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Abstract 

 

            Nowadays there are continuously increasing worldwide attempts for the development 

of wastewater treatment technologies due to increasing pollution caused by anthropogenic 

activities. Dyes form one of the most familiar groups of water pollutants, which have harmfull 

effects on the environment and human health. As a result, there is a wide international interest 

in innovational methods for the  removal of dyes from water.  

 

           The utilization of nanomaterials for the removal of dyes from water has taken numerous  

concern due to their special chemical and physical characteristics, like very small size, high 

surface-area-to-volume ratio, surface modifiability, and other characteristics. 

 

          In this study, nanoparticles of zero-valent iron (nZVI), nanoparticles of zero-valent 

copper (nZVC), and bimetallic iron-copper (Fe-Cu) nanoparticles were prepared by liquid-

phase reduction, characterized by different techniques, and used to remove methyl orange 

(MO) dye from water, water-ethanol, water-DMSO solutions. The experiments investigated 

the effects of solvent type, nanoparticles type, nanoparticles dosage, the salinity of the 

solutions, temperature, and shaking time on the extent of MO sorption. Heterogeneous Fenton 

oxidation reactions were also tested. These experiments were carried out in pure water and 

water-ethanol solutions basically, in addition to some experiments carried out in water-DMSO 

solution, in order to assess the effect of solvent type on the efficiency of removal of MO by 

synthesized NPs. 

 

        The results showed that due to the variation in the solvent-solute interactions, very high 

removal of MO was observed from water solutions, a limited removal was achievable in water-

ethanol solutions, and very poor removal was observed in water-DMSO solutions. Therefore, 

the comparative study was conducted basically between pure water and water-ethanol solvents. 

On the overall, the efficiency of Fe NPs towards MO removal was higher than that of Cu and 

Fe-Cu NPs. This study found that increasing the NPs dose results in increasing the removal 

from water solutions by the three nanoparticle types. In addition, it was found that rising the 

temperature results in increasing the extent of MO removal from water and water-ethanol 

solutions by Fe and Fe-Cu NPs, indicating endothermic behavior of the removal process. On 

the other hand, rising the temperature results in decreasing the removal of MO from water by 
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Cu NPs indicating exothermic behavior of the process. Also, it was found that adding NaCl 

salt to the MO solutions has a negative effect on the removal of MO when iron and copper NPs 

were used. 

 

Moreover, the heterogeneous Fenton process leads to smaller MO removal when it is 

compared with the directly application of the synthesized nanoparticles, for both water and 

water-ethanol solutions. The dye removal process from water using Fe NPs was much faster 

than water-ethanol solutions. The kinetics data showed that the removal of MO from water by 

Fe NPs follows a pseudo-second order rate equation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IV 
 

 

 الملخص بالعربية 

ِ،ه ناََاَ  حَحَالََتَ                ترَِْ،ا   فِي مَرِِ ِ نحَْحَاِ  الْاَالَِ  لِتوَْوِيِ، قنِْاِِتا   لرَاَالِةَا الرَِِاب ببَِِِ َِ   فِي الْوَقْتِ الْحَاضِِِ حَتزََايِدةَ  بِاِسِِْ

َِْ، حَةْرَوعَا  َْ ََ الَُِِْْْ َاىَ َكْدرَ نَ الِْ ِ،يتاِش قشََِِ وَاِ الْ شََِِ ثِ الْرَتزََايِد الاتامِِ  عَنِ الْْحَْشِِِ ِوَع ا  التتلوَُّ ثاَ  الْرَِِابَ شَِِ التتِي لهََا آثاََ  لَ هحَلوَت

ِ لََاسِ ِ بِالوَُّ،قِ الْرَ  حْبَانِه لََحتَِِةَا  لِذلَِكَ ناََاَ  اِنْترَِامِ دلََْلِيلْ اِ الِْْ حت ُِ ةَ عَلَى الْ ِِئاَِ لََ ُْ َاىِ حِنَ الْرَاِ شضَا ت َ زَالَاِ الْْ  ْ تاَََ،ةِ لِِْ

داَمَ الْ  ْْ تِ َِهَا الْاِ كَظِيَ اسِِْ اصِ ََِ ا لْ ِِ حظََ،  ََ ِِِ، فِي نَذاَ الْرَةَا ُِْ َاىِ حِنَ الْرَاِ  بِاِنْترَِامِ  َ زَالَاِ الْْ ِرَِْاصِِتاَ لََالْفِِزِيَاصِِتاَ  رَوَادلِْ الااحويا لِِْ

ه لََحبِْ َاَ حِبَاكَاِ البتوْحِ َِلَى الْ  غِِِ، لِلغََاِيتا  تَ ََ الْحَةِْ  ال َِ البتوْحِه لَخَاصص نخََْ،رالْفَِ،يدةَهَ حِْْ  شحَةِْ  الْاَالَِِاِه لََقَابِلِِتاَ قاَْدِي

ديدِ  َِ، دقََاصدِِ الْحَِ ِِِ اِه قَ ت قحَُِِْ َِِ َ اسِِ ديدِ لََالات  فِي نَذِبِ الدلِْ ِ  حَاَِا ثثاََِاصِيت  حاالاِاحويا لََدقََاصدَِ الالْحِاِ  الاِاحويا لََخَلِِمَ حِنْ دقََاصدِِ الْحَِ

داَمِ قنِْاِِتاِ  عِدتة ه لََقالْرَاْدِنِ( بوََ  ْْ تِ َِها بِاِسِْ ِ ِْ اصِلَاِش لَقد قََ لِْ قشَِْ ِِ فِي الْحَالَاِ البتِ خْتِزَا ََِ،ينَاِ اتِْ وَاَ  دِ ا   اسِِ ْْ تَ ْ غَا  اسِْ ُِِ زَالَاِ  حَها لِِْ

َِ الْرَاِ ه الرا لَالْيْاحوِ"حَِِْ نلَ احج"  ه لََالْرَاَ  لََثاََاصِيت حَِْ البلفوَبِدشحِنْ حَحَالِ

ِتاَ الدتقَاصدِِ الااحويا لََحَلوَكَاَ  ََرلِْ ِرَاِ  الااحويا لََ ِِِ اَ قيَثِِِْ، حوَْلِ الرذي  لََحوَْلَ الْةَبِِ َِِ َِ لََقيَثِِِْ، دََ مَاِ الْحََ،اَ ةِ   لََقَدْ قَ ت دَِ اسِِ الْرَحَالِ

درَ اِزالِا  لََالْوَقِْت َِِ نلَ ا"عَلَى حَِ ِ لََ شلَقِد    "حجحِْ اِ  الاُّنلِْيلْ اِ فِ فِي الْرَِ ذِبِ التتةَِ تَ نَِ َِ النمََْ،يِْ ِِ ال ِْاحوِ   الراوحِا حن رَحَِ اِ  لَاتي الْرَِ

 ِ يلْ اسِِ َِ نسََِ اْ ََ بالتي نم،يت   اَْضَ التةا فه بالْضِافا لبشَِِ ِد الْرَا ِ  حاوحا حن اسِتْدام حَحَالِ لفوَبِ َْ   هلََثاََاصِيت حَِْ البِ حِنْ نمََ

ْ غَاَ حَِِْ نلَ احجقنََِِِْ    ُِ ََفَا ةِ عَرَلِِتاِ ازالا   شحَدرَ قيَثِِِْ، حَحْتوََر اتيْاحوِ عَلَى 

اِ  نَذِبِ  حتَاَصِجَ  لََنظَْهََ، ْ  َ اسَِ خْتلَََِفِ  حتَِِةَا   احِْهَ  الدلِْ لوَ ِ  تِِ ْ غَاِ  نَذِبِ  ازالا فَان   الرذي  حوَْلِ  بِاِخْتلَََِفِ  الَ احج الرَِِْ سَِ لَِِْ الْرَا ِ  حِنَ  ال

احَِتْ   ََِ  َ دةَ ا مَِلِِْ ِْارََِ احَِتِ  بَ دلََدةَ   اتزالِا ََِ ا   فِي حَحِْ الَِ َِِال كَِ ال ا فِي  الراوحِا    رَحَِ اَ قنَْ،ي ِ  دلََحَِ ِْاحوِ لََحَاِْ اِ  لَاتي ََ حن الْرَِ ِِ ال ا  الرَحَِ الَِ  كَِ

اَ   َ اسَِِ ِ حَِِْ البِِالفوَبِِِدش لِذلَِكَ فَ نِت الدلِْ ِ   الْرَنَا حا قرََتُّ الراوحا حن الْرَاِ  لََثاََاصِيلْ ِْنَ الْرَاِ  الاُّنلِْيلْ ِ بَ يلْ اسِِِ َِ نسََِِ اْ  لَالرحالَِبشَِِِ

اِ  لَالْيِْاحوِش حِا حن الْرَِ ابَ َِزَالَِاِ   الراولْ ديِدِ الاِاحويِا قةََِ ََفَِا ةَ دقََِاصدِِ الْحَِ اِ  الاِاحويِا لََخَلِِمَ  ََِاحَِتْ  ْ غَِاِ نعََلَى حِنْ دقََِاصدِِ الاتحتِ ِِلِْ  الَِِ

ِتاَ الْرَوَادلِْ الااحويا الْرَحْ  ََرلِْ ا ننَت زِيَادةََ  اِ نيَُِِْ  َ اسَِِ اِ  حَاَاش  لََلََمَدَْ  نَذِبِ الدلِْ زَالَاِ حِنَ الْحَديدِ لََالاتحت َ،ةَ ندَتْ  َِلَى زِيَادةَِ حبِِِْ َاِ الِْْ َُِِ

ل َِلَى زِيَادةَِ الْرَ  اَ ةِ يََِّدلِْ افَاِ َِلَى كلَِكَه لََمِدن ننَت اِْ قفَِالَ دََ مَاِ الْحَ،ت َِِ َِ الْرَاصِِتاِش بِالْْضِِ ِِْ َاِ َِزَالَاِ الرَِِْ نلَ احج حِنَ الْرَاِ    حَالِ حبِِِ

َِ الراوحا اللََ  وَاَ دقََاصدِِ الْحَديدِ الااحو  حن الْيْاحوِرَحَالِ ِِِ لوَِ   لَالْرَا  بوََاسِ ُِِّ َِ، َِلَى البِ ِِِ ا يشَِ اِ  حَاَا حِرت يا لََخَلِِمَ الْحَديدِ لََالاتحت

اِ الْ  اِ نخََْ،رهَ ندتر اِْ قفَِِالَ دََ مَِ اِش حِنْ حَِاكَِِِ الَِ ذِبِ الْحَِ اِ فِي نَِ زَالَِ اِ الِْْ َِِ الرِا  لِلْحََ،اَ ةِ لِارََلِِتِ اِ الرِْ اِ َِزَالَِ َِ ِِْ َِ حبِِِ ِِ حََ،اَ ةِ َِلَى قنَْل

اِ دِ لِلْحََ،اَ ةِ لِلْارََلِِتِ نلَ ا لوَِ  الوتِ ُِِّ ِِِ، الى البِِ ا يشِِ ا حِرتِ احويِ اِ  الاِ اصدِِ الاتحتِ اَ دقََِ وَِ ِِِ اِ  بوََاسِِ اِ شحج حِنَ الْرَِ اِ الاتحتِ الَِ  اِ فِي كَِ

 

اه  ُِ افَاَ  ننَت  لََمِدن  نيَْ َِ  َِلَى الْرِلْحِ  َضَِ لْ ِيُّ  قيَثِِْ،َ  لَهَ  نلَ احج الرَِِْ حَحَالِ زَالَاِ  حبِِْ َاِ  ىعَلَ  سَِ داَمِ  عِاْدَ  الِْْ ْْ تِ  لََدقََاصدِِ  الْحَديدِ  دقََاصدِِ  اسِِْ

اِ  ال ََاحَ .الااحويا اتحت   َِْ ََ ف فَِاَْتوََنت ف كَ َِ باِرََلِِتا  قشَِْ ِهَ قفََاعَ اِ التتفَاعَ ْ غَاَ قَ عِلََلَََةٌ عَلَى كلَِكَه فَاِحْهَ قَ ت دَِ اسَِ لَِِْ لِِلاََ  تْ حبِِْ َاَ ازالا ال

ِِافا دقََاصدَِ الْحَديدِ لََدقََاصدِ ِْهِ عِاْدَ اضِِ ِِ عَلَ و َِِ َ،ةَ لِالَ  حَنَِاَ حَا حََ  حَا قَ لِْ الْحََِِ ِِِ اِ  الااحويا لََخَلِِمَ الْحَديدِ لََالاتحاِ  حَ َاشِِ الاتحت

ََاحتَْ عَرَلِِت  حَاَ حِنَ اتيْاحوِ لََالْرَاَ ش  ِ ََ الْرَاصِِتاَ لََالْرَاَولْ َ،لَ الْرَحَالِ داَمِ دقََاصدِِ الْحَديدِ الااحويا نسَِِْ ْْ تِ ْ غَاِ حِنَ الْرَاِ  بِاِسِِْ اَ َِزَالَاِ الَِِلِْ

