.  Small 

aliquots of solution were syringed out from the reaction vessel at different 
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reaction times, and double centrifuged (500 round/minute for 3 minutes 

each time).  The default temperature was 25˚C temperature and the default 

pH was 7. 

2.5.2 Effect of Catalyst Amount 

The effect of catalyst amount on the photo-degradation process was 

studied.  Different amounts of ZnO 0.050, 0.100, 0.150 and 0.200 g were 

mixed with a 100.01 mL of Tetracycline (40 ppm) at default temperature 

and pH. 

2.5.3 Effect of Tetracycline Concentration 

The concentration of tetracycline was changed to study its effect on 

degradation process.  Different concentrations were prepared 10, 20, 30, 40 

ppm and mixed with 0.100 g of ZnO for 75 min (the adsorption of 

Tetracycline on ZnO reach equilibrium after 30 min then degradation step 

was started). 

When composite catalyst was used in degradation process, different 

concentrations of Tetracycline were prepared 60, 80,100,120 ppm.  Before 

degradation process, the mixture of catalyst and Tetracycline was allowed 

to reach equilibrium after 2 hours of shaking in the dark. 

2.5.4 Effect of pH  

Degradation process was studied with changing the medium pH.  

Experiments were carried out using 100 ml of Tetracycline (120 ppm) with 
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0.100 g of composite catalyst.  When using ZnO as a catalyst 100.01 mL of 

Tetracycline (40 ppm) was mixed with 0.100 g catalyst.  The pH value was 

controlled by adding few drops of sodium hydroxide or hydrochloric acid 

as desired after adsorption reached equilibrium (At acidic medium pH= 2 

and basic medium pH= 10.5). 

2.5.5 Control Experiments: 

1- In the absence of any catalyst, 40 ppm of Tetracycline solution (100.01 

mL) was placed in the reactor under visible light with stirring for 75 min. 

Absorption was measured before and after exposure to light.  The 

Tetracycline concentration did not change under irradiation with time.  This 

means that the contaminant did not photo-degrade in the absence of 

catalysts. 

2- In the dark, 100.01 ml of Tetracycline were stirred with 0.100 g ZnO 

catalyst one time and with composite catalyst another time for 75 min.  The 

absorption spectrum was measured with time.  The contaminant 

concentration did not change.  No effect of photo-degradation property of 

ZnO or composite catalyst in dark place. 

3- ZnO has small property to adsorb Tetracycline (~ 2%), in each time it 

used; the solution mixtures were  kept in the dark for 30 min and measure 

the initial absorbance after this.  
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2.6 Adsorption Experiments 

Adsorption experiments were performed by adding 0.100 g of the 

adsorbent to 100.01 ml of the Tetracycline solutions with different initial 

concentrations (60 to 120 mg/L) under natural conditions.  The experiments 

were performed in a shaker for a period of 2 hours at 150 rpm using 250.01 

mL Erlenmeyer flask for better mass transfer at room temperature (25˚C).  

The remaining concentration of Tetracycline in each sample was 

determined by UV-Vis spectroscopy.  Aliquots were taken and centrifuged 

(2 times, 500 round/minute for 3 minutes) and the solution was 

spectrophotometrically analyzed.  The adsorbed concentration of 

Tetracycline in the adsorbent phase was calculated according to: 

qe=  

 Where Ci and Ce are the initial and equilibrium concentrations (mg/L) of 

Tetracycline solution respectively; V is the volume of solution (L); and W 

is the mass (g) of the dry adsorbent. 

2.6.1 Effect of annealing of adsorbent  

Amount of composite catalyst was annealed after drying at 450˚C for 1 h.  

The annealing process was done two times, once with air and another with 

N2 gas.  Each type of adsorbent was used in the Tetracycline adsorption 

experiment and the effect of annealing was studied with 0.100 g of 
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adsorbent, which was mixed with 100 mL of Tetracycline (120 ppm) at 25 

˚C in a neutral medium. 

2.6.2 Effect of Temperature 

The effect of temperature on adsorption process was investigated in the 

range 25-70˚C.  Adsorbent (0.100 g) was added to 100.01  mL of 

Tetracycline solution (120 mg/L) and the pH was adjusted to 7.  The 

mixture was then shaken at the desired temperature for 2 hours.  

2.6.3 Effect of pH 

Adsorption of Tetracycline by the non-annealed composite catalyst was 

studied under different pH values.  The pH was controlled by adding few 

drops of dilute sodium hydroxide or hydrochloric acid solutions as desired.  

The pH indicator measured the pH value –paper (At acidic medium pH= 2 

and basic medium pH= 10.5).  Tetracycline solution (100.01 mL, 120 ppm) 

was added to 0.100 g of adsorbent sample, and the mixture was then shaken 

for 2 hours at 25˚C. 

2.6.4 Effect of Contact Time  

The effect of contact time on adsorption process was studied by measuring 

the absorbance of sample solution for 2 hours (every 15 min). 

2.6.5 Effect of Tetracycline Concentration 

The effect of Tetracycline concentration on the adsorption process was 

studied with time.  Non-annealed adsorbent (0.100g) was mixed 
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with 100.01 mL of different Tetracycline concentration solutions, 60, 80, 

100, 120 ppm, at 25˚C on a shaker in neutral mediums. 

2.6.6 Control Experiment for adsorption Study  

1- Montmorillonite, annealed and non-annealed, (0.100 g) was used as an 

adsorbent in 100.01 mL of 120 ppm Tetracycline solution.  Adsorption 

progress was investigated for 2 hours at 25˚C in the dark. 

2- 120 ppm of Tetracycline was placed in a shaker for 2 hours without 

adsorbent to study the change of concentration with time under otherwise 

similar conditions. 

2.6.7 Equilibrium Isotherm Models  

Analysis of the isotherm data is important to develop an equation, which 

accurately represents the results.  This could be used for design purposes 

and to optimize operating procedures.  The most common isotherms 

applied in solid/liquid systems are the theoretical equilibrium isotherms; 

Langmuir and Freundlich (two parameter models) [69, 70]. 

2.6.7.1 Langmuir Adsorption Isotherm 

The Langmuir isotherm, also called the ideal localized monolayer model, 

was developed to represent chemisorption.  The Langmuir equation relates 

the coverage of molecules on a solid surface to the concentration of a 

medium above the solid surface at a fixed temperature.  This isotherm is 

based on the assumption that [71]; 
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1- Adsorption is limited to monolayer coverage. 

2-  All surface sites are alike and can only accommodate one adsorbed 

molecule. 

3-  The ability of a molecule to be adsorbed on a given site is independent 

of its neighboring site occupancy. 

4- Adsorption is reversible and the adsorbed molecule cannot migrate 

across the surface or interact with neighboring molecules. 

 The Langmuir equation can be written as: 

 

where qe is the amount of adsorbate per unit mass of adsorbent (mg/g), Qo 

is the adsorption capacity at equilibrium (mg/g), Ce is the equilibrium 

concentration of the adsorbate (mg/L) and b is the Langmuir affinity 

constant (L/mg).  Ce/qq values plot vs. Ce to find the Langmuir parameters. 

2.6.7.2 Freundlich Adsorption Isotherm 

The Freundlich isotherm (Freundlich, 1909) was interpreted as sorption to 

heterogeneous surfaces or surfaces supporting sites of varied affinities.  It 

is assumed that the stronger binding sites are occupied first and that the 

binding strength decreases with increasing degree of site occupation.  The 

Freundlich isotherm can describe the adsorption of organic and inorganic 

compounds on a wide range of adsorbents. 
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According to this model, the adsorbed mass per mass of adsorbent can be 

expressed as: 

 

Where qe is the amount of adsorbate per unit mass of adsorbent (mg/g), KF 

is the Freundlich constant related to adsorption capacity (mg/g), Ce is the 

equilibrium concentration of the adsorbate (mg/L), n is the heterogeneity 

coefficient gives an indication of how favorable the adsorption process 

(dimensionless).  Log qq values plot vs. log Ce to get the Freundlich 

parameters. 

