
PEOPLE'S DEMOCRATIC REPUBLIC OF ALGERIA 

MINISTRY OF HIGHER EDUCATION  

AND SCIENTIFIC RESEARCH 

University of Echahid Hamma Lakhdar - El Oued 

 

Thesis submitted in fulfilment of the requirement for the degree of 

Doctorate of Science  

 in Process Engineering  

Specialty: Chemical Engineering 

 

 

 

 

Presented by 

AHMOUDA Kaouthar 

Before the jury composed of 

REBIAI Abdelkrim MCA University of El-Oued President 

SEKIRIFA Mohamed Lamine Professor University of Ouargla Examiner 

BELKHALFA Hakim MRA CRAPC, Ouargla Examiner 

BEN MYA Omar Professor University of El-Oued Examiner 

BENHAOUA Boubaker Professor University of El-Oued Supervisor 

    

2021-2022 

FACULITY OF TECHNOLOGY 

DEPARTMENT OF PROCESS ENGINEERING AND PETROCHEMISTRY 

Green synthesis and characterization of iron oxide 

nanoparticles: evaluation of the reactivity of their 

surfaces 



 



PEOPLE'S DEMOCRATIC REPUBLIC OF ALGERIA 

MINISTRY OF HIGHER EDUCATION  

AND SCIENTIFIC RESEARCH 

University of Echahid Hamma Lakhdar - El Oued 

 

Thesis submitted in fulfilment of the requirement for the degree of 

Doctorate of Science  

 in Process Engineering  

Specialty: Chemical Engineering 

 

 

 

 

Presented by 

AHMOUDA Kaouthar 

Before the jury composed of 

REBIAI Abdelkrim MCA University of El-Oued President 

SEKIRIFA Mohamed Lamine Professor University of Ouargla Examiner 

BELKHALFA Hakim MRA CRAPC, Ouargla Examiner 

BEN MYA Omar Professor University of El-Oued Examiner 

BENHAOUA Boubaker Professor University of El-Oued Supervisor 

    

2021-2022 

FACULITY OF TECHNOLOGY 

DEPARTMENT OF PROCESS ENGINEERING AND PETROCHEMISTRY 

Green synthesis and characterization of iron oxide 

nanoparticles: evaluation of the reactivity of their 

surfaces 



iii

ABSTRACT

In this thesis, two novel studies are presented, the first one investigated how the Ferrous Re-
ducing Antioxidant Potential (FRAP) of aqueous plant extracts affects Fe2+ vacancies (defects)
formation within greenly synthesized wüstite (FexO) nanoparticles. In the second study, after the
complete oxidation of FexO NPs into Fe3O4 NPs under ambient conditions, the influence of medi-
ating plant extract’s acidity on magnetite surface reactivity has been studied in the preferential and
enhanced adsorption of methyl green (MG) on the different greenly synthesized Fe3O4 surfaces
by coupling three processes: MG adsorption in ambient dark conditions at the first process, at the
second process, the thermocatalysis of MG/Fe3O4 residual solution, and finally the photocatalysis
by UV irradiation of MG/Fe3O4 residual solution after applying thermocatalysis. This study used
four aqueous plant extracts as reducing agents with FeCl3 as a precursor to synthesize FexO NPs.
The plants dealt with in this study are Rosemarinus Officinalis.(L), Juniperus Phoenicia.(L), Matri-
caria Pubescens.(L), and Artemisia Herba-alba.(L), and their acidic extracts pH are respectively;
5.25, 5.05, 4.63, and 3.69. All synthesized samples are characterized by XRD, SEM, ATR-FTIR,
and UV-Vis. For FexO, lattice parameters are calculated through XRD data, and then wüstite
compositions are calculated using the McCammon equation. Results of the first study showed that
the FRAP has a clear effect on Fe2+ vacancies formation within wüstite NPs. Indeed, The increase
in the FRAP leads to a decrease in Fe2+ defects within wüstite NPs and consequently an increase
in the grain size. Furthermore, studying iron vacancies’ effect on wüstite formation thermody-
namic showed that free energy of wüstite formation ∆G0

fFeO
(x) is impacted by cation vacancies

and hence by FRAP. The novelty of the second study lies in highlighting the influence of the medi-
ating plant extract on magnetite physicochemical characteristics which impact the preferential and
enhanced MG adsorption. Studied characteristics are: hydroxyl groups functionality on magnetite
surfaces, grain size, and band gap energy. It was found that plant extract acidity has a clear effect
on studied physicochemical characteristics of magnetite samples. The analysis of FTIR spectra
showed that hydroxyl groups densities differ on the four magnetite samples. Furthermore, the cal-
culated grain sizes of magnetite samples based on XRD spectra data vary from 29.27 to 41.49 nm.
The analysis of UV-Vis spectra of the four magnetite samples showed that estimated direct band
gap energies vary from 2.87 to 2.97 eV. Found results showed that the decrease of mediating plant
extract’s acidity leads to an increase in functional hydroxyl groups density on magnetite surfaces
which conducted to an increase in MG adsorption capacity and yield in the first process. Thus MG
adsorption was more preferred on magnetite surfaces mediated by low acidic plant extracts. Fur-
thermore, the increase of plant extract acidity leads to a decrease in particle size and an increase
in band gap energy and therefore to the slowness of electron/hole pairs recombination lifetime
upon electrons excitation. So, magnetite greenly synthesized from more acidic mediating plant
extract showed more thermo- and photocatalytic activities in MG adsorption. MG adsorption un-
der thermo- and photocatalysis processes were more enhanced on magnetite NPs exhibiting slower
electron/hole pairs recombination lifetime.
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RÉSUMÉ

L’effet des extraits des plantes sur la stoechiométrie du fer et la réactivité de surface des
nanoparticules d’oxydes de fer synthétisées par la méthode verte font l’objet de deux contri-
butions présentées dans la présente thèse. La première contribution consiste à étudier l’effet
du FRAP (Ferrous Reducing Antioxidant Potential) de l’extrait aqueux de plante sur la forma-
tion des défauts cationiques de Fe2+ dedans les nanoparticules du wustite (FexO). Alors que
dans la deuxième contribution investigue l’influence de l’acidité de l’extrait de plante utilisé dans
la synthèse verte sur la réactivité de surface de la magnétite dans l’adsorption préférentielle et
améliorée du vert de méthyle (VM) sur les différentes surfaces de magnétites dans trois phases
d’adsorption : l’adsorption de VM dans les conditions ambiantes et sombres dans la première
phase. En deuxième phase, la thermocatalyse de la solution résiduelle après la première phase
(VM/Fe3O4), et enfin la photocatalyse par l’irradiation UV de la solution résiduelle (VM/Fe3O4)
après l’application de la thermocatalyse. Dans cette étude quatre extraits aqueux de plantes ont été
utilisés comme agents réducteurs avec FeCl3 comme précurseur pour synthétiser les nanopartic-
ules de FexO. Les quatre plantes utilisées sont Rosemarinus Officinalis.(L), Juniperus Phoeni-
cia.(L), Matricaria Pubescens.(L), et Artemisia Herba-alba.(L), et les pH de leurs extraits sont
acidiques ayant respectivement les valeurs: 5.25, 5.05, 4.63 et 3.69. Les quatre échantillons de
magnétite (Fe3O4) de la deuxième étude résultent de l’oxydation complète de FexO en Fe3O4

dans les conditions ambiantes. Tous les échantillons des nanoparticules des oxydes de fer synthétisés
sont caractérisés par DRX, MEB, RTA-IRTF et UV-Vis. Pour les nanoparticules de FexO, les
paramètres de réseau ont été calculés à partir des données DRX. La stœchiométrie de fer dans
les nanoparticules du FexO a été ensuite calculée par l’équation de McCammon. Les résultats de
la première étude ont montré que le FRAP a un effet clair sur la formation de défauts de Fe2+

dans le wustite. En effet, l’augmentation du FRAP mène à la diminution des défauts de Fe2+ et
par conséquent à une augmentation de la taille des grains des nanoparticules. En outre, l’étude
de l’effet des défauts de Fe2+ sur la thermodynamique de la formation du wustite a montré que
l’énergie libre de la formation du wustite (∆G0

fFeO
(x)) est impactée par les défauts cationiques de

Fe2+ et par conséquent par le FRAP. La nouveauté de la deuxième étude réside dans l’investigation
de l’influence de l’acidité de l’extrait de plante utilisé dans la synthèse verte de nanoparticules de
la magnétite sur ses caractéristiques physico-chimiques qui impactent l’adsorption préférentielle
et améliorée du VM. Les caractéristiques étudiées sont : la densité du groupe fonctionnel de
l’hydroxyle sur la surface de magnétite, la taille des grains, et l’énergie de la bande interdite.
Les résultats montrent que l’acidité des extraits des plantes a un effet clair sur les caractéristiques
physico-chimiques étudiées de quatre échantillons de magnétite. L’analyse des spectres RTA-IRTF
a montré que les densités de groupes hydroxyle diffèrent sur les surfaces de quatre échantillons de
magnétite. En plus, les tailles des grains des échantillons de magnétites calculées à partir des
données DRX varient de 29,27 à 41,49 nm. L’analyse de spectres UV-Vis des quatre échantillons
de magnétite a montré que la bande interdite directe estimée varie de 2,87 à 2,97 eV. Les résultats
obtenus ont montré que la diminution de l’acidité de l’extrait mène à une augmentation de la densité
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des groupes fonctionnels de l’hydroxyle sur les surfaces de magnétite, ce qui a conduit à une aug-
mentation de la capacité d’adsorption de VM et du rendement dans la première phase d’adsorption.
De plus, l’adsorption du VM était plus préférée sur les surfaces de magnétite synthétisées à par-
tir des extraits de plantes peu acidiques. En outre, l’augmentation de l’acidité des extraits des
plantes mène à une diminution de la taille des nanoparticules et à une augmentation de l’énergie
de la bande interdite directe et par conséquent au ralentissement de la durée de vie de la recom-
binaison des paires électron/trou pendant l’excitation des électrons. Par ailleurs, les nanopartic-
ules de magnétite synthétisées en utilisant des extraits des plantes plus acidiques ont montré plus
des activités thermo- et photocatalytiques dans l’adsorption de VM. L’adsorption de VM sous
thermo- et photocatalyse était plus améliorée sur les nanoparticules de magnétite présentant des
durées de vie de recombinaison des paires électron/trou plus lente. Cependant, sous photocatalyse,
l’amélioration de l’adsorption de VM est encore plus importante par rapport à la thermocatal-
yse.
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ُصلخُ مُ 

إرجاع    في  الأكسدةات  ة مضاد  ، الأولى بحثت في كيفية تأثير قوتقديم دراستين جديدتين  في هاته الاطروحة تم  

انوية  الوسكتيت الن  جزيئات   لة داخل)العيوب( المتشكك    Fe+2ية  الكاتيون  الفراغات  الحديد الثلاثية على    كاتيونات 

(OxFe) له إلىفي الدراسككة الثانية، بعد سكسككدة الوسككتيت كليا وتحو   .رخضككالأ  وليفالتطريقة  ب  ةعصككن  الم 

ية المسكتخل  النباتي  ت دراسكة تأثير حمضك  في الشكروط الطبيعية، تم    انويةالن    (4O3Fe)  الماغنيتيت   جزيئات 

يت في تنات الماغنيعلى فاعلية سككككطو  عي    الأخضككككر لجزيئات الماغنيتيت   وليفالمسككككتخدم في التالمائي  

نوالم  الامتزاز التفضكككيلي   ل امتزاز في الطور الأو    :سطوار متتالية  ةثلاث خلال  سخضكككر المثيلون  ل  م  لل  حسككك 

لمحلول  لام في ال  التحفيز الحراري ،في الطور الثكاني ،لشكككككروط الطبيعيكة في ال لامسخضكككككر المثيكل في ا

  شكعة فو  البنفسكجيةالتحفيز الضكوئي بواسكطة الأ  ،في الطور الثالث   وسخيرا  ،يالمتبق    4O3Fe/ثيلمخضكر الس

مسكتخلصكات    ةسربعسكتخدم في هاته الدراسكة  س    ي بعد التحفيز بالحرارة.المتبق    4O3Fe/ثيلمخضكر الس  لمحلول

اسككتخدام ا    . النباتات التي تم  الأخضككر لجزيئات الوسككتيت   يفلووملح كلور الحديد الثلاثي في التمائية  نباتية  

( هاته المسكتخلصكات النباتية  pH) حمضكية  قوة  ،والشكيح،  الإكليل  ،فةيطالقر  ،العرعر  هي:في هاته الدراسكة 

انعراج الأشكعة  ة بككككككعصكن  نات المجميع العي    توصكيف  تم  .5.25و  ،5.05  ،4.63  ،3.69  التوالي؛على  هي  

 إلىبالنسكبة   .  البنفسكجية  شكعة فو والأ، ءالحمرا  تحت  شكعةالأ،  حالإلكتروني الماسك  (، المج رXRDالسكنية )

حسككككاب   تم  ثم    السككككينية،شككككعة  الأ يافطس  معطيات خلال  ت الشككككبكية من  ثوابحسككككاب ال  تم    ،OxFeنات  ي  ع

س  رت نتائج   .McCammon معادلةباسكتخدام   في تركيبة الوسكتيت   الثنائي  الحديد   كاتيونات سكتوكيومترية  

داخل جزيئات الوسكككتيت    والفراغات   العيوب تأثير واضكككح على تشككككل    له FRAP ال الدراسكككة الأولى سن

جزئيكات الوسكككككتيكت   داخكل  الحكديكد الثنكائي  عيوب إلى انخفكا   FRAP ال الزيكادة في يتؤد   ،حيكث .  النكانويكة

ل ك  على الديناميكا الحرارية لتشك  العيوب س  رت دراسكة تأثير   ذلك،علاوة على  يبات.  الحب قطر  زيادةوبالتالي  

تكمن    .FRAP  ككككككومن ثم ب  ه العيوب ذ رت ب لتشككل الوسكتيت تأث    ةسن الطاقة الحر    الوسكتيت 

  الأخضككر  وليففي الت  في تسككليط الضككوء على تأثير المسككتخلصككات النباتية الوسككيطة  الثانيةحداثة الدراسككة 

ن  حس  التفضيلي والم   الامتزازر على  التي تؤث    الفيزيائية والكيميائية  هخصائصعلى    ات الماغنيتيت نعي  مختلف  ل

 قطر  غنيتيت،االمالخصكائ  المدروسكة هي: و ائف مجموعات ال يدروكسكيل على سسكطح  المثيل.    خضكرلأ

تأثير واضككككح على   ل االنباتية    المسككككتخلصككككات حموضككككة    د سن  جو   .وطاقة فجوة النطا   ،انويةالن    الحبيبات 

سن  الاشكعة تحت الحمراء س  ر تحليل سطياف .تيت يغناات المالخصكائ  الفيزيائية والكيميائية المدروسكة لعين  

  يبات حب  طرقختلف  ي  ذلك،علاوة على    .تيت الأربعيغنانات المكثافة مجموعات ال يدروكسككككيل تختلف في عي  

.  نانومتر   41.49إلى    29.27  منالسككينية  الاشككعة   سطياف  معطيات بناءً على    المحسككوبة  ت الماغنيتينات  عي  

طاقات فجوة النطا  المباشر المقدرة   سن    الأربع  ت الماغنيتينات  لعي   الاشعة فو  البنفسجية سطياف  تحليل  س  ر

انخفا  حموضكككة    سن    إلي ا  الوصكككول  س  رت النتائج التي تم    .فولت إلكترون   2.97إلى   2.87تتراو  من  

ي إلى زيادة كثافة مجموعات ال يدروكسكيل الو يفية  ؤد  ي    الأخضكرفي التوليف    المسكتخلصكات النباتية الوسكيطة

وبالتالي   .لالأو    طورفي ال  ضكككر المثيلخس  مردود ى إلى زيادة سكككعة امتزاز وتيت مما سد  يغناعلى سسكككطح الم

  ضكعيفةبوسكاطة مسكتخلصكات نباتية    عن  صكغنيتيت الماالميلاً على سسكطح  سكثر تفضك  سخضكر المثيل   امتزازكان  

  يةو انالن    ات حبيبال  قطر  ي زيادة حموضكة المسكتخلصكات النباتية إلى انخفا  تؤد   ذلك،علاوة على    .الحمضكية

عنكد إثكارة    فجوةالإلكترون / ال  الأزواج  إعكادة تركيكب   زمنالي إلى بطء  وبكالتك  وزيكادة طكاقكة فجوة النطكا   
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  فاعليةية مزيدًا من اله من مسكتخل  نباتي سكثر حمضك  عينصكت  الذي تم    ت غنيتياالمس  ر    لذلك، .الإلكترونات 

 .سخضر المثيل الحرارية والضوئية في امتزاز
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General Introduction

Iron oxide NPs exist under several forms such as Fe (II) oxide (wüstite FexO), Fe (II, III) oxide
(magnetite, Fe3O4), Fe (III) oxide (hematite, α−Fe2O3 and maghemite, γ−Fe2O3) [1], [2].

Fe3O4 and γ−Fe2O3 are ferrimagnetic, and both crystallize in the inverse spinel cubic struc-
ture. At ambient conditions, these phases are thermodynamically less stable [1]. In contrast,
α−Fe2O3 crystallizes in the corundum structure and is thermodynamically the most stable phase
of Fe2O3. It is weakly ferromagnetic at room temperature and it is antiferromagnetic below 263 K.
At an elevated temperature of > 950 K, which is its Curie temperature, α−Fe2O3 shows param-
agnetic behavior [3]. Magnetite differs from most other iron oxides in that it consists both divalent
(FeII) and trivalent (FeIII) iron cations. Its formula is written as FeII [FeIIFeIII2 ]O4. Magnetite
is frequently non-stoichiometric. It has a FeIII cation deficient sublattice; FeII/FeIII 6= 0.5 (in
stoichiometric magnetite (FeII/FeIII = 0.5) [1].

Unlike other iron oxides, stoichiometric wüstite NPs, FeO, cannot exist as a stable phase at low
pressures or at pressures exceeding 10 MPas [4]. The nonstoichiometric wüstite is denoted FexO
where x represents iron composition and 1−x represents Fe2+ vacancies (defects). It always
contains more oxygen than that in the stoichiometric wüstite (O/Fe > 1). The nonstoichiometric
is accommodated by oxidation of proportion of iron cations and formation of cation vacancies.

Iron oxide NPs are used in several applications such as the heavy crude oil cracking process
[5], catalysts for efficient biodiesel production [6], in lithium ion batteries [7], and the treatment
of various environmental contaminants [8], [9]. They showed high efficiency for the treatment
of various environmental contaminants such as heavy metals [10], pesticides [11], antibiotic [12],
[13], nitrate [14], arsenic (III) [15], and dyes [16].

Dyes are produced in a huge amount and their wide-ranging application areas generate a large
volume of colored wastewater and different types of post-production waste. The textile industry is
an important source of dyes in water environments; during different dyeing processes, dye wastage
is at least 5% and can reach 50%, depending on the type of fabric and dye. As a result, almost
200 billion liters of colored effluents are generated annually [17]. Moreover, some of the synthetic
organic dyes are slow or nonbiodegradable which makes wastewater more difficult to clean up

1



General Introduction 2

by commercially available methods [18]. For this purpose, iron oxide NPs are widely used in
the purification of wastewater [19]–[22]. They allow a rapid thermodynamic equilibrium between
pollutant and adsorbate during the adsorption process and selective removal of pollutants [16],
[23], [24].

In this thesis, two novel studies are presented. The first one investigated how the Ferrous Re-
ducing Antioxidant Potential (FRAP) of aqueous plant extracts affects Fe2+ vacancies formation
in greenly synthesized wüstite (FexO) NPs. In the second study, after the complete oxidation of
FexO NPs into Fe3O4 NPs under ambient conditions, the influence of mediating plant extract’s
acidity on magnetite surface reactivity in the preferential, in ambient dark conditions, and enhance
MG adsorption by thermocatalysis process under heat, in dark conditions, and photocatalysis pro-
cess under UV irradiation, in ambient conditions has been investigated.

Properties and Applications of Wüstite (FexO) NPs

A stable cation-deficient phase of FexO with iron x ranging from 0.83 to 0.96 exists at 0.1 MPas
pressure and temperature greater than 567 °C [25]. This phase disproportionates to Fe metal
and Fe3O4 when cooled slowly to temperatures lower than 567 ° C. If however FexO is rapidly
quenched the nonstoichiometric form can be obtained as a metastable phase at ambient temperature
[25]. Wüstite will be oxidized completely to Fe3O4 in about 4 months in ambient conditions [26].

The structure of wüstite NPs is a defective form of an ideal NaCl-type lattice where oxygen ions
form an fcc lattice and Fe2+ cations are located on the interstitial sites [27]. It is known that Fe2+

deficiency is attributed to the formation of neutral vacancies on cation sublattices together with
Fe3+ cations which provide charge compensation with the aim of preserving the total crystal elec-
troneutrality of FexO. Thus some of the Fe2+ cations liberate other electrons and become Fe3+

cations. This means that for a given value of x (iron composition in FexO), there are 2(1−x)Fe3+

and (1−3(1−x))Fe2+ cations. This iron deficiency leads to the formation of 1 − x cation vacan-
cies. These vacancies are partly located as Frenkel defects on interstitial tetrahedral sites [28]. The
detailed representative structure of FexO is thus [29]: Fe2+1−3(1−x)Fe

3+
2(1−x)�1−xO

2− where� rep-
resents cation vacancies. The formation of cation vacancies is responsible for charge redistribution
and appearance of Fe3+ cations in the octahedral and tetrahedral (interstitial) sites [28], [30].

The study of cation vacancies effect on FexO NPs properties makes the subject of extensive
experimental studies and theoretical considerations. It is reported that cation vacancies have an
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effect on wüstite NPs formation reaction thermodynamic [31], [32], structural [33], [34], physical
[29], electrical, and optical properties [35]–[38]. Wdowik et al. [39] reported that cation vacancies
have an effect on electronic and dynamical properties of FeO. Zhang et al. [40] found that iron
defects have a strong effect on the elastic properties of wüstite NPs. Those defects on interstitial
tetrahedral sites make physical and chemical properties of wüstite NPs distinguishable [1], [36],
[41]. The plant extract used in the green synthesis of iron oxide NPs is one of the parameters that
may influence iron oxide morphologies and hence the reactivity of their surfaces [42]. Macarov
et al. [43] reported that pH of plant extract affects the stability of magnetite NPs. In [44] authors
found that plant extract concentration has an effect on NPs morphology while authors of [45] found
that plant type impacts NPs morphology. According to [46]–[50], one can conclude that plant
extract type may impact iron composition within wüstite NPs because they used Medicago sativa
(alfalfa), Terminalia chebula dry fruit pericarp, Eucalyptus tereticornis, Cymbopogon citratus, and
Avicennia marina extracts, respectively, and they found different iron composition in wüstite NPs.
Such plant extract effects need more focus on the properties that impact synthesis iron NPs.