ََرَا نظََهََ،ِ  الاتتاَصِجَ احِهَ عِاْدَ  حَاَ حِنَ الْيْاحوِ لََالْرَا ش  ِ َِ الْرَاَولْ داَمِ دقََاصدِِ الْحَديدِ الباَِِِِْ، حِنَ اتزالا حِنَ الْرَحَالِ ْْ ااحويا تِزَالاَِ  اسِْتِ

ََاَ نَذَ  ََفُّ كََ، ٌَ حَا يَ ُْ َِ حِنَ الدتَ مَاِ الْتاحَِِاِ نفََ ْ غَاِ حِنَ الْرَاِ  فَان  حرََوكجَِ التتفَاعَ لَِْ  مشا الالْظَِانَذِبِ ال
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1. Introduction 

 

1.1 Water Pollution and Dyes 

           Environmental pollution is one of the most important  issues which confront different 

life forms on our planet today.1 The definition of environmental pollution can be abbreviated 

as, “The contamination of the physical and biological components of the earth/atmosphere 

system to such an extent that normal environmental processes are adversely affected.”2 There 

are several sources of environmental pollution including: industrialization, urbanization, 

population growth, exploration, and mining.3 Mining activities for example, are posing danger 

to the environment through  releasing of dust, depositing and transporting of heavy metals, 

polluting water and soil, and health issues.4 Air, water, and soil/land pollution are the main 

types of existing pollution.5 

            Water pollution is a global phenomenon and one of the essential issues for many 

developing nations. Most of this water is untreated and consumed for household effluents, 

hospitals, industries, etc. So many toxic compounds and other chemicals pollute the water as 

per a United Nations report.6 Since water is one of the major elements responsible for life on 

earth, which is used every day for various purposes, safe water availability is essential for 

public health.7 Therefore, water pollution and the scarcity of water resources are motivating 

world-wide research that aims at finding novel and efficient methods for water purification. 

The main sources of water contamination are of anthropogenic origin, and include industrial 

activities (such as dye and pigment industries, textile, pharmaceutical, etc.), agricultural 

activities, municipal wastewater, and others. Various types of organic pollutants, including 

dyes, have been found to contaminate water resources. The discharge of dyes into water bodies 

as industrial wastes is very dangerous, due to their various side effects and embryotoxicity, 

mutagenicity, teratogenicity, and carcinogenicity as well as health disorders to human 

beings.8,9,10 

          Dyes and pigments are the most essential colorants, which are usually used to provide a 

color or change the color of a substrate. These two-colour additives are used in various 

industries, like in the textiles, pharmaceutical, food, cosmetics, plastics, paint, ink, 

photographic and paper industries.11 
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           The main difference between dyes and pigments refers to their solubility in the medium. 

While dyes are soluble in water and/or an organic solvent, pigments are insoluble in both types 

of liquid media. Also, the dispersion of dyes in the substrate is at a molecular level, but 

pigments are insoluble and are dispersed as particles.12,13 

          Dyes are natural or synthetic-colored compounds that impart permanent color to fabric, 

leather, wood, etc. So, they are among the most broadly used chemical substances in daily life 

and different industries. Most of the dyes are organic compounds that contain aromatics, 

amines, and sometimes trace heavy metals like Cd, Cu, Pb, Zn and Co. In particular, every dye 

molecule contains three parts: chromophores, chromogene, and auxochromes.13,14 

           The dye color is a result of the chromogene-chromophore structure (acceptor of 

electrons), and the dyeing capacity is due to auxochrome groups (donor of electrons). The 

chromogene is composed of an aromatic structure normally based on rings of benzene, 

naphthalene or anthracene, from which are binding chromophores that contain double 

conjugated links with delocalized electrons. The chromophore part is a covalently unsaturated 

group, which can absorb UV or visible light. This absorption leads to electronic excitation, and 

an electron moves to a higher electronic energy level from a lower one. Chromophores include 

the azo group (-N=N-), ethylene group (=C=C=), methine group (-CH=), carbonyl group 

(=C=O), carbon-nitrogen (=C=NH; -CH=N-), carbon-sulfur (=C=S; ≡CS-S-C≡), nitro (-NO2; 

-NO-OH), nitrozo (-N=O; =N-OH) or chinoid groups. The chromophores may or may not give 

colour to a compound.  If a chromophore absorbs radiation in visible region (400-800 nm), the 

compound will be coloured. But if it absorbs in UV region the compound will be not coloured. 

Chromophores like C=C or C≡C having π electrons undergo π → π* transitions and those 

having both π and non-bonding electrons, e.g., C=O, C≡N or N=N, undergo π → π*, n → π* 

and n → σ* transitions. The last constituent of dyes is the auxochrome groups, which are known 

as covalently saturated ionizable groups, that provide the dyes with the binding capacity onto 

the textile material. The auxochrome groups include: -NH2 (amino), -COOH (carboxyl), -SO3H 

(sulphonate) and -OH (hydroxyl). An auxochrome (also called colour enhancing group) by 

itself does not represent absorption above 200 nm. But, when it is attached to a chromophore, 

changing in the wavelength and the intensity of the absorption maximum will occur. 

Auxochromes generally increase the value of λmax as well as εmax by extending the conjugation 

through resonance. This combination between chromophore and auxochrome gives like a new 

chromophore having different values of λmax and εmax.
13,15  
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           There are many types of dyes, which are classified based on their application (like azoic, 

direct, disperse, etc.) and based on chemical structure (like azo, nitro, nitroso, diarylmethane, 

etc.). In addition, they are classified into neutral, cationic and anionic dyes according to the 

charge over the organic dyes. 16,17 In the early twentieth century, synthetic dyes had large 

dominancy over natural ones, due to their attractive properties like simple synthesis, coloring 

in good quality, and broad application.18 At the same time, due to the harmful effects of these 

dyes, it is necessary to use and develop effective and economic dye effluent treatment 

processes.19  

 

1.2 Methods for Dye Removal 

          It is estimated that half of the worldwide synthetic dyes are non-biodegradable and have 

carcinogenic effects.20 They are not degraded by light or heat or natural oxidants due to their 

high thermal and chemical stability.21 So the removal of these colorants from wastewater is 

extremely essential. In order to avert the harmful accumulation of dyes in the water, it's 

important to improve efficacious ways for the removal of these pollutants from wastewater.22 

        Traditionally, physical, chemical, electrical, and biological methods are used for 

wastewater treatment, and this applies to dyes as an important category of pollutants. However, 

in literature, it is reported that using one of these methods alone may lead to color removal 

from water, but at the same time, can lead to keeping hazardous organics in the treated water. 

Thus, both color removal and organic reduction must be considered integrated parts of the 

overall process evaluation. Therefore, it is important to combine these processes in order to 

achieve the desirable purposes. 23 This combination between processes is known as a 

physicochemical treatment.24 Currently several physicochemical methods are being utilized for 

dye removal. These methods can be classified into the following three major groups:  

      (1) Destructive redox methods, which leads to transforming the organic compounds to 

simpler easily oxidized organic products or mineral compounds. In this group of methods, the 

usage of ozone (O3) and hydrogen peroxide (H2O2) as oxidizing agents is most promising for 

environmental reasons, but it is limited by their cost's elevation and large consumption of 

reagent.25 The combination between UV light and H2O2 for dye decolorization is investigated. 

In this method, UV light activates the decomposition of the hydrogen peroxide to free radicals' 

production, mainly hydroxyl radicals, which is responsible for dye degradation by chemical 
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oxidation of the dyes and organic molecules, leading to the formation of end products like CO2 

and H2O. These combined techniques are relatively expensive, but they are achieved in less 

time as compared to other methods when applied individually.14  

         (2) The transfer of pollutants to sediment or floated sludge, coagulation, reagent pressure 

flotation, and electrocoagulation.25 Coagulation is one of the widely used physicochemical 

treatment methods. Most of the time it is used in the pretreatment process to achieve a sufficient 

removal of the dyes from wastewater, so, decreasing the burden for the later biochemical 

treatment facilities.26 In this process, it is not easy to remove dyes that have high solubility in 

water, and it leads to large quantities of sludge production. As a result, in order to get acceptable 

effluent color quality, techniques like biological processes are mixed with the coagulation 

process to get acceptable effluent color quality and efficient removal of dyes. It is reported that 

when Fe (II) is used in coagulation, the addition of hydrogen peroxide as a Fenton's reagent 

leads the process to be more effective due to simultaneous oxidation and coagulation.23 

         (3) Separation methods which include traditional sorption on activated carbons and 

microporous, ion exchange resins, and reverse osmosis.25 In the case of ion-exchange 

adsorbents, the pollutants having opposite charges to the adsorbents charge will be binding 

with this ion-exchange adsorbent. Clay, ion-exchange resins, and lignocellulosic biomasses are 

examples of ion-exchange adsorbents type. Clay types, particularly those with high iron and 

aluminum percent, calcined and non-calcined types, have been reported to have removal ability 

of reactive dyes from wastewater. The higher surface area of calcined clays makes them 

preferred over non-calcined clays, with better dye binding capacities.27  

 

          However, all of the conventional methods are having some limitations due to high costs, 

complicated constructions and removal effectiveness.28 In contrast, the adsorption method was 

preferred by most of the researches due to its special properties like simplicity, low costs of 

construction and maintenance, insensitivity to toxic pollutants, and being a universal method, 

which has high efficiency toward dyes removal.29,30,31 The adsorption process depends 

basically on the surface of adsorbent. In this process, a substance adheres on the surface of 

adsorbent either by weak intermolecular forces, like van der Waals forces (physical 

adsorption), or by chemical bonds (chemical adsorption). The reverse process of adsorption is 

known as the desorption process. In the adsorption process many factors affect the extent of 

this process like molecular weight of adsorbent, polarity and concentration of solution, surface 

area and surface charge.17 
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         Activated carbon, chitosan and charcoal have been reported to be efficient for dyes’ 

removal from wastewater.32 Activated carbon which is previously pre-prepared by using carbon 

from coal, coconut shell, wood etc., through chemical or physical activation methods is one of 

the oldest adsorbents known. It is widely used as an adsorbent to remove dyes from waste water 

due to its attractive properties and benefits including high surface area, pore size, easy to 

design, and high adsorption capacity.33,34 

          Despite the excellent adsorption performance of activated carbon, it is costly and has 

poor selectivity toward dispersed dyes, therefore many alternatives have been developed to 

reduce the cost and improve the efficiency of adsorbents, such as clays/zeolites and their 

composites, biosorbents, and agricultural solid wastes.10 Recently, to overcome difficulties 

related to cost, efficiency, operational method, and energy needs in dyes wastewater treatments, 

nanomaterials have been developed and used, and have shown high removal efficiency and low 

costs requirements.35 This type of materials is defined as the materials in which one or more 

external dimensions lies in the range between 1 and 100 nm.36 Thus nano-adsorbents can be a 

nanoparticles, nanofibers and nanotubes, nanosheets, and nanoflowers.37 

          Nanomaterials have a large surface area and are usually unique chemical, physical, 

optical, electrical, magnetic and biological characteristics. Such properties make them very 

effective in the removal of a huge range of pollutants including dyes pollutants.38,39 So far, it 

was reported that the nanomaterials such as carbon nanotubes (CNTs) and graphene have good 

adsorption capacities toward pollutants in water.40 Also, metal nanoparticles, and specifically 

zero-valent iron nanoparticles (nZVI) are considered among the primary metallic nanoparticles 

tested for the removal of water pollutants. This is attributed to a number of advantages which 

include easy preparation, high activity, low cost, and relatively lower toxicity. For such 

reasons, iron nanomaterials have been widely used for the removal of many types of dyes, 

including MO.41,42,43The material, however, suffers from rapid oxidation and high aggregation 

tendency. For this reason, other transition metals and bimetallic nanoparticles are being tested 

in comparison to iron, such as copper, which is applied in this study. Although the studies with 

zero-valent copper nanoparticles (nZVC) are still limited, copper and copper oxide surfaces 

can adsorb pollutants, or act as an electron donor in solution for some pollutants, leading to 

degradation of organic pollutants by electrochemical reactions.44,45  
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         Methyl orange (MO) is one of the well-known acidic/anionic azo dyes which is 

chemically named (sodium dimethyl-amino-azo-benzene sulfonate) with chemical formula 

Na·C14H14N3O6S.46,47 The chemical structure of this dye is shown in scheme 1. Methyl orange 

has been widely used in many industrial sectors like textile, printing, paper, food and 

pharmaceutical industries.48,49 In addition, it is used as an indicator in titration due to variation 

in its colour in acidic and basic mediums. When the medium is acidic it shows red color, but 

when it is basic, methyl orange appears in yellow color. 50 It has a bulk density of 1.28 g/cm3, 

and its solubility in water is 5 g/L (at 200C). Its molecular weight is 327.34 g/mole.51  

 

Scheme 1. Methyl orange structure 

 