2.6.8 Adsorption Kinetic Models 

The contact time experimental results can be used to study the rate-limiting 

step in the adsorption process.  Several adsorption kinetic models have 

been established to understand the adsorption kinetics and rate-limiting 

step.  These include pseudo-first and second-order rate model, Weber and 

Morris sorption kinetic model, Adam–Bohart–Thomas relation, first-order 

reversible reaction model, external mass transfer model, first-order 

equation of Bhattacharya and Venkobachar, Elovich’s model and Ritchie’s 

equation [72]. 

In this study, three kinetic models, which are pseudo-first order, pseudo-

second order, and intra-particle diffusion models were used to fit the 

experimental data observed in adsorption of Tetracycline onto composite 
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catalyst.  The model with higher correlation coefficients (r
2
) value (close or 

equal to 1) successfully describes the kinetics of tetracycline adsorption. 

2.6.8.1 Pseudo-First Order Kinetics 

The pseudo-first order rate expression of Lagergren model is generally 

expressed as: 

 

Where qe and qt are the mass of adsorbate per unit mass of adsorbent at 

equilibrium and at time t, respectively (mg/g), k1 is the rate constant of 

pseudo first-order adsorption (L.min
-1

).  The plot of log (qe−qt) versus t 

gives a straight line for the pseudo first-order adsorption. 

2.6.8.2 Pseudo Second-Order Kinetics 

The pseudo-second order model is based on the assumption that the rate-

limiting step may be chemical adsorption involving valence forces through 

sharing or exchange of electrons between the adsorbent and adsorbate.  The 

rate equation is  given by Ho as : 

 

Where k2 is the equilibrium rate constant of pseudo second-order 

adsorption (mg
-1

min
-1

).  The plot of t/qt versus t should give a linear 
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relationship that allows the computation of a second-order rate constant, k2 

and qe.  

2.6.8.3 Intra-particle Diffusion Model 

The intra-particle diffusion model is based on the theory proposed by 

Weber and Morris.  The Weber and Morris equation is: 

 

Where Qt is the adsorption capacity (mg/g) at time t (min), kp is the 

diffusion rate constant (mg/g min
1/2

) and C (mg/g) is a constant that gives 

an indication of the thickness of the boundary layer. 

2.7 Tetracycline Desorption Experiments  

Solution of Tetracycline (100.01 mL, 120 ppm) was mixed with 0.100 g of 

non- annealed composite material.  The sample was equilibrated and 

shaken in the dark for 120 min at room temperature in neutral pH.  After 

120 min, the composite material was centrifuged and filtered from 

Tetracycline solution.  The solid that separated was mixed with 20.01 mL 

DMSO in a water path to extract adsorbed Tetracycline molecules from it. 

2.8 Calibration Curve 

UV-Vis Spectrophotometer was a fast, simple, and low cost convenient 

technique.  It used to study the kinetic of concentrations of tetracycline 
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change.  The absorbance of tetracycline was measured at 365 nm against a 

reagent blank prepared simultaneously.  

Calibration curve is constructed by measuring the concentration and 

absorbance of several prepared solutions, called calibration standards.  

Once the curve has been plotted, the concentration of the unknown solution 

can be determined by placing it on the curve based on its absorbance or 

other observable variable.  The calibration graphs of Tetracycline in 

different solvent are shown in Figures 3.1and 3.2. 

 

Figure 2.1: Atypical calibration curve for Tetracycline in Distilled Water by UV-Vis 

spectrometric method. 
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Figure 2.2: Atypical calibration curve for Tetracycline in DMSO by UV-Vis spectrometric 

method. 
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Chapter 3 

Results and discussion 

3.1 Catalysts Characterization 

3.1.2 Photoluminescence (PL) Spectra of ZnO 

Photoluminescence emission spectra were studied for commercial ZnO 

powder by dispersed small amount of ZnO powder in distilled water and 

placed in quartz cell, see Figure 3.1. 

 

Figure 3.1: Photoluminescence spectra measured for commercial ZnO powder.  (Baseline made 

on distilled water). 

The observed emission peaks occurred at 385 nm and 425 nm in addition to 

a broad peak at 500 nm.  At 385 nm, the intense emission peak shows that 

the band gap was 3.22 eV, consistent with reported value [73].  The band 

gap equivalent value was calculated from the relation Eg (eV) = 1240/λmax 
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(nm).  The emission peaks at 425 nm are due to presence of oxygen 

vacancies [74]. 

3.1.2 Photoluminescence (PL) Spectra of Montmorillonite and 

Composite Material 

The Photoluminescence plots of natural Montmorillonite aluminosilacate 

and ZnO/ Montmorillonite were measured as shown in Figure 3.2. 

 

Figure 3.2: Photoluminescence of a) ZnO/ Montmorillonite and b) Montmorillonite clay 

minerals. 

There is no significant peak for Montmorillonite in PL spectra; at 425 nm, 

there is a peak that may indicate the presence of oxygen vacancies.  

However, the peak at 385 nm in composite material appeared for ZnO as an 

indication that ZnO attached with Montmorillonite.  In addition, there are 

clearly increasing in absorbance of significant peak at 425 nm in the 
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composite ZnO/Montmorillonite than naked Montmorillonite may due to 

increase in oxygen vacancies. 

3.1.3 ZnO XRD Characterization 

XRD pattern was measured for commercial ZnO and prepared nano-ZnO 

powder as shown in Figures (3.3, 3.4).  The X-ray pattern showed a 

hexagonal wurtzite crystal type for ZnO particles [75]. 

 

Figure 3.3: X-ray diffraction pattern for commercial ZnO powder. 

The peaks positioned at diffraction angles (2θ) of 31.5˚, 34˚, 36˚, 47.5˚, 

56˚, 62.5˚, 67.47˚ and 68.46˚ can be assigned to the reflections from (100), 

(002), (101), (102), (110), (103), (112) and (201) crystal planes, 

respectively, of a material with wurtzite-like structure [76]. 
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Figure 3.4: X-ray diffraction pattern for prepared ZnO powder. 

Figure 3.4 shows XRD patterns for prepared ZnO powder.  The two peaks 

at 2θ = 31˚ and 45.5˚ belong to NaCl impurity, as evidenced from literature 

[77].  The impurity peaks belong to NaCl, which may result during 

preparation reaction.  The Scherrer equation [78] was used to calculate the 

ZnO particle diameter, 

 

where β is the line broadening at half the maximum height in radians, K is 

the shape factor with a typical value of about 0.9, λ is the X-ray wavelength 

(0.15418 nm), θ is the Bragg angle and d is the mean size (averaged 

diameter of crystallites in nm) of the ordered (crystalline) domains angle.  

The Scherrer equation shows that the average particle size for the prepared 

nano- ZnO powder is 27 nm.  The commercial powders showed 46 nm size. 
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3.1.4 XRD Pattern for Montmorillonite 

XRD pattern of Montmorillonite was measured as shown in Figure 3.5.  

The Figure shows peaks at 20, 22, 36.3 and 62.4˚.  The distance between 

atomic layers in Montmorillonite was calculated by using Bragg's Law. 

 

Figure 3.5: X-ray diffraction pattern for Montmorillonite. 