Adsorption Process for Dye Removal

Adsorption has been extensively studied as a cost-effective process for removing a wide variety
of pollutants from aqueous solutions [12], [13], [51], [52]. The adsorption ability of the iron ox-
ides arises from the intervention of hydroxyl groups during adsorbate dissociation [53]. Surface
hydroxyl groups, with amphoteric properties, are the functional groups of iron oxide surfaces and
they are their chemically reactive entities that behave as the active sites upon the adsorption pro-
cess. These hydroxyl groups may be singly, doubly, and triply coordinated to Fe atoms having
different reactivity. The overall density of these groups depends on both the crystal structure and
the extent of development of the different crystal faces [54].

Dyes Preferential Adsorption on Metal Oxide NPs

The preferential adsorption of dyes on iron oxide NPs has been studied in several works. Saha et al.
[16] studied the preferential adsorption of seven different dyes on magnetite NPs. They reported
that magnetite surface preferred adsorbing dyes containing higher OH content. Where Xiao et al.
[55] studied the preferential adsorption of different cationic and anionic dyes on iron NPs. They
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reported that iron NPs preferred removing cationic dyes more than anionic dyes. Madrakian et
al. [56] studied the preferential adsorption of seven cationic and anionic dyes on magnetite-coated
waste tea. They reported that this nanoadsorbent preferred adsorbing cationic dyes more than
anionic dyes.

Several factors can influence the adsorption such as solution pH [54], solution ionic strength
[57], dye concentration [58], magnetite NPs concentration [16], and hydroxyl groups density on
adsorbent surface [59]. The impact of changing plants on greenly synthesized metal oxide NPs
reactivity in dyes adsorption was studied in several works. Huang et al. [60] studied the effect
of three different tea extracts (green, oolong, and black teas) on the properties of iron oxide NPs
surface: their reactivities in the removal of methyl green from aqueous solutions. They reported
that the plant extract has an effect on the reactivity of iron oxide NPs surface that 81.2%, 75.6%,
and 67.1% of methyl green dye has been removal by iron oxide NPs synthesised using the extracts
of green, oolong, and black teas, respectively. Likewise, Xiao et al. [55] studied the removal of six
cationic and anionic dyes. They reported that greenly synthesised iron NPs by tea extract showed
preferential adsorption of cationic dyes from an aqueous solution. Other authors [61] synthesized
metal oxide NPs using the extracts of flowers, bark, and the leaf of Tecoma stans in order to use
them in the removal of Congo red (CR) and crystal violet (CV) dyes. They reported that the
adsorbent derived from flower extract gave better dyes adsorption efficiency than those derived
from other extracts. Furthermore, Islam et al. [62] synthesized magnetite NPs using six plant
extracts in order to use them in the removal of methyl orange (MO) and crystal violet (CV) dyes.
They reported that plant extract had an effect on magnetite NPs surface reactivity in the adsorption,
where magnetite Nps synthesized using tea extract showed the highest performance (MO 92.34%,
CV 96.1%).

Dye Adsorption under Photo- and Thermocatalysis Processes

The fact that metal oxide NPs have a high surface area, good light absorption capacity, and more
stableness, makes them have renowned photocatalytic and thermocatalytic activities [63], [64].
Several works studied thermo- and photocatalysis of dyes adsorption on nanomaterials, and they
reported the high-efficiency thermo- and photocatalytic activities of nanomaterials. Wu et al. [65]
studied the thermocatalysis of methylene blue adsorption on magnetite Fe3O4@C NPs. They
found that the increase of temperature leads to the increase of methylene blue thermodegradation
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which indicates the high thermocatalytic activity of studied nanomaterial. Other authors [66] stud-
ied the thermocatalysis of N719 dye on anatase TiO2 nanosheets with dominant (001) facets and
TiO2 NPs with dominant (101) facets. They found that the increase of temperature leads to the
increase of N719 dye thermodegradation on both studied nano-adsorbents due to thermocatalytic
activities of TiO2 NPs. Farghali et al. [67] studied the thermocatalysis of methylene blue on multi-
walled carbon nanotubes decorated with CoFe2O4 NPs by increasing temperate. They reported
that this nanocomposite showed an efficient thermocatalytic activity.

Furthermore, Ge et al. [68] studied the photocatalysis of methylene blue and methyl orange ad-
sorption on iron oxide anchored to single-wall carbon nanotubes by UV irradiation. They reported
that the studied adsorbent showed an efficient photocatalytic activity. Elhadj et al. [69] studied
the photocatalysis of Basic Red 46 dye adsorption over ZnO NPs under solar irradiation. They
reported that ZnO NPs exhibit a high photocatalytic activity. Moreover, Kumar et al. [70] stud-
ied the photodegradation of methylene blue (MB), Congo red (CR), and methylene orange (MO)
under sunlight irradiation in the presence of greenly synthesised magnetite mediated by Andean
blackberry leaf extract. They reported that the presence of those magnetite NPs accelerated the
photodegradation of the three dyes due to their high photocatalytic activity. Whereas, Sirdesh-
pande et al. [71] studied the photodegradation of malachite green under sunlight irradiation in the
presence of greenly synthesized magnetite using leaf extract of Calliandra haematocephala. They
reported that the presence of those magnetite NPs increased the photodegradation of malachite
green. Other authors [72] compared the photocatalytic activity of several composites of titanium
dioxide containing magnetite NPs with different morphologies and structures in the photodegra-
dation of Rhodamine.Be by UV irradiation. They reported that the highest dye photodegradation
was observed when both spherical and rod-shaped composite structures based on titanium dioxide
containing 1 wt% of magnetite NPs were used as a photocatalyst. Jassal et al. [73] studied the
thermo- and photodegradation of malachite green (MG) and Eriochrome Black T (EBT) dyes on
greenly synthesised potassium zinc hexacyanoferrate nanocubes. They found that this adsorbent
acted as a photocatalyst, not a thermocatalyst.

Several parameters can impact photo- and thermocatalysis processes such as solution pH , ad-
sorbent concentration, dye concentration, solution ionic strength, temperature [73]–[76], dye struc-
ture properties [77], [78], adsorbent particle size [79], gap energy, recombination of electron/hole
pairs lifetime [80], [81], adsorbent type [82], [83], light source and time of light exposition [82].
Ullah et al. [80] reported that Mn2+ dopant in the ZnO NPs decreased the recombination of the
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electron/hole pairs lifetime which enhanced the photocatalytic activity efficiency for the removal
of dyes. Where Rafaie et al. [81] studied the photocatalytic properties of ZnO NPs microstructures
decorated with Ag NPs for degradation of methylene blue under UV irradiation. They reported that
the presence of Ag NPs played the role of electron sinks and trapped the photogenerated electrons,
which slowed the electron-hole pair lifetime. As a result, ZnO-Ag nanostructure exhibited higher
photocatalytic activity for the degradation of MB dye.

Contributions

In this thesis, two novel contributions are presented; the first one investigated how variation in
FRAP impacts the formation of cation vacancies within greenly synthesized FexO NPs samples
was conducted. In the second contribution, the adsorption of MG dye on four greenly synthesized
magnetite NPs has been studied to investigate the mediating plant extract’s acidity influence on
magnetite surface reactivity in the preferential and enhanced MG adsorption by thermocatalysis
under heat in dark conditions and photocatalysis under UV irradiation.

Contribution I: Plant Extract FRAP Effect on Cation Vacancies Formation
in Greenly Synthesized Wüstite (FexO) NPs

Cation vacancies directly affect wüstite NPs properties and consequently their applications; thus,
finding a process that controls cation vacancies in wüstite is still needed. One of the contributions
of this thesis is to look for parameters that impact cation vacancies in the case of green synthesis.

The effect of FRAP power of aqueous plant extract on cation vacancies formation (Fe2+ de-
fects) within greenly synthesized FexO NPs has been studied. To the best of our knowledge, there
is no study in the literature that dealt with this topic. Since FRAP power reduces Fe3+ to Fe2+,
four plant extracts are used as reducing agents and FeCl3 as a precursor to greenly synthesize four
FexO NPs samples, so as to study how variation in FRAP impacts the formation of cation vacan-
cies in FexO samples as a novelty contribution. Furthermore, a deep focus on FexO formation
reaction kinetic and the effect of cation vacancies on its thermodynamic are provided. Iron oxide
samples are characterized by XRD, SEM, FTIR-ATR, and UV-Vis techniques. The used plants
are Artemisia herba-alba (L), Matricaria Pubescens.(L), Juniperus Phoenicia.(L), and Rosemari-
nus Officinalis.(L) and the synthesized FexO samples from their extracts are respectively denoted
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in this thesis by ARM − FexO, MAT − FexO, JUN − FexO and ROS − FexO NPs.

Contribution II: Influence of The Mediating Plant Extract’s Acidity on
Magnetite NPs Surface Reactivity in The Preferential and Enhanced MG Ad-
sorption by Thermo- and Photocatalysis

In the second contribution, the preferential and enhanced adsorption of MG on four greenly syn-
thesized Fe3O4 NPs surfaces has been studied by coupling three processes. The preferential ad-
sorption of MG on the four magnetite surfaces in ambient dark conditions at first time, followed by
adsorption enhancement by thermocatalysis ofMG/Fe3O4 residual solutions in dark conditions at
the second process, and finally the adsorption enhancement by photocatalysis under UV irradiation
(365 nm) in ambient conditions of MG/Fe3O4 residual solutions after applying thermocatalysis.
The focus of this study is on the investigation of the influence of mediating plant extract’s acidity on
greenly synthesised magnetite NPs physicochemical characteristics which impact the preferential
and enhanced MG adsorption. The studied physicochemical characteristics are functional hydroxyl
groups density on magnetite surfaces, grain size, and band gap energy. The mediating plants in the
green synthesis are Artemisia herba-alba.(L), Matricaria Pubescens.(L), Juniperus Phoenicia.(L),
and Rosemarinus Officinalis.(L) and synthesized Fe3O4 samples from their extracts are respec-
tively denoted in this thesis by ARM−Fe3O4, MAT−Fe3O4, JUN−Fe3O4 and ROS−Fe3O4.
Fe3O4 NPs samples were characterized by XRD, SEM, FTIR-ATR, and UV-Vis techniques. In
preferential MG adsorption, the pseudo-first-order and pseudo-second-order kinetics of the adsorp-
tion as well as the intra-particles diffusion mechanism have been analyzed. Under thermocataly-
sis, activated thermodynamic parameters free energy; ∆G0, entropy; ∆S0, enthalpy; ∆H0, and
activation energy; Ea have been analyzed. Under photocatalysis, the pseudo-first-order has also
been analyzed. The mediating plants in the green synthesis were: Artemisia herba-alba.(L), Ma-
tricaria Pubescens.(L), Juniperus Phoenicia.(L), and Rosemarinus Officinalis.(L) and the synthe-
sized Fe3O4 samples from their extracts are respectively denoted in this thesis by ARM−Fe3O4,
MAT−Fe3O4, JUN−Fe3O4 and ROS−Fe3O4. Fe3O4 NPs samples were characterized by
XRD, SEM, FTIR-ATR, and UV-vis techniques. In preferential MG adsorption, the pseudo-first-
order and pseudo-second-order kinetics of the adsorption as well as the intra-particles diffusion
mechanism have been analyzed.
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Thesis Organization

The next chapter provides a background on iron oxide types and properties and presents the state of
the art about synthesis methods and applications. Chapter 2 details nanomaterial surface reactivity
in dye adsorption and thermo- and photocatalysis processes mechanisms. It presents also the state
of the art and on factors that impact dye adsorption preferential and enhancement by thermo- and
photocatalysis. In Chapter3, the effect of plant extracts FRAP on the formation of cation vacancies
within greenly synthesized FexO samples is investigated. The study of methyl green (MG) dye
adsorption on four greenly synthesized magnetite NPs is detailed in Chapter 4 to investigate the
influence of the mediating plant extract on magnetite surface reactivity in preferential and enhanced
MG adsorption by thermo- and photocatalysis processes. The last chapter is dedicated to the
general conclusion.



PART I

Background and State of the Art
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Chapter 1

Iron Oxide-Hydroxide Nanoparticle: Structures,
Properties, Synthesis Methods, and Applications

1.1 Introduction

Ferrous and ferric iron oxide nanoparticles (NPs) exist in a rich variety of structures. They present
seven crystalline phases, the more common are α−Fe2O3 (hematite), γ−Fe2O3 (maghemite),
Fe3O4 (magnetite) and FexO (wüstite); the less commonly found are the β−Fe2O3 and ε−Fe2O3

phases and the low-temperature rhombohedrical structure of magnetite.
Iron oxide NPs have been widely investigated by chemists, engineers, and physicists because

of their multi-functional properties due to their large surface-to-volume ratio [84]. Related to their
activity, selectivity and stability, and low toxicity [85], iron oxide NPs have a big importance in
antibacterial catalysis [86], lithium-ion battery [87], information storage industry [88], and envi-
ronmental remediation [51], [89], [90].

The physical and chemical properties of ferrous oxide NPs have attracted continuous atten-
tion for decades years. Wüstite constitutes, for instance, the main part of the oxide scale on iron
and iron-based alloys, and plays an important role in the reduction processes of iron ores. The
extremely large homogeneity range of this oxide, in turn, results in very high, and consequently
complicated, electronic and ionic disorder. The defect and transport properties of wüstite are, then,
the object of extensive experimental studies and theoretical consideration [29], [33], [91], [92].

1.2 Iron Oxide and hydroxide NP Structures and Properties

Several types of iron oxide and hydroxide NP compounds are presented in Table 1.1.
The magnetic properties of such iron oxide and hydroxide NPs at room temperature are pre-

sented in Table 1.2.

10
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Oxides-hydroxides and hydroxides Oxides
Goethite α− FeOOH Hematite α− Fe2O3

Lepidocrocite γ − FeOOH Magnetite Fe3O4 Fe
IIFeIII2 O4

Akaganeite β − FeOOH Maghemite γ − Fe2O3

Shwertmannite Fe16O16(OH)y(SO4)z.nH2O β − Fe2O3

δ − FeOOH ε− Fe2O3

Feroxyhyte δ − FeOOH Wüstite FeO
High pressure FeOOH

Ferrihydrite Fe5HO8.4H2O
Bernalite Fe(OH)3

Fe(OH)2
Green Rusts FeIIIx FeIIy (OH)3x+2y−2z(A

−)z,
(A)− = (Cl)−, 1/2SO2

4

Table 1.1: Iron oxide-hydroxide, hydroxide, and oxide structures [1], [2]

1.2.1 Hematite α− Fe2O3

Hematite is isostructural with corundum. The unit cell is hexagonal with a = 0.5034 and c =

1.375 nm [94]. There are six formulas per unit cell. For hexagonal symmetry, the Miller indices
are (hkil), i may be replaced by a dot or omitted (h + k = −i). Hematite may be also indexed in
a rhombohedral system with unit cell arh = 0.5427nm and α = 55.3° and there are two formulas
units per cell. Hematite structure consists of hcp arrays of oxygen ions stacked along the 001

direction, i.e. planes of anions are parallel to the 001 plane (Figure 1.1a). 2 thirds of the sites are
occupied with FeIII cations which are arranged regularly with 2 occupied sites being followed
with one vacant site in the 001 plane hence forming sixfold rings as presented in (Figure 1.1b)
[95].

The arrangement of cations forms pairs of Fe−O6 octahedra. Each octahedron shares edges
with three neighboring octahedra in the same plane and one face with an octahedron in an adjacent
plane as presented in (Figure 1.1c). Face-sharing occurs along the c-axis. This octahedra face-
sharing is responsible for the distortion of cation sublattice from ideal packing; Fe atoms in the
octahedra that sharing faces are repelled along the direction normal to 001 plane, causing FeIII

cations to shift closer to unshared faces. The O−O distances along unshared faces of an octa-
hedron are longer (0, 3035 nm) than the distances of the shared faces (0, 2669 nm), thereby the
octahedron is trigonally distorted as shown in Figure 1.1d. The Fe and O arrangement (triplet
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Iron mineral Curie/Néel T Saturation magnetisation Room temperature
(K) (Am2/Kg)

FeO 203-211 Antiferromagnetic
γ − Fe2O3 948 63.6 Ferrimagnetic
Fe3O4 853 62.2 Ferrimagnetic

α− Fe2O3 0.093-0.47
Antiferromagnetic with
parasitic paramagnetism

α− FeOOH 400 0.22 Antiferromagnetic
γ − FeOOH 52 Antiferromagnetic

Fe16O16(OH)y(SO4)z.nH2O 85 Antiferromagnetic

Table 1.2: Magnetic properties of iron oxide and hydroxide NPs at room temperature
[1], [93]

structure Fe−O3−Fe, Figure 1.1e) around shared faces affects iron oxide magnetic properties
[96].

1.2.2 Magnetite Fe3O4

Magnetite is an inverse spinel structure [1]. It has a face-centered cubic unit cell based on 32 O2−

ions which are regularly cubic close-packed along 111 plane with unit cell edge length is a =

0.839nm. There are 8 formula units per unit cell. Magnetite differs from most other iron oxides
in that it consists of both divalent (FeII) and trivalent (FeIII) iron cations. Its formula is written
as FeII [FeIIFeIII2 ]O4, where the brackets denote octahedral sites (M sites). Eight tetrahedral
sites (T sites) are distributed between divalent and trivalent iron cations, i.e. the trivalent cations
occupy both octahedral and tetrahedral sites. Magnetite structure consists of octahedral and mixed
tetrahedral/octahedral layers stacked along 111 plane as it is shown in Figure 1.2a. The sequence of
Fe andO layers is presented in Figure 1.2b whereas a section of this structure with 3 octahedra and
2 tetrahedra is presented in Figure 1.2c. Magnetite is frequently non-stoichiometric. It has a FeIII

cation deficient sublattice; FeII/FeIII 6= 0.5 (in stoichiometric magnetite (FeII/FeIII = 0.5)
[1].

1.2.3 Maghemite γ − Fe2O3

Maghemite (magnetite-hematite) has a structure similar to that of magnetite. It differs from mag-
netite in that all or most iron atoms are in the trivalent state FeII . Cations vacancies compensate



Chapter 1. Iron Oxide-Hydroxide NPs 13

Figure 1.1: Structure of Hematite: (a) Hexagonal close packing of oxygen with iron cations dis-
tributed in the octahedral interstices, (b) View down of c-axis showing Fe cations distribution over
a given oxygen layer and the hexagonal arrangement of octahedra [95], (c) Arrangement of oc-
tahedra with their face-sharing, (d) Ball-and-stick model and (e) O3−Fe−O3−Fe−O3 triplets
[96]
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Figure 1.2: Structure of Magnetite. (a) The polyhedral model with alternating octahedral and
tetrahedral-octahedral layers. (b) Ball-and-stick model. (c) Ball-and-stick model of the arrange-
ment of octahedra and tetrahedra layers [96]
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for the oxidation of FeII . Maghemite has a cubic unit cell with lattice parameter a = 0.834 nm.
Each cell contains 32 O2− ions, 21 (1/3 FeIII) cations, and 21 (1/3) vacancies. 8 iron cations
occupy the tetrahedral sites and the remaining cations are randomly distributed over the octahe-
dral sites. The vacancies are confined to the octahedral sites. This gives the following formula:
FeIV8 [FeV I

13.3�2.67]O
2−, where� represents iron cation vacancies and the space group Fd3m [97].

1.3 Green Synthesis of Iron Oxide and Hydroxide NPs and Their
Applications

Green synthesis of nanomaterials refers to the synthesis of different metal NPs using bioactive
agents such as plant materials [44] and microorganisms (yeast, fungi, diatoms, and bacteria) [98],
[99]. The involvement of natural bioactive agents in the synthesis of metal NPs greatly minimizes
the risk of environmental pollution.

1.3.1 Green Synthesis of Iron Oxide and Hydroxide NPs

Several works in the literature dealt with iron oxide and hydroxide NPs green synthesis. Magnetite
NPs have been successfully greenly synthesised from Hordeum vulgare and Rumex acetosa plants
extracts [43]. Whereas Kumar et al. [70] synthesised magnetite NPs mediated by Andean black-
berry leaf extract. The authors in [100] synthesised maghemite NPs using Chestnut tree (Castanea
sativa), Eucalyptus (Eucalyptus globulus), Gorse (Ulex europaeus), and Pine (Pinus pinaster) ex-
tracts. Moreover, Jamzad et al. [101] synthesized hematite NPs using an aqueous extract of Laurus
nobilis (L). leaves. Furthermore, Al-Ruqeishi [5] et al. synthesised hematite and maghemite NPs
mediated by omani mango tree leaves as a reducing agent. Whereas Ehrampoush et al. [102] syn-
thesised iron oxide NPs mediated by tangerine peel plant extract, and Xiao et al. [103] synthesised
iron oxide NPs mediated by 15 plant extracts grown widely in the southeast of China including:
A. moluccana Willd, C. camphora Presl, P. Orientalis Franco, B. variegata, Oolong tea, Black tea,
A. carambola, E. citriodora, S. aromaticum, S. jambos Alston, D. longan Lour, N. indicum, G.
robusta, D. regia, and speciosa Pers.

Iron oxy- and hydroxide NPs were also successfully greenly synthesized from black tea leaves
extract [104], oolong tea leaves extract [105], and sorghum bran extract [106]. Where Demirezen
et al. [107] synthesised lepidocrocite/maghemite NPs phases from Ficus carica (common fig) dried



Chapter 1. Iron Oxide-Hydroxide NPs 16

fruit extract. Likewise, Wang et al. [48] synthesised iron oxyhydroxide/oxide NPs using eucalyptus
leaves extract. However, the authors in [108] synthesised zerovalent iron (ZVI) NPs from leaves
extracts of different trees which are: apple, apricot, avocado, cherry, eucalyptus, kiwi, lemon,
mandarin, medlar, mulberry, oak, olive, orange, passion fruit, peach, pear, pine, pomegranate,
plum, quince, raspberry, strawberry, black tea, green tea, vine, and walnut.

1.3.1.1 Effect of Mediating Plant Extract on Iron Oxide and Hydroxide Physicochemical
Properties

The mediating plant extract used in the green synthesis of iron oxide NPs is one of the parameters
that may influence their physicochemical properties. Makarov et al. [43] studied the effect of
pH of aqueous extracts of Hordeum vulgare and Rumex acetosa on the stability of magnetite
NPs. They found that the synthesized magnetite NPs using H.vulgare extract were colloidally
unstable and were prone to aggregation. However, magnetite NPs produced from Rumex acetosa
plant extract were highly stables. The authors suggested that the higher stability of magnetite NPs
synthesized by R.acetosa extracts was due to the presence of organic acids (such oxalic or citric
acids) as stabilizer agents on the surface of magnetite. Xiao et al. [103] reported that the surface
reactivity of greenly synthesised Fe NPs is consistent with the reducing capacity of plant extracts
used. Where Wang et al. [48] demonstrated the tremendous potential of eucalyptus leaf-Fe NPs
for in situ treatment of eutrophic wastewater in the removal of chemical oxygen.

