
University of Calgary

PRISM Repository https://prism.ucalgary.ca

The Vault Open Theses and Dissertations

2017

Development of Sustainable

Nanosorbcats Based Technology for

Hydrocarbons and Organic Pollutants

Recovery from Industrial Wastewater

El-Qanni, Amjad

El-Qanni, A. (2017). Development of Sustainable Nanosorbcats Based Technology for

Hydrocarbons and Organic Pollutants Recovery from Industrial Wastewater (Doctoral thesis,

University of Calgary, Calgary, Canada). Retrieved from https://prism.ucalgary.ca. doi:10.11575/PRISM/28735

http://hdl.handle.net/11023/4268

Downloaded from PRISM Repository, University of Calgary



UNIVERSITY OF CALGARY 

 

 

Development of Sustainable Nanosorbcats Based Technology for Hydrocarbons and Organic 

Pollutants Recovery from Industrial Wastewater 

by 

 

Amjad El-Qanni  

 

 

A THESIS 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF DOCTOR OF PHILOSOPHY 

 

GRADUATE PROGRAM IN CHEMICAL AND PETROLEUM ENGINEERING 

 

CALGARY, ALBERTA 

 

DECEMBER, 2017 

 

© Amjad El-Qanni 2017 



 

ii 
 

Abstract 

The worldwide shortage of fresh water and the huge competing demands from a variety of users 

stimulate an urgent need for finding innovative wastewater treatment processes. For instance, oil 

sand process-affected waters pose a critical energy issue and an environmental alert since these 

effluents are toxic to many aquatic and non-aquatic living organisms. In addition, some of these 

pollutants are non-biodegradable and, thus they will exist for a long time in the environment, which 

may cause a real challenge to the conventional wastewater treatment processes. Accordingly, 

economically viable and environmentally sound techniques are needed. The application of 

nanoparticle technology as adsorbents and catalysts (nanosorbcats), whether as a standalone or as 

an enabling technology, in cleaning up wastewater has recently received great attention. This is 

because of the unique chemical and physical properties of nanoparticles in comparison with their 

counterparts, which make them superior to the conventional adsorbent/catalysts. Hence, in the 

present study, the employment of newly in-house prepared silica-embedded nanosorbcats 

functionalized with active species of NiO and MgO for cleaning up produced water was 

investigated. A facile co-precipitation synthesis route was used to prepare those nanosorbcats, 

which were characterized by different characterization techniques like XRD, BET, HRTEM, CO2-

TPD, and IR spectroscopy. The prepared nanosorbcats were then employed for the adsorptive 

removal of cationic, anionic, and organic acid model molecules. Computational modeling, DFT 

calculations, and MD simulations of the interaction between the model molecules and the surfaces 

of prepared nanoparticles were carried out to get more mechanistic insights into their adsorptive 

behaviors. Eventually, these nanosorbcats were successfully used to treat real SAGD produced 

waters within an experimental scheme including three processes, namely; oxy-cracking, packed-

bed adsorption, and catalytic steam gasification.    
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CHAPTER ONE 

1.1 Introduction  

Water and wastewater treatments are areas of concern worldwide as water is an essential resource 

for drinking, daily public use, industrial processes, medicine, etc. [1]. Water contamination and 

shortage have been driven by several factors; including worldwide population growth, competing 

demands from a variety of users, rapid world industrialization, increasing technological 

development and living standards, long-term droughts, etc. [2, 3]. Accordingly, with the ongoing 

spread of a wide range of pollutants into surface and groundwater bodies as well as water shortage 

crisis, researchers and decision-makers are striving for finding alternative cost-effective and 

environmentally friendly water and wastewater treatment processes that would be available and 

suitable for use [4]. In the meantime, energy is required for treating water. Likewise, water is 

needed in the production of energy, especially crude oil upgrading and recovery processes. As the 

world’s energy demand increases, the extraction of unconventional oils has been actively advanced 

in terms of technical level and industrial production size [5-7]. Although this contributes to energy 

supply, it, however, causes adverse environmental effects. For instance, water is needed for the 

extraction of bitumen from oil sands and subsequently, a large amount of oil sand process-affected 

water (OSPW) is produced [8-12]. This OSPW contains a mixture of sand, clays, and chemicals 

that are of major concern to the environment, such as, heavy metals and mineral ions, and organic 

matter that greatly affect the flora and fauna [9, 13-15]. Therefore, oil sands recovery and 

upgrading processes have proven to be environmentally unfriendly. Currently, for every barrel 