Bragg's Law refers to the simple equation: 

 

The variable d is the inter planer distance in the crystal, θ is the Bragg 

angle and the variable lambda  is the wavelength of the incident X-ray 

beam and n is an integer.  From the Figure 3.5, d is 0.45 nm (n = 1, 

λ=1.541 A˚). 
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3.1.5 XRD Pattern of ZnO/Montmorillonite  

X-ray diffraction pattern for ZnO/Montmorillonite composite material was 

measured as shown in Figure 3.6. 

 

Figure 3.6: X-ray diffraction pattern for prepared ZnO/Montmorillonite composite material. 

Most of ZnO peaks, as (100), (002) and (101), appeared in the pattern as a 

strong indication that the ZnO particles existed onto Montmorillonite 

surface through preparation step.  By using Bragg's Law, interlayer 

distance (d) was calculated for Montmorillonite (0.45 nm).  This is the 

same value for naked Montmorillonite, which means that ZnO particles do 

not enter between layers of Montmorillonite but only reside its surface.  

The peaks for Montmorillonite in the composite material appeared (at 2θ = 

19.8 and 21.7) less sharp and more broadening than the one for naked 

Montmorillonite.  This broadening may indicates that the Montmorillonite 

crystals have been distorted through the  supporting process and this lead to 

increase the surface area of composite material also this explain why the 
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activity of adsorption increased when using composite material in this 

work. 

X-ray pattern was measured also for air annealed and N2 annealed 

ZnO/Montmorillonite composite material, as shown in Figures 3.7 and 3.8. 

 

Figure 3.7: X-ray diffraction pattern for prepared N2-annealed ZnO/Montmorillonite composite 

material. 
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Figure 3.8: X-ray diffraction pattern for prepared air-annealed ZnO/Montmorillonite composite 

material. 

There is no difference in X-ray patterns between the two types of annealed 

powders according to Figures 3.7 and 3.8.  Moreover, annealing patterns 

did not have any significant differences comparing with non-annealed 

ZnO/Montmorillonite pattern.  This means that the annealing process at 

450˚C does not affect or change the crystallites of the composite material.  

Montmorillonite is thermodynamically stable and need high temperature to 

melt (thermal effects occur at temperature ≥ 900˚C , by the exclusion of 

some volatile components or changing the crystalline of it [79]). 
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3.2 Tetracycline Adsorption Experiments  

3.2.1 Effect of Adsorbent Type 

Values of percent Tetracycline removal on different prepared adsorbents 

are shown in Figure 3.9.  The Figure shows that prepared ZnO/ 

Montmorillonite has higher adsorption capacity than either annealed or 

non-annealed naked Montmorillonite.  

 

Figure 3.9: Percentage of Tetracycline removal by different types of adsorbent, a) non-annealed 

b) annealed with air c) annealed with N2 d) Montmorillonite e) air- annealed Montmorillonite at 

(initial conc.:120 mg/L, temperature: 25 ˚C, 0.1g of adsorbent in a neutral medium).  

The experimental results demonstrated that air-annealed 

ZnO/Montmorillonite, at 450℃, showed higher Tetracycline adsorption 

than the N2-annealed adsorbent.  However, in this work and according to 

c 

b 

d 

e 
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the XRD results (see Figures 3.9) annealing at 450˚C did not affect the 

morphology of Composite material in both cases of annealing.  

In the case of N2-annealing, molecules of nitrogen gas expel oxygen (O2) 

and oxides located on the surface of the adsorbent and force them to leave 

out from the sites and pores.  Oxygen leaves as O2 and its electrons go back 

to the metal ions (M
2+

) on the surface of solid.  This may decrease the 

surface area and adsorption activity of solid.  In case of annealing with air 

and non-annealing, the surface is rich with oxides in the cavity of 

Montmorillonite, which increases adsorption and enhances the penetration 

of Tetracycline into the adsorbent more than in N2 annealing.  

However, the non-annealed adsorbent showed similar adsorption capacities 

to air annealing adsorbent (no change in XRD patterns, see Figures 3.6-

3.7).  Therefore, there is no need to anneal the ZnO/Montmorillonite 

composite material if it is used in adsorption process.  As shown in Figure 

3.9 and Table 3.1, After 100 min, non-annealed ZnO/ Montmorillonite 

removed about 83 % of Tetracycline compared to ~ 40 % adsorption by 

commercial Montmorillonite.  It has been found that the activity of 

composite form with ZnO increased by ~ two fold.  During the supporting 

process, the size of Montmorillonite particles was supposed decrease with 

stirring and the surface area increased, see Figures 3.5 and 3.6, peaks at 2θ 

= 21 and 22˚ be less sharp in composite material than that for commercial 

Montmorillonite  (Further study of surface area recommended)  
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 Adsorption on Montmorillonite in neutral medium is due to intercalation 

of Tetracycline between layers, with reported distance of  14.7 A˚ [80].  

Moreover, hydrogen bonding between polar Tetracycline groups and acidic 

groups on clay may also be involved [80]. 

Table 3.1: The percentage removal of Tetracycline by different types of 

adsorbent after 100 min adsorption. 

Type of Adsorbent % Removal 

ZnO/Montmorillonite (non-annealed) 83 % 

ZnO/Montmorillonite (annealed with air) 83 % 

ZnO/Montmorillonite (annealed with N2) 74% 

Montmorillonite 40% 

Annealed Montmorillonite 30% 

ZnO 2 % 

The effect of adsorption time on Tetracycline removal was also studied for 

different types of adsorbent, as shown in Figure 3.9.  Table 3.2 

demonstrates the effect of adsorption time on the removal of Tetracycline 

using non-annealed ZnO/Montmorillonite.  There is a gradual trend of 

increase in percentage removal of Tetracycline as adsorption time 

increased. 
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Table 3.2: The percentage removal of Tetracycline with time by using 

non- annealed ZnO/Montmorillonite for 60 min adsorption. 

%  Removal of Tetracycline Time (min) 

0 0 

61 15 

70 30 

76 45 

80 60 

3.2.2 Effect of Tetracycline Concentration 

Adsorption of Tetracycline by adsorbents may depend on the initial 

concentration of Tetracycline.  The adsorption of Tetracycline on non-

annealed ZnO/Montmorillonite was investigated using different initial 

concentrations ranging from 60 ppm to 120 ppm. 

 

Figure 3.10: Effect of Tetracycline initial concentration on the adsorption process at 

(temperature: 25˚C, amount of non-annealed ZnO/ Montmorillonite adsorbent 0.1 g at pH=7). 
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The results, Figure 3.10, show the percentage of removal decreases with 

increasing initial concentration.  When changing the initial concentration of 

Tetracycline solution from 60 to 120 ppm, the amount adsorbed increased 

from ~ 51 ppm (85 % removal) to 84 ppm (70 % removal) at 25 ºC after 

120 min.  Thus amount of adsorbed Tetracycline per gram adsorbent 

increased with increasing initial Tetracycline concentration, see Figure 

3.11.  This means that the adsorbent still has useful active sites after time 

pass. 

 

Figure 3.11: Amount of Tetracycline removal variation with changing initial concentration of 

Tetracycline after 120 min using (0.1 g non-annealed ZnO/ Montmorillonite adsorbent, 

temperature: 25˚C and pH=7). 

3.2.3 Effect of pH 

Effect of solution pH on Tetracycline adsorption on non-annealed 

ZnO/Montmorillonite was investigated.  Tetracycline molecule has three  

ionizable functional groups (Figure 3.12) [81].  The charge of the molecule 

depends on the pH of solution.  The adsorption behavior may also depend 
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on pH.  The percentage removal of Tetracycline was measured at different 

pH values.  Initial concentration of Tetracycline was fixed at 120 mg L
−1

 

with 0.1 g ZnO/Montmorillonite adsorbent. 

 

Figure 3.12: Structure of Tetracycline [81, 82]. 