In an aqueous solution, MO molecule can be in different structures according to the protonic 

concentration, like the alkaline form (Figure 1.1 a). When the pH decreases, MO exists as a 

resonance hybrid between its quinine diimine (Figure 1.1 b) and azonium (Figure 1.1 c) 

structures. At equilibrium, a tautomeric structure of the MO molecule containing the 

ammonium group is also possible.52 (Figure 1.1 d)  

The two phenyls and one azo group (–N=N–) represent the chromophoric groups in methyl 

orange. Mainly two absorbance bands are observed, one of these bands occurs at nearly 465 

nm due to a conjugated structure, formed by the azo bond under the strong influence of the 

electron-donating (CH3)2N group. The other band appears at nearly 270 nm, and originates 

from a 𝜋→𝜋* transition related to aromatic rings.45,53 
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Figure52 1 1ش: Alkaline form of MO (a), and its monoprotonated zwitterionic structures  

under acidic conditions: quinine diamine (b), the resonant form azonium 

(c), and the ammonium tautomer (d) 

 

1.3 Nano Zero Valent Iron Particles (nZVI) 

          Iron (Fe) is one of the elements of Group (VIII) with atomic number 26. It is one of the 

most used and abundant metals on earth. The oxidation states of iron are +2, +3, +4, +6, and 

the most important among these are +2 and +3. It is naturally found as a mixture of stable 

isotopes: iron-56, iron-54, iron-57, and iron-58.54,55 It can be extracted from rocks and minerals 

(iron ores), which are often rich in iron oxides. Also, it is usually found in the form 

of magnetite (Fe3O4), hematite (Fe2O3,), goethite (FeO(OH)), limonite (FeO(OH)·n(H2O)) 

or siderite (FeCO3).
56 

          Zero valent iron (ZVI) represents metallic iron. It is cheap and has no toxicity effect, and 

it has high reactivity, and can easily be oxidized. Iron oxides and oxyhydroxides (Fe3O4, Fe2O3, 

FeOOH, Fe(OH)2, Fe(OH)3, etc.) present on the surface of ZVI can contribute to the fixation 

of many organic and inorganic contaminants from water. So, it has been applied to treat water 

from different pollutants like volatile organic chlorides, metals and metalloid.57,58,59 Zero-

valent iron is a mild reducing reagent with a standard reduction potential E0 = −0.44 V. So, in 

the existence of oxygen dissolved in water, organic pollutants can be oxidized by zero-valent 

iron. Firstly, oxygen reacts with ZVI and hydrogen peroxide is produced, as shown in equation 

(1). Then, water is produced from reduction of the H2O2 formed by ZVI, as shown in equation 

(2), or Fe2+ can react as a Fenton catalyst with H2O2 and produce hydroxyl radical, as shown 

https://en.wikipedia.org/wiki/Magnetite
https://en.wikipedia.org/wiki/Hematite
https://en.wikipedia.org/wiki/Goethite
https://en.wikipedia.org/wiki/Limonite
https://en.wikipedia.org/wiki/Siderite
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in equation (3). In this reaction, many organic pollutants can be degraded due to high reactivity 

of the formed radical.60 

Fe0 + O2 + 2H+ → Fe2+ + H2O2             (1) 

Fe0 + H2O2 + 2H+ → Fe2+ + 2H2O         (2) 

Fe2+ + H2O2 → Fe3+ + ·OH + OH−         (3) 

            

            In the last decades, zero-valent iron nanoparticles have shown more efficiency toward 

removal/degradation of pollutants than macroscale ZVI.60 Wang and Zhang were the first 

researchers who examined the use of nZVI for contaminated water treatment. After that this 

type of nanoparticle has been confirmed to possess high effectivity of removal of a wide range 

of common environmental contaminants such as chlorinated organic solvents, azo dyes, 

pharmaceutical products, metals, etc. The large surface area and unique chemical, catalytic, 

electronic, magnetic, mechanical and optical properties of nZVI have promoted their use in 

different applications, as compared to conventional iron. A number of possible removal 

pathways by nZVI have been suggested, including adsorption, co-precipitation, and surface 

mediated chemical reduction.61 

        Usually, there are two different approaches for nZVI synthesis; one is a top-down way in 

which the size of iron particles is reduced by milling, etching, and/or machining. The second 

way includes bottom-up methods in which the particles growth occurs by chemical reaction, 

positional and self-assembling mechanisms. In the bottom-up approach, the traditional way to 

synthesize nZVI is by chemical reduction of iron (III) or iron (II) by using sodium borohydride, 

as shown in following reactions.62,63 

2Fe2+
(aq) + 2BH4 

– 
(aq) + 6H2O(l) → 2Fe0

(S) + 2B(OH)3(aq)+7H2 

4 Fe3+
(aq) + 3 BH4 

– (aq) + 9 H2O(l)→ 4 Fe0 
(s)+ 3 H2BO3 + 12 H2(g) 

 

This method was applied in this work, by using iron (III), and the details will be provided in 

the experimental section. 

In some studies, green synthesis was developed and used. In that method, aqueous extracts 

obtained from some plants are used as reducing and capping agents. As an example, extracts 

of tea leaves, which contain polyphenols, was applied in nZVI synthesis process.62 
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1.4  Nano Zero-Valent Copper Particles (nZVC) 

           Copper is one of the transition metals which has an atomic number of 29, and has high 

thermal and electrical conductivity. It can be found in nature in a metallic form which is directly 

used (native metals), therefore it was used in ancient times in different regions. It is widely 

used in electrical wires, roofing and plumbing, and industrial machinery.64,65 Since copper has 

a wide range of attainable oxidation states (Cu0, Cu(I), Cu(II), and Cu(III)), it may undergo a 

variety of reactions.66 

           In the last decades, copper nanoparticles became a subject of interest to many 

researchers. Cu nanoparticles with inexpensive cost, wide availability, high electrical 

conductivity, small size, and large surface area are used in various applications, like in dental 

materials, water treatment, coating and manufacturing of lubrications, and conductive 

films.67,68 

One of the most important biological properties is that Cu nanoparticles exhibit high 

antimicrobial activity against various types of microorganisms.69 Therefore, this type of 

nanoparticles can be used as a disinfectant for wastewater.67 In addition to the mentioned 

applications, Cu nanoparticles are widely used as a catalyst in various chemical reactions like 

hydrogen liberation and hydrocarbon oxidation. Also, it was reported to be used as a catalyst 

in the removal of some dyes from wastewater by reduction, such as the removal of Congo red 

(CR) dye from waste water.70  

         Different methods have been used to synthesize Cu nanoparticles. In top-down 

approaches, these nanoparticles can be synthesized by pulsed wire discharge, mechanical/ball 

milling, and solvothermal decomposition. On the other hand, Cu nanoparticles can be 

synthesized using bottom-up approaches through chemical reduction, electrochemical and sol-

gel processes. In liquid-phase reduction a precursor of copper like copper salt is reduced to 

metallic copper by using many reducing agents like sodium borohydride, potassium 

borohydride, ascorbic acid and hydrazine.71 This method was employed in this work using 

copper chloride dihydrate as a copper precursor, and sodium borohydride as a reducing agent, 

as shown in the following reaction. 

 

CuCl2.2H2O(aq)+2NaBH4(aq)  Cu0
(s)+2B(OH)3(aq)+2NaCl(aq)+3H2(g) 

 

Other methods with non-toxic solvents and environment-friendly materials, have been 

developed. It was reported that fish scale extracts, which acts as a stabilizing and reducing 
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agents, can be used to synthesize Cu nanoparticles, and the prepared NPs have been 

successfully used in the removal MB dyes from water. This synthesis method avoids the use 

of external reducing and stabilizing agents, templates, and solvents.68 

 

1.5 Iron-Based Bimetallic Nanoparticles 

           Bimetallic nanoparticles represent a combination of two different metals in nano size. 

This combination can lead to new or improved chemical & physical characteristics, and can be 

utilized in different  applications in various sectors like electronics, catalysis, and biomedicine. 

The properties of the obtained nanoparticles rely on their size, shape, composition, and 

architectures.72,73 Bimetallic nanoparticles have four types of conceivable structures according 

to distribution ways of the two metal particles: core–shell NPs, subcluster NPs, alloy NPs, and 

multishell NPs (Figure 1.2).74,75 

 

 

Figure 1.2: Types of bimetallic nanoparticles: (a) random alloyed, (b) ordered alloy, (c) 

subclusters (d) core-shell, (e) multi-shell core-shell, and (f) multiple core materials coated by 

a single shell material. Yellow and purple spheres represent two different kinds of metal 

atoms.73 
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          In this system, the primary metal and secondary metal should be chosen according to 

their standard reduction potential (Table 1.1). The secondary metal is electropositive relative 

to the primary metal. In this system, the primary metal (like ZVI) acts as an electron donor 

while the secondary metal (like Pd, Ni and Cu) might behave like a catalyst. This metal is not 

consumed through the reaction, instead it may be rising the rate and efficiency of the reaction, 

and increasing the surface area and number of active sites on the primary metal (ZVI).76  

 

Table 1.1: Standard electrode reduction potential values in aqueous solution at 25˚C. 76 

Metal Half reaction Standard electrode potential 

(E0) V 

Fe Fe2+ + 2e ⇔ Fe -0.440 

Ni Ni2+ + 2e ⇔ Ni -0.257 

Si SiO2 + 4H+ + 4e ⇔ Si + 

2H2O 

-0.909 

Al Al3+ + 3e ⇔ Al -1.676 

Zn Zn2+ + 2e ⇔ Zn -0.763 

Mg Mg2+ + 2e ⇔ Mg -2.356 

Pd Pd2+ + 2e ⇔ Pd 0.915 

Pt Pt2+ + 2e ⇔ Pt 1.188 

Cu Cu2+ + 2e ⇔ Cu 0.340 

 

 

Bimetallic nanoparticles can be synthesized by the following methods:77 

Physical methods: such as laser irradiation, electrical method, and microwave irradiation 

These methods have some advantages over chemical methods, such as uniformity in the 

prepared nanoparticles. Furthermore, no solvent waste is generated. For example, in the laser 

irradiation method, bimetallic nanoparticles can be prepared using only high-intensity laser 

irradiation on an aqueous solution, with no need for chemical agents.77 

Chemical methods: Reverse micelle, sol-gel, and co-precipitation methods are among them. 

These approaches have the advantages of being simple, affordable, and allowing for the 

synthesis of nanoparticles of various sizes and forms. Foreign atoms can also be doped during 

the synthesis process. 77 A solution of two metal precursors was added to a solution of 

precipitating agent, such as sodium hydroxide solution, utilizing co-precipitation procedures. 
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The particles grew and evolved into a spherical structure after being stirred properly. After that, 

deionized water should be used to wash the gelatinous product, and the pH should be adjusted 

until it is neutral. Finally, the gelatinous precipitate should be allowed to dry in the air to obtain 

a bimetallic powder. 78 

Biological methods: Environmentally friendly, quick, little industrial waste, and no harmful 

chemicals are among the advantages of biological methods over chemical and physical 

methods. Natural resources, such as plants and bacteria, can be used to synthesize nanoparticles 

in this process, which is known as 'green synthesis.' 77 Green tea extracts, for example, have 

been reported to be used as a reducing agent and a stabilizer in the synthesis of Fe-Cu 

nanoparticles with a size range of 60 to 120 nm. 73 

 

           Iron-based bimetallic nanoparticles have attracted the attention of many researchers. It 

was reported that the combination between iron and other metals like Cu, Ni, and Pd, to obtain 

bimetallic nanoparticles can enhance and improve the adsorption rate when it is compared with 

mono iron nanoparticles. As a result, iron-based bimetallic nanoscale particles have been 

widely manufactured and utilized in different systems such as degradation of phenols, toxic 

metals, chlorinated organic compounds and dyes.79 

Due to high reactivity, low cost, and non-toxicity of zero valent iron NPs, they are the most 

common metallic nanoparticles that were used for the removal of environmental pollutants.61 

But at the same time, iron NPs is highly sensitive to corrosion in aqueous solutions, through 

the electrochemical process shown in the following equations: 

 Under acidic condition: 

2 Fe + 4 H+ (aq) + O2 (aq) → 2 Fe2+ + 2H2O           E = +1.67 V  

4 Fe2+ + 4 H+ (aq) + O2 (aq) → 4 Fe3+ + 2H2O          E = + 0.46 V 

   

  Under neutral and alkaline condition: 

2 Fe + 2H2O → 2Fe2+ + H2 (g) + 2OH-                  E = -0.39 V  

 

2 Fe2+ + 2H2O →2Fe3+ + H2 (g) + 2OH-                E = -1.60 V 

 

As a result, the reactivity of zero valent iron NPs toward the removal of pollutants will decrease. 