(bbl) of Alberta’s oil produced approximately 4 bbls of produced water are generated, which are 

then discharged into tailing ponds [16, 17]. Far more than that, ~720 million m3 of tailing ponds 

sprawled over 176 km2 of northern Alberta [8, 13]. Produced water is contaminated with free oil 
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droplets, dissolved organics, and heavy metal ions [9, 18-20]. In fact, Alberta has generated ~8.36 

million bbl/day of produced water which contributed to about 4% of the worldwide produced water 

of 210 million bbl/day in 1999 [21]. Reducing the environmental footprints of the oil sands 

industry is thus a critical energy issue in Alberta. Therefore, it is imperative that effective 

technologies for reclaiming OSPW are needed, keeping in mind their affordability, time, and ease 

of use [22].  

1.2 Motivation: Nanoparticle technology  

In recent years, nanotechnology, in the form of virgin or integrated nanoparticles with conventional 

processes, has shown promising performance in pollution removal and toxicity mitigation [2, 23, 

24]. Nanotechnology is a branch of applied science and engineering focused on the design, 

synthesis, characterization, and application of materials and devices on the nanoscale, at least in 

one dimension [25]. Nanotechnological applications have been addressed intensively throughout 

different fields of studies. For instance, to provide a global overview of the state of the art and 

science, a literature assessment of the last year publications as per SciFinder® search engine is 

illustrated in Figure 1.1. As seen, broad applications of nanoparticles are documented ranging from 

toxicity mitigation to military application. Clearly, most of the literature deals with the application 

of nanoparticle technology in the areas of medicine, and energy and environment. Because of 

simple preparation of nanomaterials, any material can be made in nanoscale [26]. For simplicity, 

nanomaterials can be classified into six broad groups [27], namely: quantum dots, carbon 

nanostructure, nanoclay, dendrimers, ceramic (metal oxides), and metal nanoparticles. Among the 

six broad groups, metal and metal oxide nanoparticles are the most commonly used nanomaterials 

in various applications, such as water and wastewater treatment, medicine, electronics, cosmetics, 
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paints, coatings, car tires, catalysts, building construction materials, fuel cells, food industry, and 

many others [28-38].    

 

Figure 1.1. Literature references focused on nanotechnology applications in 2016 (extracted by 

SciFinder®, copyright© 2016 American Chemical Society). Keywords: Nanotechnology for (air 

pollution, and solid waste) treatment, Nanotechnology for (energy and environmental, medicine, 

and military) applications. 

Nanoparticles, defined as particles with a diameter between 1 and 100 nm, exhibit novel properties 

that are different from the same bulk-sized materials [39]. Therefore, nanoparticles have the 

potential to improve the environment, both through direct applications of those materials to detect, 

prevent and remove pollutants, as well as indirect applications by using nanotechnology to design 

cleaner industrial processes and create environmentally responsible products due to their relatively 

low cost and specific properties such as large surface area, high reactivity, high specificity, self-

assembly, ease of functionalization, chemical stability, ability to penetrate through porous media, 

etc. Hence, nanoparticles have promising perspectives for both wastewater and drinking water 

treatment [40-46].  