There are three distinct functional groups for amphoteric Tetracycline: 

tricarbonyl methane (pKa1 3.3), phenolic diketone (pKa2 7.7), and the 

dimethyl ammonium cation (pKa39.7).  The molecule may exist as a cation 

in strongly acidic solutions, as a Zwitter ion  in pH between 3.3 and 7.7,  or 

as a net negatively charged ion in basic solutions (see Figure 3.13) [81].  

This partitioning behavior affects   the physicochemical characters of 

Tetracycline, such as adsorption.  It can undergo protonation– 

deprotonation reactions and may adopt different ionic species or 

conformations in different pH media [25]. 



49 

 

Figure 3.13: Speciation of Tetracycline under different pH values ( TC: Tetracycline and 

TCH3
+
 means protonated Tetracycline)  [81]. 

 

Figure 3.14: Effect of pH on Tetracycline removal by non-annealed ZnO/Montmorillonite 

adsorbent with contact time at (initial concentration 80 ppm, temperature 25˚C and 0.1g 

ZnO/Montmorillonite adsorbent). 

The highest percentage removal of Tetracycline occurred in the neutral 

medium, followed by acidic one, as shown in Figure 3.14.  High adsorption 

onto composite materials was assumed to be caused by multiple 
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simultaneous interactions between charged functional group of 

Tetracycline and surface charge sites of Montmorillonite clay [25].  The 

cation-exchange mechanism between negatively charged clay surface and 

cations of Tetracycline was suggested to be dominant in acidic media [37].  

High adsorption capacity in a neutral pH may be due to surface 

complexation mechanism between clay and Zwitter ions of Tetracycline, 

which was accompanied with proton uptake and favorable on acidic clay.  

In addition, physical mechanisms such as hydrogen bonding, van and der 

Waals forces and attraction between polar Tetracycline functional groups 

and acidic groups on the surface of Montmorillonite improve the 

adsorption of Tetracycline.  No adsorption was observed under high pH 

(alkaline conditions) where repulsion mechanism might be involved 

between negative Montmorillonite surface and Tetracycline anionic form.  

Similar results have been found in earlier work when naked 

Montmorillonite was used for Tetracycline adsorption [83]. 

3.2.4 Effect of Temperature on Adsorption 

The effect of temperature on the adsorption of Tetracycline onto non-

annealed ZnO/Montmorillonite composite material has been investigated in 

the temperature range 25-75 ˚C.  Figure 3.15 shows that the Tetracycline 

adsorption was not affected by the temperature.  The slight deviation 

shown is an acceptable experimental error.  Percentage of Tetracycline 

removal at different temperatures is ~ 75% after 100 min adsorption time.  

This is a good indication of the binding in the adsorption process. 
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Figure 3.15:  Effect of temperature on adsorption of 100 mL solution Tetracycline (120 ppm) 

using 0.10 g of non-annealed adsorbent at: a) 25˚C b) 40˚C c) 55˚C d) 75˚C.  For better 

temperature control, adsorption process was conducted using thermostated water bath for 120 

min at pH=7. 

The results here indicate that the adsorption process is a physisorption with 

very small activation energy.  Physical adsorption is a reversible process, 

where equilibrium is achieved rapidly and energy requirements are small.  

Chemical adsorption, involves stronger forces, is specific and thus requires 

larger activation energy [84].  Under neutral conditions,   physisorption is 

presumably dominant, whereas under acidic conditions chemisorption 

(with ion exchange) may be dominant process. 

3.2.5 Kinetics of Tetracycline Adsorption 

 The kinetics of Tetracycline adsorption on non-annealed 

ZnO/Montmorillonite were investigated.  Equilibrium was reached in 120 

min (Figure 3.16), compared to 60 min with Montmorillonite adsorbent. 
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Figure 3.16: Percentage removal of Tetracycline by adsorption with a) Montmorillonite b) non-

annealed ZnO/Montmorillonite at 0.1 g adsorbent, 120 ppm Tetracycline, pH=7 at room 

Temperature). 

In order to investigate the mechanism of Tetracycline adsorption process 

on Montmorillonite and ZnO/ Montmorillonite adsorbent, the pseudo- first- 

order kinetic model, pseudo-second-order model and intra-particle 

diffusion model were applied and plotted to find the most applicable 

model.  We plot log (qe-qt) versus t, and (t/qt) versus t to check for the 

pseudo- first- order kinetic and pseudo-second-order models, respectively.  

The results are shown in Figures 3.17 – 3.18.  For intra-particle diffusion 

model, qt is plotted against t
1/2

 to get a straight line, see Figure 3.19.  (All 

mathematical terms were defined in section 2.6.8).  

a 

 

b 
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Figure 3.17: Kinetics of Tetracycline removal according to the pseudo-first–order model by 

non-annealed Montmorillonite/ZnO and nicked Montmorillonite at (initial concentration: 80 

ppm, pH=7, temperature: 25 ˚C and 0.1g adsorbant). 

 

 

Figure 3.18: Kinetics of Tetracycline removal according to the pseudo-Second – order model 

by Montmorillonite/ZnO and nicked Montmorillonite at (initial concentration: 80 ppm, pH: 7, 

temperature: 25 ˚C and 0.1 g adsorbent). 
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Figure 3.19: Kinetics of Tetracycline removal according to the intra-particle diffusion model by 

Montmorillonite/ZnO and nicked Montmorillonite at (initial concentration: 80ppm, temperature: 

25 ˚C and 0.1g adsorbent). 

Value of k1 and qe were calculated using the slope and intercept of plots of 

log (qe −qt) versus t (Figure 3.17, Table 3.3).  Table 3.3 shows the 

correlation coefficients and other parameters calculated for pseudo- first- 

order kinetic and pseudo-second-order kinetic models. 
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Table 3.3: The correlation coefficients and other parameters measured for pseudo- first- order kinetic and pseudo-

second-order kinetic models. 

 

 

 

Adsorbent 

 

qe (exp) 

(mg/g) 

pseudo- first- order kinetic model pseudo-second-order models 

 

K1 (min
-1

) 

(10
-2

) 

qe(calc) 

(mg/g) 

 

R
2
 

K2 

(g/mg min) 

(10
-3

) 

qe (calc) 

(mg/g) 

 

R
2
 

Montmorillonite 40 4.307 23.911 0.94 6.28 33.33 0.99 

ZnO/Montmorillonite 85 4.468 53.333 0.97 2.76 69.93 0.99 
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Table 3.3 shows the parameters for There are good agreement between 

pseudo second-order kinetics parameters and experimentally observed 

equilibrium adsorption capacity (qe), in addition to relatively higher R
2
 

values than those for the pseudo first order model.  This indicates that 

Tetracycline adsorption onto Montmorillonite followed pseudo second-

order kinetics.  In case of ZnO/Montmorillonite adsorbent, qe(exp) values for 

reaction are more closer to calculated ones obtained from pseudo second-

order kinetics. 

Table 3.4 summarizes correlation coefficients and parameters for 

Tetracycline adsorption onto Montmorillonite and ZnO/ Montmorillonite 

according to intra-particle diffusion kinetic model.  In Figure 3.19, straight 

line does not pass through the origin, which indicates that mass transfer 

limits the adsorption rate across the boundary later.  

Table 3.4: Intra-particle diffusion model parameters for Tetracycline 

adsorption onto Montmorillonite and ZnO/ Montmorillonite at 25˚C. 