Ehrampoush et al. [102] studied the effect of the concentration of tangerine peel plant extract
on the size of iron oxide NPs. They found that the different concentration of tangerine peel extract
has an impact on the size of iron oxide NPs. The increase of tangerine peel extract concentration
from 2 to 6 % led to a decrease in the average size of synthesized iron oxide NPs from 200 nm
to 50 nm. Whereas, Al-Ruqeishi [5] et al. reported that synthesised hematite and maghemite NPs
nanorods mediated by omani mango tree leaves were formed with 15±2 nm in average length and
3.0± 0.2 nm in average diameter. However, Jamzad et al. [101] reported that greenly synthesised
hematite NPs from Laurus nobilis (L). leaves extract were crystalline, almost spherical like and
partly as a hexagonal shape with an average size of 8.03 ± 8.99 nm. Whereas Demirzen et al.
[107] found that greenly synthesised lepidocrocite/ maghemite NPs were produced smaller than
20 nm diameters and oxidized due to the high phenolic compound content in the common fig dried
fruit extract.

In an other study [60], Huang et al. compared the capability of three plant extracts (green tea,



Chapter 1. Iron Oxide-Hydroxide NPs 17

oolong tea, and black tea) for the formation of ZVI NPs. The authors reported that green tea extract
could produce more ZVI NPs as compared to the oolong and black tea extract. The synthesised
NPs varied in aggregation state and size diversity depending on plant extracts, where Machado
et al. [108] reported that the smallest ZVI NPs (5–10 nm) were formed by using mulberry and
pomegranate leaf extracts.

1.3.2 Applications of Greenly Synthesised Iron Oxide and Hydroxide NPs

Iron oxide and hydroxide NPs have been widely used in several applications (as summarized in
Figure 1.3), such as the treatment of various environmental contaminants [8], heavy crude oil
cracking process [5], catalysts for efficient biodiesel production [6], and in environmental remedi-
ation activities [44].

Al-Ruqeishi et al. [5] studied the use of greenly synthesised α−Fe2O3 and γ−Fe2O3 NPs
from deciduous omani mango tree leaves for heavy oil viscosity treatment. They reported that
the use of these iron oxide NPs increased the efficiency of microwave treatments for the dynamic
viscosity of crude oil. The increase in the process efficiency was found to be in direct relation with
the concentration of iron oxide nanorods, where the crude oil viscosity can be reduced up to 49%
by using 0.6 g nanorods per liter of crude oil. El-Nahas et al. [6] use the sulfonated cellulose-
magnetite nanocomposite (MSNC) as a catalyst in biodiesel production. They reported that this
catalyst showed the highest catalytic activity toward the esterification reaction (96%) due to the
high dispersion of the Lewis acid sites resulting from the impregnation of magnetite NPs (0.98
wt%). However, Kumar et al. [70] synthesised magnetite NPs from Andean blackberry leaves
extract to use in the removal of three organic dyes. They found that magnetite NPs showed a high
photocatalytic activity in the removal of Congo red, methylene blue, and methyl orange.

Jassal et al. [73] synthesised iron hydroxide α−FeOOH NPs using Sapindus mukorossi ex-
tract, to use in the removal of 2, 3, and 4-aminopyridines. They found that produced nanorods
of α−FeOOH showed a high catalytic activity due to their high surface area. In [101], authors
synthesised hematite NPs mediated by Laurus nobilis L. leaves extract to evaluate their antimicro-
bial activity against three bacteria and two fungi. They found that these NPs showed moderately
effective on the gram-positive bacterium of Listeria monocytogenes, the fungi Aspergillus flavus,
and Penicillium spinulosum. Furthermore, Xiao et al. [103] synthesised Fe NPs by three plant
extracts to use them in Cr (VI) removal. They found that S. JambosL.Alston extract showed a
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Figure 1.3: The applications of iron oxide and hydroxide NPs [44]

significant removal capacity of Cr (VI) with 698.6 mg Cr (VI) per g of iron. Also, Wang et al. [48]
synthesised iron oxyhydroxide/oxide NPs from eucalyptus leaf extracts to use them in wastewa-
ter treatment. They demonstrated the tremendous potential of eucalyptus leaf-Fe NPs for in situ
treatment of eutrophic wastewater where the removal of chemical oxygen reached 84.5%.

1.4 Wüstite NPs Structure

Stoichiometric wüstite NPs, FeO, cannot exist as a stable phase at low pressures or at pressures
exceeding 10 MPas [4]. The nonstoichiometric wüstite is denoted FexO where x represents iron
composition and 1 − x represents Fe2+ vacancies (defects). It always contains more oxygen
than that in the stoichiometric wüstite (O/Fe > 1). The nonstoichiometric is accommodated by
oxidation of proportion of iron cations and formation of cation vacancies. A stable cation-deficient
phase of FexO with iron stoichiometry x ranging from 0.83 to 0.96 exists at 0.1 MPas pressure
and temperature greater than 567 °C [25]. Wüstite disproportionates to Fe metal and Fe3O4

when cooled slowly to temperatures lower than 567 °C. If however FexO is rapidly quenched,
the nonstoichiometric form can be obtained as a metastable phase at ambient temperature [25].
Wüstite will be oxidized completely to Fe3O4 in about 4 months in ambient conditions [26].
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Figure 1.4: Structure of wüstite. (a) Arrangement of octahedra layers. (b) Ball-and-stick model
[96]

1.4.1 Defects Within Crystal Structure: Definitions and Types

1.4.1.1 Crystal Defects Definition

Crystal defects are an imperfection or a deviation from the perfect atomic geometrical arrangement
of the atoms in a crystalline solid structure. These imperfections result from deformation of the
solid, rapid cooling from high temperature, or high-energy radiation (X-rays or neutrons) striking
the solid. Crystal defects may be Located on a single point, long lines, or on whole surfaces in
the solid structure [109]. Many solid surface properties are controlled by these defects such as
structural [33], [34], physical [29], electrical, and optical [35]–[38].

1.4.1.2 Types of Crystal Defects

Point Defects

Point defects include vacancies, interstitial atoms, impurity atoms, and the combination of all these
types. The most known of them are:

• Schottky defect: it consists of an atomic site from which the atom is missing which leads to
an anion and a cation vacancy. The absence of an atom would change the balance of forces
near the vacancy. The atoms in the vacancy neighborhood will shift their positions slightly
inward until a new equilibrium configuration is reached [109], [110].
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• Frenkel pair defect: it involves in first a single cation, which is displaced from its normal
lattice point, and in second this displayed cation shifts to a nearby unoccupied site in the
lattice. This is called an interstitial defect. So, in Frenkel pair defect, if an interior atom
was to displace into an interstitial position, both a vacancy and interstitial defect would be
created at the same time [109], [110].

• Interstitial defect: it consists of the presence of an atom in a normally unoccupied site, that
is, a site between normal lattice sites. An interstitial may be self interstitial wherein the same
atom belonging to the lattice is misplaced in the interstitial position or it may be a foreign
atom in the interstitial position [109].

• Impurity defect: it is a foreign atom that replaces some of the atoms making up the solid or
that squeeze into the interstices [109].

Line Defects

Line defects, or dislocations, are defined as lines along which whole rows of atoms in a solid are
exceptionally arranged. The resulting irregularity in spacing is most severe along a line called the
line of dislocation. Line defects can weaken or strengthen the solid structure [110].

1.4.2 Defects Within Wüstite NPs Structure

The pioneering Roth study [111] showed, for the first time, that cation vacancies and interstitial
iron cations occur both in sublattice of the wüstite crystalline structure. Thus Frenkel defect pair
is simultaneously formed by the transfer of a trivalent octahedral iron cation Fe3+ to a tetrahedral
interstitial site [111]. Thereby the presence of the Frenkel point defect is a consequence of a
departure from the stoichiometric composition FeO to the nonstoichiometric composition FexO.
This departure causes instability in the total wüstite crystal electroneutrality. In order to preserve
the total crystal electroneutrality of FexO, some of the Fe2+ cations liberate another electron
and become Fe3+ cations. The Fe2+ cation deficiency is attributed to the formation of neutral
vacancies on cation sublattices together with Fe3+ cations which provide charge compensation
with the aim of preserving the total crystal electroneutrality of FexO. This means that for a given
value of x (iron composition in FexO), there are 2(1 − x)Fe3+ and (1 − 3(1 − x))Fe2+ cations.
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This iron deficiency leads to the formation of 1 − x cation vacancies. These vacancies are partly
located on interstitial tetrahedral sites [28].

The detailed representative structure ofFexO is thus [29]: Fe2+1−3(1−x)Fe
3+
2(1−x)�1−xO

2− where

� represents iron cation vacancies. The formation of those cation vacancies is responsible for
charge redistribution and appearance of Fe3+ cations in the octahedral and tetrahedral (interstitial)
sites [28], [30], and they are the cause that FexO having interesting properties [1], [29].

Catlow and Fender [28] are the first who suggested that the basic building block in wüstite
cluster is identified as a complex of 4 cation vacancies and 1 tetrahedral Fe3+ cation; [4:1] cluster
(see Figure 1.5a). [4:1] basic building block cluster is formed as a result of a large Coulomb term
favoring the occupation of the tetrahedral site when all nearest-neighbor cations are vacant. Full
charge compensation requires the presence of 5 octahedral Fe3+ cations at lattice sites surrounding
the cluster of wüstite NPs. Charge compensation has a large effect on cluster stability; the increase
in binding energy leads to the increase of full charge compensation and consequently the stability
approaches. The Fe3+ charge compensating cations occupy first the neighbor sites. Furthermore,
the distribution of the charge-compensating ions around the cluster has only a marginal effect on its
stability in all types of clusters, so long as the Fe3+ cations are approximately uniformly distributed
[28]. The aggregation of these clusters occurs by vacancy-sharing may occur with edge-sharing,
corner-sharing, and Face-sharing, as presented in Figure 1.5.

Catlow et al. [28] suggest that the most stable small defects aggregates are formed by edge-
sharing rather than corner-sharing (e.g. the Koch-Cohen cluster [6:2] or [8:3] clusters). The authors
confirmed that the binding energy per net vacancy increased when [4:1] cluster is formed from
isolated point defects. They then demonstrated that the binding energy increases further when
[4:1] clusters share faces to form firstly [6:2] and secondly [8:3] clusters (Fig.1.5). Edge-sharing,
therefore, appears to be the most favored mode of interaction for the formation of small aggregates
of [4:1] defects. But the growth of clusters by this mode of sharing is evidently limited.

1.4.2.1 Influence of Structural Defects on Wüstite NP Properties

The physical and chemical properties of wüstite have attracted continuous attention for decades
[29], [36]. This unflagging interest results from both practical and cognitive reasons. Wüstite con-
stitutes, for instance, the main part of the oxide scale on iron and iron-based alloys, and plays an
important role in the reduction processes of iron ores. The extremely large homogeneity range of
this oxide, in turn, results in very high, and consequently complicated, electronic and ionic disor-
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Figure 1.5: Different defect clusters [33]
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der. The defect and transport properties of wüstite are then the object of extensive experimental
studies and theoretical consideration [28], [29], [33].

The study of cation vacancies’ effect on FexO properties makes the subject of extensive ex-
perimental studies and theoretical considerations. It was reported that cation vacancies have an
effect on wüstite formation reaction thermodynamic [31], [32], structural [33], [34], physical [29],
electrical, and optical properties [35]–[38]. Wdowik et al. [39] reported that cation vacancies have
an effect on electronic and dynamical properties of wüstite. Zhang et al. [40] found that iron
defects have a strong effect on the elastic properties of wüstite. Bowen et al. [36] studied the op-
tical properties of Fex0.8772O, Fex0.8928O Fex0.9174O and Fex0.9523O NPs. They reported
that optical properties were independent of iron stoichiometry within wüstite. Wetterskog et al.
[112] studied the effect of internal defects on wüstite magnetic properties. They found that internal
defects play an important role in dictating the magnetic properties of wüstite NPs.

1.4.3 Methods of Wüstite NPs Synthesis

Several methods have been developed for the synthesis of wüstite NPs such as physical, chemical,
and green methods.

1.4.3.1 Physical and Chemical Methods of Wüstite NPs Synthesis

Strobel et al. [113] synthesised wüstite NPs by flame spray pyrolysis physical process. The Fe
oxidation state was controlled by varying the fuel to air ratio (ψ) during combustion as well as
by varying the valence state of the applied Fe precursor. They reported that an increase of ψ
above 1 promoted wüstite NPs formation. Pure wüstite, however, could not be prepared as a
further increase of ψ resulted in unstable flame conditions. However, in the study of Gheisari et
al. [114] wüstite NPs have been prepared by mechanochemical processing (MCP), where high-
purity hematite (α−Fe2O3) and iron (Fe) powders as the raw materials were milled with different
mole ratios of (Fe/Fe2O3). The authors announced that a single-phase Fe0.93O has formed with a
crystallite size of 13± 1 nm. Whereas, Hiramoto et al. [115] synthesised nonstoichiometric FexO
(x = 0.833-1) NPs by self-propagating high-temperature synthesis (SHS) using Fe, NaCl4O as
oxidizer and NaCl as a diluent, with particular focus on the effects of nonstoichiometric Fe content
and diluent addition on the phase of the SHS product. They reported that in the presence of the
NaCl diluent, the raw materials were converted to high-purity FexO powders during the SHS
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process. Without the NaCl diluent, the lattice parameter of SHS Fe0.947O corresponded to the
theoretical lattice parameter. Nonstoichiometric compounds of FexO (0.942 ≤ x ≤ 0.952) were
obtained through SHS without additional external heating.

Park et al. [116] synthesised wüstite NPs by the thermal decomposition process. They found
that α − Fe2O3 NPs were transformed into well-crystallized Fe0.935O after heat treatment at
1373 °C during 84 h. Likewise, Yin et al. [117] synthesised wüstite NPs by thermal decom-
position method of iron (II) acetate in the presence of oleic acid as the surfactant at 250°C during
2h. They found that a well-stabilized Fe0.8870O phase was formed. Moreover, Spivakov et al.
[118] synthesised wüstite NPs by thermal decomposition process at a temperature of 400°C and
the reaction time varied from 1 to 3h for the purpose of studying the effect of time reaction on the
stoichiometry and the purity of wüstite NPs. They reported that the stoichiometry of wüstite can
be changed by the change of synthesis time. The increase in the reaction time led to the formation
of phase pure wüstite NPs.

The main inconvenience of physical and chemical methods is the employ of toxic chemicals
as reducing agents, organic solvents, or nonbiodegradable stabilizing agents. Therefore, they be-
come potentially dangerous to the environment and biological systems. Furthermore, most of these
methods require complex controls or nonstandard conditions making them quite expensive [119].
They also suffer from the limitations of being time and energy-consuming because the raw mate-
rials must be kept at a high temperature for an extended period in order to reach the equilibrium
composition of wüstite NPs [31].

1.4.3.2 Green Synthesis of Wüstite NPs

The green synthesis of iron oxide NPs is an emerging technique attracting more attention in re-
cent years due to their availability, low cost, and eco-friendliness over the conventional chemi-
cal/physical processes [120], [121]. During iron oxides synthesis, phytochemicals can play the
role of reductants and capping agents. Nature represents an extraordinary reservoir of phytochem-
icals in the form of polyphenolics, carotenoids, terpenes, flavonoids, steroids, saponins, proteins,
lipids, etc [42], [44].

Only a few reports in the literature have investigated the green synthesis of wüstite (FexO)
NPs. In the study of Herrara et al. [46], they synthesized Fe0.92O NPs using Medicago sativa
(alfalfa) plant extract. Kumar et al. [47] synthesized stable wüstite NPs using aqueous extract
of Terminalia chebula dry fruit pericarp. In [48], Wang et al. synthesized wüstite using leaves
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of Eucalyptus tereticornis. Muthukumar et al. [122] synthesized wüstite NPs from Amaranthus
spinosus leaf extract as reducing agent and chemically from sodium borohydride as reducing agent
in order to study the effect of mediated plant extract on wüstite morphology and antioxidant ca-
pacity. They found that greenly synthesised wüstite NPs were stoichiometric FeO NPs having a
spherical shape with rhombohedral phase structure, smaller size, and large surface with less ag-
gregation. Additionally, these greenly synthesised NPs showed a better antioxidant capacity than
sodium borohydride-mediated NPs. Ahmouda et al. [123] synthesised wüstite NPs from four plant
aqueous extracts: Rosemarinus officinalis.L, Juniperus phoenicia.(L), Matricaria Pubescens.(L),
and Artemisia herba-alba.(L). They found that plant extract had an effect on both iron vacancies
within wüstite NPs and wüstite NPs size. Iron cation vacancies within synthesised wüstite NPs
from Rosemarinus officinalis.L, Juniperus phoenicia.(L), Matricaria Pubescens.(L), and Artemisia
herba-alba.(L) were respectively ROS − Fe0.9060O, JUN − Fe0.8720O, MAT − Fe0.8560O and
ARM − Fe0.8319O, with different grain sizes 36.07, 29.87, 24.08, and 20.64 nm, respectively.

1.4.4 Applications of Wüstite NPs

Situ et al. [124] used FeO and Fe3O4 as precursors for fabricating smaller iron oxide/carbon nano
chains. They reported that nano chains fabricated from FeO NPs can reach above 2-fold enhance-
ment in microbe-killing activity when compared to the larger nano chains fabricated directly from
Fe3O4 NPs. Pernicone et al. [125] used wüstite as a new precursor of industrial ammonia synthe-
sis catalysts. They reported that the presence of wüstite as the only crystalline phase in catalyst
precursor is indispensable for high catalyst activity. The high activity referred to bed volume of
wüstite-based catalyst which is due in part to its higher density, but mostly to the higher efficiency
of Fe surface sites in the activation of dinitrogen. Chavez-Galan et al. [126] studied the use of
wüstite NPs as solar filters when deposited onto soda-lime glass substrates and they reported the
efficiency of wüstite as solar filters. As result, a significant reduction in required energy for heating
and cooling was observed.

Wang et al. [48] studied the use of wüstite NPs in the removal of chemical oxygen from eu-
trophic wastewater. They demonstrated the tremendous potential of wüstite for in situ treatment of
eutrophic wastewater, where the reached yield of chemical oxygen removal was 84.5%. Muthuku-
mar et al. [122] greenly synthesized wüstite NPs from Amaranthus spinosus leaf extract and chem-
ically synthesised wüstite NPs from sodium borohydride to use them in the removal of methylene
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blue and methyl orange under sunlight. They found that greenly synthesised wüstite displayed a
strong photocatalytic activity in the removal of methyl orange and methylene blue with 75% and
69%, respectively, in contrast to chemically synthesized NPs.

1.4.5 Wüstite Oxidation to Magnetite NPs

Wüstite is an antiferromagnet with a Néel temperature (TN) of approximately 200K, below which
the spins are antiparallel. However, bulk wüstite is only stable above 560°C and remains in a
metastable phase under ambient conditions when rapidly quenched from temperatures at which it
is stable. This metastable phase can undergo a disproportionation reaction to Fe and Fe3O4 [26],
[127].

FexO → FeyO + Fe3O4 (1.1)

Chen et al. [26] studied wüstite oxidation during 4 months under ambient conditions. They
found that as the storage time increases, the spinel-type phase becomes dominant. The study of
Catlow et al. [28] established that the modification of iron composition within FeO is accompanied
by the aggregation of a basic cluster [4:1] in which four Fe2+ vacancies at octahedral sites surround
each Fe3+ ion that is located in tetrahedral interstitials. The aggregation of these basic clusters by
edge and corner-sharing can generate clusters of various sizes, and the larger [16:5] clusters can be
regarded as a partial Fe3O4 structure. Accordingly, the oxidation of some Fe2+ in FeO NPs may
promote the formation of the extended spinel-type Fe3O4. The gradual oxidation of FeO slowly
changes the composition from wüstite to the spinel-type Fe3O4 phase.

1.5 Conclusion

In this chapter, a background on iron oxide and hydroxide NP structures, properties, defects, types,
and applications were presented. Furthermore, wüstite formation defects (mainly cation vacan-
cies), methods of synthesis, and synthesis conditions’ effect on their physicochemical properties
was detailed. Moreover, an overall discussion of the state of the art on the green synthesis of
iron oxide and hydroxide NPs, plant extract effect on physicochemical properties of iron ox-
ides/hydroxides, and their applications has been done. This chapter also presented wüstite NP
synthesis methods and conditions and their effect on its physicochemical properties. Particularly
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green synthesis methods and mediated plant extract effect on physicochemical properties of wüstite
NPs and their applications are discussed. The presented chapter would be useful to express the first
contribution to present in the chapter 3, in which the effect of plant extract FRAP on cation vacan-
cies formation in greenly synthesised wüstite will be presented.



Chapter 2

Nanomaterials Surface Reactivity in Dye Adsorption

2.1 Introduction

Dyes are highly used in various industries including plastics, rubber, textile, paper, and coating.
However, the discharge of dyes into water effluents has raised global concerns over their major
inconvenient effect on the environment [128]. Thus the development of technologies to reduce
their discharge and contamination is very important.

Adsorption is currently considered to be a very suitable method for wastewater treatment be-
cause of its simplicity and cost-effectiveness. For that, it is a commonly used technique for the
removal of dyes from wastewater [16], [23], [129]. Iron oxide nanomaterials are one of the widely
used adsorbents for removing contaminants [130], [131].

The reaction in the nanoparticles-dye adsorption process is a surface-mediated process. Thus,
the reaction rate, yield, and adsorption capacity are related to NPs surface properties from one
side and to dye properties from another side [132]. According to [23], [24], the dominant mech-
anism for dyes adsorption on iron oxide NPs surfaces under most solution conditions is surface
complexation through electrostatic interactions. They reported that dyes are almost dissociated at
the surface, which is an important step for adsorption. The interactions between these dissociated
dyes and specific sites on iron oxide surface functional groups, which occur to stabilize charges,
facilitate the adsorption process through binding different types of bonds on their surfaces. Sur-
face hydroxyl groups, with amphoteric properties, are the functional groups of iron oxide surfaces
and they are their chemically reactive entities that behave as the active sites upon the adsorption
process. These hydroxyl groups may be singly, doubly, and triply coordinated to Fe atoms having
different reactivity. The overall density of these groups depends on both the crystal structure and
the extent of development of the different crystal faces [54].

The electric double layer interaction is the main surface force responsible for the attachment of
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the particles to the surface. It originates from the charge that develops on the surface of particles
immersed in an aqueous solution. A colloidal particle of iron oxide in an electrolyte solution carries
the surface charge due to adsorption of ions (called potential determining ions) on its surface or due
to dissociation of hydroxyl groups ((OHz)) formed on the surface [133]. When this group reacts
with the acidic and basic species from the water environment the surface charges were formed.
The positive charge (Fe − OH+

2 ) on the oxide comes from the addition of a proton to the neutral
surface hydroxyl group, while the negative charge (Fe − O−) arises from the acidic dissociation
of the surface hydroxyl group and loss of a proton. Consequently, the protons and hydroxyl ions
are identified as potential determining ions. Adsorption or desorption of protons is determined by
the pH of the solution [134], [135].