In fact, the application of nanoparticles in wastewater treatment has recently received great 

attention [47-52] due to several reasons, namely: (i) their cost-effectiveness for production and in-
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situ remediation of pollutants, while preventing pollution and minimizing harm to the environment 

[53], (ii) they have an exceptionally high surface area to volume ratio and high active site; this 

explains some of their unusual properties mainly their high adsorption capacity, (iii) low 

interparticle diffusion as adsorption process occurs on external surfaces, resulting in a very short 

adsorption time and, thus high kinetic rate [54], (iv) possibility of high dispersion within the 

aqueous or organic medium, especially for in-situ application, (v) separation simplicity of target-

loaded magnetic nanoadsorbents from treated liquid which can be achieved via an external 

magnetic field, (vi) nanoparticles in general are highly mobile in porous media because they are 

much smaller than the relevant pore spaces, so they can be transported effectively by the flow of 

groundwater [41, 54], and hence, they can be prepared in-situ, within the contaminated plume 

where treatment is needed [54], (vii) metal oxides have a very good catalytic activity which is the 

core of industrial chemistry [55], hence the pollutant can be decomposed after adsorption. 

Therefore, the nanoparticles can work as both adsorbents and catalysts at the same time. Literature 

studies on nanoparticle applications for wastewater treatment primarily focused on applying 

nanoparticles as adsorbents for removal of pollutants, typically metal ions and anionic pollutants, 

by sequestration from wastewater, as reactants or catalysts for degradation and oxidation of 

noxious pollutants, usually organic materials, to harmless products, and integrating nanoparticles 

into conventional wastewater treatment technologies. Numerous types of metal oxide 

nanoparticles have been employed as adsorbents and/or catalysts for wastewater treatment [41-45, 

56-59]. Figure 1.2 shows the literature references pertaining to the use of such nanoparticles for 

energy and environmental applications for the last 10 years. Clearly, the number of studies is 

increasing dramatically (~10 times) in the last two years, especially in the open and patented 

literature. 
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Figure 1.2. Literature references focused on utilization of metal oxide nanoparticles for (a) energy 

and environment, especially for water and wastewater treatment, and medicine applications, (b) 

shows the number of journal, patent, and conference publications in the field of energy and 

environment. References containing the concept "metal oxide nanoparticles", and either the 

concept "water" or the concept "wastewater treatment" were found closely associated with one 

another (extracted by SciFinder®, copyright© 2016 American Chemical Society). 
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1.3 Applications and challenges of nanoparticles in real case processes  

In practical application, industrial wastewater is typically treated in conventional wastewater 

treatment plants, which may include many physical, chemical and biological treatment processes. 

There are several emerging wastewater treatment technologies; including adsorption, 

microfiltration (MF) ultrafiltration (UF), nanofiltration (NF), reverse-osmosis (RO), biological 

process, advanced oxidation process (AOP) and wetland treatment [16]. Table 1.1 summarizes the 

typical performance and challenges observed for each technology. As seen, most of these 

conventional treatment processes are too expensive to find a wide application and/or ineffective in 

meeting stringent effluent standards. 

Table 1.1 Conventional treatment technologies [16] 

Technology Targets Drawbacks  Special considerations 

Adsorption 
*NAs, PAHs, bitumen, 

trace metals 

Incomplete removal, 

fouling from oil, cleaning 

and regeneration cost, 

low adsorption capacity 

Fouling, acidification 

required for NAs, 

affected by ion strength 

MF/UF 
Bitumen, suspended 

solids 

Fouling, durability, 

disposal of concentrate 

Fouling, permeate of 

fine clay particles 

NF/RO 
NAs, TDS, PAHs, 

hardness 

Fouling, replacement 

costs, brine disposal 
Fouling, high flow rate 

Biological 

treatment 

NAs, PAHs bitumen, 

ammonium  

Feed water toxicity, 

incomplete removal, 

sludge disposal 

Toxicity of NAs and 

salts, waste disposal 

AOP 
NAs, PAHs, 

ammonium 

Incomplete removal, high 

energy cost, radical 

scavengers, by-products 

Negative effects of 

chloride, bicarbonate, 

and alkalinity 

Wetland 

NAs, PAHs, 

ammonium, bitumen, 

sulfate, trace metals 

Flow capacity, feed water 

toxicity, cold weather, 

bio-accumulation of 

toxicants 

Affected by cold climate 

and toxicity of NAs 

*NAs: naphthenic acids, PAHs: Polycyclic aromatic hydrocarbons, TDS: Total dissolved solids. 