Adsorbent K 

(mg/g min
1/2

) 

C R
2 

Montmorillonite 12.2 199.7 0.93 

ZnO/ Montmorillonite -6.15 66.6 0.83 

Pseudo second-order kinetics is more suitable to describe the kinetics.  It 

assumes that the rate-limiting step may be chemisorption involving valency 

forces through exchange or sharing of electrons between adsorbent and 

adsorbate [85]. 
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3.2.6 Adsorption Isotherms 

Adsorption systems are usually described by isotherms, which give some 

important information about adsorption process such as adsorption capacity 

[86].  The adsorption isotherm for Tetracycline onto non-annealed 

ZnO/Montmorillonite at 25˚C is shown in Figure 3.20.  The effect of 

isotherm shape can be used to predict if an adsorption is a favorable 

process. 

 

Figure 3.20: Equilibrium adsorption isotherm of Tetracycline onto non-annealed 

ZnO/Montmorillonite adsorbent at 25˚C and neutral medium. 

Adsorption of Tetracycline by non-annealed ZnO/ Montmorillonite was 

modeled using both Freundlich and Langmuir isotherms with the quality of 

the fit assessed using the correlation coefficient.  Determination of 

Freundlich isotherm constants Kf and n from the intercept and slope of a 

plot of log qe versus log Ce, see Figure 4.21.  In Figure 3.22, Langmuir 
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adsorption isotherm was investigated by plotting Ce/ qe versus Ce, where 

the slope and intercept were used to calculate Qo and b (All mathematical 

terms defined in section 2.6.7). 

 

Figure 3.21: Freundlich plot for Tetracycline adsorption onto non-annealed adsorbent at 25˚C 

and neutral medium. 
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Figure 3.22: Langmuir plot for Tetracycline adsorption onto not annealed adsorbent at 25˚C 

and neutral medium. 

Table 3.5 summarizes simple adsorption isotherm model parameters that 

are most frequently applied.  The term n is the Freundlich constant and kF 

is the Freundlich adsorption constant.  The r
2
 was 0.9882 and 0.9822 when 

the data were fitted to the Freundlich and Langmuir models, respectively.  

The Freundlich model provided a slightly better fit to the observed data 

while the Langmuir model could provide adsorption capacity that might be 

used to describe the adsorption process.  In the current study, Langmuir 

model can describe adsorption process and it was described the adsorption 

onto naked Montmorillonite in previous study  [80].  The adsorption 

capacity was 112.36 mg/g. 
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Table 3.5: Adsorption isotherm models coefficients for Tetracycline 

adsorption. 

Freundlich Model 

Constant 

Langmuir Model constant Isotherm 

 

R
2
 

 

n 

 

kf 

((mg/g)(L/mg)
1/n

) 

R
2
 

 

b 

(L/mg) 

Qo 

(mg/g) 

Adsorbate 

 

0.9882 
2.6947 23.158 0.9822 0.0912 112.36 Tetracycline 

The Langmuir isotherm assumes that [87]: 

 -The surface of the adsorbant strongly attracts dissolved adsorbate 

molecules on its surface.  

- The surface has a specific number of sites where the adjacent solute 

molecules can be adsorbed. 

- No interaction occurs between adsorbate molecules. 

- Only one layer of molecules adsorb onto the surface (monolayer 

adsorption). 

3.3 Tetracycline Photo- Degradation Studies  

The photo-catalytic degradation activities were  studied for Tetracycline 

solution.  For solar light irradiation, the photo-catalyst was placed in a 

beaker containing 100 ml of Tetracycline solution. Then, the beaker was 

placed under solar simulated lamp with 19.0337 × 10
-5

 W/cm
2
 intensity, 

which was stacked onto a magnetic stirrer for 75 min.  The distance 

between the photo-catalyst system and the light source was fixed at 70 cm.  



61 

The experiment was repeated with changing different variables as 

Tetracycline concentration, pH and contact time.  Blank experiments were 

done without the presence of photo-catalysts in the Tetracycline solution. 

Figure 3.23 shows that the absorbance spectra of the Tetracycline solution 

have two peaks at approximately 272 and 356 nm.  The maximum 

absorption wavelength that was chosen for measurement was 356nm [88]. 

 

Figure 3.23: Absorption spectra of Tetracycline solution in distilled water in a neutral pH at 

room temperature. 

Figure 3.24 shows the decrease in absorbance intensity at 365 nm of the 

Tetracycline in the presence of photo-catalyst.  After 60 min of radiation, 

the peak dramatically disappeared compared with the initial concentration.  

This is due to photolytic reaction of Tetracycline induced by the absorption 

of UV light in the presence of photo-catalyst ZnO, which leads to the 

degradation of Tetracycline.  ZnO demands UV region for excitation, due 

to its band gap (3.2 eV), and has  limited photo-catalytic applications to 
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shorter wavelengths only [89].   However, UV light is expensive; so it is 

more suitable to use solar light, which is non-costly.  Solar light involves ~ 

5% UV only; it is thus required to investigate efficiency of ZnO systems 

under solar light. 

After 15 min, a new peak at 520 nm appeared, which is due to an 

intermediate product from Tetracycline photo-degradation in solution under 

simulated solar light.  This new peak decreased with time of photolysis and 

disappeared after 1 hour, indicating complete degradation. 

 

Figure 3.24: Spectro-photometric spectra of the photo-degradation of Tetracycline in the 

presence of ZnO photo-catalyst.  Here, Absorbance of peak at 365 nm disappeared completely 

after 75 min at: 40 ppm Tetracycline, 0.1 g ZnO, room temperature and neutral pH medium 

under simulated solar light.  
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The direct photolysis of the Tetracycline in aqueous solution (40 ppm) 

without photo-catalyst can be ignored since no discoloration and 

degradation was observed after 60 min irradiation with simulated solar 

light.  No significant adsorption was observed either. 

Effect of adding photo-catalyst to contaminant solutions in the absence of 

light was studied.  In the case of ZnO catalyst, Tetracycline concentration 

decreased only slightly (~ 2 ppm) until it reached a value after 30 min.  

When ZnO/Montmorillonite was used, relatively high loss of contaminant 

concentration occurred in the dark due to adsorption.  Such observations 

were taken into consideration when studying the catalytic photo-

degradation of Tetracycline. 

3.3.1 Commercial ZnO Catalyst System  

Commercial ZnO systems were used to catalyze photo-degradation of 

Tetracycline in water using simulated solar light. 

3.3.1.1 Effect of ZnO Catalyst Amount 

For commercial ZnO particle powder, Figure (3.25) shows that the 

Tetracycline degradation slightly increased with increasing pristine ZnO 

amount.  However, at higher concentrations of ZnO the rate of photo-

degradation was unchanged.  This is due to screening effect by ZnO 

particles causing reduction in light penetration inside solution casing 

lowering in relative catalyst efficiency. 
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Figure 3.25: Effect of ZnO catalyst amount on degradation of Tetracycline at: solution 

concentration:  40 ppm Tetracycline, temperature: 25˚C and neutral pH medium under 

simulated solar light. 

The percentage of degradation, turnover frequency (TF), turnover number 

(TN) and quantum yield (QY) values were calculated after 15 min from 

each experiment.  In the heterogeneous photo-catalysis reaction, the 

turnover number is the gross number of photo-generated transformations 

with respect to the number of active sites of the ZnO catalyst that is known.  

 

Turnover frequency (TF) is the number of photo-catalytic turnovers per 

catalytic site and per unit time. 
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Quantum yield is defined as the amount (mol) of product formed or 

reactant consumed per photon of incident light at a given wavelength [90]: 

 

E (J) = Incident power per unit area × Total area or incident power × 

Exposure time in second 

= [(0.0001903 W/cm
2
) × 21.6 cm

2
] × [15×60 second] = 3.7 J 

Assuming average wavelength of incident light is 550 nm, then: 

 

 

 

From Table (3.6) and Figure 3.25, the TF and TN of Tetracycline 

degradation under simulated solar light decrease with increasing of ZnO 

amount.  The initial rate of degradation increased by increasing the amount 

of catalyst, hence availability of more active sites on catalyst surface, will 

increase the rate.  However, the relative efficiency of the catalyst decreases 

with increasing its amount.  Increasing catalyst loading increased reaction 

rate up to a limited value.  This is because when the amount of catalyst is 
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increased, the catalyst molecules may screen the radiation and prevent it 

from reach catalyst sites inside the reaction solution.  