2.2 Adsorption Process for Dye removal

2.2.1 Adsorption Process Definition and Types

Adsorption is a physicochemical surface interaction between the adsorbate and the adsorbent. Ad-
sorption is a spontaneous process that takes place if the free energy of adsorption is negative. There
is a wide range of energies contributing to the free energy of adsorption, which can be grouped into
non-electrostatic and electrostatic.

∆Gads = ∆Gnon−elec + ∆Gelec (2.1)

Although at the atomic level all ionic and molecular interactions can be interpreted as electric, this
term is restricted to Coulomb interactions, and all other interactions are termed non-electrostatic,
whatever their origin. Electrostatic interactions appear when the adsorptive is an electrolyte that
is dissociated or protonated in an aqueous solution under experimental conditions. These inter-
actions, which can be either attractive or repulsive, strongly depend on the charge densities for
both the adsorbent surface and the adsorptive molecule and on the ionic strength of the solution.
The non-electrostatic interactions are always attractive and can include van der Waals forces, hy-
drophobic interactions, and hydrogen bonding. Factors that influence the adsorption process are
the characteristics of the adsorbent, adsorptive, and solution chemistry [136].
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2.2.1.1 Physical and Chemical Adsorption

The adsorption can be categorized based on their interaction with the adsorbate into chemisorption
or chemical adsorption and physisorption or physical adsorption, as detailed below:

• Chemisorption is usually accomplished by the chemical reaction between the adsorbate and
adsorbent and is an irreversible approach. In chemisorption, there is an ionic or chemical in-
teraction between adsorbent and adsorbate. Generally, chemical adsorption is an irreversible
process and it is found to be highly efficient [137].

• Physisorption is reversible in most cases [137]. In physisorption, weak attractive elec-
trostatic interactions, hydrophobic interactions, hydrogen bonding, polar-polar interaction,
π-stacking, cation-π interactions, and van der Waals forces are typical examples of the inter-
molecular forces that dominate the interaction of dye molecules with the surfactant aggre-
gates in the adsorption process. Such a type of adsorption is more prominent and reversible.
Therefore, adsorbents can be easily regenerated for their use in subsequent batches [138].

2.2.2 Factors Influencing Adsorption Process

The effect of several factors on dyes adsorption on iron oxide NPs has been studied in several
works such as solution chemistry [16], [54], the characteristics of dye [16], [55], and adsorbent
surface functionally [59], [60], [139]–[141].

2.2.2.1 Effect of Solution pH and Ionic Strength

The solution pH and ionic strength are important parameters that affect dye adsorption. Saha
et al. [16] studied the effect of solution pH and the ionic strength (NaCl) on the adsorption of
different dyes. They found that the adsorption capacities of erichrome black T, bromophenol blue,
bromocresol green, and fluorescein dyes were high in the pH range of 4 to 6. They suggested that it
is mainly due to the surface complexation of the deprotonation dyes on the magnetite surface over
this pH range. Magnetite particles have a PZC (point of zero charges) of 6.4-6.7. At a pH below
the PZC, the magnetite surface remains protonated, which can form hydrogen bonding with dye
molecules to facilitate adsorption. However, they found that the influence of ionic strength in the
range from 0.01 to 0.1 M did not have any significant effect on studied dyes’ adsorption processes.
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Likewise, Pirillo et al. [54] studied the effect of solution pH on the adsorption of Alizarin and
Eriochrome Blue Black R onto three different adsorbents: goethite, Cogoethite, and magnetite
NPs. They reported that at low pH, the amounts of Alizarin and Eriochrome Blue Black R adsorbed
on goethite and Co-goethite are similar. However, a higher dependence with the increase of pH is
observed by Eriochrome Blue Black R. On magnetite, the dye adsorption shows less affinity for
both dyes. Moreover, Weng et al. [57] studied the effect of solution ionic strength (NaClO4) at
different concentrations on acid dye; new coccine (NC) adsorption on magnetite NPs. They found
that the amount of NC adsorbed decreased with increasing supporting electrolyte concentration.
They suggested that the increase of ionic strength can affect the electrical double layer structure
of a hydrated particulate because of the increase of the competition between NC− and ClO−4 ions
for surface sites.

2.2.2.2 Effect of Adsorbent and Dye Concentrations

Saha et al. [16] studied the effect of magnetite NPs (adsorbent) concentration on different dyes’ ad-
sorption. They reported that the increase in magnetite NPs concentration resulted in a decrease in
adsorption capacity of erichrome black T, bromophenol blue, bromocresol green, and fluorescein
dyes. They suggested that the decrease in adsorption capacity value with the increase in magnetite
concentration is mainly due to the presence of more surface area for a fixed amount of adsorbate.
Likewise, Borth et al. [58] studied the effect of congo red dye concentration on its adsorption
on iron oxide NPs. They found that the CR adsorbed quantity increased as the initial concentra-
tion increased until there was an adsorbent saturation, followed by a little sharp decrease. They
suggested that the increase proportional to the dye concentration increase is explained due to the
super action of the mass transfer resistance by the higher driving force and, also, by the increase of
the collisions between the CR and the adsorbent molecules. On the other hand, the adsorbed dye
percentage decreases, because the higher molecules quantity generates competition for the active
sites on the solid surface.

In [57] authors studied the effect of acid dye; new coccine (NC) concentration on adsorption
on magnetite NPs. They reported that the increase of NC concentration leads to the increase of ad-
sorption capacity due to the fact that the higher the NC concentration the stronger is driving forces
of the concentration gradient exhibits and thus showing a higher adsorption capacity. Where au-
thors in [142] studied the effect of adsorbent (iron NPs loaded on ash) concentration on malachite
green adsorption. They found that as the adsorbent dose increases, the adsorption removal per-
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centage also increases but the reverse trend is followed for the adsorption capacity (qe) i.e. on
increasing the adsorbent dose the adsorption capacity decreases. They suggested that this is due to
the increase in the adsorptive surface area and the presence of a large number of active sites and
the lesser biosorption ability of malachite green at an elevated nano adsorbent dose is due to the
fact that there is the adsorption competition among adsorbent molecules and the splits present in
the concentration gradient.

2.2.2.3 Effect of Physicochemical Properties of Dye

Saha et al. [16] studied the adsorption of seven different dyes on magnetite NPs. They reported that
dyes containing higher OH content were more adsorbed on magnetite NPs surface. Likewise, Xiao
et al. [55] studied the adsorption of different cationic and anionic dyes on iron NPs. They reported
that cationic dyes were more adsorbed on iron NPs than anionic dyes. Moreover, Madrakian et al.
[56] studied the adsorption of seven cationic and anionic dyes on magnetite-coated waste tea. They
reported that cationic dyes were more adsorbed on this nano adsorbent compared to anionic dyes.
Where, Valadi et al. [143] studied the selective separation of Congo Red from a mixture of anionic
and cationic dyes using La−MOF−NH2@Fe3O4 (magnetic-MOF). They found that Congo red
was highly and quickly separated from the mixture with 92.02% removal after 2 minutes, due to the
fact that Congo red can have stronger electrostatic and host-gust interactions with magnetic-MOF.

2.2.2.4 Effect of Mediating Plant Extract Properties in The Adsorbent Properties

The impact of changing mediating plant on greenly synthesized metal oxide NPs behavior in dyes
adsorption was studied in several works. Huang et al. [60] synthesized Fe NPs from three differ-
ent tea extracts: green, oolong, and black teas, in order to use them in the removal of malachite
green. They reported that malachite green (MG) adsorption was the highest (81.2%) on Fe NPs
synthesized by green tea extracts because it contains a high concentration of caffeine/polyphenols
which act as both reducing and capping agents in the synthesis of Fe NPs. Additionally, Duyen et
al. [61] synthesized metal oxide NPs using the extracts of flowers, bark, and the leaves of Tecoma
stans in order to use in the removal of Congo red (CR) and crystal violet (CV). They reported that
the nano adsorbent synthesised using flower extract gave a better adsorption efficiency than those
synthesised from other plant extracts.

In [62] authors synthesized magnetite NPs using six plant extracts in order to use them in the
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removal of methyl orange (MO) and crystal violet (CV). They found that plant extract had an effect
on magnetite NPs surface reactivity in the adsorption, where magnetite NPs synthesized using tea
extract showed the highest performance (MO 92.34%, CV 96.1%). Where in [129], the adsorption
of crystal violet and methylene blue on magnetite NPs loaded Azolla (MNLA) has been studied.
The authors found that MNLA preferred adsorbing crystal violet more than methylene blue.

2.2.2.5 Effect of Modified Adsorbent Surface functionality by Binding Ligands

Other authors studied the effect of adsorbent surface functionality by binding ligands on the ad-
sorbent surface. Khurshid et al. [139] found that the bind of amine-functionalized to cobalt–iron
oxide NPs surface enhanced the removal of anionic azo dyes. Whereas the study of Madrakian
et al. [144] reported that magnetite-modified activated carbon preferred adsorbing cationic dyes
than anionic dyes. They suggested that a rapid adsorption rate is mainly attributed to the activated
carbon structure and functional groups on the adsorbent providing a large surface area and good
affinity for the facile and fast cationic dyes much higher than the anionic dyes. Where Chamchoy
et al. [145] compared the adsorption of methylene blue on sericin-modified and unmodified with
magnetite NPs. They declared that sericin-modified with magnetite NPs was approximately 40%
more effective than the unmodified magnetite NPs in the removal of methylene blue.

2.2.2.6 Effect of Surface Hydroxyl Groups Density

Surface active sites densities were also found to impact the adsorption process. Indeed, a study
of the adsorption of organic contaminants on both natural and synthesized magnetite [59] found
that the adsorption on natural magnetite was more efficient than the synthesized one, and this is
because of its higher surface active sites density. Moreover, Gogoi et al. [146] studied the degra-
dation of catechol using Fe3O4 − CeO2 nanocomposite as a Fenton-like heterogeneous catalyst.
They reported that the increase of Brönsted acid sites density of this nanocomposite increased the
degradation of catechol. Valdes et al. [147] studied the influence of zeolite surface active sites on
the adsorption of volatile organic compounds (VOCs). They found that Brönsted and Lewis acid
sites of the adsorbent surface could be mainly responsible for the abatement of VOCs.
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2.2.3 Preferential Adsorption of Dyes on Iron Oxide NPs

The preferential adsorption of dyes on iron oxide NPs has been studied in several works. Saha
et al. [16] studied the preferential adsorption of seven different dyes on magnetite NPs. They
reported that magnetite surface preferred adsorbing dyes containing higher OH content. Xiao et
al. [55] studied the preferential adsorption of different cationic and anionic dyes on iron NPs.
They reported that iron NPs preferred removing cationic dyes more than anionic dyes. Madrakian
et al. [56] studied the preferential adsorption of seven cationic and anionic dyes on magnetite-
coated waste tea. They reported that studied nano adsorbent preferred more adsorbing cationic
dyes compared to anionic dyes.

2.3 Dye Adsorption process under Thermo- and Photocatalysis

Photo- and thermocatalysis processes are clean, sustainable, and environmentally friendly pro-
cesses to decompose or degrade organic pollutants. The photo- and thermocatalysis remediation
approaches eliminate the organic pollutants from the wastewater without the persistence of toxic
products as they completely decomposed the hazardous compounds or converted them into non-
toxic forms. The photo- and thermocatalysis remediation are advanced oxidative processes, which
take place in the presence of a photo- and thermocatalyst [148].

2.3.1 Mechanisms of Thermo- and Photocatalysis Processes

Thermo- and photocatalysis mechanisms are based on electron excitation by phonons and photons
absorption respectively. The mechanisms are summarized in Figures 2.1a and 2.1b, and detailed
as follow:

• In the first step, thermo- and photocatalytic materials absorb the phonons/photons have en-
ergy equal to or more than their band gap energy between the valence and conduction bands.
The phonons/photons absorption causes the charge separation by exciting electrons from the
valence to the conduction band followed by the generation of positive holes in the valence
band [149], as presented in the following equations:

Catalyst+Heat/Light→ Catalyst(h+ + e−) (2.2)
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Catalyst+Heat/hν → Catalyst(e−(CB) + h+(V B)) (2.3)

• In the second step, the positive holes either oxidize adsorbed water molecules to produce
hydroxyl radical OH• as presented in the equation 2.4. Whereas excited electrons reduce
adsorbed oxygen molecules on photo- and thermocatalyst surfaces in the conduction band
to produce superoxide ions as presented in the equation 2.5, which may not only take part
in the further oxidation process but also prevents the electron/hole pairs recombination, thus
maintaining electron neutrality on photo- and thermocatalyst surfaces,

h+ +H2O → OH• +H+ (2.4)

O2 + e−(CB)→ O−•2 (ads) (2.5)

• In the third step, OH• free-radical formed on photo- and thermocatalyst surfaces is an ex-
tremely powerful oxidizing agent. It attacks organic groups of the pollutant and undergoes
various reactions to convert the organic pollutant into non-toxic and non-hazardous forms or
completely degrade into the CO2 and H2O as presented in the following equation [148]:

OH• +Organic− pollutant→ Intermediates→ CO2 +H2O (2.6)

However, the photo- and thermogenerated electron/hole pairs exhibit a strong tendency to re-
combine, which influences the photo- and thermocatalysis efficiency. Thus, the recombination of
photo- and thermogenerated charge carriers should be minimized or controlled to facilitate photo-
and thermocatalytic reactions. The photo- and thermocatalytic degradation efficiencies of organic
pollutants for wastewater remediation are affected by the operating conditions such as the type
and nature of photo- and thermocatalyst, organic pollutants, pH, and temperature of the reaction
medium, light source, and intensity, and solvent nature [148], [150], [151]. Figure 2.2 presents a
proposed methyl green photodegradation mechanism on magnetite NPs.
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(a)
(b)

Figure 2.1: (a) A schematic illustration of thermocatalysis process mechanism of metal oxides
[64], (b) A schematic illustration of photocatalysis process mechanism of metal oxides [77]

2.3.1.1 Dye Adsorption on Nanomaterials under Thermo- and Photocatalysis Processes

Several works studied thermo- and photocatalysis of dyes adsorption on nanomaterials, and they
reported the high-efficiency thermo- and photocatalytic activities of nanomaterials. Luo et al. [152]
studied the thermocatalysis of methylene blue adsorption on five mixed nano metal oxides by in-
creasing the temperature. They reported that studied adsorbents have an efficient thermocatalytic
activity in methylene blue degradation where adsorption yield reached 82.07%. Where Wu et al.
[65] studied the thermocatalysis of methylene blue adsorption on magnetite Fe3O4@C NPs. They
found that the increase of temperature leads to the increase of methylene blue thermodegradation
which indicates the high thermocatalytic activity of studied nanomaterial. Other authors [66] stud-
ied the thermocatalysis of N719 dye on anatase TiO2 nanosheets with dominant (001) facets and
TiO2 NPs with dominant (101) facets. They found that the increase of temperature leads to the
increase of N719 dye thermodegradation on both studied nano-adsorbents due to thermocatalytic
activities of TiO2 NPs. Farghali et al. [67] studied the thermocatalysis of methylene blue on multi-
walled carbon nanotubes decorated with CoFe2O4 NPs by increasing temperate. They reported
that this nanocomposite showed an efficient thermocatalytic activity.

Furthermore, Ge et al. [68] studied the photocatalysis of methylene blue and methyl orange ad-
sorption on iron oxide anchored to single-wall carbon nanotubes by UV irradiation. They reported
that the studied catalyst showed an efficient photocatalytic activity. Elhadj et al. [69] studied
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Figure 2.2: Proposed photodegradation mechanism of methyl green on magnetite NPs



Chapter 2. Nanomaterials Surface Reactivity in Dye Adsorption 38

the photocatalysis of Basic Red 46 dye adsorption over ZnO NPs under solar irradiation. They
reported that ZnO NPs exhibit a high photocatalytic activity. Moreover, Kumar et al. [70] stud-
ied the photodegradation of methylene blue (MB), Congo red (CR), and methylene orange (MO)
under sunlight irradiation in the presence of greenly synthesised magnetite mediated by Andean
blackberry leaf extract. They reported that the presence of those magnetite NPs accelerated the
photodegradation of the three dyes due to their high photocatalytic activity. Whereas, Sirdesh-
pande et al. [71] studied the photodegradation of malachite green under sunlight irradiation in the
presence of greenly synthesized magnetite using leaf extract of Calliandra haematocephala. They
reported that the presence of those magnetite NPs increased the photodegradation of malachite
green. Other authors [72] compared the photocatalytic activity of several composites of titanium
dioxide containing magnetite NPs with different morphologies and structures in the photodegra-
dation of Rhodamine.Be by UV irradiation. They reported that the highest dye photodegradation
was observed when both spherical and rod-shaped composite structures based on titanium dioxide
containing 1 wt% of magnetite NPs were used as a photocatalyst. Jassal et al. [73] studied the
thermo- and photodegradation of malachite green (MG) and Eriochrome Black T (EBT) dyes on
greenly synthesised potassium zinc hexacyanoferrate nanocubes. They found that this adsorbent
acted as a photocatalyst, not a thermocatalyst.

Several parameters can impact photo- and thermocatalysis processes such as solution pH , ad-
sorbent concentration, dye concentration, solution ionic strength, temperature [74]–[76], gap en-
ergy, recombination of electron/hole pairs lifetime [80], [81], adsorbent type [82], [83], light source
and time of light exposition [82]. Ullah et al. [80] reported that Mn2+ dopant in the ZnO NPs de-
creased the recombination of the electron/hole pairs lifetime which enhanced the photocatalytic
activity efficiency for the removal of dyes. Where Rafaie et al. [81] studied the photocatalytic
properties of ZnO NPs microstructures decorated with Ag NPs for degradation of methylene blue
under UV irradiation. They reported that the presence of Ag NPs played the role of electron sinks
and trapped the photogenerated electrons, which slowed the electron-hole pair lifetime. As a result,
ZnO-Ag nanostructure exhibited higher photocatalytic activity for the degradation of MB dye.

2.4 Conclusion

In this chapter, a background on dye adsorption process types was presented. Moreover, an over-
all discussion of the state of the art on the effect of several factors on dyes adsorption has been
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done. Dyes preferential adsorption on nanomaterials is also presented with a discussion of several
results. This chapter also presented thermo- and photocatalysis processes definition and mech-
anisms. Additionally, an overall discussion of state of art on dyes adsorption on nanomaterials
under thermo- and photocatalysis and the effect of several factors on thermo- and photocatalysis
has been discussed.

The presented chapter would be useful to express the second contribution to present in the
chapter 4, in which the effect of plant extract on preferential and enhanced MG adsorption under
thermo- and photocatalysis will be presented.
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Chapter 3

Plant Extract FRAP Effect on Cation Vacancies
Formation in Greenly Synthesized Wüstite (FexO)
NPs: a New Contribution

3.1 Introduction

Iron oxide nanoparticles (NPs) exist under several forms such as Fe (II) oxide (wüstite FexO), Fe
(II, III) oxide (magnetite, Fe3O4), Fe (III) oxide (hematite, α−Fe2O3 and maghemite, γ−Fe2O3)
[1], [2]. Unlike other iron oxides, stoichiometric wüstite NPs, FeO, cannot exist as a stable phase
at low pressures or at pressures exceeding 10 MPas [4]. The nonstoichiometric wüstite is denoted
FexO where x represents iron composition and 1−x represents Fe2+ vacancies (defects). It always
contains more oxygen than that in the stoichiometric wüstite (O/Fe > 1). The nonstoichiometric
is accommodated by oxidation of proportion of iron cations and formation of cation vacancies.

A stable cation-deficient phase of FexO with iron x ranging from 0.83 to 0.96 exists at 0.1
MPas pressure and temperature greater than 567 °C [25]. This phase disproportionates to Fe

metal and Fe3O4 when cooled slowly to temperatures lower than 567 °C. If however FexO is
rapidly quenched the nonstoichiometric form can be obtained as a metastable phase at ambient
temperature [25]. Wüstite will be oxidized completely to Fe3O4 in about 4 months in ambient
conditions [26].

The structure of wüstite is a defective form of an ideal NaCl-type lattice where oxygen ions
form an fcc lattice and Fe2+ cations are located on the interstitial sites [27].

It is known that Fe2+ deficiency is attributed to the formation of neutral vacancies on cation
sublattices together with Fe3+ cations which provide charge compensation with the aim of pre-
serving the total crystal electroneutrality of FexO. Thus some of the Fe2+ cations liberate other
electrons and become Fe3+ cations. This means that for a given value of x (iron composition in
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FexO), there are 2(1 − x)Fe3+ and (1 − 3(1 − x))Fe2+ cations. This iron deficiency leads to
the formation of 1 − x cation vacancies. These vacancies are partly located as Frenkel defects
on interstitial tetrahedral sites [28]. The detailed representative structure of FexO is thus [29]:
Fe2+1−3(1−x)Fe

3+
2(1−x)�1−xO

2− where � represents cation vacancies. The formation of cation va-
cancies is responsible for charge redistribution and appearance of Fe3+ cations in the octahedral
and tetrahedral (interstitial) sites [28], [30].

The study of cation vacancies’ effect on FexO properties makes the subject of extensive exper-
imental studies and theoretical considerations. It is reported that cation vacancies have an effect
on wüstite formation reaction thermodynamic [31], [32], structural [33], [34], physical [29], elec-
trical, and optical properties [35]–[38]. Wdowik et al. [39] reported that cation vacancies have an
effect on electronic and dynamical properties of FeO. Zhang et al. [40] found that iron defects
have a strong effect on the elastic properties of wüstite. Those defects on interstitial tetrahedral
sites make physical and chemical properties of wüstite NPs distinguishable [1], [36], [41]. Seeing
that cation vacancies directly affect wüstite properties and consequently their applications; finding
a process that controls cation vacancies in wüstite NPs is still needed. So, the work of this chapter
looks for parameters that impact cation vacancies in the case of green synthesis namely the sort of
four plants extracts.

The mediating plant extract used in the green synthesis of iron oxide NPs is one of the parame-
ters that may influence iron oxide NP morphologies and hence the reactivity of their surfaces [42].
Makarov et al. [43] reported that pH of plant extract affects the stability of magnetite NPs. In [44]
authors found that plant extract concentration has an effect on NPs morphology while authors of
[45] found that plant type impacts NPs morphology. According to [46]–[50], one can conclude that
plant extract type may impact iron composition within wüstite because they used Medicago sativa
(alfalfa), Terminalia chebula dry fruit pericarp, eucalyptus tereticornis, Cymbopogon citratus, and
Avicennia marina extracts, respectively, and they found different iron composition in wüstite. Such
mediating plant extract effects need more focus on the properties that impact synthesis iron NPs.