This is referred to as the coverage of the surface of zero valent iron NPs by iron hydroxides, 

which are formed during corrosion as shown in the following reaction: 
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Fe3+ + 3OH- → Fe (OH)3 → FeOOH + H2O 

 

In order to overcome these problems, a combination between iron and other metals, like Cu, to 

get bimetallic NPs have been performed.80 In these iron-based bimetallic nanoparticles, Fe 

often behaves as an electron donor to reduce the pollutants according to their chemical 

potential, while the second metal, like Cu, is often inactive with a positive redox potential [E 

(Mn+ /M) > E (H+ /H2)] and acts as a catalyst to enhance the reactivity of iron.76,80  

Bimetallic iron-based nanoparticles have been reported to be used for the removal of various 

types of environmental pollutants (as heavy metals, halogenated organic compounds, nitro and 

azo compounds, and oxyanions) through various proposed mechanisms. In cases with azo dyes 

pollutants, which have one or more azo (N=N) bonds, the N=N linkage dyes is responsible of 

dyes toxicity and carcinogenicity. It is reported that the bimetallic NPs of iron are very effective 

as catalysts in destroying the N=N bond during the reductive cleavage of the N=N bonds and 

oxidative degradation of the intermediate products.80 

 

 

1.6 Literature Review  

         Different studies have been performed on methyl orange (MO) removal from water, 

including electrochemical degradation, advanced oxidation processes, coagulation-

flocculation, and others. Adsorption is reported as one of the effective ways for removal of 

MO.81 

Activated carbon is a common option for the adsorption of MO due to its special properties 

like porosity, stability, high surface area, and adsorption capacity.82 Also, polymeric-based 

adsorbents like N-acyl thiolated chitosan were used for the adsorption of MO. It was reported 

that the percentage of the removal reached 88% and the maximum adsorption capacity was 

588.2 mg/g.83 

          In addition, different types of nanoparticles were reported to result in important removal 

of this dye. Among these nanoparticles, iron and copper nanomaterials were used for adsorption 

of MO.81 Animesh Debnatha and Krishna Deb et al., 84 prepared crystalline α-Fe2O3 

nanoparticles and used it for adsorptive removal of MO from aqueous solution. They found 

that the removal process was effective with an adsorption capacity of 28.90 mg/g. The 

adsorption process was reported to follow second-order kinetic model. 
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In another study, CuO nanoflakes were synthesized and used for the adsorption of MO from 

an aqueous solution.85 The removal of MO exceeded 90% at pH 2, and the thermodynamic 

analysis showed that the adsorbent process was spontaneous. The kinetic analysis indicated 

that the adsorption of MO followed pseudo-second-order kinetic model.  In addition, the 

adsorption of MO on CuO was attributed to electrostatic attraction between the dye and 

adsorbent. 

          Nano zero-valent iron (nZVI) has widely used to treat water from various types of 

organic and inorganic pollutants.86 It was found that nZVI has high efficiency towards MO 

removal. The results obeyed pseudo-second-order kinetic model. It was reported that the 

adsorption of MO on nZVI matchs Langmuir isotherm, which is reported to be indicative of 

monolayer adsorption.  

In the decolorization of MO from aqueous solution by nZVI study, Jing Fan and  Yanhui Guo 

et al.,45 reported that the UV–vis spectra of MO before the adding of nZVI contains two 

absorbance bands, at 465 nm and 270 nm. After adding nZVI to the MO solution and starting 

the reaction, these two bands (465 & 270 nm) become weaker, and a band appeared at 248 nm. 

This was attributed to breaking the azo bond and formation of products. The band at 248 refers 

to sulfanilic acid, which is reported to be one of the products. 

Due to the aggregation tendency of zero-valent iron (ZVI) nanoparticles which leads to 

reducing the reactivity of nZVI, bentonite-supported nZVI was synthesized for removal of MO 

from aqueous solutions.87 The authors reported that the removal process was affected by 

different factors like pH, initial concentration of MO, dosage, and temperature. In addition, it 

was reported that the aggregation behaviour of nZVI decreased after using bentonite as a 

support material, and the reactivity increased. When B-nZVI was used, 79.46% of MO was 

removed, while only 40.03% of dye was removed when nZVI was then used. 

Sunho Yoon and Sungjun Bae,88 synthesized nZVI by a nother method, in which coal fly ash 

(CFA) was used as a source of Fe. The synthesized nZVI then used for the oxidative 

degradation of methyl orange by Fenton reaction. They reported that more than %96 

decolorization of methyl orange was obtained by using the synthesized nZVI-CFA through 

Fenton reaction at pH 3. 

           In another study, Cu NPs were produced by using extract of Duranta Erecta fruit as a 

capping and reducing agent.89 Then the synthesized NPs were used in the catalytic reduction of 

MO in the presence of NaBH4 as a reducing agent. It was reported that Cu NPs exhibited 
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wonderful catalytic reduction for MO and obeyed the pseudo-first-order kinetics, with a rate 

constant of 8.6×10−3 s−1. 

In another study, the catalyst activity of nZVC loaded on filter paper-chitosan-titanium oxide 

heterogeneous support was tried for the removal of MO in the presence of NaBH4.
90 

       In addition to mono metallic NPs, different types of bimetallic NPs have been synthesized 

and studied for adsorption and degradation of organic pollutants.91 Kgatle and Sikhwivhilu et 

al.,92 discussed in their work the efficiency of Fe-Cu (5:1) bimetallic nanoparticles for MO 

degradation. It was reported that Fe-Cu (5:1) bimetallic NPs are more effective in the 

degradation of MO than nZVI. This is due to the synergetic effect between Fe and Cu which 

can improve the catalytic activity of the Fe/Cu system and also the degradation capabilities. 

 

 

1.7 Purpose of the Study   

         So far various aspects of the application of nZVI in the removal of MO have been 

investigated. However, according to our literature survey, the application of Cu NPs or Fe-Cu 

NPs for MO removal was rarely studied previously. In particular, the effect of solution type on 

the removal process of MO using Fe0, Cu0 and Fe-Cu NPs remains one of the areas open to 

research, which was not addressed before for such systems. 

Thus, this work study focuses first on the synthesis of Fe NPs, Cu NPs and Fe-Cu NPs, and 

then using the synthesized nano materials in the removal of MO from solutions with different 

solvents (W, W/E (1:1), W/DMSO (1:1)). The solutions, with various physical properties 

(Table 1.2)93, were used to study the removal process, and the aggregation behavior and 

solvatochromic properties of MO were also investigated. 

The prepared materials were characterized using Scanning Electron Microscopy (SEM) to 

investigate their nanoscale morphology. X-Ray powder Diffraction (XRD) was used to 

determine the mineralogical structure of the materials. X-Ray Photoelectron Spectroscopy 

(XPS) was employed to determine surface composition and the oxidation states of the surface 

species.  

The dye concentration was monitored using UV-visible spectrophotometry. Experimental 

parameters such as the effect of time, effect of solvent type, temperature, and effect of NPs 

dose were investigated. 
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Table 1.2: Some physical properties of water, ethanol, and DMSO93 

Solvent  Normal 

Boiling 

point (°C) 

Dipole 

Moment 

(Debye) 

Dielectric 

Constant  

Refractive 

Index 

Surface 

Tension 

(mN/m) 

Water  

H2O 

100.0 1.82 80.1 1.345 72.0 

Ethanol 

CH3CH2OH 

78.4 1.69 24.5 1.361 22.0 

DMSO 

(CH3)2OS 

189.0 3.90 46.7 1.479 45.1 
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2. Experimental 

 

2.1  Chemicals and Reagents 

 

            The following reagents were used without further purifications:  

 

S.3NaO3N14H14CMethyl Orange,  

O.2· 6H 3Iron (III) chloride hexahydrate, FeCl  

O.2· 2H 2hydrate, CuCliCopper (II) chloride d 

.4 Sodium borohydride, NaBH 

Sodium chloride, NaCl. 

Absolute ethanol (99.99%). 

Milli-Q water. 

0.1M HCl solution. 

, (10%).2O2Hydrogen peroxide, H 

All solutions were freshly prepared. 
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2.2  Calibration Curves of MO 

   Three different solvents were used to get three calibration curves for MO: 

1. Water (W). 

2. Water-Ethanol (W-E(1:1 v/v)) 

3. Water- Dimethylsulfoxide (W-DMSO (1:1 v/v)) 

1000 mg/L stock solutions of MO (Aldrich 140910) in three solvents W, W-E and W-DMSO 

were first prepared. Less concentrated solutions were then obtained by serial dilution using 

MQ water. To construct calibration curves for MO,the UV-visible spectra were obtained for 

the following concentrations: 10.0, 8.0, 4.0, 2.0 and 1.0 mg/L in each solvent, using UV-Vis 

spectrophotometer in the range of 200-700 nm. 

 

2.3. Test of the Aggregation Behavior of MO 

Two different dye concentrations were prepared; 8 and 10 mg/L MO in the following 

solvents: 

1. Water (W). 

2.Water/Ethanol (W-E (1:1 v/v)). 

3.Water/ Dimethylsulfoxide (W-DMSO (1:1 v/v)). 

The absorbance versus wavelength plots were used to determine the possible spectral shifts. 

Then maximum wavelength (λmax) of MO in W, W-E (1:1) and in W-DMSO (1:1) was 

determined to calculate the transition energy of MO molecules in each of the three solutions. 

 

 

2.4.1.  Synthesis of  Fe0 NPs 

             Fe0 NPs samples were synthesized by liquid reduction method, the Oxidation-reduction 

reaction can be written as: 

 

Fe0 NPs were prepared by dissolving 7.24484g (26.8mmol) of FeCl3.6H2O in 25.0 mL ethanol-

water solution (4:1 v/v). The solution was kept under magnetic stirring for 15 min. In a separate 

container, 2.54g (67.2 mmol) of NaBH4 was dissolved in 70.0 mL of water. The borohydride 

solution was then added quickly under continous magnetic stirring. The color of the iron 

solution changed to black and H2 gas evolution was observed. 
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After the addition of borohydride solution, the mixture was kept under stirring for another 15 

min, and vacum filtration was used to separate the produced Fe0. The resulting Fe0 NPs powder 

was washed three times with absolute ethanol, and dried at 60oC for 3 hours.94 

 

 

2.4.2.   Synthesis of Cu NPS 

              Cu0 NPs were prepared by dissolving 4.5688 g (26.8 mmol) of CuCl2.2H2O in 25.0 

mL ethanol-water solution (4:1 v/v). The solution was kept under magnetic stirring for 15 min. 

In a separate container 2.54 g (67.2 mmol) of NaBH4 was dissolved in 70.0 mL of water. The 

borohydride solution was then added quickly under continous magnetic stirring. The color of 

the copper  solution changed to black and H2 gas evolution was observed. 

After the addition of borohydride solution, the mixture was kept under stirring for another 15 

min, and vacum filtration was used to separate the produced Cu0. The resulting Cu0 NPs powder 

was washed three times with absolute ethanol, and dried at 60oC for 3 hours.94 

The samples of Fe-Cu NPs at elemental mole ratio of 1:1 were prepared previously and used 

in this work.100  

 

2.5.   MO Removal Experiments 

 The final solutions obtained at the end of the removal experiments were diluted 

whenever needed before measuring the absorbance of MO solutions by UV-Vis 

spectrophotometry. 

 

2.5.1.  Effect of Solvent & NPs type on MO Removal  

              In this section, the removal process of MO in different solutions of W, W-E (1:1) and 

W-DMSO (1:1) was studied by using three types of NPs (Fe NPs, Cu NPs, and Fe-Cu NPs) at 

298 K. The extent of the MO removal was investigated by introducing 0.025 g of  NPs (Fe NPs 

, Cu NPs and Fe-Cu NPs)  to 25 mL of 100 mg/L MO (in W , W-E and W-DMSO). Then the 

pH was measured, and the solutions were shaken at the selected temperature for four hours in 

a thermostated shaking water bath. Gravity filtration was then used to measure the absorbance 

of each solution and then the pH was measured. 
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2.5.2   Effect of temperature and NPs dose on the removal of MO in different solutions 

of W, W-E (1:1) 

          The effect of  NPs (Fe NPs , Cu NPs, and Fe-Cu NPs) dose on the removal of MO in 

different solutions of W, W-E (1:1) at two different temperatures, 298 K and 323 K,  was 

studied by introducing 0.005, 0.015, 0.025 and 0.035 g of  NPs (Fe NPs , Cu NPs, and Fe-Cu 

NPs)  to 25.0 mL of 100 mg/L MO (in W , W-E). Then the pH was measured, and the solutions 

were shaken once at 298 K and once at 323 K, for four hours in the thermostated shaking water 

bath. Gravity filtration was then used to measure the absorbance of each solution and then the 

pH was measured. 

 

2.5.3  Salinity effect on MO removal 

          Four conentrations of NaCl (10, 20, 30 and 40 g/L) were used in MO solutions, by adding 

a suitable mass of NaCl into 25.0 ml of 100 mg/L MO solution containing 0.035g of NPs (Fe0, 

Cu0 and Fe-Cu). The solutions were kept in a thermostated shaking water bath at 298 K for 

four  hours. Finally the solutions were filtered and the MO concentration was determined. 