Table 3.6: Values of percentage of degradation, turnover number 

(TN), turnover frequency (TF) and quantum yield (QY) measured for 

Tetracycline degradation by changing ZnO amount after 15 min. 

Q.Y 

(molecule/photon) 

 

Turnover 

Frequency 

(TF) 

(min
-1

) ×10
-4

 

Turnover 

 Number 

(TN) ×10
-3 

 

Initial 

rate 

 

Sample 

(g ZnO) 

 

0.27 4.97 7.46 0.03 0.05 

0.24 2.20 3.30 0.03 0.1 

0.36 2.23 3.34 0.04 0.15 

0.37 1.72 2.57 0.05 0.2 

 

 

Figure 3.26: Effect of ZnO catalyst amount on Turnover number of Tetracycline degradation, 

at: solution concentration:  40 ppm Tetracycline, temperature: 25˚C, 0.1 g ZnO and neutral pH 

medium under simulated solar light. 
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3.3.1.2 Effect of Tetracycline Concentration 

Effect of initial Tetracycline concentration on initial rate of photo-

degradation was studied under simulated solar light.  The initial 

Tetracycline concentration was ranged from 10 ppm to 40 ppm, with 

constant catalyst loading 0.10 g in a 100 ml solution. 

The initial rate of degradation was increased with increasing contaminant 

concentration as shown in Figure (3.27) and Table 3.7.  Turnover number 

and quantum yield values calculated after 30 minutes for different 

concentrations of Tetracycline (10, 20, 30, and 40 ppm) are described in 

Table 3.7.  The increasing T.N. and Q.Y. values indicate that the rate of 

photo-degradation increases by increasing the contaminant concentration. 

 

Figure 3.27: Effect of Tetracycline concentration on photo-degradation reaction: a) 10 ppm b) 

20 ppm c) 30 ppm d) 40 ppm.  By using 0.10 g ZnO in 100 mL solution and neutral pH at room 

temperature under direct solar light. 
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Table 3.7: Values of % degradation, turnover number (TN), turnover 

frequency (TF) and quantum yield (QY) measured for Tetracycline 

degradation after 15 min using different Tetracycline concentration 

Q.Y 

molecule

/photon 

 

Turnover 

Frequency 

(TF) 

(min
-1

) ×10
-4

 

Turnover 

 Number 

(TN) ×10
-3 

 

Initial 

rate 

 

 

% Degradation 

 

Initial 

Tetracycline 

Concentration 

(mg/L) 

0.10 0.88 1.32 0.012 72 10 

0.20 1.83 2.75 0.020 75 20 

0.22 2.04 3.06 0.026 56 30 

0.24 2.08 3.11 0.026 45.5 40 

Figure 3.27 shows that when the Tetracycline concentration was increased, 

the initial rate, QY and TF of degradation increased. The amount of 

Tetracycline that has been removed increased with increasing initial 

Tetracycline concentration.  The plateau in Figure 3.28 , slightly increasing 

in TN, is may due to light scattering effect [91].  When more Tetracycline 

amount is used, the Tetracycline molecules screen the radiation and prevent 

it from reaching catalyst surface inside the reaction mixture.  This may 

stabilize the initial reaction rate after 40 ppm.  Also in a photo-degradation 

mechanism, Active sites available on the surface of ZnO for HO
.
 

generation will decrease because of adsorption competition between 

H2O/OH
−
 and the Tetracycline molecules, and hence, the rate constant of 

degradation decreased in higher concentrations. 



69 

 

Figure 3.28: Effect of Tetracycline Concentration on Turnover number of degradation at 

catalyst amount: 0.1g, contact time: 15 min, pH = 7 and temperature: 25˚C under simulated 

solar light. 

3.3.1.3 Effect of pH on Photo-degradation of Tetracycline 

According to previous studies, pH has a critical role in the photo-

degradation process of many pollutants.  When commercial ZnO powder 

was used for photo-degradation, the percentage of Tetracycline degradation 

increased basic ˃ neutral ˃˃˃ acidic medium.  Figure 3.29 shows photo-

degradation efficiency increased with higher pH. 
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Figure 3.29: Effect of pH on degradation of Tetracycline with using (commercial ZnO powder 

catalyst amount: 0.1 g, Tetracycline concentration: 40 ppm, and temperature: 25˚C under 

simulated solar light. 

Table 3.8 shows that in the basic medium, the maximum photo-degradation 

efficiency is higher.  Same results were reported for other processes [92]. 

Values of T.N and Q.Y also indicate same behavior.  A possible 

explanation for this behavior is that there is a high concentration of 

adsorbed hydroxide anion (HO
-
) in basic medium which encourage the 

hydroxide radical formation (Eq. (1.8)).  The Tetracycline oxidation is then 

enhanced.  

       hvb
+  

+  OH
-
             

         
OH

.
                                                           (1.8) 

 In a neutral solution, the reaction rates and the turnover number values are 

higher than in acidic solutions. As a result of amphoteric properties, ZnO 

can undergo photo-corrosion and dissociation under acidic conditions (Eq. 

(1.3)).  The results do not encourage using ZnO in acidic media.  Similar 

results have been reported in previous works with ZnO [92]. 
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Table 3.8: Values of % degradation, turnover number (TN), turnover 

frequency (TF) and quantum yield (QY) measured for Tetracycline 

degradation after 15 min at different pH mediums. 

Q.Y 
(molecule/photon) 

 

TF 

(min
-1

) 

(10
-5

) 

 

TN 
(10

-3
) 

 

Initial 

Rate 

 

Degradation 

% 

 

Sample 

 

 

0.002 4 0.55 0 7.5 Acidic 

0.010 20 3.11 0.03 45.5 Neutral 

0.017 34 5.09 0.05 69.5 Basic 

The size of the particles and the distribution of the charges on the surfaces 

of the ZnO particles are also affected by the pH of the medium.  In 

addition, the distribution of the particles of the photo-catalyst in the 

medium and the adsorption of Tetracycline on the surface of the photo-

catalyst will also be affected by the pH [93]. 

3.3.1.4 Effect of ZnO Catalyst Type 

Two types of ZnO powder were used, a commercial and prepared powders, 

in degradation of Tetracycline (see Figure 3.30).  
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Figure 3.30: Effect of ZnO types with time on degradation of Tetracycline at (catalyst amount: 

0.1g, Tetracycline concentration: 40 ppm, pH=7 and temperature: 25˚C under simulated solar 

light. 

Commercial Zinc oxide (46 nm) was found to be slightly more effective in 

degrading Tetracycline in aqueous solution than the prepared ZnO (27 nm).  

On using commercial ZnO in a solution of 40 ppm Tetracycline, the 

concentration of Tetracycline has decreased to 27 ppm after a period of 15 

min (see Table 3.9).  When the catalyst particle size decreases to less nano- 

size, its band gap increases, so relatively high energy is necessary to eject 

the electron from valance to conduction band.  In this case, a lower 

wavelength needs to initiate the photo-degradation.  Then prepared ZnO 

will work at lower wavelengths closer to UV-region.  Therefore, the 

commercial powder will have more capability to absorb in the wavelength 

range closer to visible light (longer wavelength) than prepared ZnO.  
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Table 3.9: Values of percentage degradation, turnover number (TN), 

turnover frequency (TF) and quantum yield (QY) measured for 

Tetracycline degradation after 15 min using different ZnO type. 