In this chapter, the effect of FRAP power of mediating aqueous plant extract on cation vacan-
cies formation (Fe2+ defects) within greenly synthesized FexO NPs has been studied. To the best
of our knowledge, there is no study in the literature that dealt with this topic. Since FRAP power
reduces Fe3+ to Fe2+, four plant extracts are used as reducing agents and FeCl3 as a precursor to
greenly synthesize four FexO samples, so as to study how variation in FRAP impacts the forma-
tion of cation vacancies in FexO samples as a novelty contribution. Furthermore, a deep focus on
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FexO formation reaction kinetic and the effect of cation vacancies on its thermodynamic were pro-
vided. Iron oxide samples are characterized by XRD, SEM, FTIR-ATR, and UV-Vis techniques.
The used plants are Artemisia herba-alba (L), Matricaria Pubescens.(L), Juniperus Phoenicia.(L),
and Rosemarinus Officinalis.(L) and the synthesized FexO samples from their extracts are respec-
tively denoted in this chapter byARM−FexO, MAT −FexO, JUN−FexO andROS−FexO.

The remainder of this chapter is organized as follows. The next Section gives a description
of used materials and followed methods during experiments. In Section 3.3, obtained results are
presented and discussed by analyzing XRD, SEM, FTIR-ATR, and UV-Vis data. The Section 3.3.5
is then devoted to presenting our investigation on the effect of FRAP power on cation vacancies
formation within synthesised FexO. Thermodynamic of wüstite formation is studied in Section
3.3.6. The last Section presents the conclusion.

3.2 Materials and Methods

This section focuses on listing needed materials and used apparatuses. It also provides methods
utilized to perform FRAP essay, green synthesis, and characterization of iron oxide NPs.

3.2.1 Materials

Chemicals

Tripyridyltriazine (TPTZ), HCl, acetic acid, sodium acetate, FeSO4, 7H2O, and quercetin are
purchased from Alpha Asear, France. Iron salt (FeCl3, 6H2O) is purchased from Biochem
chemopharma Co, Canada. Artemisia herba-alba.(L) (Asteraceae family), Matricaria Pubescens.(L)
(Asteraceae family), Juniperus Phoenicia.(L) (Cupressaceae family), Rosemarinus officinalis.(L)
(Lamiaceae family) plants, and doubly distilled water.

Apparatuses

XPERT-PRO X-ray diffractometer (RigakuMiniflex 600) with (30 keV, 30 mA) as conditions of
X-ray generation and Kα radiation of copper λ = 1.54056 Å. Scanning Electron Microscope
(SEM): FEI Quanta 250 with a tungsten filament. Fourier transform infrared spectroscopy (FTIR-
ATR): Shimadzu IR-Infinity. UV-Vis spectroscopy: Shimadzu UV-Vis spectrophotometer appara-
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tus Model 1800 operating in the range of 200− 900 nm.

3.2.2 Methods

In this section, used methods for plant extracts preparation and their FRAP essay are described.
Used protocol in green synthesis of iron oxide NPs and characterization techniques are described
as well.

3.2.2.1 Plant Extracts Preparation

The preparation of the aqueous plant extracts dealt with in this study (Artemisia herba-alba.(L),
Matricaria Pubescens.(L), Juniperus Phoenicia.(L), and Rosemarinus officinalis.(L) is described
here. Firstly, we well washed the plants with doubly distilled water. After being dried, they are
ground into fine powders. Afterward, 30 g of each fine powder of plants are mixed with 540 ml
of doubly distilled water. To well extracting the antioxidant substances, the mixtures are stirred
continually for 24 h with a stirrer at ambient temperature. Next, the extracts are passed through
two layers of muslin and the liquids are then passed through 0.22 µm filters (Millipore) to be used
in later NPs synthesis reactions.

3.2.2.2 Ferric Reducing Antioxidant Potential Essay

To measure the ferric reducing potential of plant extracts, we used the Ferric Reducing Antioxidant
Potential assay described in [153]. This method is based on the reduction of a colorless ferric
complex (Fe3+-tripyridyltriazine) to a blue-colored ferrous complex (Fe2+-tripyridyltriazine) by
the action of electron-donating antioxidants. The reduction is therefore monitored by measuring
the change of absorbance at 593 nm.

The working FRAP reagent is freshly prepared by mixing 2.5 ml of a mixture of 10 mM

tripyridyltriazine (TPTZ) and 40 mM HCl with 2.5 ml of 20 mM FeCl3 and 25 ml of 0.3 M

acetate buffer (pH 3.6). Then, 0.2 ml of each aqueous plant extract is mixed with 1.8 ml of the
prepared FRAP reagent. The absorbance of sample solutions is measured at 593 nm using a UV-
Vis spectrophotometer. To make sure of results, analyses are achieved in duplicate. The results
are expressed as µ M of Fe(II), using linear calibration obtained with different concentrations of
aqueous FeSO4×7H2O ranging from 100to700mM . where quercetin is used as positive control.
The obtained calibration curve equation of FeSO4 × 7H2O is Y = 6.908X with R2 = 0.998.
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3.2.2.3 Green Synthesis and Characterisation of Iron Oxide NPs

For the green synthesis of iron oxide NPs, we followed the protocol as follows: 200 ml of plant
aqueous extract is mixed with 100 ml of aqueous iron chloride salt solution with a concentration
of 0.4 M . The mixtures are stirred continually for 1h at reaction temperature 70 °C. They are then
dried in the drying oven.

The phases of the obtained products are identified by XRD in the 2θ range of 10− 80°. FTIR-
ATR provides additional confirmation on the presence of the oxide phase as well as information on
the sample’s crystallinity. The surface investigation is done with the scanning electron microscope
(SEM). UV-Vis spectroscopy is a technique widely used to examine the optical properties such as
the band gap energy of the synthesised products (Total Attenuated Reflectivity). All measurements
are achieved at ambient conditions of temperature and pressure.

3.3 Results and Discussion

This Section presents and analyses obtained results from XRD, SEM, FTIR-ATR, and UV-Vis data.
Section 3.3.5 is in particular devoted to presenting our investigation on the effect of plant extract
FRAP power on cation vacancies formation within synthesised FexO NPs. Thermodynamic of
wüstite formation reaction is also studied in section 3.3.6.

3.3.1 XRD Analysis of Iron Oxide NPs

Through the analysis of XRD patterns, shown in Figure 3.1, it is found that all synthesized samples
have crystalline structures. Bragg reflection peaks at around 2θ° = 36.24 °, 42.09 ° and 61.04 °
are present in all patterns. Those peaks are consistent and much well with wüstite NPs phase
corresponding to Miller indices (111, 200, and 220 respectively) indicated in standard diffraction
of cubic wüstite powder (JCPDF No 01-074-1880), except for minor differences in intensities
and a shift in 2θ° values arising from octahedral vacancies and tetrahedral ferric iron cations. The
structure of wüstite having the above-mentioned code reference (JCPDF file 01-74-1880 1) is cubic
with Fm3m face-centered cubic (fcc) and lattice parameter a = 4.2902 Å.

The most useful information to be extracted from XRD patterns, additionally to the grain size,
is the lattice parameter of FexO samples. For cubic crystal cells, it is calculated using the following

1See Appendix A
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Figure 3.1: XRD patterns of (a) ROS − Fe0.9060O/Fe3O4, (b) JUN − Fe0.8720O/Fe3O4, (c)
MAT −Fe0.8560O/Fe3O4, and (d) ARM −Fe0.8319O/Fe3O4 NPs, JCPDF file 01-074-1880 and
Fe3O4 NPs, JCPDF file 01-076-0956

equation [154]:
1

d2hkl
=

1

a2
h2 + k2 + l2 (3.1)

where, dhkl and (hkl) are the inter-planer distance and Miller indices, respectively. Fe2+ compo-
sition (x) in FexO samples is related to lattice parameter a through McCammon equation [31] as
follow:

a = 3.856 + 0.478x (3.2)

The lattice parameters (a), Fe2+ composition (x) and defects (1 − x) within FeXO NPs are
calculated based on their XRD (200) peaks around 2θ°= 42 ° and presented in Table 3.1.
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Sample 2θ° d a x 1− x DAG M
FexO (Å) (Å) (nm) (g/mol)
JUN 42.28 2.13640 4.2729 0.8720 0.1280 29.874 64.6950
MAT 42.43 2.13259 4.2652 0.8560 0.1440 24.080 63.8047
ROS 42.20 2.14455 4.2891 0.9060 0.0940 36.074 66.5993
ARM 42.52 2.12675 4.2535 0.8319 0.1681 20.640 62.4401

Table 3.1: Crystallite data (2θ°, hkl=200, d-spacing, lattice parameter a), Fe2+ composition (x),
Fe2+ defects (1-x), DAG (average grain diameter), and M (molar mass) of ROS − Fe0.9060O,
JUN − Fe0.8720O, MAT − Fe0.8560O, and ARM − Fe0.8319O samples

Table 3.1 shows that Fe2+ composition (x) in ROS − FexO, JUN − FexO, MAT − FexO,
and ARM − FexO are 0.9060, 0.8720, 0.8560 and 0.8319, respectively. The corresponding Fe2+

defects in cubic crystal cells (1−x) are 0.0940, 0.1280, 0.1440 and 0.1681, respectively. Calculated
lattice parameters (a) are 4.2891, 4.2729, 4.2652 and 4.2535 Å, respectively.

Furthermore, X-ray diffraction pattern of synthesised iron oxide NPs exhibit Bragg reflection
peaks at around 2θ° = 15.85 °, 21.19 °, 21.85 °, 30.13 °, 30.62 °, 32.01 °, 34.22 °, 37.52 °, 38.71 °,
40.60 °, 43.20 °, 51.67 °, 54.75 °, and 57.50 °. All Bragg peaks are in agreement with Fe3O4 phase
corresponding to Miller indices 011, 004, 111, 114, 021, 022, 121, 213, 116, 025, 220, 133, 226

and 232, respectively, according to standard diffraction of orthorhombic Fe3O4 powder (JCPDF
file 01-076-0956 2).

XRD patterns analysis allows one to deduce the coexistence of both cubic FexO and or-
thorhombic Fe3O4 NP phases. Fe3O4 NPs are formed due to the oxidation of wüstite under
ambient conditions [25].

The grain size of different wüstite samples are calculated from XRD patterns using Scherrer’s
equation [155]:

D =
0.9λ

β cos θ
(3.3)

where D, β, λ, and θ are the crystallite size, the full width at half-maximum (FWHM) of the most
intense diffraction peak, the X-ray wavelength (1.54056 Å), and Bragg angle, respectively.

The minimum dislocation density σ is calculated using Williamson and Smallman’s equation
3.4:

σ =
n

D2
(3.4)

2See Appendix B
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where n is a factor equals unity giving minimum dislocation density and D is the grain size [156].
Table 3.1 shows that ROS − Fe0.9060O, JUN − Fe0.8720O, MAT − Fe0.8560O, and ARM −

Fe0.8319O NPs exhibit a grain sizes of 36.07, 29.87, 24.08, and 20.64 nm, respectively. The
corresponding minimum dislocation densities are: 7.6843.1013, 1.1205.1014, 1.7245.1014, and
2.3473.1014 lines/m2, respectively. The results show that the increase in iron composition leads
to an increase in grain size and hence a decrease in minimum dislocation density.

3.3.2 SEM Images of Iron Oxide NPs

SEM images of synthesized iron oxide NP samples are presented in Figure 3.2. It is clearly shown
that, in general, the NPs are more depending on the plant extract. Different irregular shapes
are observed in all samples as rocks shape. For synthesized ROS − Fe0.9060O/Fe3O4 NPs it
is clear that a few agglomerations like dried cotton are present with rocks lower than 5 µm (Figure
3.2a). For synthesized JUN − Fe0.8720O/Fe3O4 NPs, like mountains with bigger rocks having
dimensions more than 6 µm are present, as shown in Figure 3.2b. Whereas for the synthesized
MAT − Fe0.8560O/Fe3O4 NPs a decrease in the dimension of the like mountains with more ad-
herence of its structure is observed (Figure 3.2c). Finally, ARM − Fe0.8319O/Fe3O4 NPs SEM
image contains sometimes big structured single crystal having dimension more than 14 µm as
mentioned in Figure 3.2d.

3.3.3 FTIR-ATR Spectroscopy Analysis

To indicate the biomolecules responsible for the reduction of the iron precursor, comparisons of
FTIR spectra of residual solutions after iron oxide NPs synthesis with those of their as-prepared
aqueous plant extracts were carried out. FTIR spectra were recorded between 1500 and 4000 cm−1

are presented in Figure 3.3.
As can be seen, the vibrational stretching of the OH polyphenolic group of plant extracts which

is measured before and after the NPs synthesis reveals a huge decrease. The range 3500–3000 cm−1

indicates the vibrational stretching of the OH polyphenolic group of Artemisia herba-alba.(L),
Matricaria Pubescens.(L), Juniperus Phoenicia.(L), and Rosemarinus officinalis.(L) plant extracts
with an intensive band at 3288.26, 3293.27, 3307.97, and 3287.03 cm−1, respectively. For residual
solution after iron oxide NPs synthesis, those bands undergo a shift to 3174.93, 3247.94, 3187.25,
and 3179.74 cm−1, respectively, upon interaction with iron salt. Also, FTIR spectra of the four
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(a) ROS − Fe0.9060O/Fe3O4 (b) JUN − Fe0.8720O/Fe3O4

(c) MAT − Fe0.8560O/Fe3O4 (d) ARM − Fe0.8319O/Fe3O4

Figure 3.2: SEM micrographes of synthesized FexO/Fe3O4 NP samples
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Figure 3.3: Comparisons of FTIR spectra of aqueous extracts before their use and after synthesiz-
ing iron oxide NPs for each extract
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plant extracts cited above exhibit bands around 1635.55, 1635.95, 1636.02 and 1636.19 cm−1,
respectively. These bands may be attributed to the stretching vibration of C = C and C = O

groups or to the aromatic ring deformation [47]. The reduction of FeCl3 into iron oxide NPs
caused a shift of these bands to 1595.60, 1594.98, 1594.69, and 1594.08 cm−1 respectively. This
indicates that during the formation of iron oxide NPs, there is a weakness in the OH group and/or
C = C and C = O groups -in residual solutions- which become less overlapped and leads to a
feeble bands absorption with such shifts of their wavenumbers as seen in Figure 3.3.

FTIR spectra of synthesised iron oxide NP samples recorded between 500 and 1500 cm−1

are presented in Figure 3.4. ROS − Fe0.9060O, JUN − Fe0.8720O, MAT − Fe0.8560O, and
ARM −Fe0.8319O FTIR spectra exhibit peaks at around 556.80, 535.04, 528.23 and 509.75 cm−1,
respectively. These peaks are corresponding to the Fe − O stretching band of wüstite NP. These
results are in accordance with Bowen et al. [36] results. They reported that Fe0.93O NPs exhibit a
peak at 570 cm−1. It is known that the decrease in iron composition within wüstite shifts to weaker
peak intensity [157].

Thus, the fact that Fe2+ composition in ROS − Fe0.9060O is close to that in Fe0.93O sample
is what makes their peaks close (556.80 and 570 cm−1 respectively). Figure 3.4 shows that all
IR scepters exhibit peaks at around 581.63 [158], 599.05, [159] and 668.55 cm−1 [160] which
correspond to the Fe−O stretching band of Fe3O4 NPs.

3.3.4 UV-Vis Spectroscopy Analysis

The optical absorbance spectra of all FexO/Fe3O4 NP samples are measured in the wavelength
range of 200 − 900 nm. The band gap energies of FexO/Fe3O4 samples are then deduced from
those spectra. The band gap Eg and the optical absorption coefficient (α) of semiconductor are
related through the known following equation [161]:

αhν = A(hν − Eg)
n (3.5)

where α is the linear absorption coefficient of the material, hν is the photon energy, A is a propor-
tionality constant, and the exponent n depends on the nature of electronic transition; it is equal to
1/2 for direct allowed transition and 2 for indirect allowed transition.

Eg of the direct transition of all samples were obtained from plotting (αhν)2 as a function
of αhν by the extrapolation of the linear portion of the curve (Figure 3.5). However, Eg of the
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(a)

(b)

Figure 3.4: (a) IR spectra of synthesized ROS − Fe0.9060O/Fe3O4, JUN − Fe0.8720O/Fe3O4,
MAT − Fe0.8560O/Fe3O4, and ARM − Fe0.8319O/Fe3O4 NP samples, (b) FT-IR spectra Illus-
trative at range 500 to 700 cm−1, focuses on Fe-O bonds, of synthesized wüstite NPs
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Figure 3.5: Plots of (αhν)2 versus (αhν) for direct transition of synthesized FexO/Fe3O4 NP
samples sonicated in acetone during 15 minutes
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Sample FRAP Fe2+ defects O/Fe DAG

Extract/FexO (mmolFe2+/g) 1− x (nm)
ROS 6.970 0.0940 1.103 36.07
JUN 5.066 0.1280 1.146 29.87
MAT 2.530 0.1440 1.168 24.08
ARM 1.622 0.1681 1.202 20.63

Table 3.2: FRAP of mediating plant aqueous extracts values and Fe2+ defects within wüstite
samples

indirect transition of all samples were obtained from plotting (αhν)1/2 as a function of αhν by the
extrapolation of the linear portion of the curve (3.6). UV-Vis spectra of all samples exhibit two
fundamental absorption edges (as shown in Figure 3.5 and Figure 3.6) due to the coexistence of
both phases wüstite and Fe3O4 NPs. Estimated direct band gap energies of JUN − Fe0.8720O,
MAT − Fe0.8560O, ROS − Fe0.9060O, and ARM − Fe0.8319O phases are found to be 2.52, 2.58,
2.61, and 2.62 eV , respectively. Bowen et al. [36] found that gap energy for single-phase FexO
with different iron composition (x = 0.8772, 0.8928, 0.9174 and 0.9523) is always Eg = 2.4 eV .
All band gap energies are close to the above-mentioned direct gap energy. The found minor shifts
in band gap energies of wüstite are due to the existence of the second phase of Fe3O4.

Estimated indirect band gap energies of ROS − Fe0.9060O, JUN − Fe0.8720O, MAT −
Fe0.8560O andARM−Fe0.8319O phases are found to be 2.09, 1.99, 2.11 and 1.83 eV , respectively.
Schrettle et al. [38] found that the indirect band gap energy of wüstite is Eg = 1 eV. All indirect
band gap energies of wüstite are far from mentioned indirect gap energy.

It is clear that the direct gap energy is closer to the theoretical value than the indirect gap energy.
The values of all direct band gap energies of wüstite NP samples classify them as semiconductors.
The energy band gap of the semiconductors is between 0 and 3 eV [162].

3.3.5 FRAP Effect on Wüstite Defects

To explain our investigation on FRAP effect on wüstite defects, firstly, reaction phases of wüstite
NPs formation is described. Then how variation in FRAP of plant extracts impacts iron defects
within formed wüstite samples is discussed.

In all experiments, the addition of aqueous plant extract to aqueous FeCl3 changes immedi-
ately the color of this later from light brown to dark green which means the reduction of Fe3+ to
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Figure 3.6: Plots of (αhν)1/2 versus (αhν) for indirect transition of synthesized FexO/Fe3O4 NP
samples sonicated in acetone during 15 minutes
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Fe2+ (first reaction phase). The FRAP power of the antioxidants substances in the aqueous extract
play the role of reductant of Fe3+ to Fe2+ cations. This allows one to conclude that FRAP of plant
extract impacts the amount of Fe3+ reduced to Fe2+; an increase in FRAP leads to an increase of
Fe2+ amount reduced from Fe3+. In the second reaction phase, the dark green color is changed
gradually to dark black revealing the formation of wüstite NPs (see Fig 3.7). It is worth noting
that, in the conditions of our experiments (70°C and 1 atm), wüstite NPs are formed with Fe2+

defects as seen in the introduction § 3.
After analyzing XRD data in section 3.3.1, it was found that wüstite samples are formed with

different iron defects, according to the used plant extract. Since the amount of oxidized Fe2+

is influenced by plant extract FRAP, the effect of FRAP on iron defects is investigated. Table
3.2 and Figure 3.8a show the variation of iron defects with the variation of FRAP for the studied
samples. Results show that ROS aqueous extract has the highest FRAP 6.97 mmolFe2+/g, and
the formed ROS − FexO NPs has the lowest defects value (1 − x = 0.0940) with the closest
O/Fe ratio to 1 (O/Fe = 1.103). On the other side, ARM aqueous extract has the lowest FRAP
1.622 mmolFe2+/g, and the formed ARM − FexO NP defects value is the highest one (1− x =

0.1681) with the furthest O/Fe ratio from 1 (O/Fe = 1.202). In the same way, the increase in
FRAP of plant extract leads to a decrease in defects within FexO samples and hence to a O/Fe
ratio closer to 1.

Since high FRAP leads to an excess of Fe2+ in the intermediate solution, the oxidation of
Fe2+ by the antioxidants substances in this medium produces wüstite NPs closer to stoichiometry
composition. This decreases the quantity of Fe2+ cations liberate electrons and become Fe3+ to
compensate the total electrical charge of the formed clusters and hence decreases cation vacancies.
Such decrease in cation vacancies is confirmed by the increase in grain size of studied samples as
shown in Table 3.2. These results are in accordance with the results reported in [163]. Furthermore,
Figure 3.8b depicts that grain size increases linearly (R2 = 0.9933) with the increase of FRAP.

Results allow one to conclude that iron defects within FexO NPs are impacted by the FRAP
power of plant extract. This leads to report that FRAP of plant extract provides a preconceived
idea about the defects within wüstite NPs structure.
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Figure 3.7: FRAP of plant aqueous extracts effect on Fe2+ defects within wüstite samples
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(a) (b)

Figure 3.8: (a) Proportionality of Fe2+ defects within FexO samples, (b) Proportionality of grain
size of FexO samples with FRAP of their plant extracts

3.3.6 Cation Vacancies Effect on Wüstite Formation Thermodynamic

In all experiments, the addition of aqueous plant extract to aqueous FeCl3 caused an increase in
the recipient temperature leading to state that the reaction is exothermic.

The equilibrium reaction of wüstite formation is given by the following equation [31]:

Fe+
1

2x
O2 →

1

x
FexO (3.6)

where FexO is treated as ((FeO)x(O2)(1−x)/2). At atmospheric pressure (0.1MPa = 1atm) the
free energy change of wüstite formation reaction is given by following equation:

∆G0
fFeO(1, T, x) = ∆H0

fFeO(1, T, x)− T∆S0
fFeO(1, T, x) (3.7)

where x refers to the equilibrium composition of wüstite at 0.1 MPas.
The variation of molal enthalpy (∆H0

fFeO
(x)) and entropy (∆S0

fFeO
(x)) of wüstite formation

and their relation to equilibrium composition are studied by Giddings et al. [32]. They reported
that molal enthalpy and molal entropy are independent of temperature, they depend only on wüstite
composition. In order to calculate molal enthalpy and entropy of formation of ROS − Fe0.9060O,
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(a) (b)

Figure 3.9: (a) Variation of molal enthalpy of wüstite formation vs. Fe2+ defects (b) Variation of
molal entropy of wüstite formation vs. Fe2+ defects [32]

FexO
Fe2+ defects ∆H0

fFeO
(x) ∆S0

fFeO
(x) ∆G0

fFeO
(P, T, x)

(cal/g.atm) (cal/g.atm− °C) (cal/g.atm)
ROS 0.0940 −32.7588 −7.9019 −585.892
JUN 0.1280 −33.3502 −8.0434 −596.388
MAT 0.1440 −33.6284 −8.1099 −601.327
ARM 0.1681 −34.0476 −8.2102 −608.767

Table 3.3: Thermodynamic data of wüstite NPs formation reaction at 0.1 MPas and T=70 °C
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Figure 3.10: Variation of molal free energy of wüstite formation reaction as function of Fe2+

defects at 70 °C and 0.1 MPas

JUN − Fe0.8720O, MAT − Fe0.8560O and ARM − Fe0.8319O NP samples, thermodynamic data
of the previous study are used to plot the variation of molal enthalpy and entropy as a function
of Fe2+ defects (1 − x), as depicted in Figures 3.9b and 3.9a. Figures show that molal enthalpy
and entropy are nearly linear functions of Fe2+ defects. Thus, used equations to calculate molal
enthalpy and entropy vs. x (Table 3.3) are deduced from linear fitting equations stated in Figures
3.9a and 3.9b (R2 = 0.9998 and 0.9905 respectively).