 

2.5.4.  Removal of MO by Fenton-like process 

           Fe0, Cu0, and Fe-Cu  NPs were used as Fenton-like catalysts in the removal of MO. The 

experiments were carried out in W and W-E solutions by introducing 0.050 g of  NPs to 45.0 

ml of 100 mg/L MO solution, and 5.0 ml of freshly prepared 10% (v/v) H2O2.  0.1 M HCl was 

used for pH adjustment of MO solutions before introducing the NPs (pH was approximately 

3.37). Then the solutions were kept in a thermostated shaking water bath at 298 K for two 

hours. 

 

2.5.5.  MO removal kinetics 

           The effect of time on MO removal was studied at the initial MO concentration of 100.0 

mg/L in two solvents, W and W-E (1:1), at two temperatures of 298 K and 323 K. 

0.025 g samples of NPs were each introduced into 25.0 ml portions of MO solution, and the 

pH was measured for each solution. The mixtures were then shaken in a thermostated water 

bath for the contact times of 1 min, 15 min, 30 min, 1 hr, 2 hrs, 3 hrs, and 4 hrs. Gravity 

filtration was used to separate the liquid and the solid, then the absorbance of the solutions 

were measured using UV-Vis spectrophotometry. 
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2.6.    Characterization  

          The characterization of the prepared NPs (Fe0, Cu0 and Fe-Cu), and the samples of MO 

solutions after removal process is described below. 

          The absorption spectra of the solutions were recorded using a single beam HP 8453 

instrument that has an absorption range of 200-700 nm, and uses a photodiode array detector 

and deuterium lamp. 

          X-ray Photoelectron Spectroscopy (XPS) spectra were acquired using a PHI 5800 Multi 

Technique ESCA system with monochromatized A1-K (1486 eV) radiation at a take-off angle 

of 45, using pass energies at the analyzer of 29.35 EV for detail and survey scans, respectively. 

         Scanning Electron Microscopy (SEM) images of NPs were recorded using a Hitachi, S-

5200 field-emission scanning electron microscope, Hitachi, Tokyo, Japan. The accelerating 

voltage is 10 kV , and the images were taken with the secondary electron detector. Moreover, 

EDX elemental spectra and mappings for selected elements of the nanoparticle materials where 

obtained. 

          Powder X-Ray Diffraction (XRD) data were collected on an STOE Stadi P 

diffractometer with Cu Kα1 (λ = 1.54 Å) source at 40 kV/ 40 mA. The samples were scanned 

from 2θ of 5 to 80 degree located at Helmholtz Institute Ulm, Germany. 
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3. Results and Discussion 

 

3.1.   Test of the Aggregation Behaviour of Methyl Orange (MO) 

        In the first part of this study, water, water-ethanol and water-DMSO  solutions were used 

to test the removal of MO by Fe0, Cu0 and Fe-Cu NPs. The dye molecules can demonstrate 

different aggregation behavior  in different solutions, and revealing this behavior is necessary 

to explain the results of the discoloration processes. 

 Classically, dye aggregates are categorized as H and J-type.95 The dyes form aggregates 

through intermolecular forces such as hydrogen bonding and van der Waals force.96 MO dye 

has a water-soluble group (usually sodium sulfonate), but at the same time it tends to aggregate 

by self-association of the hydrophobic parts of the molecular structure to form dimers, trimers, 

etc. One of the common ways used to study the aggregation process is UV-Vis absorption 

spectroscopy through comparing the positions of the absorption peak of the monomer and the 

aggregate peak.95 It was reported that the formation of H-aggregates of dye molecules is 

marked by a spectral shift to the lower wavelength (blue shift) relative to the position of the 

absorption peak of the monomer. Also, as the solubility of the dyes in water increases, the 

aggregation chance decrease.96 

In this work, the UV-Vis absorption spectra of MO dye in different types of solvents (water, 

water-ethanol, and water-DMSO) at MO concentrations of 10.0 mg/L and 8.0 mg/L was 

measured. The absorbance versus wavelength plots were used to determine the possible 

spectral shifts, as shown in Figure 3.1. The wavelength (λmax) of MO in W, W-E(1:1) and in 

W-DMSO(1:1) solutions were determined, as shown in Table 3.1. In the three types of solvents, 

under the studied experimental conditions, no distinctive signs for dimers or higher order 

aggregates are seen in the spectra. However, a blue shift was observed in the case with MO in 

water-ethanol, and water-DMSO relative to the MO in water. No obvious intensity changes 

were observed in all cases. 

It can be noted that the band shifts of the wavelengths is smaller for W-DMSO solution than 

W-E. The values of max of the bands follow the order: W>W-DMSO>W-E, and this order is 

inversely proportional with the dielectric constant and surface tension values of the solvents 

(Table 1.2). Different solvents have different polarities, which inturn depends on a number of 

physical properties. It is reported that when the polarity increases, further stabilization of the 

excited state occurs compared to that of the ground state.97 
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Figure 3 1ش: Absorption spectra of MO in solvents W,W-E and W-DMSO at: (a) 10.0 mg/L, 

(b) 8.0 mg/L 
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Table 3. 1: Obtained values of λmax of MO in W, W-E(1:1) and in W-DMSO(1:1) 

Slovent type λmax 

W 466 

W-E 447 

W-DMSO 460 

 

         The transition energy of MO molecules in each of the three solutions were calculated, as 

shown in Table 3.2, by using Rydbergs equation:98   

                       𝐸 = 𝑁(ℎ𝑐/λ𝑚𝑎𝑥)…………………… . (4) 

 

            Where; 

 

            E: Transition Energy(J/mol) 

 

            h: Plank's Constant (6.626x10-34J.s) 

       

            c: Speed of light (2.998x108 m/s), λ: wavelenght (m) 

 

           N: Avogadro's number (6.022x1023 mol-1) 

 

 

Table 3. 2: The transition energy of MO molecules in each of the three solutions. 

Solution type Water Water-Ethanol Water-DMSO 

λmax 466 447 460 

E (kJ/mol) 256.7 267.6 260.1 

 

Apparently, as previously stated, as the values of dielectric constant and surface tension of the 

solvents increases, the values of max increase and the values of E decrease. It is reported that 

higher wavelengths (or lower frequency) are observed for MO in aqueous solvents compared 

with organic solvents.99 

The next sections will focus on the extent of removal of MO using Fe, Cu, Fe-Cu nanoparticles 

in different solvents under various experimental conditions. 
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3.2.   Characterization of Fe NPs and Cu NPs 

         The nanoparticles samples of Fe and Cu prepared in this study were characterized by 

SEM, EDX, XRD and XPS techniques. Fe-Cu NPs used in this study were prepared earlier, 

and their characterization results were reported in a recent study.100  

SEM images of Fe NPs (nZVI) are shown in Figure 3.2. The morphology of the material 

appears in its typical chain-like structure, which is attributed to the strong magnetic forces of 

among the individual Fe nanoparticles. This aggregation is reported to reduce the efficiency of 

the Fe NPs toward the removal of pollutants.101  

The morphology of the prepared Cu0 NPs was also examined by SEM. The copper 

nanoparticles exhibit nearly spherical shape, and since small Cu nanoparticles have a strong 

tendency to aggregate, some nanopatches, and something like Cu nanocluster were observed,102 

as shown in Figure 3.3. 

 

 

Figure 3 2ش: Typical SEM images of Fe NPs at two different magnifications.  

    

Figure 3. 3: Typical SEM images of Cu NPs at two different magnifications. 
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The EDX elemental spectra and mapping images of Fe NPs and Cu NPs are shown in Figures 

3.4 and 3.5, respectively. As expected, the Fe samples are dominated by Fe and O, and the Cu 

samples are dominated by Cu and O. The oxygen content is not attributed totally to the samples, 

as some of the oxygen, and possibly carbon and nitrogen can arise from adventitious sources. 

The elemental mapping images shows that the O signals are intensively associated with Fe and 

Cu signals, possibly due to the presence of the oxide phases at the particles surface, which is 

in support of the core–shell model structure of these metallic nanoparticles.103 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3. 4: Elemental mapping of (a) Fe signals (b) O signals, and (c) EDX spectrum of Fe 

NPs sample. 
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Figure 3. 5: Elemental mapping of (a) O signals (b) Cu signals, and (c) EDX spectrum, of Cu  

NPs sample. 

The XPS spectrum of Fe 2p doublet obtained from Fe NPs is shown in Figure 3.6. The spectrum 

reveals a small shoulder at around 707 eV, suggesting the 2p3/2 peak of a zero-valent iron core 

(Fe0) which confirms the presence of the metallic iron in the nanoparticle samples. The 

photoelectron peaks centered around 710 eV and 724 eV suggest that the shell was largely 

made up of iron oxides and iron oxyhydroxide. The peak deconvolution shows the presence of 

both of ferrous and ferric ions in the Fe sample. The features around 711 eV and 724 eV with 

difference of 13 eV originate from Fe2+ 2p3/2 and Fe2+ 2p1/2, respectively. While the features 

around 713 eV and 726 eV originate from Fe3+ 2p3/2 and Fe3+ 2p1/2, respectively. The 

appearance of the satellite feature indicates that iron ions are in high spin states, which is 

characteristic of certain iron compounds, like oxide compounds.101,104,105 

 

(a) (b) 

(c) 
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Figure 3. 6: XPS spectrum of Fe NPs showing the Fe2p doublet. 

 

The XPS for a copper sample is shown in Figure 3.7. The peaks observed at 932.5 eV and 

952.5 eV, with a difference of 20 eV, are assigned to Cu 2p3/2 and Cu 2p1/2 peaks, which can 

form envelopes for Cu(0), Cu(I) in Cu2O, and Cu(II) in CuO. The presence of Cu(II) is also 

verified by the distinct shake-up satellite peaks in the spectrum. The Cu 2p3/2 satellite peak, 

which is nearly centered at about 944 eV in the Cu 2p XPS spectra may be associated with 

copper oxide.106,107 

 

Figure 3. 7: XPS spectrum of Cu NPs showing the Cu2p doublet 
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The mineral phase and purity of the prepared iron and copper nanoparticles were examined 

using X-ray diffraction (XRD). The XRD pattern of Fe NPs is shown in Figure 3.8. The peak 

appearing at 2θ value of 44.7° matches with the characteristic (110) reflection of iron in its 

zero-valent state, Fe0. The intensity of the reflection is low, indicating that the material is 

mostly amorphous.108 Figure 3.9 shows the XRD pattern of Cu NPs. The reflection peaks at 

2= 43.3, 50.4, 74.2 and 89.9 are reported to be indexed as (111), (200), (220) and (311) planes, 

respectively. The reflections match with metallic copper (face-centered cubic (fcc)). The sharp 

and strong peaks revealed that Cu nano-crystallites are highly oriented.102 

 

 

 

Figure 3. 8: XRD pattern of Fe NPs 

 

 

 

Figure 3. 9: XRD pattern of Cu NPs 
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3.3.  Effect of Operation Parameters on MO Removal  

        Different parameters have been studied for the removal process of MO in different 

solutions. The effect of time was used to determine the kinetic parameters (rate constant, 

maximum capacity, and activation energy). The extent of MO removal was studied  using the 

three types of NPs (Fe NPs , Cu NPs,and Fe-Cu NPs). The effect of  salinity, solvent type, type 

of nanoparticles, temperature, and nanoparticle doses on the removal  process were studied and 

the results are shown in the following sections. 

 

3.3.1. The effect of solvent and NPs type on MO removal 

          In this section,  different types of solvents (W, W-E(1:1)  and W-DMSO(1:1)) and 

different types of NPs ( Fe0, Cu0 and Fe-Cu NPs) were used to study the effect of solvent type 

on the removal process of MO. The results, in terms of percentage MO removal, are shown in 

Figure 3.10. 

 

 

Figure 3.10: Percentage removal of MO in three types of solvents, with three types of 

nanoparticles. 

 

The results showed that Fe0 NPs are more effective in the removal of MO when compared with 

the other two types of nanoparticles. When Fe NPs are used, the trend of MO removal is: water 
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Fe

Cu

Fe-Cu

0

20

40

60

80

100

W  W-E  W-DMSO

%
R

EM
O

V
A

L 

SOLVENT TYPE 

Fe Cu Fe-Cu



31 
 

solvents. In the cases of Cu0 and Fe-Cu NPs in water-ethanol and water-DMSO solvents, 

almost no dye removal was observed. 

As shown in section 3.1, since the studies on the aggregation behavior of MO in the three 

solvents indicated no dimer or higher order aggregate formation, it can be concluded that the 

solute-solute interactions play minimal effects on the observed results. On the other hand, the 

solute-solvent interactions seem to directly affect the extent of MO removal in the three 

different solvents. Like MO molecules, ethanol and DMSO molecules consist of hydrophobic 

and hydrophilic parts. So solute-solvent interactions in water-ethanol and water-DMSO 

solutions compared with water solutions could be causing smaller extents of removal. 