 

However, new approaches are continuously being examined to supplement conventional water and 

wastewater treatment methods. These approaches need to be cost-effective, environmentally 
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friendly and more efficient than the current technologies for the removal of pollutants from 

wastewater bodies. Accordingly, the Environmental Protection Agency (EPA) points out that 

“Nanoparticles have the potential to improve the emerging technologies through direct 

applications in detecting, preventing, and removing pollutants, as well as indirectly by using 

nanotechnology to design cleaner industrial processes and create environmentally responsible 

products” [60]. There are two major techniques for employing nanoparticle technology in the real 

application for reducing the environmental footprint and remediate the pollutants, namely: in-situ 

and ex-situ nanotechnologies [54]. The in-situ technique deals with the treatment in place, and it 

is often preferred over other approaches because it has the potential to be more economically viable 

[41, 43]. This provides a unique opportunity for nanoparticles application in groundwater 

treatment. The ability of nanoparticles to disperse, adsorb and oxidize targeted pollutant coupled 

with their small size has given rise to the concept of using them in groundwater remediation. 

Because of their extremely small size and consequent large surface, a high proportion of atoms on 

the surface of the nanoparticle is expected to appear. This results in an increase in surface energy 

of nanoparticles and, hence, they can adsorb and immobilize pollutant quickly, which prevents 

further seepage of pollutants. The typical pore diameters in normal groundwater reservoirs are 

generally in the order of micrometers; hence, nanoparticles can flow through porous media without 

any pore plugging problems. Accordingly, by tuning and manipulating nanoparticle surface 

properties, it is possible to design nanofluids or ‘‘smart fluids’’ [61, 62] that are typically 

synthesized by adding small volumetric fractions of nanoparticles to a liquid phase and 

subsequently employ them in-situ through injection well, within the contaminated plume where 

treatment is needed [54]. Figure 1.3 shows a schematic representation of the in-situ application of 

nanoparticles in groundwater remediation [56]. As seen in Figure 1.3a, nanoparticles can be 
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injected into the contaminated body through an injection well. Such in-situ injection, especially 

through aquifers, should be manipulated and controlled in order to create reactive zones with 

nanoparticles that are relatively immobile (Figure 1.3b), and reactive plumes for treating 

contaminated bodies that are sufficiently mobile (Figure 1.3c) [41, 56]. Purification of ground and 

surface waters could also be conducted via ex-situ treatment. “The main advantage of ex-situ 

treatment is that it generally requires shorter time periods, and there is more certainty about the 

uniformity of treatment because of the ability to monitor and continuously mix the groundwater” 

[63]. Ex-situ technique needs a special media to degrade the pollutants; most likely the treatment 

could require a unique reactor that is designed for this purpose [64]. Worth noting here that 

nanoparticles could be enabled easily with physical and chemical conventional treatment 

processes, such as depth filtration, packed-bed adsorption, membrane filtration, AOPs, and 

reductive precipitation [63, 65-68]. AOPs are becoming promising technologies for toxic and 

refractory organic compounds remediation in wastewater [69, 70]. However, cost constraints limit 

the use of AOPs due to the use of costly chemicals [23]. These AOPs generally include cavitation, 

photocatalytic oxidation, and Fenton chemistry [23]. Oxidizing agents are utilized to produce 

highly oxidative hydroxyl radicals (HO•) with high oxidation potential to trigger oxidation 

reactions [70]. Other oxidizing species such as sulfate radicals have been lately found to be 

produced in the AOPs [71]. The HO• is very reactive in aqueous solution [72]. It degrades a variety 

of organic pollutants, such as aliphatic and aromatic hydrocarbons, phenols, ethers, ketones, etc. 