In order to study the effect of cation vacancies content on the variation of molal free energy
of formation (∆G0

fFeO
(x)) of ROS − Fe0.9060O, JUN − Fe0.8720O, MAT − Fe0.8560O, and

ARM − Fe0.8319O at 70 °C is calculated using equation 3.7.
Figure 3.10 illustrates that ∆G0

fFeO
(x) of FexO NP samples varies linearly with cation vacan-

cies (defect). Results show that molal enthalpy of formation becomes more negative (see Table
3.3) as Fe2+ defects increases in FexO NPs. The decrease in molal enthalpy may be a result of
defects complexing. We remarked that FexO NPs formation is sufficiently exothermic (as cited
in section 3.3.1). This may be occurred to overrule the entropy change which accompanies the
reaction. Thus, the free energy becomes more negative as cation vacancies within wüstite becomes
more increased which is consistent with results found in [32].

Since FRAP power impacts cation vacancies formation in FexO and cation vacancies impacts
formation ∆G0

fFeO
(x) of FexO then one can conclude that FRAP power impacts ∆G0

fFeO
(x) of

FexO formation. As FRAP decreases as ∆G0
fFeO

(x) becomes more negative.
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3.4 Conclusion

Wüstite FexO NPs have been greenly synthesized using four different aqueous plant extracts as
reducing agents and FeCl3 as a precursor. Characterization of synthesized samples shows that
wüstite is formed with different iron cation vacancies and grain sizes. For this reason, the effect
of FRAP power of aqueous plant extracts on Fe2+ vacancies formation within synthesised wüstite
NPs has been considered. It is found that iron cation vacancies formation within wüstite NPs are
clearly impacted by the FRAP power of plant aqueous extract. Indeed, the increase in the FRAP
leads to a decrease in Fe2+ defects and consequently an increase in the grain size. This leads to
proclaim that FRAP of plant extract provides a preconceived idea about cation vacancies within
wüstite NP structure. From thermodynamic study, FRAP power also impacts ∆G0

fFeO
(x) of FexO

formation, where the decrease in FRAP makes ∆G0
fFeO

(x) more negative. the



Chapter 4

Preferential and enhanced adsorption of methyl
green on different greenly synthesized magnetite
nanoparticles: investigation of the influence of the
mediating plant extract’s acidity

4.1 Introduction

Nanomaterials are widely used in the purification of aqueous media [19]–[22]. They allow a rapid
thermodynamic equilibrium between adsorbent and adsorbate during the adsorption process and
selective removal of pollutants [16], [23], [24]. Adsorption has been extensively studied as a cost-
effective process for removing a wide variety of pollutants from aqueous solutions such as dyes
[8], [51], [164].

The adsorption ability of iron oxide NPs arises from the intervention of hydroxyl groups during
pollutant dissociation [1]. Surface hydroxyl groups, with amphoteric properties, are the functional
groups of iron oxide surfaces and they are their chemically reactive entities that behave as the
active sites upon the adsorption process. These hydroxyl groups may be singly, doubly, and triply
coordinated to Fe atoms having different reactivity. The overall density of these groups depends
on both the crystal structure and the extent of development of the different crystal faces [54].

The photo- and thermocatalysts absorb the photons/phonons having energy equal to or more
than the band gap energy between the valence band (VB) and conduction band (CB) of the photo-
and thermocatalyst. The photons absorption causes the charge separation by exciting electrons
from the VB to the CB followed by the generation of positive holes in the VB [149], [152]. These
positive holes oxidize adsorbed H2O molecules and produce hydroxyl radicals (OH•). Whereas,
excited electrons reduce the adsorbed O2 in the CB and produce hydroxyl radicals (OH•). These

62
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OH• radicals attack organic groups of the pollutant and undergo various reactions to convert the
organic pollutants into non-toxic and non-hazardous forms or completely degrade them into the
CO2 and H2O [148], [152].

The photo- and thermogenerated electron/hole pairs exhibit a strong tendency to recombine.
Recombination speed is an important factor that influences the photo- and thermocatalysis effi-
ciency. As recombination of photo- and thermogenerated charges is slow as the photo- and thermo-
catalytic degradation of pollutants is more efficient [165]. Several parameters can impact photo-
and thermocatalysis processes such as solution pH , adsorbent concentration, dye concentration,
solution ionic strength, temperature [73]–[76], dye structure properties [77], [78], adsorbent par-
ticle size [79], gap energy, recombination of electron/hole pair lifetime [80], [81], adsorbent type
[82], [83], light source and time of light exposition [82]. Several works studied thermo- and pho-
tocatalysis of dyes adsorption on nanomaterials, and they reported the high-efficiency thermo- and
photocatalytic activities of nanomaterials. Wu et al. [65] studied the thermocatalysis of methylene
blue adsorption on magnetite Fe3O4@C NPs. They found that the increase of temperature leads
to the increase of methylene blue thermodegradation which indicates the high thermocatalytic ac-
tivity of studied nanomaterial. Other authors [66] studied the thermocatalysis of N719 dye on
anatase TiO2 nanosheets with dominant 001 facets and TiO2 NPs with dominant 101 facets. They
found that the increase of temperature leads to the increase of N719 dye thermodegradation on
both studied nano-adsorbents due to thermocatalytic activities of TiO2 NPs. Farghali et al. [67]
studied the thermocatalysis of methylene blue on multi-walled carbon nanotubes decorated with
CoFe2O4 NPs by increasing temperate. They reported that this nanocomposite showed an efficient
thermocatalytic activity.

Furthermore, Ge et al. [68] studied the photocatalysis of methylene blue and methyl orange ad-
sorption on iron oxide anchored to single-wall carbon nanotubes by UV irradiation. They reported
that the studied adsorbent showed an efficient photocatalytic activity. Elhadj et al. [69] studied
the photocatalysis of Basic Red 46 dye adsorption over ZnO NPs under solar irradiation. They
reported that ZnO NPs exhibit a high photocatalytic activity. Moreover, Kumar et al. [70] stud-
ied the photodegradation of methylene blue (MB), Congo red (CR), and methylene orange (MO)
under sunlight irradiation in the presence of greenly synthesised magnetite mediated by Andean
blackberry leaf extract. They reported that the presence of those magnetite NPs accelerated the
photodegradation of the three dyes due to their high photocatalytic activity. Whereas, Sirdesh-
pande et al. [71] studied the photodegradation of malachite green under sunlight irradiation in the
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presence of greenly synthesized magnetite using leaf extract of Calliandra haematocephala. They
reported that the presence of those magnetite NPs increased the photodegradation of the dye.

Other authors [72] compared the photocatalytic activity of several composites of titanium diox-
ide containing magnetite NPs with different morphologies and structures in the photodegradation
of Rhodamine.Be by UV irradiation. They reported that the highest dye photodegradation was
observed when both spherical and rod-shaped composite structures based on titanium dioxide con-
taining 1 wt% of magnetite NPs were used as a photocatalyst. Jassal et al. [73] studied the thermo-
and photodegradation of malachite green (MG) and Eriochrome Black T (EBT) dyes on greenly
synthesised potassium zinc hexacyanoferrate nanocubes. They found that this adsorbent acted as a
photocatalyst, not a thermocatalyst.

Several parameters can impact photo- and thermocatalysis processes such as solution pH , ad-
sorbent concentration, dye concentration, solution ionic strength, temperature [74]–[76], adsorbent
particle size [79], gap energy, recombination of electron/hole pairs lifetime [80], [81], adsorbent
type [82], [83], light source and time of light exposition [82]. Ullah et al. [80] reported that
Mn2+ dopant in the ZnO NPs decreased the recombination of the electron/hole pairs lifetime
which enhanced the photocatalytic activity efficiency for the removal of dyes. Where Rafaie et
al. [81] studied the photocatalytic properties of ZnO NPs microstructures decorated with Ag NPs
for degradation of methylene blue under UV irradiation. They reported that the presence of Ag
NPs played the role of electron sinks and trapped the photogenerated electrons, which slowed
the electron-hole pair lifetime. As a result, ZnO-Ag nanostructure exhibited higher photocatalytic
activity for the degradation of MB dye.

Several works studied the preferential adsorption of dyes on nano-adsorbents. Saha et al. [16]
studied the preferential adsorption of seven different dyes on magnetite NPs. They reported that
magnetite surface preferred adsorbing dyes containing higher OH content. Where Xiao et al.
[55] studied the preferential adsorption of different cationic and anionic dyes on iron NPs. They
reported that iron NPs preferred removing cationic dyes more than anionic dyes. Madrakian et
al. [56] studied the preferential adsorption of seven cationic and anionic dyes on magnetite-coated
waste tea. They reported that cationic dyes were more adsorbed on the studied nano adsorbent
compared to anionic dyes.

Several factors can influence the adsorption such as solution pH [54], solution ionic strength
[57], dye concentration [58], magnetite NPs concentration [16], and hydroxyl groups density on
adsorbent surface [59]. The impact of changing plants on greenly synthesized metal oxide NPs
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reactivity in dyes adsorption was studied in several works. Huang et al. [60] studied the effect
of three different tea extracts (green, oolong, and black teas) on the properties of iron oxide NPs
surface: their reactivities in the removal of methyl green from aqueous solutions. They reported
that the plant extract has an effect on the reactivity of iron oxide NPs surface that 81.2%, 75.6%,
and 67.1% of methyl green dye has been removal by iron oxide NPs synthesised using the extracts
of green, oolong, and black teas, respectively. Likewise, Xiao et al. [55] studied the removal of
six cationic and anionic dyes. They reported that greenly synthesised iron NPs using tea extract
showed preferential adsorption of cationic dyes from an aqueous solution. Other authors [61]
synthesized metal oxide NPs using the extracts of flowers, bark, and leaves of Tecoma stans in
order to use them in the removal of Congo red (CR) and crystal violet (CV) dyes. They reported
that the adsorbent derived from flower extract gave a better dyes adsorption efficiency than those
derived from other extracts. Furthermore, Islam et al. [62] synthesized magnetite NPs using six
plant extracts in order to use them in the removal of methyl orange (MO) and crystal violet (CV)
dyes. They reported that plant extract had an effect on magnetite NPs surface reactivity in the
adsorption, where magnetite Nps synthesized using tea extract showed the highest performance
(MO 92.34%, CV 96.1%).

In this chapter, the preferential and enhanced adsorption of MG on four greenly synthesized
Fe3O4 NP surfaces has been studied by coupling three processes. The preferential adsorption of
MG on the four magnetite surfaces in ambient dark conditions first process, followed by adsorp-
tion enhancement by thermocatalysis of MG/Fe3O4 residual solutions in dark conditions in the
second process, and finally the adsorption enhancement by photocatalysis under UV irradiation
(365 nm) in ambient conditions of MG/Fe3O4 residual solutions after applying thermocataly-
sis. The focus of this study is on the investigation of the influence of mediating plant extract on
greenly synthesised magnetite NP physicochemical characteristics which impact the preferential
and enhanced MG adsorption. The studied physicochemical characteristics are functional hydroxyl
groups density on magnetite surfaces, grain size, and band gap energy.

The mediating plants in the green synthesis of iron oxide NPs are: Artemisia herba-alba.(L),
Matricaria Pubescens.(L), Juniperus Phoenicia.(L), and Rosemarinus officinalis.(L), and the syn-
thesizedFe3O4 samples from their extracts are respectively denoted in this chapter byARM−Fe3O4,
MAT−Fe3O4, JUN−Fe3O4 and ROS−Fe3O4. Fe3O4 NPs samples were characterized by
XRD, SEM, FTIR-ATR, and UV-Vis techniques. In preferential MG adsorption, the pseudo-first-
order and pseudo-second-order kinetics of the adsorption as well as the intra-particles diffusion



Chapter 4. Preferential and Enhanced Methyl Green Adsorption on Magnetite NPs 66

Figure 4.1: Methyl green structure

mechanism have been analyzed. Under thermocatalysis, activated thermodynamic Parameters free
energy (∆G0), entropy (∆S0), enthalpy (∆H0), and activation energy (Ea) have been analyzed.
Under photocatalysis, the pseudo-first-order has been also analyzed.

4.2 Materials and Methods

This section focuses on listing needed materials and used apparatuses. It also provides methods
utilized to perform adsorption experiments and characterization of iron oxide NPs.

4.2.1 Materials

Chemicals

Methyl green dye, NaCl salt, and HCl acid are purchased from Sigma-Aldrich. Greenly syn-
thesised JUN−Fe3O4, ROS−Fe3O4, MAT−Fe3O4 and ARM−Fe3O4 NP powders using
iron salt (FeCl3, 6H2O) (purchased from Biochem chemopharma Co, Canada) as a precursor
and Artemisia herba-alba.(L) (Asteraceae family), Matricaria Pubescens.(L) (Asteraceae family),
Juniperus Phoenicia.(L) (Cupressaceae family), Rosemarinus officinalis.(L) (Lamiaceae family)
plants as reducing agents. Fe3O4 samples were obtained after 4 months of storage of synthesized
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iron oxides in ambient conditions. Freshly synthesized samples were both wüstite and magnetite
NPs phases [123]. The chemical structure of MG is presented in Figure 4.1.

Apparatuses

An XPERT-PRO X-ray diffractometer (RigakuMiniflex 600) with conditions of 30 keV and 30
mA for X-ray generation and the Kα radiation of copper λ = 1.54056 Åwas used. Fourier trans-
form infrared spectroscopy (FTIR-ATR): Shimadzu IR-Infinity. UV-Vis spectroscopy: Shimadzu
UV-Vis spectrophotometer apparatus Model 1800 operating in the range of 200 − 900 nm. In-
stantaneous global UV (direct plus diffuse) was measured with a UV radiometer λMax = 365 nm

VL.215.L, (Ecosystem-Environmental Services, France).

4.2.2 Methods

In this section, used methods for solution preparation are described. Used protocol in adsorption
experiments of iron oxide NPs and characterization techniques are described as well.

4.2.2.1 Batch Adsorption Experiments of MG on Magnetite NPs in Dark Ambient Condi-
tions

In the first step, the prepared standard aqueous solutions of MG dye were diluted several times
as required. In the second step, 0.0015 g of JUN−Fe3O4, ROS−Fe3O4, MAT−Fe3O4 and
ARM−Fe3O4 NPs powders were added to a volume of 4 ml of dye aqueous solutions. Dye
solutions concentration was 0.0111 mg/ml. The ionic strength for all adsorption experiments
was kept at 0.1 M by adding an appropriate amount of NaCl (0.023g). A dilute solution of
HCl was used to adjust dye/Fe3O4 solutions pH to 4. All experiment sets are sonicated in an
ultrasonic bath for 15 min and they were then stirred continually for 60 min until a steady state
was reached. A control experiment (without NPs) was also performed. All adsorption experiments
were carried out in dark ambient conditions in batch mode, and they were performed in triplicate
for data consistency.

Kinetic experiments were performed by withdrawing samples of MG/Fe3O4 solutions at a
regular interval of time to obtain, after centrifugation, adequate aliquots for the purpose of quan-
tifying residual dye concentrations and the adsorbed amounts. The concentrations of residual dye
aqueous solutions were quantified using UV-Vis spectrophotometer at absorbance maxima of MG
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λmax = 249 nm. Furthermore, the adsorbed amounts of MG molecules are calculated from the
calibration curve for all adsorption experiments (Y=42.049X-0.2885, R2=0.996). In order to ob-
tain the adsorption capacity q1e (mg/g) and the amount of MG cations adsorbed per unit mass (q1t in
(mg/g)) of magnetite NPs at equilibrium contact time in the first process of MG adsorption in dark
ambient conditions, the following equations were used:

q1e =
(C0 − C1

e )V

m
(4.1)

q1t =
(C0 − C1

t )V

m
(4.2)

Adsorption yield was calculated using the following equation:

R1% =
(C0 − C1

e )

C0

.100 (4.3)

where, C0, C1
e , C1

t , V and m are respectively: initial dye concentration without any treatment
(mg/ml), residual dye concentration in liquid phase at steady state after the first process of MG
adsorption in dark ambient conditions (mg/ml), residual dye concentration in liquid phase at steady
state after the accomplishment of the first process of MG adsorption in dark ambient conditions
(mg/ml) at time t, the volume of dye solution (ml), and the amount of magnetite NPs (g).

Pseudo-First-Order and Pseudo-Second-Order Kinetics

The pseudo-first-order (PFO) of Lagergren [166] and pseudo second order of Ho and Mckay [167]
kinetic models are selected to test the adsorption dynamics in this study due to their good applica-
bility in most studies [168], [169]. The Lagergren kinetic model assumes that the rate of occupation
of adsorption sites is proportional to the number of unoccupied sites [170]. Lagergren’s model (eq.
4.5) is suitable for only the initial 20 to 30 minutes of the adsorption action and not for the whole
range of contact times [167]. It is generally represented by the following equation:

dq1t
dt

= K1(q
1
e − q1t ) (4.4)
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After integration by applying conditions, q1t = 0 at t = 0 and qt = q1t at t = t, then 4.4 becomes:

ln(q1e − q1t ) = lnq1e −K1t (4.5)

where, K1, q1t and q1e are respectively: Pseudo-first-order kinetic constant (mn−1), adsorbed dye
quantity at instant t (mg/g) and adsorbed dye quantity at thermodynamic equilibrium in dark
ambient conditions (mg/g).

If the active surface of the adsorbent is regarded as invariable, the reaction could be treated
as pseudo-first-order kinetic. However, once the active sites have been saturated, the transfer at
pollutant/adsorbent particle interface may be limited by mass transfer [132].

The pseudo-second-order (PSO) model (eq 4.6) is proposed by Ho and McKay [167]. It based
on the adsorption capacity expressed as follow:

t

q1t
=

1

K2q1e
+

t

q1e
(4.6)

where, K2, q1t and q1e are: Pseudo second order kinetic constant (mg/g.mn), adsorbed dye quan-
tity at instant t (mg/g) and adsorbed dye quantity at thermodynamic equilibrium in first process
(mg/g), respectively.

Intra-particles Diffusion Kinetics

In order to gain insights into the adsorption mechanisms involved, a homogeneous particle dif-
fusion model (HPDM) as shown in Eq 4.7, originally proposed by Boyd et al. [171], is used to
describe the diffusive adsorption process. In this model, the rate-limiting step is usually described
by either an intra-particle diffusion or a film diffusion mechanism.

F (t) = 1− 6

π2

∞∑
Z=1

1

Z2
exp

[
−Z2π2Dpt

r20

]
(4.7)

where F(t) is the fractional attainment at time t, i.e., F (t) = qt1/qe1,Dp (m2/s) is the effective
diffusion coefficient, ro is the radius of Fe3O4 particles assumed to be spherical, and Z is an
integer. For 0 < F (t) < 1, a simplified equation can be obtained for the adsorption on spherical
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particles:

F (t) = 1− exp−
π2D2

pt

r20

2

(4.8)

A further formula deformation gives the following:

−ln(1− F 2(t)) =
2Dpπ

2

r20
t = 2kpt (4.9)

where kp is the diffusion rate constant (1/s) and kp = Dpπ
2/r20. Eq 4.9 was used for the cal-

culation of effective intra-particle diffusivity (Dp(m
2/s)) from the experimental data. In the first

step, a graph of −ln(1 − F 2(t)) vs t was developed. The values of kp of MG/ARM−Fe3O4,
MG/ROS−Fe3O4, MG/MAT−Fe3O4, and MG/JUN−Fe3O4 adsorption processes are ob-
tained from the slopes of the fitted lines (plots of− ln(1−F 2) vs time), and the values of effective
diffusion coefficients, Dp(m

2/s), can then be obtained from Dp = kpπ
2/r20.

Additionally, Eq 4.10 can be used when the rate of adsorption is controlled by liquid film
diffusion [172].

F (t) = 1− exp(−3DfC
1
e

r0δC1
r

) (4.10)

where Df is the film diffusion coefficient (m2/s) in the liquid phase, and C1
e (mol/l) and C1

r

(mol/l) are respectively the equilibrium concentrations of MG dye in solution and in solid phases.
δ is the thickness of liquid film which was assumed to be 10−5 m according to Yu and Luo [173].
A further formula deformation of Eq 4.10 gives the following equation:

− ln(1− F ) = Kf .t (4.11)

where kf is the diffusion rate constant (1/s).
The values of kf = 3Dfc

1
e/r0δc

1
r of MG adsorption on the four magnetite surfaces are obtained

from the slopes of the fitted lines (plots of− ln(1−F ) vs time), and the values of effective diffusion
coefficient, Df (m2/s), can then be obtained from Df = kfr0c

1
r/3c

1
e.

The linearity test of Boyd plots (− ln(1−F ) and− ln(1−F 2)) versus time plots are employed
to distinguish between the film diffusion and particle diffusion-controlled adsorption mechanisms.
If the plot of− ln(1−F ) versus time is a straight line passing through the origin, then the adsorption
rate is governed by particle diffusion mechanism otherwise if− ln(1−F 2) versus time is a straight
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line passing through the origin then the adsorption is governed by film diffusion.

4.2.2.2 Batch Thermocatalysis Experiments of Magnetite Samples in Dark Conditions

In order to study the thermocatalysis of the four magnetite NPs samples under heat, all sets of
experiments containing MG/Fe3O4 residual solutions after the first process of MG adsorption are
sonicated in an ultrasonic bath during 15 min and they were then stirred continually for 20 minutes
in dark conditions in different temperatures ranging from 303.15 to 318.15 K. The concentrations
of residual dye in liquid phases are quantified using UV-Vis spectrophotometer at absorbance max-
ima of MG λmax = 249 nm. Furthermore, the adsorbed amounts of MG molecules are calculated
from the calibration curve for all adsorption experiments (Y=42.049X-0.2885, R2=0.996). In or-
der to obtain the adsorption capacity q2e (mg/g) of all magnetite samples after thermocatalysis in
the second process of MG adsorption in dark conditions the following equations are used:

q2e =
(C0 − C2

e )V

m
(4.12)

Adsorption yield was calculated using the following equation:

R2% =
(C0 − C2

e )

C0

.100 (4.13)

where, C0, C2
e , V and m are respectively: initial dye concentration without any treatment (mg/ml),

residual dye concentration in liquid phase at steady state in the first process of MG adsorption in
dark ambient conditions (mg/ml), the volume of dye solution (ml), and the amount of magnetite
(g).