Moreover, the molecules of ethanol and DMSO in the two mixed solvents might be forming 

solvation spheres around the nanoparticles in which the hydrophilic part is directed towards 

the nanoparticle surface, while the hydrophobic part extends to other side into solution, 

possibly causing a steric hindrance acting against the accessibility of the dye molecules to the 

nanoparticle materials.  

The following sections discuss the MO removal under different conditions. Due to the poorer 

performance of the water-DMSO solvent, the coming experiments were performed on a 

comparative basis between pure water and water-ethanol solvents. 

 

3.3.2. Effect of NPs dose 

          In order to study the effect of nanoparticle dose on the removal process,  0.005, 0.015, 

0.025 and 0.035 g samples of  NPs (Fe0 NPs, Cu0 NPs,and Fe-Cu NPs)  was introduced  into 

25 mL of 100 mg/L MO in W and W-E solvents. The temperature was kept at 298 K in these 

experiments. The results, in terms of percentage MO removal are shown in Figure 3.11. 

The results clearly show that water solutions lead to better removal of MO over binary solutions 

containing water and ethanol. Also, in cases with water solutions for the three types of 

nanoparticles used in these experiments, the removal of MO increases with an increase in the 

NPs dose. This could be due to the fact that the availability of surface-active sites increases 

with the increased dose of adsorbent.109 

In addition, the results indicate that Fe0 nanoparticles are more effective in MO removal than 

Cu and Fe-Cu nanoparticles under all conditions, and it is possible to attain almost a complete 

removal of MO from water at the highest nanoparticle dose used in these experiments. 
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Figure 3.11: Variation of the percentage removal of MO in water and water-ethanol solutions, 

using Fe, Cu, and Fe-Cu nanoparticles at 298 K. 
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Langmuir, Freundlich, Tempkin, Dubinin-Radushkevich, and Harkins-Jura isotherms were 

used to fit the experimental data. The coefficient of determination (R2) of the linear fits of the 

isotherms is given in Table 3.3. 

 

The nonlinear equations of these isotherms are: 

 

Langmuir model:        𝑄 =  
𝑄𝑚 𝐾𝐿 𝐶

1+𝐾𝐿 𝐶
………………… . . (5) 

Freundlich model:       𝑄 =  𝑘𝐹 𝐶
1/𝑛…………………(6)      

  

Temkin model:          𝑄 =  𝐵𝑇 ln(𝐴𝑇𝐶)…………… . . (7)  

 

 

Dubinin – Radushkevich model: 

  

𝑄 =  𝑄𝑚 𝑒
−𝐾𝜀2 𝑖𝑛 𝑤ℎ𝑖𝑐ℎ 𝜀 = 𝑅𝑇 ln (1 +

1

𝐶
)………(8) 

Harkins-Jura:       𝑄 = √
𝛽

𝑙𝑜𝑔𝐶− 𝛼
…………………… . (9)     

 

In all equations, Q stands for equilibrium dye concentration on the solid phase (mg/g), and C 

is the equilibrium liquid concentration (mg/L). the other terms in equations stands for the 

isotherm constants.110 

According to the linear regression results, poor correlations were obtained for Langmuir, 

Dubinin-Radushkevich, and Temkin isotherms. On the other hand, Harkins-Jura isotherm 

provided the best correlation followed by Freundlich isotherm. The linear fits obtained using 

these two models are shown in Figure 3.12 (a,b). Harkin-Jura (H-J) isotherm model supposes 

the possibility of multilayer adsorption on the surface of adsorbent having a heterogeneous 

pore distribution.109 

Freundlich isotherm is usable to adsorption processes that happen on heterogonous surfaces. 

This isotherm affords an expression which realizes the surface heterogeneity and the 

exponential distribution of active sites and their energies. The linear form of the Freundlich 

isotherm is as follows: 

 ln Q𝑒 = ln 𝐾𝐹 + 1/ 𝑛 ln𝐶𝑒 ……………………..(10) 
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Where 𝐾𝐹 is the adsorption capacity (L/mg) and 1/𝑛 is referred to as the adsorption intensity; 

it also indicates the relative distribution of the energy and the heterogeneity of the adsorbate 

sites.110 

The values of KF and 1/n in Freundlich isotherm model were determined when Fe0, Cu0 and 

Fe-Cu NPs were used for the removal processes performed with water solvent and the results 

are shown in Table 3.4. The MO adsorption onto Fe0 is considered to be favorable because the 

values of 1/n are less than 1, and n in the range 2–10. In general, when the value of 1/n is less 

than 1 and the value of n in the range of 2–10 indicates good, 1–2 moderately difficult and 

below 1 poor adsorption (as in case with Cu0 & Fe-Cu) characteristics.109 

 

Table 3.3: The obtained R2 values from isotherm models  

Fe0 

R2 

(W-E at 323 

K) 

R2 

(W at 323 K) 

R2 

(W-E at 298K) 

R2 

(W at 298K) 

Isotherm 

0.734 0.997 0.181 0.901 Langmuir 1 

0.077 0.977 0.311 0.802 Langmuir 2 

0.181 0.927 0.968 0.567 Langmuir 3 

0.181 0.927 0.968 0.567 Langmuir 4 

0.037 0.968 0.672 0.909 Freundlich 

0.023 0.994 0.760 0.829 Tempkin 

0.079 0.882 0.595 0.562 D-R 

0.069 0.748 0.150 0.996 Harkins-Jura 

Cu0 

 R2 

(W at 323 K) 

R2 

(W-E at 298K) 

R2 

(W at 298 K) 

Isotherm 

 0.583 0.003 0.708 Langmuir 1 

 0.665 0.004 0.902 Langmuir 2 

 0.998 1.000 0.960 Langmuir 3 

 0.998 1.000 0.960 Langmuir 4 

 0.619 0.013 0.898 Freundlich 
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 0.576 0.059 0.822 Tempkin 

 0.602 0.013 0.748 D-R 

 0.732 0.050 0.964 Harkins-Jura 

Fe-Cu 

R2 (W/Eat 323 

K) 

R2 (Wat 323 

K) 

R2 (W/E at 

298K) 

R2 (W at 

298K) 

Isotherm 

0.626 0.599 0.833 0.396 Langmuir 1 

0.925 0.983 0.849 0.784 Langmuir 2 

0.880 0.148 0.999 0.949 Langmuir 3 

0.880 0.148 0.999 0.949 Langmuir 4 

0.918 0.988 0.899 0.728 Freundlich 

0.892 0.974 0.938 0.654 Tempkin 

0.963 0.943 0.903 0.665 D-R 

0.877 0.906 0.787 0.871 Harkins-Jura 

 

 

 

 

Table 3.4: Freundlich isotherm constants. 

NPs KF 1/n N 

Fe0 35.4 0.33 3.1 

Cu0 0.056 1.82 0.55 

Fe-Cu 0.011 2.0 0.50 
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(a) 

 

(b) 

 

Figure 3.12: (a,b). The linear fits of MO data in water solutions obtained using: (a) Harkins-

Jura isotherm, and (b) Freundlich isotherm models. 

 

 

3.3.3.   Effect of Temperature 

            The experiments performed to study the effect of NPs dose at 298 K were repeated at 

323 K. The results, in terms of percentage MO removal are shown in Figure 3.13 (a,b). In 

agreement with the previous results, water solutions were much better than W-E solutions for 

the removal of MO. In the case of using Fe0 and Fe-Cu NPs, increasing the temperature resulted 

in increasing the removal of MO in both solutions of W and W-E, and as a result the adsorption 

capacity (Q) increases. It has been reported that temperature has two main effects on the 

adsorption process. It is known that an increase in temperature increases the mobility of the 

0

0.5

1

1.5

2

2.5

0 0.0002 0.0004 0.0006 0.0008 0.001

lo
g 

C

1/Q2

Fe Cu Fe-Cu

2.5

3

3.5

4

4.5

5

5.5

1 1.5 2 2.5 3 3.5 4 4.5 5

ln
 Q

ln C

Fe Cu Fe-Cu



37 
 

adsorbate molecules in the solution, and the rate of diffusion of these molecules toward the 

adsorbent particles, as a result of the decreased viscosity of the solution. Therefore, it can be 

concluded that the adsorption of MO onto Fe0 and Fe-Cu NPs is an endothermic process.111 

In contrast, when using Cu0 NPs, increasing the temperature results in a decrease in the 

percentage removal and adsorption capacity. This can be explained by the exothermic 

spontaneity of the adsorption process and by the weakening of bonds between MO molecules 

and active sites of adsorbents at high temperatures.112 

 

 

 

Figure 3.13: Variation of the percentage removal of MO in (a) water and (b) water-ethanol 

solutions, using Fe, Cu, and Fe-Cu nanoparticles at 323 K. 
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Langmiur, Freundlich, Tempkin, Dubinin-Radushkevich and Harkins-Jura isotherms were 

used to fit the data. The coefficient of determination (R2) of the linear fits of the isotherms is 

given in Table 3.3. In the case of Fe0 NPs for the removal process of MO in water, according 

to the linear regression results, poor correlations were obtained for Freundlich, Dubinin-

Radushkevich and Harkins-Jura isotherms. On the other hand, Langmuir type 1 isotherm 

provided the best correlation followed by Tempkin isotherm. The linear fits obtained using this 

type are shown in Figure 3.14. 

Langmuir adsorption isotherm was initially derived to describe the gas-solid system, but was 

then extended to liquid-solid systems. This isotherm suggests that adsorption is proportional to 

the fraction of the surface of the adsorbent that is open while desorption is proportional to the 

fraction of the adsorbent surface that is covered .110 

The Langmuir isotherm is valid for monolayer adsorption onto a surface with a finite number 

of identical sites. In this case, MO adsorption conforms to the Langmuir model, the adsorption 

process expressed as: 

 Ce /Qe = 1/(KL .Qm ) + Ce /Qm ………………(11) 

Where Qm (mg/g) is the maximum adsorption capacity and KL (L/mg) is the Langmuir constant 

related to the adsorption equilibrium. The essential characteristics of the Langmuir isotherm 

can be expressed by means of ‘RL’ a dimensionless constant referred to as the separation factor 

or equilibrium parameter. The RL is defined as: 

RL = 1/ (1+KL .C0) …………………..(12) 

𝑅𝐿 values indicate the adsorption to be unfavorable when 𝑅𝐿 > 1, linear when 𝑅𝐿 = 1, favorable 

when 0 <RL< 1, and irreversible when 𝑅𝐿 = 0.111 

 The RL value for this case calculated from Langmuir linear equation resulted from plot C/Q 

vs C : 

𝐶𝑒
𝑄𝑒
= 0.0034𝐶𝑒 + 0.0235          

The slope = 1/Qm= 0.0034      ,  intercept=1/(KL.Qm) = 0.0235 

so; Qm= 294.1 mg/g            ,  KL=0.145 L/mg 

Thus; RL= 0.065 indicates that the adsorption of MO onto Fe0 at 323K is favorable. 
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In this study, Langmuir equations in 4 different types of linear expressions have been used to 

find the best linear type based on the experiment of methyl orange adsorption from its water 

solution onto NPs. 

The linear form of Langmuir equation originated from Eq. 5 is expressed as: 

𝐶𝑒
𝑄𝑒
=

1

𝐾𝐿𝑄𝑚
+
𝐶𝑒
𝑄𝑚
          𝑇𝑦𝑝𝑒 1…………… . (11)  

The rearrangement of This equation results in obtained another 3 different linearized types of 

Langmuir expressions:113 

1

𝑄𝑒
=

1

𝐾𝐿𝑄𝑚

1

𝐶𝑒
+
1

𝑄𝑚
     𝑇𝑦𝑝𝑒 2…………… . (13)  

 

𝑄𝑒 =
−𝑄𝑒
𝐾𝐿𝐶𝑒

+ 𝑄𝑚          𝑇𝑦𝑝𝑒 3………………(14) 

 

𝑄𝑒
𝐶𝑒
= −𝐾𝐿𝑄𝑒 + 𝐾𝐿𝑄𝑚      𝑇𝑦𝑝𝑒 4……………(15) 

In the case of using Cu0 and Fe-Cu NPs for MO removal process from water at 323 K, 

according to the linear regression results, poor correlations were obtained for Freundlich, 

Dubinin-Radushkevich and Harkins-Jura, Tempkin  isotherms. On the other hand, Langmuir 

type 3 and 4 isotherms provided the best correlation in case with Cu0. For Fe-Cu Langmuir 

type 2 was the best, as shown in the Table 3.3. In this case, R2 values obtained from the four 

linear expressions of Langmuir equations were largely different. It was noted that expression 

of type 3 and type 4 had the R2 value higher than R2 value of type 1 and type 2 for the MO 

adsorption on Cu0. Also, the R2 values of type 2 expressions are higher than R2 values of type1, 

type3 and type4 expression for the MO adsorption on Fe-Cu. These results indicated that 

different linear forms of the same Langmuir isotherm equations significantly will affect 

calculations of the parameters. These divergent outcomes show the real complexities and 

problems in estimating the isotherm parameters by the linearized method. The different 

outcomes for different linearization form of Langmuir isotherm equations were produced by 

the variation in the error structure that would get varied upon the linearizing technique of the 

nonlinear equation.113 
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Figure 3. 14: The linear fits of MO data in water solutions at 323 K using Fe0 NPs obtained 

with using Langmuir type1 isotherm. 