In this sense, oxidative agents such as O3, H2O2 and O2, catalysts and/ or UV radiations are used 

under mild operational conditions [69, 71]. 
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Figure 1.3.  Illustrative diagram shows the in-situ application of nanoparticles [56]. Abbreviation of DNAPL stands for dense-non-

aqueous phase liquid.
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Subsequently, pollutants are converted into less harmful species in most of the AOPs [70]. The 

rapid interaction between the HO• produced with the organic contaminants is due to the 

insatiability of these radicals [73]. Hence, the efficiency of these reactions depends on the rate of 

generation of free radicals and the interaction efficacy with organic pollutants [23, 69, 73]. 

Accordingly, partial or full oxidization is obtained. Generally, the use of H2O2 as an oxidative 

agent is more convenient. It is considered less hazardous than O3. Thus, it is easier to be safely 

stored and transferred [23, 69]. Various AOPs and their combinations (hybrid methods) can be 

applied for pollutants treatment in wastewater. Examples of AOPs methods include direct 

photolysis, homogeneous Fenton, heterogeneous Fenton, photo-Fenton, direct ozone feeding, 

photo-ozone feeding, catalytic ozone feeding, heterogeneous catalysis, and photo-catalysis [69, 

74]. For example, semiconductor metal oxides such as ZnO and TiO2 have shown the attractive 

ability for photocatalytic degradation of organic pollutants. This is due to their high sensitivity to 

UV light, chemical and thermal stability and high photocatalytic activity with high surface area 

and porosity [75]. TiO2 nanoparticles have been widely used as a photocatalyst due to its stable 

semiconductor properties for environmental applications associated with its high surface area, and 

thus, makes it possible to get high reaction rates [76]. The general mechanism of photocatalysis 

occurs when a light source contacts some semiconductor nanoparticles leading to electrons 

released. These electrons disperse on the surface of the photocatalyst and react with external 

substances, causing reductions and oxidations. The AOPs hybrid methods application enhances 

treatment efficiency. Thus, decreases the cost of treatment and overcome the drawbacks of 

individual techniques. Many of the combination techniques have been reported extensively in the 

literature as viable alternatives to conventional AOPs [23]. The general mechanism of an AOP 

after the generation of the free radicals is given in reactions (1.1-1.3). Firstly, the HO• degrades 
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the organic component (R) producing biodegradable intermediates by either adding to the double 

bond as in aromatic compounds and olefins (reaction 1.3), by hydrogen abstraction to form water 

as with alkanes or alcohols (reaction 1.2) or by electron transfer as in (reaction 1.3) [71, 72, 77].  

R• + HO• → ROH                                                                                                                       (1.1) 

R + HO• → R• + H2O                                                                                                                 (1.2) 

R + HO• → R• + HO−                                                                                                                (1.3) 

 

With this information at hands, it is obvious that nanoparticles, especially the metal oxide-based 

ones, can be used as nanoadsorbents and catalysts at the same time (hereinafter called 

nanosorbcats). Thus, they can be used as nanoadsorbents for sequestering the waste hydrocarbons 

and organic pollutants from produced water bodies and subsequently as catalysts for decomposing 

the adsorbed species into a new commodity product. Hence, this allows not only water 

recyclability and waste hydrocarbons conversion, but also nanosorbcats regeneration. The 

principle, as well as the application, will be addressed comprehensively in the upcoming chapters 

of this thesis.  

1.4 Objectives  

The main objective of this study is to develop a nanosorbcat-based process to be used as a treatment 

technology for OSPW effluents. The specific objectives are: 

1. Prove the concept of nanosorbcats using metal oxide-based nanoparticles. To achieve this 

objective, methylene blue is chosen as a model molecule mimicking organic pollutants to be 

adsorbed and further catalyzed through a thermo-oxidative process using maghemite 

nanoparticles. The catalytic effect is confirmed by applying the isoconversional corrected 

method of Ozawa, Flynn, and Wall (OFW). 
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2. Synthesize effective and environmentally benign silica-embedded NiO and/or MgO 

nanosorbcats. Then, characterize all prepared nanosorbcats using different characterization 

techniques, namely: XRD, BET, HRTEM, TGA-MS, TPD-CO2, and IR spectroscopy. 