The activation enthalpy (∆H0) of MG adsorption on magnetite surface is determined using
Arrhenius equation as follow:

lnkd =
∆S0

R
− ∆H0

RT
(4.14)

where R (1.987 cal/molK) is the universal gas constant, T is the absolute solution temperature
(K), and Kd is the distribution coefficient which can be calculated as:

kd =
C2

ae

C2
e

(4.15)
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where C2
ae (mg/ml) and C2

e (mg/ml) are respectively the concentration of adsorbed dye on the solid
and dye residual concentration in liquid phase after thermocatalysis in dark conditions.

The values of activated ∆H0 and ∆S0 were calculated from the slope and intercept of the plot
between lnKd versus 1/T . ∆G0 was then calculated using the relation:

∆G0 = −RTlnKd (4.16)

The free energy change indicates the degree of the spontaneity of the adsorption process and
the higher negative value reflects more energetically favorable adsorption. The activation energy
(∆Ea) of MG adsorption on magnetite surface is determined using the following Arrhenius’s equa-
tion:

lnk2 = lnA− Ea

RT
(4.17)

where K2 is the distribution coefficient which can be calculated by:

k2 =
q2e
C2

e

(4.18)

where q2e (mg/g) and C2
e (mg/ml) are respectively the adsorption capacity of dye on solid and dye

residual concentration in liquid phase after thermocatalysis in the second process of MG adsorption
in dark conditions.

4.2.2.3 Batch Photocatalysis Experiments of Magnetite Samples in Ambient Conditions

In the third MG adsorption process, the study of photocatalysis of JUN−Fe3O4, ROS−Fe3O4,
MAT−Fe3O4 and ARM−Fe3O4 NPs under UV irradiation to degrade MG are conducted on all
sets of experiment containing residual solutions after thermocatalysis in dark conditions. All ex-
periment sets are sonicated in an ultrasonic bath for 15 min and then they are stirred continuously
and exposed to direct UV irradiation (365 nm) in ambient conditions at different times ranging
from 60 to 240 minutes. The concentrations of residual dye aqueous solutions were quantified
using UV-Vis spectrophotometer at absorbance maxima of MG λmax = 249 nm. Furthermore, the
adsorbed amounts of MG molecules are calculated from the calibration curve for all adsorption ex-
periments (Y=42.049X-0.2885, R2=0.996). In order to obtain the adsorption capacity q3e (mg.g−1)
by photocatalysis in ambient conditions under UV irradiation of JUN−Fe3O4, ROS−Fe3O4,
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MAT−Fe3O4 and ARM−Fe3O4 the following equations are used:

q3e =
(C0 − C3

e )V

m
(4.19)

Adsorption yield was calculated using the following equation:

R3% =
(C0 − C3

e )

C0

.100 (4.20)

where, C0, C3
e , V and m are respectively: initial dye concentration without any treatment (mg/ml),

dye residual concentration in liquid phase after photocatalysis in the third process of MG adsorp-
tion in ambient conditions (mg/ml) under UV irradiation, the volume of dye solution (ml), and the
amount of magnetite (g).

The degradation kinetics of MG using Fe3O4 NPs can be expressed as a pseudo-first-order
(PFO) reaction as follows:

ln(C0/C
3
t ) = kpd.t (4.21)

where, C0, C3
t , and kpd are respectively the initial concentration of MG without any treatment

(mg/g), dye residual concentration (mg/g) in liquid phase at time t after photocatalysis under UV
irradiation, and the PFO photocatalytic degradation rate constant (min−1) which can be calculated
from the slope of ln(C0/C

3
t ) versus t plot.

4.3 Results and Discussion

4.3.1 X-ray Analysis of Fe3O4 NPs Samples

X-ray patterns of all synthesised samples are presented in Figure 4.2. It is found that all synthe-
sized samples have crystalline structures. X-ray diffraction of pattern (A)-Figure 4.2 exhibit Bragg
reflection peaks at around 2θ° = 16.20°, 20.30°, 22.39°, 25.60°, 29.72°, 32.30°, 41.05°, 41.39°,
42.48°, and 52.69°. All Bragg peaks are in agreement with orthorhombic Fe3O4 powder and cor-
responding to Miller indices 021, 212, 030, 400, 314, 001, 250, 251, 522, and 644, respectively
(JCPDF file 01-076-0958).

X-ray diffraction pattern (B)-Figure 4.2 exhibit Bragg reflection peaks at around 2θ° = 16.20°,
16.70°, 20.39°, 22.42°, 29.75°, 30.80°, 32.30°, 41.10°, 42.53°, 49.82°, and 52.72°. All Bragg peaks
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are in agreement with orthorhombic Fe3O4 powder and corresponding to Miller indices 021, 210,
212, 030, 400, 041,106, 251, 522, 534, and 644, respectively (JCPDF file 01-076-0958).

X-ray diffraction of pattern (C)-Figure 4.2 exhibit Bragg reflection peaks at around 2θ° =

16.20°, 22.56°, 26.04°, 32.28°, 37.11°, 41.59°, 49.98°, and 52.69°. All Bragg peaks are in agree-
ment with orthorhombic Fe3O4 powder and corresponding to Miller indices 021, 030, 400, 106,
404, 251, 534, and 644, respectively (JCPDF file 01-076-0958).

X-ray diffraction of pattern (D)-(Figure 4.2 exhibit Bragg reflection peaks at around 2θ° =

16.35°, 20.58°, 22.60°, 25.77°, 29.94°, 32.47°, 41.59°, 42.69° 49.98°, and 52.69°. All Bragg peaks
are in agreement with orthorhombic Fe3O4 powder and corresponding to Miller indices 021, 212,
030, 400, 001, 106, 251, 522, 534, and 644, respectively (JCPDF file 01-076-0958 1).

The average diameters of different Fe3O4 samples, presented in Table 4.2, were calculated
from XRD patterns using Scherrer’s equation [155]:

D =
0.9λ

β cos θ
(4.22)

where D, β, λ, and θ are the crystallite size, the full width at half-maximum (FWHM) of the most
intense diffraction peak, the X-ray wavelength (1.54056 Å), and Bragg angle, respectively.

Table 4.1: Calculated average diameter of ARM−Fe3O4, ROS−Fe3O4, MAT−Fe3O4 and
JUN−Fe3O4 NPs

Samples Average Diameter (nm)
ARM − Fe3O4 41.49
ROS − Fe3O4 39.89
MAT − Fe3O4 33.13
JUN − Fe3O4 29.27

4.3.2 FTIR-ATR Spectroscopy Analysis

FTIR spectra of synthesized Fe3O4 NP powders recorded between 4000 and 500 cm−1 are pre-
sented in Figure 4.3. Figure 4.3 shows that all IR spectra (A, B, C, and D) exhibit peaks in different
ranges as is summarized in Table 4.2. The peaks at 3223.41− 3266.69 cm−1 correspond to O−H
stretching vibration, where the peaks at 2930.18− 2932.06 cm−1 correspond to C −H vibrations.

1See Appendix C



Chapter 4. Preferential and Enhanced Methyl Green Adsorption on Magnetite NPs 75

Figure 4.2: XRD patterns of (A) ROS−Fe3O4, (B) ARM−Fe3O4, (C) MAT−Fe3O4, and (D)
JUN−Fe3O4 NP powders, JCPDF file 01-076-0958

Table 4.2: FTIR vibration of Fe3O4 functional groups

Sample O −H C −H C = C C −O − C Fe−O
cm−1 cm−1 cm−1 cm−1 cm−1

ARM−Fe3O4 3266.69 2932.06 1590.07 1036.36 592.64
ROS−Fe3O4 3249.77 2930.18 1590.83 1038.75 591.83
MAT−Fe3O4 3235.57 2929.75 1591.21 1039.54 592.46
JUN−Fe3O4 3223.41 2928.82 1594.63 1039.45 592.69

The peaks at 1590.07 − 1594.63 cm−1 correspond to C=C stretch in aromatic rings and anti-
symmetric stretching of the carboxylate group (COO−), whereas peaks at 1033.45−1044.36 cm−1

are assigned to C−O−C of the phenolic groups [70]. The peak at around 592 cm−1 is correspond-
ing to Fe−O stretching band of Fe3O4 NPs [174].

Figure 4.3 shows that the peaks of hydroxyl groups appear in remarkably different areas.
Whereas, hydroxyl groups peak area appears the broadest one on ARM−Fe3O4 surface, next
on ROS−Fe3O4, then on MAT−Fe3O4, and finally on JUN−Fe3O4. This reveals that the
density of functional OH groups is more higher on ARM−Fe3O4 surface, next on ROS−Fe3O4,
then on MAT−Fe3O4, and finally on JUN−Fe3O4.
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Figure 4.3: IR spectra of synthesized (A) ARM−Fe3O4, (B) ROS−Fe3O4, (C) MAT−Fe3O4,
and (D) JUN−Fe3O4 NP powders

4.3.3 UV-Vis Spectroscopy Analysis

The optical absorbance spectra of all Fe3O4 samples are measured in the wavelength range of
200−900 nm. The band gap energies of Fe3O4 samples are then deduced from those spectra. The
band gap Eg and the optical absorption coefficient (α) of a semiconductor are related through the
known following equation [161]:

αhν = A(hν − Eg)
n (4.23)

where α is the linear absorption coefficient of the material, hν is the photon energy, A is a propor-
tionality constant, and the exponent n depends on the nature of electronic transition; it is equal to
1/2 for direct allowed transition and 2 for indirect allowed transition. Eg of the direct transition of
all samples were obtained from plotting (αhν)2 as a function of αhν by the extrapolation of the
linear portion of the curve (Figure 4.4). However, Eg of the indirect transition of all samples were
obtained from plotting (αhν)1/2 as a function of αhν by the extrapolation of the linear portion of
the curve (4.5)

Estimated indirect band gap energies of ARM−Fe3O4, ROS−Fe3O4, MAT−Fe3O4 and
JUN−Fe3O4 phases were found as 2.51, 2.55, 2.60 and 2.64 eV , respectively, which are higher
than reported by reference value [175]. They found that indirect gap energy for Fe3O4 equalsEg =
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Figure 4.4: Plots of (αhν)2 versus (αhν) for direct transition of greenly synthesized Fe3O4 NP
samples sonicated in acetone during 15 minutes

1.92 eV . Estimated direct band gap energies of JUN−Fe3O4,MAT−Fe3O4,ROS−Fe3O4, and
ARM−Fe3O4 samples were found as 2.97, 2.95, 2.94 and 2.87 eV , respectively, which are close
to that found by El Ghandoor et al. [175]. They found that direct gap energy for Fe3O4 equals
Eg = 2.87 eV . It is clear that the direct gap energy is closer to the theoretical value than the
indirect gap energy. The values of all direct band gap energies of magnetite NP samples classify
them as semiconductors. The energy band gap of the semiconductors is between 0 and 3 eV [162].
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Figure 4.5: Plots of (αhν)1/2 versus (αhν) for indirect transition of greenly synthesized Fe3O4

NP samples sonicated in acetone during 15 minutes

4.3.4 SEM Images of Greenly Synthesised Fe3O4 NP Samples

SEM images of synthesized iron oxide NP samples are presented in Figure 4.6. It is clearly shown
that all four magnetite NPs are depending on the plant extract. Different irregular shapes are
observed in all samples as rocks shape. ForROS−Fe3O4 NPs, it is clear that a few agglomerations
like rocks are presented in Figure 4.6a. Whereas for JUN−Fe3O4 NPs, like mountains with
bigger rocks are presented, as shown in Figure 4.6b. However, for MAT−Fe3O4 a decrease in
the dimension of the like mountains with more adherence to its structure is observed (Figure 4.6c).
Finally, for ARM−Fe3O4, a big bipyramids crystals are appeared as mentioned in Figure 4.6d.
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(a) (b)

(c) (d)

Figure 4.6: SEM images of greenly synthesized JUN−Fe3O4, MAT−Fe3O4, ROS−Fe3O4

and ARM−Fe3O4 NPs
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4.3.5 The Analysis of MG Adsorption Kinetics and Thermodynamics

4.3.5.1 Adsorption Equilibrium in Preferential MG Adsorption

In all adsorption experiments, the steady-state is reached within 30 minutes, as depicted in Figure
4.7. This denotes very fast adsorption kinetics of MG on all four magnetite NP surfaces.

Figure 4.7: Adsorption Capacity of MG on the four magnetite samples in the first process of MG
adsorption in ambient dark conditions

4.3.5.2 Pseudo-First-Order and Pseudo-Second-Order Kinetics of preferential MG Adsorp-
tion

The results of pseudo-first-order kinetics analysis for adsorption of MG molecules on all four
magnetites NP surfaces (Table 4.3 and Figure 4.8a) indicate good linearity and a good fit of the
experimental data to this model compared to the pseudo-second-order model which indicated poor
linearity and poor fit of the experimental data (Table 4.3 and Figure 4.8b). The q1e (equilibrium
adsorption capacity) computed from pseudo-first-order kinetics plots are also in very close agree-
ment with the empirical qe contrary to the q1e calculated from pseudo-second-order plots (see Table
4.3). This indicates the best compliance of MG adsorption on all four magnetite NP surfaces with
pseudo-first-order kinetic.
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(a) (b)

Figure 4.8: (a) Plots of ln(q1e − q1t ) versus time and (b) plots of t/q1t versus time of MG adsorption
on Fe3O4 NP samples in the first process of adsorption

Table 4.3: Adsorption Kinetics Parameters for MG adsorption on Fe3O4 NP samples in dark
ambient conditions

Sample
q1e,exp q1e,cal K1.10−3 R2 q1e,cal K2.10−3 R2

(mg/g) (mg/g) (mn−1) (mg/g) (g.mg−1.mn−1)
ARM−Fe3O4 15.81 18.92 5.76 0.9783 22.99 3.78 0.9387
ROS−Fe3O4 15.37 21.33 9.39 0.9984 25.32 2.60 0.9220
MAT−Fe3O4 10.83 19.88 8.86 0.9902 22.32 1.85 0.9028
JUN−Fe3O4 05.69 07.84 8.53 0.9839 13.00 2.31 0.9607

4.3.5.3 Intra-particles Diffusion Kinetics of preferential MG Adsorption

The linearity tests of Boyd plots − ln(1 − F ) and − ln(1 − F 2) versus time are presented in
Figures 4.9a and 4.9b. They show that kinetic data correlate well with the homogeneous particle
diffusion model as confirmed with the high R2 values. The results of linear regression analysis
for equations 4.9 and 4.11are presented in Table 4.4. Found film diffusion coefficients Df were
in the order of 10−11 m2/s, while intra-particle diffusion coefficients Dp were found in the order
of 10−19 m2/s. As it is known the adsorption mechanism is controlled by film diffusion at Df

ranging from 10−10 − 10−12 m2/s, while intra-particle diffusion is the rate-limiting step at Dp in
the range of 10−15−10−18 m2/s [176]. Found results indeed indicate that film diffusion is the step
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Table 4.4: Calculated Homogeneous particle diffusion parameters in the first Process of MG Ad-
sorption on the four magnetite samples

Sample r0.10−9 kp.10−3 R2 Dp.10−19 kf .10−3 R2 C1
r .10−3 C1

a .10−3 Df .10−11

(m) (1/s) (m2/s) (1/s) (mg/g) (mg/g) (m2/s)
ARM-Fe3O4 41.94 2.68 0.9411 4.77 5.61 0.9594 5.17 5.93 06.84
ROS-Fe3O4 39.89 2.00 0.9736 3.22 4.29 0.9826 5.34 5.76 05.28
MAT-Fe3O4 33.13 2.67 0.9645 2.97 5.32 0.9599 7.11 3.99 10.49
JUN-Fe3O4 29.27 1.50 0.9544 1.30 3.38 0.9701 8.96 2.14 13.81

that controls the adsorption mechanism of MG on Fe3O4 surfaces, which is in agreement with the
pseudo-first-order kinetic model.

(a) (b)

Figure 4.9: Boyd plots of MG Adsorption on Fe3O4 surfaces in the first process of adsorption: (a)
plots of −ln(1− F ) versus time and (b) plots of −ln(1− F 2) versus time

4.3.5.4 Activation Thermodynamic Parameters of MG Adsorption under Thermocatalysis
Process

The calculated activated enthalpy (∆H0), entropy (∆S0), and free energy (∆G0) are listed in
Table 4.5. ∆H0 and ∆S0 are respectively calculated from the slopes and intercepts of the Arrhe-
nius linear plots of lnkD versus 1/T (??). Activated enthalpy in all four MG/Fe3O4 systems is
positive, which indicates the endothermic nature of the adsorption processes and possible strong
bonding between MG molecules and functional hydroxyl groups on Fe3O4 surfaces. The found
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(a) (b)

Figure 4.10: (a) Plots of lnKD versus 1/T of MG adsorption on Fe3O4 samples, (b) Plots of lnK2

versus 1/T of MG adsorption on Fe3O4 NP surfaces

activated enthalpy of MG/JUN−Fe3O4 system is the highest one (14.49 kcal/mol), and that of
MG/ARM−Fe3O4 system is the lowest one (4.59 kcal/mol). This indicates that the bonding
between MG molecules and hydroxyl groups on JUN−Fe3O4 NPs are the strongest ones, then
on MAT−Fe3O4, next on ROS−Fe3O4, and finally on ARM−Fe3O4 NP surfaces.

The activated entropy in all fourMG/Fe3O4 systems are positive, which reveals the affinity of
Fe3O4 surfaces for MG molecules. The increasing randomness at the MG/Fe3O4 solution inter-
face indicates that a height significant changes in surfaces active hydroxyl groups number occurred
in the internal structure of Fe3O4 surfaces. However, activated entropy ofMG/JUN−Fe3O4 sys-
tem is the highest one (45.23 cal/mol.K), and that of MG/ARM−Fe3O4 (15.58 cal/mol.K)
is the lowest one. This indicates that the changes occurred in the structure of JUN−Fe3O4

NP surface are the highest ones, then of MAT−Fe3O4, next of ROS−Fe3O4, and finally of
ARM−Fe3O4 NP surfaces [177], [178].

The activated free energies of both MG/ARM−Fe3O4 (-0.18, -0.24, -0.32, and -0.39) and
MG/ROS−Fe3O4 (-0.14, -0.17, -0.27, and -0.37 kcal/mol) systems are negative. However, acti-
vated energies ofMG/ARM−Fe3O4 system are more negative than those ofMG/ROS−Fe3O4

system, which indicates the feasibility of MG adsorption process and its spontaneous nature with
more MG adsorption on ARM−Fe3O4, then on ROS−Fe3O4 surfaces. In MG/MAT−Fe3O4

system, the values of activated free energies are negative only at 313.15 K and 318.15 K (-0.19 and
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-0.35 kcal/mol, respectively), while a positive values are found at 303.15 K and 308.15 K (0.17
and 0.022 kcal/mol, respectively). This leads to proclaim the spontaneity of MG adsorption at
313.15 K and 318.15 K. Activated free energies of MG/JUN−Fe3O4 system (0.75, 0.62, 0.28,
and 0.11 kcal/mol) are positive revealing that activated MG−Fe3O4 complexes are in an excited
form in the transition state [177].

Table 4.5: Calculated thermodynamic Parameters for MG adsorption on Fe3O4 NP surfaces in the
second process of adsorption

System T lnKD lnK2 Ea ∆H0 ∆S0 ∆G0

K kcal/mol kcal/mol cal/mol.K kcal/mol

MG/ARM−Fe3O4

303.15 0.30 8.19

3.79 3.95 13.48

-0.18
308.15 0.44 8.33 -0.27
313.15 0.52 8.41 -0.32
318.15 0.62 8.49 -0.39

MG/ROS−Fe3O4

303.15 0.23 8.17

7.42 4.62 15.64

-0.14
308.15 0.29 8.31 -0.17
313.15 0.44 8.61 -0.27
318.15 0.58 8.72 -0.37

MG/MAT−Fe3O4

303.15 -0.28 7.60

10.84 11.00 35.70

+0.17
308.15 -0.04 7.85 +0.02
313.15 +0.30 8.19 -0.19
318.15 +0.56 8.43 -0.35

MG/JUN−Fe3O4

303.15 -1.25 6.64

12.10 14.49 45.23

+0.75
308.15 -1.01 6.87 +0.62
313.15 -0.45 7.44 +0.28
318.15 -0.18 7.71 +0.11

As presented in Table 4.5, the found activation energies (Ea) for MG adsorption onARM−Fe3O4,
ROS−Fe3O4,MAT−Fe3O4, and JUN−Fe3O4 surfaces are respectively: 4.43, 7.42, 10.84, and
12.10 kcal/mol. Ea is calculated from the slopes of Arrhenius linear plots of lnk2 versus 1/T (??).
The found low Ea suggests that MG adsorption on Fe3O4 proceeded with low energy barriers and
can be achieved at relatively low temperatures. As it is known that the activation energy Ea of
physical adsorption is ranges from 1.2 to 12kcal/mol, and from 14.3 to 191kcal/mol for chemical
adsorption [179], the adsorption processes of MG on all the four Fe3O4 are therefore physical in
nature.
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4.3.5.5 Pseudo-First-Order Kinetic Analysis of MG Adsorption Under Photocatalysis Pro-
cess

The results of pseudo-first-order kinetic analysis of MG adsorption on the four magnetite NP sur-
faces (Figure 4.11) indicate good linearity of plots of ln(C0/C

3
t ) versus time of UV irradiation as

judged from high correlation coefficients (R2 > 0.98), which indicates that the rate of MG degrada-
tion catalyzed by Fe3O4 NP samples is assumed to be fitted by a pseudo-first-order model. The cor-
responding photodegradation rates (kpd) of MG by JUN−Fe3O4, MAT−Fe3O4, ROS−Fe3O4,
and ARM−Fe3O4 are 0.00132 min−1, 0.00125 min−1, 0.00123 min−1, and 0.00120 min−1,
respectively.