 

The results obtained from the effect of temperature were used to calculate the thermodynamic 

parameters of sorption; Gibbs free energy changes and enthalpy changes. Standard Gibbs free 

energy change can be calculated using the well-non thermodynamic relation:114 

ΔG0 = -RTlnK ……………………(16) 

 Where R is the universal gas constant, 8.314 J/mol K; T is the absolute solution temperature, 

and K representing the thermodynamic equilibrium constant. 

To evaluate values of K ‘equilibrium constant’ of sorption, the distribution ratio (or distribution 

coefficient), Rd or Kd can be used. The Rd (or Kd) is defined as the ratio of concentration of the 

sorbate on the solid to its concentration in the liquid (Qe/Ce). 

Thus, Rd = Qe/Ce …………………..(17) 

And the equilibrium constant (K) can be obtained by multiplying the Rd value with the mass 

of the sorbent, in g, and dividing it by the solution volume in L.114 

 So, K = Rd. M/V ………………….(18) 

The results of Gibbs free energy for removal of MO by using Fe0, Cu0 and Fe-Cu NPs in two 

solvents at 298 K and 323 K are shown in Tables 3.5, 3.6 and 3.7. 
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Table 3.5: Gibbs free energy for removal of MO by using Fe0 NPs in two solvents at 298 and 

323 K   

  W, at 298K Fe0 

ΔGᵒ (kJ/mol) K Rd NPs dose(g) 

-6.87 16.02 11.44 0.035 

-3.94 4.91 4.91 0.025 

-1.20 1.62 2.71 0.015 

1.93 0.46 2.30 0.005 

  W, at 323K Fe0 

-10.34 46.96 33.54 0.035 

-9.50 34.50 34.50 0.025 

-6.20 10.07 16.80 0.015 

-0.21 1.08 5.40 0.005 

  W-E, at 298K Fe0 

1.70 0.50 0.40 0.035 

1.97 0.45 0.45 0.025 

4.90 0.14 0.23 0.015 

- 0 0 0.005 

  W-E, at 323K Fe0 

-1.60 1.82 1.30 0.035 

0.95 0.70 0.70 0.025 

3.72 0.25 0.44 0.015 

5.90 0.11 0.56 0.005 

 

Table 3. 6: Gibbs free energy for removal of MO by using Cu0 NPs in two solvents at 298 and 

323 K 

W, at 298K Cu0 

ΔG0 (kJ/mol) K Rd NPs dose(g) 

-1.40 1.75 1.25 0.035 

-0.250 1.10 1.10 0.025 

0.480 0.825 1.40 0.015 

2.13 0.422 2.11 0.005 



42 
 

  W, at 323K Cu0 

5.20 0.146 0.10 0.035 

5.90 0.111 0.11 0.025 

7.30 0.066 0.11 0.015 

8.32 0.045 0.22 0.005 

  W-E, at 298K Cu0 

9.64 0.020 0.014 0.035 

9.64 0.020 0.020 0.025 

10.40 0.015 0.025 0.015 

9.64 0.020 0.102 0.005 

 

Table 3.7: Gibbs free energy for removal of MO by using Fe-–Cu NPs in two solvents at 298 

and 323 K     

W, at 298K Fe-Cu 

ΔG0 (kJ/mol) K Rd NPs dose (g) 

0.35 0.87 0.62 0.035 

1.02 0.66 0.66 0.025 

2.60 0.35 0.60 0.015 

3.70 0.22 1.13 0.005 

  W, at 323K Fe-Cu 

-2.11 2.20 1.60 0.035 

-1.41 1.70 1.70 0.025 

0.252 0.910 1.52 0.015 

3.140 0.310 1.55 0.005 

  W-E, at 298K Fe-Cu 

5.98 0.089 0.064 0.035 

6.45 0.074 0.074 0.025 

6.70 0.067 0.112 0.015 

8.61 0.030 0.154 0.005 

  W-E, at 323K Fe-Cu 

2.94 0.334 0.240 0.035 

3.91 0.232 0.232 0.025 
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5.22 0.143 0.239 0.015 

7.80 0.055 0.274 0.005 

 

As can be seen from the tables above, the K values for MO in water solutions are clearly larger 

than those in water-ethanol solutions.   

In the case of using Fe0 NPs for the removal of MO from water at 298 and 323K, the ∆G⁰ 

negative values indicate that the MO adsorption reaction onto Fe NPs favors the products over 

the reactants. This is true for any case leading to negative values of ∆G⁰, since K values would 

then be greater than one. On the other hand, in all cases, positive values ∆G⁰ result from limited 

MO sorption, which leads to K values less than one.  

The K values obtained at the two temperatures were used to calculate the enthalpy changes 

(ΔΗ0) associated with the uptake of MO from the two solutions (W, W-E) at 4 NPs doses. For 

this purpose, Van't Hoff equation was used;115 

𝑙𝑛
𝐾2
𝐾1
=
𝛥𝛨ᵒ

𝑅
(
1

𝑇1
−
1

𝑇2
)…………… . (19) 

Where K1 and K2 are the equilibrium constants of the reaction at two different temperatures; T1 

and T2 respectively. The obtained values are given in Tables 3.8, 3.9 and 3.10. 

Table 3.8: The values of ΔΗ0 associated with removal of MO from the two solutions (W, W-

E) at 4 Fe0 NPs doses at two temperatures (298,323K) 

Fe0 dose (g) K1 at 298 K K 2 at 323 K ΔΗᵒ (kJ/mol) 

 Water 

0.035 16.02 46.96 34.42 

0.025 4.90 34.46 62.40 

0.015 1.62 10.07 58.40 

0.005 0.46 1.08 27.40 

 W-E  

Fe0 dose (g) K1 at 298 K K2 at 323K ΔΗᵒ (kJ/mol) 

0.035 0.51 1.82 40.89 

0.025 0.45 0.700 14.076 

0.015 0.14 0.250 18.54 

0.005 0 0.112 - 
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Table 3.9: The values of ΔΗ0 associated with removal of MO from water at 4 Cu0 NPs doses 

at two temperatures (298, 323K) 

Cu0 dose (g) K1 at 298K K 2 at 323K ΔΗᵒ (kJ/mol) 
 

Water 
  

0.035 1.75 0.146 -79.46 

0.025 1.10 0.111 -73.43 

0.015 0.824 0.066 -80.66 

0.005 0.422 0.045 -71.60 

 

Table 3.10: The values of ΔΗ0 associated with removal of MO from the two solutions (W, 

W-E) at 4 Fe-Cu NPs doses at two temperatures (298 K, 323K) 

Fe-Cu dose (g) K1 at 298 K K 2 at 323 K ΔΗᵒ (kJ/mol) 
 

Water 
  

0.035 0.87 2.20 29.73 

0.025 0.66 1.70 30.05 

0.015 0.35 0.91 30.52 

0.005 0.22 0.31 10.25 

 W-E   

Fe-Cudose (g) K1 at 298K K2 at 323K ΔΗᵒ (kJ/mol) 

0.035 0.090 0.33 42.22 

0.025 0.074 0.23 36.65 

0.015 0.070 0.14 24.21 

0.005 0.030 0.055 18.28 

 

The positive values of ∆H⁰ obtained for using Fe0 and Fe-Cu in the removal of MO from water 

and water-ethanol solutions indicate an endothermic sorption process.115 In the case of using 

Cu0 NPs for removal of MO from water solutions, the negative values of ∆H⁰ are indicative of 

an exothermic process.  

Endothermic sorption is usually associated with systems in which the energy requirement of 

dehydration effects of the adsorbate molecules is larger than the energy associated with the 
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intrinsic sorption step on the adsorbent surface. This situation is reversed if exothermic 

behavior is observed.  

The calculated values of enthalpy change are in energy ranges which correspond mostly to 

physical adsorption, and in some cases, to weak chemical adsorption.116 

It was reported in the literature, that the adsorption enthalpy, ranging from 2.1 to 20.9 kJ/mol, 

corresponds to a physical adsorption.116 Thus, in case with water solutions, The values of ∆H⁰ 

as shown from Tables 3.8 and 3.10 are in the range of (27.4– 62.4 kJ/mol) and (10.2– 30.5 

kJ/mol) for Fe0 NPs and Fe-Cu NPs, correspondingly. This suggests that the adsorption of MO 

on Fe0 NPs can be classified as chemical adsorption and physical adsorption in the case of Fe-

Cu NPs at lower dose (0.005g) and chemical adsorption at higher Fe-Cu doses.  

 

3.3.4 Salinity Effect  

         The composition of the real dye wastewater is always complex. The dyeing wastewater 

includes lots of inorganic salts, and this justifies studying the effect of  salinity on the removal 

process of MO. Four conentrations of NaCl (10, 20, 30 and 40 g/L) in 100 mg/L MO solutions 

(in W and W-E solvents) were used. These solutions were mixed with 35 mg samples of 

nanoparticle materials (Fe0, Cu0 and Fe-Cu), and were kept in thermostated shaking water bath 

at 298 K for four  hours. The  results of the experiments are shown in Tables 3.11& 3.12. 

 

It can be seen that NaCl harmed decolorization of MO by Fe0 and Cu0 NPs. The percentage 

removal of MO from water by Fe0 decreased from 94.0% to 83.6% when the concentration of 

NaCl was 10 g/L, and the extent of dye removal decreased further as the concentration of NaCl 

increased, and reached to 74.5% when the concentration of NaCl was 30 g/L. Moreover, the 

addition of NaCl caused a decrease in the extent of dye removal by Fe0 in W-E mixture from 

33.5% to 0%. This might be caused by the outside iron oxide layer in Fe0 NPs which is 

positively charged under the isoelectric point, which is accessible to the anions that have atoms 

with a lone pair of electrons such as chloride ions. These ions could compete with MO in 

occupying the adsorptive and reactive sites of the Fe0 NPs surfaces, thus leading to a decrease 

of the decolorization efficiency.45 The same results were obtained when Cu0 is used; the 

percentage removal of MO from water decreased from 63.6% to 57.1% when the concentration 

of NaCl was 20 g/L. 
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In contrast to Fe0 and Cu0, the percentage removal of MO from water by Fe-Cu NPs increased 

from 46.5% to 71.4 % when the concentration of NaCl was 30 g/L. This may be referred to the 

assumption that, sometimes the counter ions of the salt may reduce the surface charge, and may 

reduce the repulsions between the elements of same charge, and thus increase the adsorption 

efficiency. This behavior requires further investigation. 

 

Table 3.11: Salinity effect when water is used as a solvent 

Fe0 

% Removal Q (mg/g) C (mg/L) NaCl Conc.(g/L) 

83.6 59.7 16.4 10 

78.5 56.0 21.5 20 

74.5 53.3 25.4 30 

81.8 58.4 18.2 40 

Cu0 

57.5 41.0 42.5 10 

57.1 40.8 42.9 20 

58.6 41.8 41.4 30 

58.7 41.9 41.3 40 

Fe-Cu 

51.6 36.8 48.4 10 

56.8 40.6 43.2 20 

71.4 51.0 28.6 30 

68.3 48.8 31.7 40 

 

 

Table 3.12: Salinity effect when water and ethanol (50%:50%) mixture is used as a solvent 

Fe0 

% Removal Q (mg/g) C (mg/L) NaCl Conc. (g/L) 

3.3 2.4 96.7 10 

0.3 0.2 99.7 20 

0.0 0 100 30 

0.0 0 100 40 

Cu0 

1.5 1.0 98.5 10 

1.4 1 98.6 20 

0.6 0.4 99.4 30 

0.0 0 100 40 
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3.3.5 Heterogeneous Fenton Reaction 

        In this section, Fe0, Cu0 and Fe-Cu NPs were used as a Fenton-like catalyst in the removal 

of MO. The experiments were conducted in W and in W-E solutions at 100 mg/L MO initial 

concentration.  

Heterogeneous Fenton reaction is an oxidation process that has been widely studied in organic 

wastewater treatment. This method is based on the generation of hydroxyl radicals (HO∙), 

which have a strong oxidation capacity. In heterogeneous Fenton oxidation, solid metal-

catalysts can catalyze the decomposition of H2O2 with the production of highly reactive OH 

radical. Thus, complex organic molecules can be either oxidized by HO∙ to 

smaller organics or completely mineralized to carbon dioxide (CO2) and water (H2O).117,118 

The production of the radicals, using Fe NPs as a catalyst, can be represented by:80  

 

Fe0 + O2 
𝐻+
→  Fe2+ + H2O2 

Fe0 + H2O2 → Fe2+ + 2H2O2 

Fe2+ + H2O2 → Fe3+ + OH· + OH− 

 

Metallic iron has been widely used as a heterogeneous Fenton catalyst. In addition, it was 

reported that Copper also exhibited high reactivity toward H2O2 over a wide pH range.118 

The results of the related experiments are given in Figure 3.15. The figure shows that water 

forms a much better medium for the Fenton-like cycle, and that leads to more degradation of 

MO in comparison with water-ethanol mixture. This can be attributed to that, in addition to 

oxidizing the dye, the hydroxyl radicals produced by the Fenton cycle in acidic media can also 

oxidize ethanol to acetaldehyde.119 Also the results show that Fe0 NPs are much more effective 

for dye removal than Cu0 or Fe-Cu NPs from both types of solvents. At the same time this 

oxidative process seems to offer no advantages over the direct use of Fe0 NPs in the removal 

of MO under the studied conditions, also a higher NPs quantity (50 mg) does not give better 

results.  
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Figure 3.15: % removal of MO with Fe0, Cu0 and Fe-Cu NPs as a Fenton-like catalysts. 