3. Investigate the experimental and theoretical adsorptive behavior of different cationic, 

anionic, and organic acid model molecules mimicking pollutants existing in wastewater 

effluents, onto silica-embedded NiO and/or MgO nanosorbcats. 

4. Apply computational modeling, DFT calculations, and MD simulations to support the 

experimental findings.  

5. Prepare silica-embedded NiO extrudate particles to be used in a real packed-bed process to 

treat steam assisted gravity drainage (SAGD) produced water. 

6. Develop other two processes, namely; oxy-cracking and catalytic steam gasification, beside 

the adsorption process. This sustainable three-fold framework is eventually to be proposed 

as a new produced water treatment method.       

1.5 Organization of the thesis 

This thesis consists of six chapters and three appendices. The thesis is a collection of four articles, 

in which the first three ones were published in peer-reviewed journals while the fourth one is on 

its way for submission. The first author, Amjad El-Qanni, involved in the experimental setup, 

performed most of the experimental work and analysis and participated in interpreting the results 

and the main part of writing. Nashaat N. Nassar is the principal supervisor and the corresponding 

author. Gerardo Vitale was involved in the computational modeling and XRD analysis. He also 

revised the whole drafts of the second and third articles prior to the supervisor revision. Azfar 

Hassan contributed to data analysis and interpreting of the TGA results. Chapter One addresses 

the general introduction, motivation, and the main objectives of the thesis. Chapter Two presents 
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the integration of the adsorption and catalytic processes, as a non-classical technique, for removing 

waste organic compounds from wastewater, exemplified by methylene blue, and subsequently 

generating energy from waste. Hence, the concept of “nanosorbcats” is introduced for the first 

time. Chapter Three presents novel nanomaterials to improve water recyclability and 

hydrocarbon conversion. This chapter elaborates on the synthesis route of silica-embedded NiO 

and/or MgO nanoparticles to be used as nanosorbcats for removing waste hydrocarbons from water 

bodies exemplified by different cationic and anionic compounds. Chapter Four investigates the 

adsorption of propionic acid, a model molecule for contaminants typically present in OSPW, onto 

silica-embedded NiO/MgO experimentally and theoretically. Chapter Five introduces the oxy-

cracking technique followed by packed-bed adsorption and subsequently by catalytic steam 

gasification, using SiO2-NiO in extrudates form, as a potential treatment application for real SAGD 

produced waster effluents. Chapter Six addresses the thesis conclusions and future remarks. 

Appendices A1, A2, and A3 provide supporting information for Chapters Two, Three, and Four, 

respectively, while Appendix A4 provides the copyright permissions of the published works. Since 

this is a manuscript-based thesis, it is worth noting that there will be some repetitions between the 

chapters particularly in the introduction parts or in the sections to introduce the experimental 

procedure, materials, and analyses. 
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CHAPTER TWO 

Maghemite Nanosorbcats for Adsorptive Removal of Methylene Blue and Subsequent 

Catalytic Thermo-Oxidative Decomposition: Computational Modeling and 

Thermodynamics Studies 

              

Graphical Abstract 

 

Highlights 

• γ-Fe2O3 nanoparticles were used as nanoadsorbents and catalysts (nanosorbcats) for methylene 

blue adsorption and oxidation. 

• Computational modeling and adsorption isotherms were studied and detailed. 

• The oxidation mechanisms in the presence and absence of nanosorbcats were proposed and 

discussed. 