Q.Y 

 

T.F 

(min
-1

) ( 10
-5

) 

T.N 

( 10
-3

) 

  

Degradation

% 

 

Catalyst Type 

 

0.10 9 

 

1.40 

 

24.7 prepared-ZnO 

 

0.17 16 

 

2.38 

 

37.8 Commercial 

ZnO 

3.3.2 ZnO/Montmorillonite Photo-Catalysis System 

Figure 3.31 shows reaction profiles for using ZnO/Montmorillonite 

composite material as adsorbent and photo-catalyst for Tetracycline 

degradation.  

 

Figure 3.31: Adsorption and photo-degradation of Tetracycline by using non-annealed 

ZnO/Montmorillonite composite material at (catalyst amount: 0.1g, initial Tetracycline 

concentration: 100 ppm, pH=7 and temperature: 25˚C under simulated solar light). 
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Solution of 100 ppm Tetracycline with 0.1 g non-annealed 

ZnO/Montmorillonite adsorbent was mixed and left at room temperature 

for 2 hours adsorption in dark, then the system was placed under direct 

solar light for one-hour.  Adsorption process removed ~ 69 % from 

Tetracycline after equilibrium, then photo-degradation removed ~ 81 % 

(from remaining 31 % in solution).  Around 94 % from the total 

Tetracycline concentration was successfully removed by dual effect.  To be 

sure that all molecules adsorbed on the surface of composite material were 

degradated by light, Dimethyl sulfoxide (DMSO) was used to extract any 

adsorbed Tetracycline molecules from adsorbent before and after photo-

degradation in two parallel experiments.  After one hour of photo-

degradation, 78% from the adsorbed Tetracycline molecules were 

completely photo-degraded.  This mean that the supported photo-catalyst 

degraded a total of 94% of original Tetracycline. All in all, photo-

degradation process seems to involve adsorption followed by total 

degradation.  
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Figure 3.32: Photo-degradation of Tetracycline by different catalysts after adsorption 

equilibrium using (catalyst amount 0.1g, initial Tetracycline concentration 120 ppm, pH=7 and 

temperature 25˚C under simulated solar light). 

The photo-catalytic activities of raw Montmorillonite and 

ZnO/Montmorillonite are presented in Figure 3.32.  From the Figure 3.32, 

adsorption of Tetracycline in dark on ZnO/Montmorillonite was higher 

than that on naked Montmorillonite.  After adsorption, the remaining 

solution of Tetracycline was placed under light for 75 min and the results 

of removing Tetracycline after 15 min is described in Table 3.10. 
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Table 3.10: Values of percentage of photo-degradation, turnover 

number (TN), turnover frequency (TF) and quantum yield (QY) 

measured for Tetracycline degradation after 15 min with different type 

of composite catalyst. 

QY 

 

TF 

(10
-4

) 

TN 

(10
-3

) 

% Degradation 

 

Catalyst Type 

 

Amount 

of ZnO 

g (10
-2

) 

0.32 4.48 6.71 56 Non-annealed 6.7 

0.25 3.42 5.13 54 air-annealed 6.7 

0.14 1.90 2.85 20 N2-annealed 6.7 

0.16 - - 11 Montmorillonite 0 

0.08 0.11 1.64 5 ZnO 6.7 

However, it was found that the photo-catalytic efficiency of non-annealed 

ZnO/Montmorillonite is higher than the efficiencies of the other catalysts 

as can be seen from Table 3.9.  This can be attributed to the higher number 

of oxygen molecules available in the surface of composite material 

structure.  However, naked Montmorillonite has naturally trace amount of 

oxides as TiO2 photo-oxidation, which may give it some activity toward 

photo-degradation of Tetracycline [80]. 
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3.3.2.1 Effect of pH on Photo-degradation  

The effect of pH on degradation of Tetracycline under simulated solar 

light, by using non-annealed ZnO/Montmorillonite catalyst, is illustrated in 

Figure 3.33. 

 

Figure 3.33: Effect of pH on degradation of Tetracycline with contact time using (non-annealed 

ZnO/Montmorillonite catalyst amount: 0.1 g, Tetracycline concentration: 120 ppm, and 

temperature: 25˚C under simulated solar light. 

The results of Figure (3.26) are summarized in Table 3.11.  From the Table 

and the Figure, the values for degradation percentage, TF, TN and QY were 

higher in basic medium than in acidic medium.  This means that the 

catalyst efficiency is higher at higher pH values.  This is consistent with 

naked ZnO results, where photo-degradation reactions of Tetracycline 

became faster at higher pH. 
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Table 3.11: Values of percentage photo-degradation, turnover number 

(TN), turnover frequency (TF) and quantum yield (QY) measured for 

Tetracycline degradation by non-annealed ZnO/Montmorillonite after 

15 min in different pH media. 

Q.Y 

 

TF 

(10
-4

) 

TN 

(10
-3

) 

Degradation 

% 

 

pH 

 

Amount of 

ZnO 

(10
-2

) 

0.06 0.81 1.22 5.4 
acidic 

medium 
6.7 

0.25 3.50 5.25 23.5 
basic 

medium 
6.7 

0.81 11.1 16.7 76.3 Neutral 6.7 

3.4 Recovery of ZnO/Montmorillonite Material  

Recovery of photo-catalyst was studied by isolating the catalyst from the 

first experiment then reusing in another experiment (first recovery).  

Similar steps were followed to reuse for another time.  Table 3.12 shows 

that percentage of degradation using first recovery was 77% with respect to 

using fresh catalyst.  For second recovery, percentage recovery was 40% 

for same time.  Therefore, catalysts can be recoverable and reused for more 

than one time.  This indicates that catalysts are soundly stable and active, 

but the reactivity reduced in the second recovery.  The results indicated that 

bonds between ZnO and Montmorillonite were strong enough to survive 

photo-catalytic reaction conditions. Before reusing of the catalyst, Specific 

solutions and conditions may be needed to clean Tetracycline from the 

surface of the composite material, as DMSO, in future work.    
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Table 3.12: Efficiency of recovered non-annealed 

ZnO/Montmorillonite in photo-degradation reaction of Tetracycline. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

% Removal of Tetracycline Catalyst Sample 

78 Fresh catalyst 

77 1
st
 Recovered 

40 2
nd

  Recovered 
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Conclusion: 

In the present work, ZnO/Montmorillonite was synthesized by a 

precipitation method.  ZnO was supported onto the surface of 

Montmorillonite.   

The ZnO/Montmorillonite composite material improves the 

physiochemical properties and photo-degradation of Tetracycline.  

Increased adsorption capacity of Montmorillonite helped to enhance the 

rate of photo-degradation reaction when ZnO was supported on it by 

synergic effect.  

From the results of Tetracycline adsorption and photo-degradation 

reactions using ZnO and ZnO/Montmorillonite under different 

experimental conditions, we can draw the following conclusions: 

1- Removal of Tetracycline by adsorption on ZnO/Montmorillonite is more 

effective than on naked Montmorillonite. 

2- The rate of adsorption on ZnO/Montmorillonite composite material was 

not affected by temperature, and the process involved small activation 

energy with physisorption in neutral media. 

3- Adsorption of Tetracycline on Montmorillonite and non- annealed 

ZnO/Montmorillonite followed a pseudo-second-order kinetics. Adsorption 

equilibrium could be reached after 120 min. 
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4- Adsorption of Tetracycline on non- annealed ZnO/Montmorillonite 

followed a Langmuir adsorption isotherm with the sorption maximum 

approaching 112.36 mg/g. 

5- XRD analysis showed no d-spacing changes between different prepared 

ZnO/Montmorillonite samples. 