 

 

3.3.6. Effect of Time 

          The kinetic studies were carried out in two solvents; W and W-E, for Fe NPs and Cu 

NPs. The experiments were conducted at MO initial concentration of 100 mg/L for different 

periods of time starting from 1 min. up to 4 hours. 

 

Based on the results presented in Figures 3.16 and 3.17, the following two conclusions can be 

drawn: 

(i) The removal of MO is faster and more efficient in water medium compared with 

water-ethanol medium.  

(ii) Fe NPs material is much more efficient in MO removal than Cu NPs, in both solvent 

systems. 

Both observations are inline with the earlier conclusions reported in the previous sections 

regarding the extent of MO sorption. 
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Figure 3.16: The variation of MO concentration with time at 323 K when Fe NPs are used in 

the MO removal in both solvents; W and W-E. 

 

 

 

Figure 3.17: The variation of MO concentration with time at 323 K when Cu NPs are used in 

the MO removal in both solvents; W and W-E. 

 

Due to the poor kinetic performance of Cu NPs, and the poor kinetic performance in W-E 

medium, the kinetic analysis was performed for MO removal by Fe NPs in water medium, at 

two operating temperatures of 298 K and 323 K. The corresponding kinetic data are shown in 

Table 3.13. 
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The expermental amount of MO removed from solution (and presumably attached to solid 

materials) can be calculated using the mass balance equation: 

Q =(C0-C)V/m 

Where;  

          Q is the removed concentration of MO (mgMO/gNPs) 

          C0 is the initial concentration of MO (100 mg/L) 

          C is the liquid concentration of MO (mg/L) at a certain time 

          V is the total volume of the solution. 

          M is the mass of the nanoparticle material used in the removal process. 

 

 

Table 3.13: Effect of time on MO removal using Fe0 in Water at 298 K and 323K. 

T = 298 K 

% Removal Q (mg/g) C (mg/L) Time(min) 

0 0 100 0 

28.64 28.64 71.3 1 

35.85 35.85 64.15 5 

55.65 55.65 44.35 15 

65.23 65.23 34.77 30 

75.81 75.81 24.19 60 

74.19 74.19 25.8 120 

88.17 88.17 11.83 180 

85.94 85.94 14.06 240 

T = 323 K 

0 0 100 0 

55.5 55.5 44.5 1 

83.6 83.6 16.4 5 

95 95 5 15 

95.8 95.8 4.2 30 

97.8 97.8 2.2 60 

97.8 97.8 2.2 120 

98 98 2 180 

97.5 97.5 2.5 240 
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The data were fitted to pseudo-first and second-order kinetics. Pseudo-first-order rate equation 

represented by lagergren was used. The nonlinear form of  lagergren equation is given as:120 

𝑄 = 𝑄𝑒 (1 − 𝑒
−𝑘1𝑡)………… . (20) 

 

It  can be linearized to; 

ln(𝑄𝑒 − 𝑄 ) = 𝑙𝑛𝑄𝑒 − 𝑘1t………… . . (21) 

 

The coefficient of determination (R2) of the linear fits of the pseudo-first-order kinetics was 

very low (0.8920 at 298 K and 0.4429 at 323 K). So, it is clear that the first order kinetics is 

not applicable.  

Next, pseudo-second-order rate equations represented by Ho Equation121 and Shahwan 

Equation122  were used. As reported by their authors, these two equations were derived using 

two different approaches, and although the two equations look similar to each other, they differ 

in the interpretation of Qe (or Qm) and the method of determination of the rate constant, k, and 

its unit. Since Qm is used instead of Qe, Shahwan equation was reported to provide better 

applicability when the removal is almost complete. 

 

The nonlinear form of Ho equation is given as:121 

 

𝑄 =
𝑘2. 𝑡. 𝑄𝑒

2

1 + 𝑘2. 𝑄𝑒. 𝑡
…………… . . (22) 

 

 

It can be linearized to; 

 

𝑡

𝑄
=

1

𝑘2𝑄𝑒2
+
1

𝑄𝑒
𝑡 …………… . (23) 

 

Where Qe is the experimental value of Q at the equilibrium, and k is the rate constant. 

On the other hand, the nonlinear and linearized forms of Shahwan’s equation are given as:122 

 

𝑄 =
𝑄𝑚𝐶0 𝑘2𝑡

𝐶0 𝑘2𝑡 + 1
………………(24) 
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t

Q
=

1

𝑄𝑚C0K2
+
1

𝑄𝑚
𝑡 ………… . (25) 

 

Where; 

 

C0 is the initial concentration of the MO 

k2 is the second-order rate constant  

Q is the amount of MO sorbed on NPs. 

 Qm is the maximum amount of solute that would be sorbed if the sorption 

reaction goes to completion. 

The linear fits of the kinetic data can be obtained by plotting t/Q vs t for both of Ho and 

Shahwan  models, as shown in Figure 3.18. The high value of coefficient of determination 

indicates the applicability of the second-order kinetics for MO removal by Fe NPs. 

 

 

 

Figure 3.18: Pseudo-second-order linear fit for the removal process of MO (100 mg/L MO 

and 0.025g Fe0) from water solutions using Fe NPs at: (a) 298K, (b) 323K. 
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The obtained kinetic prameters are given in Tables 3.14 and 3.15. The activation energy was 

calculated using the equation: 

 

𝑙𝑛
𝑘2

𝑘1
=
𝐸𝑎

𝑅
(
1

𝑇1
−

1

𝑇2
)…………(26)  

 

Table 3.14: The obtained results for the pseudo-second-order linear fit using Ho's equation. 

W at 323K W at 298K  

0.0102 0.0113 Slope 

1 0.9942 R2 

0.0055 0.0986 Intercept  

0.0189 1.295x10-3 k2 

(g mg-1min-1.) 

98.04 88.50 Qe (theo) (mg/g) 

98 88.17 Qe (exp) (mg/g) 

85.81 |𝐸𝑎|(kJ/mol) 

 

 

Table 3.15: The obtained results for the pseudo-second-order linear fits using Shahwan’s 

equation. 

W at 323K W at 298K  

0.0102 0.0113 Slope 

1 0.9942 R2 

0.0055 0.0986 Intercept  

0.0185 1.146x10-3 k2 

(Lmg-1min-1) 

100 100 Qm (theo) (mg/g)  

(=C0V/M) 

98 88.17 Qm (exp) (mg/g) 

89.40 |𝐸𝑎|(kJ/mol) 
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Alternatively, the experimental data were also fitted by nonlinear fitting using the two 

equations, and the results are shown in Figures 3.19 and 3.20. The obtained rate constants and 

the calculated activation energy values are given in Table 3.16. 

 

Table 3.16: Rate constants and the calculated activation energy values obtained from 

nonlinear fit. 

At 298 K k2 |𝐸𝑎|(kJ/mol) 

Ho  0.0013 (g mg-1min-1.) 73.70 

Shahwan  0.0011 (Lmg-1min-1) 76.50 

At 323 K   

Ho 0.013 (g mg-1min-1.)  

Shahwan 0.012 (Lmg-1min-1)  

 

 

In order to compare the results of the linear fits to the results of the nonlinear fits, nonlinear 

plots were constructed using the data obtained from the linear fits and added into the above-

mentioned figures. The results show that, when Ho equation is used, there are little difference 

between linear and nonlinear fits, as both of them yield values close to similar extent to the 

experimental values. On the other hand, when Shahwan equation is used, nonlinear fitting 

yields results closer to the experimental data than linear fitting, especially for the data at 298 

K. Hence, nonlinear fitting would be recommended for such cases. 
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Figure 3.19: nonlinear and linear fit of the kinetic data of MO removal by Fe NPs at 298 K; 

(a) using Ho equation (b) using Shahwan equation. 
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Figure 3.20: nonlinear and linear fit of the kinetic data of MO removal by Fe NPs at 323 K; 

(a) using Ho equation (b) using Shahwan equation. 

 

 

Based on the kinetic analysis, the following conclusions can be obtained: 

❖ Equilibrium of MO removal is achieved fast, within about an hour of contact at 298 K, 

and considerably less than that at 323 K.  

❖ As can be seen from the rate constants, the rate of MO removal in the water medium is 

higher at higher temperature.  
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❖  The increase in rate constants with increasing temperature leads to positive activation 

energies. This signifies a process in which the increase in temperature leads to more 

activated molecules which are capable of crossing the activation energy barrier, and as 

such, leads eventually to accelerating the MO removal at higher temperatures. 

❖ In all cases, the obtained Qe values from the mathematical fitting are considerably close 

to experimental Qe values, suggesting the adequacy of this model for describing the 

sorption system. 

❖ The nonlinear fitting can be recommended over linear fitting. 
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4.  Conclusion 

  

         This study has found that the transition energy of MO in the three studied solvents may 

be correlated with the values of dielectric constant and surface tension of these solvents. Under 

the studied experimental conditions, the results showed that no distinctive signs for dimers or 

higher order aggregates of MO are seen in the UV-Vis spectra. However, a blue shift was 

observed in the solutions of MO in water-ethanol and in water-DMSO relative to the MO in 

water. No obvious intensity changes were observed in all cases, this shows that the solute-

solute interactions are less effective than the solute-solvent interactions in determining the 

behavior of MO molecules in solution.  

       By comparing the three synthesized nanoparticles, it was found that Fe NPs are more 

effective in dye removal than both of Cu NPs and Fe-Cu NPs under all conditions, and with a 

proper dose of Fe NPs, it is possible to attain almost a complete removal of MO from water. In 

addition, it was found generally that water solutions are distinctly more suitable than the other 

used solvents in this study for the removal of MO. When Fe NPs are used in MO removal, the 

trend of dye removal in different solvents is: water > water-ethanol > water-DMSO. This trend 

is proportional with the trend of polarity of the solvents. In the cases of Cu NPs and Fe-Cu 

NPs, almost no dye removal is observed in water-ethanol and water-DMSO solvents at 298K. 

       Increasing the NPs dose results in increasing the extent of removal of MO from water 

solutions for the three types of nanoparticles. At the same time, in water-ethanol solution 

increasing the dose of Cu and Fe-Cu NPs made no significant difference to the extent of MO 

removal. But this increase in dose reflects positively on MO removal from water-ethanol 

solutions when Fe NPs were used. In water solutions at 298 K, the removal of MO can be best 

described with Harkins-Jura isotherm and to a lesser extent by Freundlich isotherm. The same 

is not true when temperature is increased to 323 K. 

         The removal of MO from water and water-ethanol solutions using Fe NPs and Fe-Cu NPs 

was observed to be endothermic, but it was observed to be exothermic in the case of Cu NPs. 

Endothermic sorption is usually associated with systems in which the energy requirement of 

dehydration effects of the adsorbate molecules is larger than the energy associated with the 

intrinsic sorption step on the adsorbent surface. This situation is reversed if exothermic 

behavior is observed. The calculated values of enthalpy change are in energy ranges which 

correspond mostly to physical adsorption, and in some cases, to weak chemical adsorption.  

          The research has also shown that the addition of NaCl salt reduced the extent of MO 

removal, under the studied experimental conditions. The salt concentration in the solution 
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affects the ionic strength of the medium, and can alter its polarity and thus the interaction 

between dye molecules and solvent molecules. 

         Water forms a much better medium for the Fenton-like cycle, and that leads to more 

degradation of MO in comparison with water-ethanol mixture. In addition, Fe NPs are much 

more effective for dye removal than Cu NPs or Fe-Cu NPs from both types of solvents. 

However, this oxidative process seems to offer no advantages over the direct use of Fe NPs in 

the removal of MO under the studied conditions. 

         The kinetic analysis of MO removal from water using Fe NPs showed that equilibrium 

of dye removal is achieved fast, and that the rate constants increase with temperature, thus MO 

removal is accelerated at higher temperatures. The kinetic data can be described with second- 

order kinetics, and nonlinear fitting of the data can be recommended over linear regression. 
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Appendix 

 

        Methyl Orange Calibration Curve  

 

        The spectrophotometer was used to obtain three calibration curves for the three solvents. 

 

 

 

 

Figure A: Calibration curves for MO in: (a) W, (B) W-E, and (c) W-DMSO. 
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