Figure 4.11: Kinetic plots of lnC0/C
3
t versus time of MG photodegradation on Fe3O4 NP samples

4.3.6 Preferential and Enhanced MG Adsorption on Magnetite Surfaces

4.3.6.1 Preferential Adsorption of MG Adsorption

Table 4.6 shows that, in the first process of MG adsorption in ambient dark conditions, the adsorp-
tion capacity and yield of MG differ depending on Fe3O4 NP sample. MG adsorption capacity
(adsorption capacity is denoted q1e ) and yield (denoted R1%) achieved 15.81 mg/g and 53.42%
on ARM−Fe3O4 and 15.37 mg/g and 51.90% on ROS−Fe3O4. Whereas they achieved only
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Table 4.6: Reached MG adsorption capacity and yield on ARM−Fe3O4, ROS−Fe3O4,
MAT−Fe3O4 and JUN−Fe3O4 NPs in first process of MG adsorption in ambient dark con-
ditions

Adsorbent q1e (mg/g) MG R1%

ARM−Fe3O4 15.81 53,42
ROS−Fe3O4 15.37 51.90
MAT−Fe3O4 10.83 35.91
JUN−Fe3O4 05.70 19.25

10.83 mg/g and 35.91% on MAT−Fe3O4 and 19.25% and 5.70 mg/g on JUN−Fe3O4 sur-
faces. So, MG molecules are highly adsorbed on ARM−Fe3O4, next on ROS−Fe3O4, then on
MAT−Fe3O4, and finally on JUN−Fe3O4 NPs. As all experiment conditions are maintained
the same for all adsorption experiments on all four magnetite samples, so, only magnetite surface
functionality is responsible for the preferential adsorption of MG on magnetite NP surfaces.

It is known that complexation and electrostatic interactions play important roles in determining
the efficiency of adsorption [23]. When Fe3O4 is immersed in the aqueous acidic solution, it
develops its surface charge via the protonation and deprotonation of ≡ Fe − OH active sites on
its surface according to the following equations [180]:

≡ Fe−OH+
2 ←→≡ Fe−OH0 +Hsol

+(pka1 = 5.1) (4.24)

where,≡ Fe−OH+
2 and≡ Fe−OH0 are respectively the protonated positively charged acid site

of the surface with two dissociableH+, and the neutral acid site of the surface with one dissociable
H+. pKa1 = 5.1 is the intrinsic acidity constant determined by Davis et al. [180] for Fe3O4. The
binding of MG cations with functional groups such asOH from magnetite surface can be expressed
as follows:

2 ≡ Fe−OH +Dye2+ ←→≡ (Fe−OH)2 −Dye2+ (4.25)

where≡ (Fe−OH)2−Dye2+ is a binuclear bonding complex due to hydrogen bonding between
MG cations and the surface hydroxyl groups on magnetite NP surfaces.

For the four magnetite NPs, the data provided by FTIR analysis (see the section 4.3.2, Figure
4.3) show that the density of OH groups of ARM−Fe3O4 surface is the highest one, next of
ROS−Fe3O4, then of MAT−Fe3O4, and finally of JUN−Fe3O4. As these hydroxyl groups
behave as active sites on Fe3O4 surfaces, found results showed that MG adsorption yield is more
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increased on magnetite NP samples that have more OH groups, i.e. more ≡ FeOH active sites.

4.3.6.2 Enhancement of MG Adsorption by Thermocatalysis Process

To assess MG Adsorption enhancement on Magnetite Samples by thermocatalysis, the thermocat-
alytic experiments were conducted on the residual solutions ofMG/Fe3O4 after MG adsorption in
the first process of MG adsorption in ambient dark conditions, so that to give the overall adsorption
yield and capacity after the enhancement, and it also allows the comparison between thermocat-
alytic activities of the four magnetite samples with the comparison between adsorption yields and
capacities before and after applying thermocatalysis.

The thermocatalysis effect on MG adsorption on all four magnetite samples is evaluated by
assessing the efficiency of degradation of MG by thermocatalysis in dark conditions in the temper-
ature range from 303.15 K to 318.15 during 20 minutes. Figure 4.12a and Table 4.7 present the
comparison of MG adsorption yield and capacity on the four Fe3O4 surfaces in the first process of
MG adsorption and in the second process in dark conditions under thermocatalysis. The data show
that MG adsorption yield and capacity increase with the increase of temperature in all adsorption
experiments which confirm the endothermic nature of the adsorption processes as discussed in
section 4.3.5.4.

Yields and adsorption capacities are increased as follow (the yield after thermocatalysis is
denoted R2% and the adsorption capacity q2e ):

• on ARM−Fe3O4, the yield increased from R1% = 53.42% to R2% = 65.01%, and the
adsorption capacity increased from q1e = 15.81 to q2e = 18.98 mg/g.

• on ROS−Fe3O4, the yield increased from R1% = 51.90% to R2% = 64.09%, and the
adsorption capacity increased from q1e = 15.37 to q2e = 18.80 mg/g.

• on MAT−Fe3O4, the yield increased from R1% = 35.91% to R2% = 63.60%, and the
adsorption capacity increased from q1e% = 10.83 to q2e% = 18.56 mg/g.

• on JUN−Fe3O4, the yield increased from R1% = 19.25% to R2% = 45.59%, and the
adsorption capacity increased from q1e = 5.70 to q2e = 13.49mg/g.

As all experiment conditions are maintained the same for all adsorption experiments, thus, only
surface properties are responsible for the adsorption enhancement.
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(a) (b)

Figure 4.12: (a) MG adsorption yield on Fe3O4 surfaces under thermocatalysis in the temperature
range from 303.15 K to 318.15 K during 20 minutes in dark conditions, (b) The enhancement in
adsorption capacity qTe by thermocatalysis in dark conditions at 318.15 k during 20 minutes of MG
adsorption on the four Fe3O4 surfaces

Table 4.7: The enhancement of MG adsorption yield and capacity on Fe3O4 NP surfaces by ther-
mocatalysis in the second process of the adsorption in dark conditions

Sample
298.15K 303.15K 308.15K 313.15K 318.15K

q1e R1% q2e R2% q2e R2% q2e R2% q2e R2%
(mg/g) (mg/g) (mg/g) (mg/g) (mg/g)

ARM−Fe3O4 15.81 53.42 17.01 57.48 18.00 60.81 18.53 62.61 18.98 65.01
ROS−Fe3O4 15.37 51.90 16.32 55.64 16.75 57.09 17.81 60.83 18.80 64.09
MAT−Fe3O4 10.83 35.91 12.69 42.88 14.53 49.10 17.01 57.48 18.56 63.60
JUN−Fe3O4 05.70 19.25 06.59 22.25 07.87 26.58 11.49 38.83 13.49 45.59

The tendency of adsorption capacities and yields on the four magnetite NP samples is the same
in the first process of MG adsorption and in the second process of MG adsorption under thermo-
catalysis. In first process of MG adsorption, the highest adsorption capacity was onARM−Fe3O4,
then on ROS−Fe3O4, next on MAT−Fe3O4, and finally on JUN−Fe3O4 NPs. After the ex-
position of MG/Fe3O4 systems to heat in 303.15 k during 20 minutes, the order of adsorption
capacities was the same, where the highest adsorption capacity was on ARM−Fe3O4, then on
ROS−Fe3O4, next on MAT−Fe3O4, and finally on JUN−Fe3O4 NP surfaces. When further
exposing MG/Fe3O4 systems to heat in different temperatures 308.15, 313.15, and 318.15 K dur-
ing 20 minutes, the adsorption capacities of all four magnetite samples still increased in the same
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order.
As it is shown in Figure 4.12b, it is clear that there is a difference in adsorption capacities after

thermocatalysis uniquely, denoted qTe (qTe = q2e − q1e represents the enhancement in adsorption ca-
pacity by thermocatalysis calculated by the difference between q1e ; adsorption capacity in the first
process of MG adsorption and q2e ; the overall adsorption capacity after applying thermocatalysis
at 318.15 k during 20 minutes). Figure 4.12b presents qTe for the four MG/Fe3O4 systems. These
adsorption capacities are useful to elucidate the enhancement in MG adsorption by thermocatal-
ysis. It shows that qTe is the highest one on JUN−Fe3O4 (7.79 mg/g) and the lowest one on
ARM−Fe3O4 (3.17 mg/g). This indicates that thermocatalytic activity of JUN−Fe3O4 is the
highest one and that of ARM−Fe3O4 is the lowest one. As all experiment conditions are main-
tained the same for all adsorption experiments on all four magnetite samples, so, only magnetite
surface properties are responsible for the adsorption enhancement by the thermocatalysis process.

From Figure 4.12b and Table 4.7, it is remarked that the increase in qTe is accompanied by
the increase in ∆S0 in all MG−Fe3O4 systems (detailed in Section 4.3.5.4). This confirms that
the increase in qTe has resulted from the change in surface structure [178]. Thus, the maximum
changes occurred in structural surface of JUN−Fe3O4 NP, and the minimum changes occurred
in structural surface of ARM−Fe3O4 NP.

4.3.6.3 Enhancement of MG Adsorption by Photocatalysis Process

To assess MG Adsorption enhancement by photocatalysis, the photocatalytic experiments were
conducted on MG/Fe3O4 residual solutions after thermocatalytic experiments, so that to give the
overall adsorption yields and capacities after the enhancement by photocatalysis and allow the
comparison between photocatalytic activities of the four magnetite samples with the comparison
between adsorption yields and capacities before and after applying photocatalysis. The impact
of the photocatalysis process on MG adsorption on all four magnetite samples is evaluated by
assessing the efficiency of photodegradation of MG under UV irradiation (365 nm) in the time
range from 60 to 240 minutes in ambient conditions.

The variation of MG adsorption yield, as well as adsorption capacity by photocatalysis, is illus-
trated in Table 4.8 and Figure 4.13a. They show that MG adsorption capacities and yields on the
four magnetite surfaces are enhanced by photocatalysis however with different remarkable differ-
ences. Table 4.8 and Figure 4.13a show a remarkable difference when comparing adsorption results
on the four magnetite samples before applying photocatalysis and after 240 minutes of exposure
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to UV irradiation in ambient conditions, whereas, MG adsorption yield and adsorption capacity
are varied as follow (the yield after applying photocatalysis is denoted R3% and the adsorption
capacity q3e ):

• on ARM−Fe3O4 the yield increased from R2% = 65.01% to R3% = 71.71%, and the
adsorption capacity increased from q2e = 18.98 to q3e = 21.23 mg/g.

• on ROS−Fe3O4 the yield increased from R2% = 64.09% to R3% = 72.07%, and the
adsorption capacity increased from q2e = 18.80 to q3e = 21.33 mg/g.

• on MAT−Fe3O4 the yield increased from R2% = 63.60% to R3% = 72.97%, and the
adsorption capacity increased from q2e = 18.56 to q3e = 21.60 mg/g.

• on JUN−Fe3O4 the yield increased from R2% = 45.59% to R3% = 75.23%,and the
adsorption capacity increased from q2e = 13.49 to q3e = 22.27 mg/g.

In first process of MG adsorption, the highest adsorption capacity was on ARM−Fe3O4, then
on ROS−Fe3O4, next on MAT−Fe3O4, and finally on JUN−Fe3O4 NPs. Whereas, after
exposition of MG/Fe3O4 systems to UV irradiation during 60 minutes, the order of adsorption
capacities was inverted, where the highest adsorption capacity was on JUN−Fe3O4, then on
MAT−Fe3O4, next onROS−Fe3O4, and finally onARM−Fe3O4 NPs. When further exposing
MG/Fe3O4 systems to UV irradiation during 120, 180, and 240 minutes, the adsorption capacities
of all four magnetite samples still increased with the same order.

As shown in Figure 4.13b, it is remarked that there is a clear difference between adsorption
capacities under photocatalysis uniquely denoted qPe (qPe = q3e − q2e represents the enhancement
in adsorption by photocatalysis, it is calculated from the differences between the overall adsorp-
tion capacity q3e in the third process of the adsorption after applying the photocatalysis during 240
minutes, and adsorption capacity q2e in the second process of MG adsorption after applying the
thermocatalysis at 318.15 k during 20 minutes), for the four MG/Fe3O4 systems. These qPe are
useful to elucidate MG adsorption enhancement by photocatalysis. It shows that the highest one is
that of JUN−Fe3O4 (9.48 mg/g) and the lowest one is that of ARM−Fe3O4 (2.27 mg/g). This
indicates that photocatalytic activity of JUN−Fe3O4 is the highest one and that ofARM−Fe3O4

is the lowest one. As all experiment conditions are maintained the same for all adsorption exper-
iments on all four magnetite samples, so, only magnetite surface properties are responsible for
adsorption enhancement by the photocatalysis process.
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Table 4.8: Enhancement of adsorption yield and capacity of MG on Fe3O4 surfaces by photocatal-
ysis in ambient conditions

Sample
0 min 60 min 120 min 180 min 240 min

q2e R2% q3e R3% q3e R3% q3e R3% q3e R3%
(mg/g) (mg/g) (mg/g) (mg/g) (mg/g)

ARM−Fe3O4 18.98 65.01 19.31 65.23 19.44 65.68 20.45 69.10 21.23 71.71
ROS−Fe3O4 18.80 64.09 19.33 65.32 19.68 66.49 20.64 69.73 21.33 72.07
MAT−Fe3O4 18.56 63.60 19.34 65.32 19.97 67.48 20.69 69.91 21.60 72.98
JUN−Fe3O4 13.49 45.52 20.24 68.38 20.93 70.72 21.44 72.44 22.97 75.23

(a) (b)

Figure 4.13: (a) The enhanced MG adsorption yields on Fe3O4 samples by photocatalysis in ambi-
ent conditions, (b) The enhancement in MG adsorption qPe by photocatalysis in ambient conditions
during 240 minutes of MG adsorption on the four Fe3O4 surfaces

4.3.7 Influence of Mediating Plant Extract on Preferential and Enhanced
MG Adsorption on Magnetite Surfaces

The analysis of MG adsorption in dark ambient conditions results showed that MG was differently
adsorbed on the four magnetite surfaces (see Table 4.6). When comparing OH groups density on
magnetite surfaces (according to FTIR spectra analyzed in Section 4.3.2), it is found that MG ad-
sorption is more preferred on magnetite surfaces that have more OH groups. The adsorption yield
was the highest one on ARM−Fe3O4 surface, next on ROS−Fe3O4, then on MAT−Fe3O4,
and finally on JUN−Fe3O4 and their mediating plant extract have respectively an acidic pH of:
5.25, 5.05, 4.63, and 3.69. Therefore, one can conclude that plant extract pH has a clear effect
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on OH groups density on magnetite surfaces and consequently on preferential adsorption of MG.
Thus, the decrease in mediating plant extract’s acidity led to the increase in MG adsorption on
greenly synthesised magnetite NPs.

Furthermore, found results showed that the particle sizes of magnetite samples vary with the
variation of plant extract mediated in their green synthesis. It is found that particle sizes of JUN−
Fe3O4, MAT −Fe3O4, ROS−Fe3O4, and ARM −Fe3O4 NPs were respectively 29.27, 33.13,
39.89 and 41.49 nm, and their mediating extracts acidic pH were respectively 3.69, 4.63, 5.05,
and 5.25. Therefore the particle size decreases with the increase of plant extract’s acidity. This
result is in agreement with that found by Makarov et al. [43]. Moreover, direct band gap energies
of JUN−Fe3O4, MAT−Fe3O4, ROS−Fe3O4, and ARM−Fe3O4 NPs are respectively 2.97,
2.95, 2.94, and 2.87. The smaller crystallite size of Fe3O4 respects the higher band gap energy
value as proof of the quantum size effect. So, The decrease of particle size leads to an increase in
band gap energy. This result is in agreement with that reported by Singh et al. [181]. Therefore,
one can conclude that band gap energy increases with the increase of plant extract’s acidity.

The photo- and thermocatalysis in the adsorption process are controlled by the photo- and
thermogenerated electron/hole pairs which exhibit a strong tendency to recombine. Electron/hole
pairs recombination lifetime influences the photo- and thermocatalytic activities efficiency of the
catalyst [148], [150], [151]. Found results showed that thermo- and photocatalytic activities of
magnetite samples differ according to mediating plant extract’s acidity. qPe and qTe are the highest
on JUN−Fe3O4, next on MAT−Fe3O4, then on ROS−Fe3O4, and finally on ARM−Fe3O4

NPs (graphically presented in Figure 4.14). This indicates that the recombination lifetime of
electron/hole pairs more decreased on JUN−Fe3O4 surface, next on MAT−Fe3O4, then on
ROS−Fe3O4, and finally on ARM−Fe3O4 NPs. Seeing that the increase in band gap energy
further slows electron/hole pairs recombination [165], and band gap energy increases with the in-
crease of plant extract’s acidity, thus one can announce that the plant extract has an effect on the
recombination lifetime of electron/hole pairs where the recombination of electron/hole pairs is fur-
ther slowed by the increase of plant extract’s acidity. Thus, the thermo- and photocatalysis enhance
more MG adsorption yields and capacities on magnetite surfaces that are greenly synthesised from
more acidic mediating plant extract. Magnetite NPs greenly synthesised from more acidic mediat-
ing plant extract showed more thermo- and photocatalytic activities in MG adsorption.
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Figure 4.14: Graphical representation of the effect of mediating plant extract’s acidity on the
thermo- and photocatalysis of magnetite samples. Magnetite NP samples synthesized from less
acidic plant extracts have more dense active sites and prefer adsorbing more MG,the increase of
plant extract acidity leads to the increase of the thermo- and photocatalytic activities of Fe3O4
NPs.

4.4 Conclusion

The preferential and enhanced MG adsorption by thermo- and photocatalysis on four greenly syn-
thesised magnetite surfaces have been studied by coupling three processes. In the first process,
MG adsorption on magnetite surfaces was conducted in dark ambient conditions, whereas in the
second and third processes the enhancement by thermo- and photocatalysis were conducted in dark
conditions and under UV irradiation (365 nm) in ambient conditions, respectively. All four greenly
synthesized magnetite samples are characterized by XRD, SEM, ATR-FTIR, and UV-Vis.

Found results showed that mediating Plant extract’s acidity has a clear effect on MG preferen-
tial adsorption through its effect on active sites (OH) density on magnetite surface. The decrease
in plant extract’s acidity leads to the increase of active sites density and hence an increase in MG
adsorption yield and capacity. Furthermore, the results showed that mediating plant extract’s acid-
ity affects clearly the adsorption enhancement by thermo- and photocatalysis through its effect on
band gap energy of synthesized magnetite and consequently on the recombination lifetime of elec-
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tron/hole pairs after electron excitation. Thus, the band gap energy increases with the increase of
plant extract’s acidity, and the recombination lifetime of electron/hole pairs is further slowed by
the increase of plant extract’s acidity. Therefore, the thermo- and photocatalysis enhance more MG
adsorption yield and capacity on magnetite surface greenly synthesised from more acidic mediat-
ing plant extract. So, magnetite NPs greenly synthesised from more acidic mediating plant extract
showed more thermo- and photocatalytic activities in MG adsorption.

In the first process of MG adsorption, the pseudo-first-order and pseudo-second-order kinetics
of the adsorption as well as the intra-particles diffusion mechanism have been analyzed. Found
results indicate that in all adsorption processes: the adsorption kinetic followed pseudo-first-order
kinetic model, and film diffusion is the step that controlled the adsorption mechanism. In the sec-
ond process of MG adsorption under thermocatalysis, the adsorption was endothermic and physical
in nature. In the third process of MG adsorption under photocatalysis, kinetic was well agreed with
the pseudo-first-order model.



General Conclusion

In this thesis, two novel studies have been conducted. The first one investigated how the Ferrous
Reducing Antioxidant Potential (FRAP) of aqueous plant extracts FRAP affects Fe2+ vacancies
formation in greenly synthesized wüstite (FexO) NPs. In the second study, the preferential and
enhanced MG adsorption by thermo- and photocatalysis on four greenly synthesised magnetite
surfaces have been studied by coupling three processes. In the first process, MG adsorption on
magnetite surfaces was conducted in dark ambient conditions, whereas in the second and third
processes the enhancement by thermo- and photocatalysis were conducted in dark conditions and
under UV irradiation (365 nm) in ambient conditions, respectively. All four greenly synthesized
magnetite samples are characterized by XRD, SEM, ATR-FTIR, and UV-vis. After the complete
oxidation of the four FexO into Fe3O4 NPs under ambient conditions for four months, the four
Fe3O4 NPs have been used in the second study.

Mediating Plant Extract FRAP Effect on Iron Vacancies Within Greenly
Synthesised Wüstite NPs

Wüstite FexO NPs have been greenly synthesized using four different mediating aqueous plant
extracts as reducing agents and FeCl3 as a precursor. This study used four aqueous plant extracts
as reducing agents with FeCl3 as a precursor to synthesize FexO NPs. The plants dealt with
in this study are Rosemarinus officinalis.(L), Juniperus Phoenicia.(L), Matricaria Pubescens.(L),
and Artemisia herba-alba.(L), and their extracts acidic pH were respectively; 5.25, 5.05, 4.63,
and 3.69. All synthesized iron oxide samples are characterized by XRD, SEM, ATR-FTIR, and
UV-Vis. Characterization of synthesized samples shows that wüstite is formed with different iron
cation vacancies and grain sizes. For this reason, the effect of FRAP power of aqueous plant
extracts on Fe2+ vacancies formation within synthesised wüstite NPs has been considered. It is
found that iron cation vacancies formation within wüstite NPs are clearly impacted by the FRAP
power of mediating plant aqueous extract. Indeed, the increase in the FRAP leads to a decrease
in Fe2+ defects and consequently an increase in the grain size. This leads to proclaim that FRAP
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of plant extract provides a preconceived idea about cation vacancies within wüstite NPs structure.
From thermodynamic study, FRAP power also impacts ∆G0

fFeO
(x) of FexO formation, where the

decrease in FRAP makes ∆G0
fFeO

(x) more negative.

Mediating Plant Extract’s Acidity Effect on The Preferential and Enhanced
MG Adsorption by Thermo- and Photocatalysis

Found results showed that the mediating Plant extract’s acidity has a clear effect on MG preferential
adsorption through its effect on active sites density on magnetite surface. The decrease in plant
extract acidity leads to the increase of active sites density and hence an increase in MG adsorption
yield and capacity.

Furthermore, the results showed that the mediating plant extract’s acidity affects clearly the
adsorption enhancement by thermo- and photocatalysis through its effect on band gap energy of
synthesized magnetite and consequently on the recombination lifetime of electron/hole pairs af-
ter electron excitation. Thus, the band gap energy increases with the increase of the mediating
plant extract’s acidity, and the recombination lifetime of electron/hole pairs is further slowed by
the increase of plant extract acidity. Therefore, the thermo- and photocatalysis enhance more MG
adsorption yield and capacity on magnetite surface that greenly synthesised from more acidic me-
diating plant extract. So, magnetite NPs greenly synthesised from more acidic mediating plant
extract showed more thermo- and photocatalytic activities in MG adsorption.

In the first process of MG adsorption, the pseudo-first-order and pseudo-second-order kinetics
of the adsorption as well as the intra-particles diffusion mechanism have been analyzed. Found
results indicate that in all adsorption processes: the adsorption kinetic followed pseudo-first-order
kinetic model, and film diffusion is the step that controlled the adsorption mechanism. In the sec-
ond process of MG adsorption under thermocatalysis, the adsorption was endothermic and physical
in nature. In the third process of MG adsorption under photocatalysis, kinetic was well agreed with
the pseudo-first-order model.
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Appendix A: code reference 01-074-1880 of wustite 
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Appendix B: code reference 01-076-0956 of magnetite 
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Appendix C: Code reference 01-076-0958 of magnetite 
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