• Kinetic triplets and thermodynamics studies confirmed the catalytic activity of γ-Fe2O3 

nanosorbcats. 
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2.1 Abstract  

In this study methylene blue (MB) has been investigated for its adsorption and subsequent catalytic 

thermo-oxidative decomposition on the surface of maghemite (-Fe2O3) nanoparticles. The 

experimental adsorption isotherm fit well to the Freundlich model, indicating multi-sites 

adsorption. Computational modeling of the interaction between the MB molecule and -Fe2O3 

nanoparticle surface was carried out to get more insights into its adsorption behavior. Adsorption 

energies of MB molecules on the surface indicated that there are different adsorption sites on the 

surface of -Fe2O3 confirming the findings regarding the adsorption isotherm. The catalytic 

activity of the -Fe2O3 nanoparticles towards MB thermo-oxidative decomposition has been 

confirmed by subjecting the adsorbed MB to a thermo-oxidation process up to 600 oC in a 

thermogravimetric analyzer. The experimental results showed a catalytic activity for post 

adsorption oxidation. The oxidation kinetics were studied using the Ozawa–Flyn–Wall (OFW) 

corrected method. The most probable mechanism functions were fifth and third orders for virgin 

MB and MB adsorbed onto -Fe2O3 nanoparticles, respectively. Moreover, the results of 

thermodynamic transition state parameters, namely changes in Gibbs free energy of activation 

(∆𝐺‡), enthalpy of activation (∆𝐻‡), and entropy of activation (∆𝑆‡), emphasized the catalytic 

activity of -Fe2O3 nanoparticles towards MB oxidation.  

2.2 Introduction 

The global demand for clean and fresh water is drastically increasing and consequently fresh water 

availability is significantly decreasing. This is typically driven by the increase in population, 

lifestyle changes, climate impacts, and economic developments [1]. Accordingly, scientific 

researchers and decision makers are making intensive contributions to preserve water resources 

[2]. Wastewater and produced industrial water may contain organics, bacteria, microorganisms 
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and industrial effluent pollutants [3-5]. The quality of treated wastewater has to comply with the 

allowable limits for human health and environment. Notwithstanding the various technological 

approaches employed for wastewater treatment, still there is a need for efficient, cost-effective and 

environmentally friendly technological advances over the conventional ones to sustain water 

management. Nanotechnology, typically in the form of nanoparticles, is emerging as one of those 

interesting technologies for enhancing water purification [6-8]. Various types of metal-based 

nanoparticles have been employed successfully as adsorbents or catalysts for removing different 

types of contaminants for wastewater [7-15]. Iron oxide nanoparticles are commonly reported in 

the literature because of their unique features, such as high surface-area-to-volume ratio, 

magnetism, biocompatibility, natural occurrence and catalytic oxidizing capabilities [16, 17]. 

Hence, they are considered promising alternate for wastewater treatment over the other types of 

nanoparticles. From the standpoint of environmental effect, iron oxide nanoparticles are inert [16-

18], highly stable [7], and naturally occurring materials [19]. Numerous phases of iron oxide 

nanoparticles have been reported as nanoadsorbents in the literature [7, 17]. Nanoparticles of 

maghemite (-Fe2O3) and magnetite (Fe3O4) exhibit both high adsorption capacity and magnetic 

behavior, which provides the opportunity for short-time separation and recovery of the 

nanoadsorbents for further reuse [14, 20, 21].  

Generally, literature studies on iron-based nanoparticle applications for wastewater treatment 

primarily focused on applying nanoparticles as adsorbents for removal of contaminants, typically 

metal ions and ionic organic compounds (like dyes), by sequestration from wastewater or as 

catalysts for photocatalytic degradation of contaminants, usually organic materials, to less toxic 

products [22-31]. Adsorption is concentrating the contaminants onto an adsorbent surface, and 

hence a solid waste treatment is necessary. On the other hand, photocatalytic oxidation processes, 
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specifically Photo-Fenton reaction, not just requires a pH adjustment for better performance, but 

also it could result in byproducts that can be harmful to the environment such as sludge iron waste 

[32].  