6- Commercial ZnO, prepared ZnO and ZnO/Montmorillonite powders 

have been investigated as photo-catalysts for photo-degradation of 

Tetracycline in water under different conditions.  Non-annealed 

ZnO/Montmorillonite showed highest photo-activity of Tetracycline 

degradation.  Supported commercial ZnO on Montmorillonite was more 

efficient than naked ZnO or Montmorillonite under simulated solar light. 

7- Adsorption process and photo-degradation of Tetracycline with 

ZnO/Montmorillonite were strongly affected by pH of the solution. 

8- Commercial ZnO showed slightly higher efficiency than prepared ZnO 

under simulated solar light. 
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Recommendations for Future Work 

1- Determine the surface area of composite materials by BET and acetic 

acid methods. 

2- Further work needs to be made in order to study the lowering of the 

supported catalyst activity on reuse.  

3- Prepare ZnO/Montmorillonite by mixing commercial ZnO with 

Montmorillonite rather than mixing Montmorillonite with Zinc acetate. 

4- Do more kinetic study using the prepared ZnO/Montmorillonite catalyst 

system on photo-degradation of Tetracycline. Study the  Effect of catalyst 

amount, temperature, recovery, ionic strength and hardness.   

5- Further study of photo-degradation of Tetracycline by using ZnO nano-

particles prepared by different methods. 

6- Study the effect of changing temperature and time of annealing on the 

adsorption and photo-degradation properties of ZnO/Montmorillonite 

composite material.    

7- Study the mechanisms of photo-degradation of Tetracycline and the 

nature of bond between Tetracycline and composite material. 

8- Separate the intermediate products of degradation and analysis by HPLC 

or GC-MS. 
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9- Prepare new types of composite material, such as ZnO/Kaolonite or 

ZnO/Natural local Clay, and study their effect of on Tetracycline removal.  

10 - Determine the occurrence levels of Tetracycline in Palestinian 

drinking water. 
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دراسة التأثير المتبادل لحبيبات أكسيد الزنك النانونية المثبتة على المنتموريالونيت وعملها 
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 الملخص

عك تتتت  اعتتتت  االاستتتتم ااو اع استتتت  اعضاتتتتال عويةتتتتاااو اعال لتتتتو لتتتتي اأا لتتتتو اع  تتتت لو  اع لا لتتتتو  ا  
اعمااتتتلو اعةتتت  ي     لعم تتت  .اعيمكتتت   اض تتتا  لتتتي اعم  تتتو  اعيلتتتا  اعر للتتتو  يلتتتا  اع تتت   اع تتتاي

لتتي اتت ا . لتتي مضةلتتو اعيلتتا  يتتأ اعيو  تتاو ي تتل اعيةتتاااو اعال لتتو  اعاتت ل لعاعلتتو يتتأ  ك تت يمتتزازالإ
 كستلا    استاو(  الاستم ااويةتاا الت ش  تا     ات )اعمم اسلكولأ  يااة  زاعوا اسو لإ  ر لضا اع اث

 كستتتتلا اعزضتتتت  يتتتتأ   تتتت ا    .  كستتتتلا اعزضتتتت  اعي  تتتتو اوتتتت  ستتتتا  اعي ضمي  لض علتتتتو  ستتتتااو اعزضتتتت    
أكستتتاة اعيو  تتتاو ماتتتو ةتتت    مااتتتلو اعةتتت  ي اعمتتتي مستتتم اواتتت  اتتتالز عماتتتاا و اع  اعي  تتت و 

لعيتل ماتو اعمكواتو    يااتز يتض ا   أ  كستلا اعزضت   ل رت  لعت  عت  .   اياضا ي اا اك  عااع يس 
 .ااعلو لعاعلمه لي اعماالو اعة  ي  ومااال يعماعظ    

كاا متتته لتتتي  يعتتت    اتتت     و ييلتتتزةللزلا لتت  تتتا    ا يتتتأ اعا تتتا   شي ضمي  لض علتتتو ض اتتتل تتكل اع
لتي ات ا اععيتل متو م  لتو  كستلا . لي ا اساو ستا ةوكيا مو  ك   كولأ اعمم اسل يةاا اعال شايمزاز اع

اعزضتتت  اوتتت  ستتتا  ي ضمي  لض علتتتو  تتتو ا س ض تتتاا اعااتتتاز عومااتتتلو اعةتتت  ي ماتتتو ةتتت   لاتتتاكي 
ستتتاو  قتتتا متتتو استتتم ااو قلا. الةتتتا  ا تتتلو ايمتتتزاز اعمم استتتلكولأ كيتتتا متتتو ا استتتو ,اعةتتت  ي اع يستتتي

اعااازاو  اعي اا اعيسم ايو س ا  كاضتو   ا  يالاللو اع يل   مي لل الا عو اعسلضلو لي ا اسو 
 . مرا لو او ياة ة لي اعي م  

 يتت ة ا تت   اوتت  , اعيستتمةل يتت ةاعي ضمي  لض علتتو  ستتا  مم استتالكولأ اوتت ايولتتو ايمتتزاز عو متتو لرتت ا 
, ا رتتو اعاي ةتتو: ظتت    ي مواتتو  ي تتل  ماتتواعزضتت  اعي  تتو اولتته اكستتلا ستتا  اعي ضمي  لو ضلتتو 



  و

ايولتتو ا استتو ا كلتتاو  رتت ا  متو  كيتتا,  ا رتتو اعاتت ا ة ياع تتاعمم استتلكولأ, متر ل   اع وتتا  م كلتتز قتو 
    ستا  اعي ضمي  لض علتو اعي  تو اولته اكستلا اعزضت  ظ  و اعضما ج  أ ايولو الايمتزاز اوت  . الايمزاز

غتتتت او اضتتتتا اعتتتت قو / يوتتتت   11..33و الايمتتتتزاز يتتتت  ستتتتع لاضريتتتت ل عضيتتتت    لم تتتت   (ي تتتت ش اعغلتتتت  ) 
اتي   اعي ضمي  لض علو اعي  و اوله اكسلا اعزضت قا ة ايم ا   أ قا  را   .يمعاالاع  اع لا  رلضي

 عةتتا  رتتا  أ اق تت  لعاعلتتو ع يمتتزاز  .ش  اتت اعي ةتتعالأعتتا  اععي ضمي  لض علتتو ا  ك تت  يضتته لتتي ااعتتو
 . سا يمعاالاا و اضا 

  اساو اكسلا اعزضت  اعمرتا ش ماتو ظت    ماااتل ي مواتو  ة  ي عومم اسلكولأ الو اعاعمامو لر ا  
 ضتتته لتتتي اعظتتت    اعةااالتتتو  قتتتا  رتتتا . ا رتتتو اعاي ةتتتو  م كلتتتز اعمم استتتلكولأ  كيلتتتو اعااتتتاز: ي تتتل 

ا استتو متتر ل    لةتتا   متتو  . اعياتتاكي عوةتت   اع يستتي عمااتتلو اعةتت  ي ماتتو اعةتت  ا ماعتتو لعاعلتتو ا
ايتتل اعيضمي  لو ضلتتو اعي  تتتو اولتته اكستتلا اعزضتتت  كااتتاز عومااتتلو اعةتتت  ي  ي مواتتو اوتتت اعع ايتتل اع

 .لتتتتتتتتتتتتتتتتي ا رتتتتتتتتتتتتتتتتو اي ةتتتتتتتتتتتتتتتتو يمعااعتتتتتتتتتتتتتتتتوه  ك تتتتتتتتتتتتتتتت  لعاعلتتتتتتتتتتتتتتتته  قتتتتتتتتتتتتتتتتا  رتتتتتتتتتتتتتتتتا اضتتتتتتتتتتتتتتتت.عومم استتتتتتتتتتتتتتتتلكولأ



   

 