Herein, we integrate the adsorption and catalytic processes as a non-classical technique for 

removing waste organic compounds from wastewater, exemplified by methylene blue (MB), and 

subsequently generating energy from waste. Our main goal is to separate the organic and 

hydrocarbon pollutants by selectively adsorbing them onto a solid nanoadsorbent-catalyst 

(hereinafter called nanosorbcats) and subsequently upgrade them into valuable commodity 

products. Hence, the adsorbed hydrocarbon compounds would then be used to produce light 

distillate, synthetic gas or hydrogen via catalytic thermal decomposition or steam gasification, 

presumably promoted by the catalytic activity of the nanosorbcats. This believes to help in the 

development of hydrocarbon waste utilization process. This thermal cracking/gasification process 

is different than the conventional process and would operate at significantly lower temperatures 

[33, 34]. However, before pilot plant test performance, the adsorption and catalytic behavior of the 

nanosorbcats towards a typical organic pollutant must be investigated.  

In the present study, -Fe2O3 nanoparticles were utilized as nanosorbcats for adsorptive removal 

and subsequent catalytic thermo-oxidative decomposition of MB. Experimental equilibrium 

adsorption isotherms were described by the Langmuir and Freundlich models and supported by 

computational modeling to provide insight on the adsorption mechanism and surface activity of 

the nanoparticles. The catalytic behavior of the nanoparticles was confirmed based on the effective 

activation energy trends using the corrected isoconversional method of Ozawa−Flynn−Wall 

(OFW). 
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2.3 Materials and methods 

2.3.1 Adsorbent nanoparticles and its characterization 

-Fe2O3 nanoparticles were purchased from Alfa Aesar (ON, Canada). The nanoparticles were 

employed as nanosorbcats for MB adsorptive removal from wastewater followed by thermo-

oxidative decomposition of adsorbed MB. The nanoparticles were used as received without further 

purifications. Before any adsorption or oxidation experiments were conducted, structure, particle 

size, Brunauer-Emmett-Teller (BET) surface area, and external surface area were measured. The 

results are presented in Table 2.1.  

Table 2.1. Characterizations of selected -Fe2O3 nanoparticles. 

Iron oxide family-chemical formula  Maghemite-γ-Fe2O3 

Measured specific surface area BET (m2/g) 96 

External surface area, t-plot (m2/g) 95 

Manufacturer reported particle size (nm) 8-10 

X-ray measured crystalline domain size (nm) 10  2 

Estimated particle size using BET surface area (nm) 13 

Structure and particle size were determined by using X-ray Ultima III Multi Purpose Diffraction 

System (Rigaku Corp., The Woodlands, TX) with Cu K radiation operating at 40 kV and 44 mA 

with a -2 goniometer. The crystalline domain sizes were measured using the Scherrer equation 

as implemented in the commercial software JADE [35] (provided with the diffractometer) by 

calculating the full width at half-maximum (FWHM) of the peaks and fitting the experimental 

profile to a pseudo-Voigt profile function. Surface areas of the nanoparticles were measured 

through nitrogen physisorption at 77 K by a surface area and porosity analyzer (TriStar II 3020, 

Micromeritics Corporate, Norcross, GA). The sample was degassed at 150 °C under N2 flow 

overnight before analysis. Specific surface area was calculated using BET equation and external 

surface area was obtained by t-plot method. No significant difference was observed between the 

surface areas obtained by the BET and t-plot methods, indicating that the selected nanoparticles 
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have no significant porosity and maintain a high external surface area [36]. Also, for comparison 

purposes with the measured XRD particle size, an estimation of the particle size (assuming 

spherical particles) was accomplished by using the measured specific surface area and the derived 

equation 𝑑 =  6000 (𝑆𝐴 ∗ 𝜌𝑚𝑎𝑔⁄ ); where d is the particle size in nm, SA is the experimentally 

measured specific surface area (96 m2/g), and mag is the maghemite density (4.9 g/cm3). The value 

obtained for d by this method agrees well with the one obtained by X-ray diffraction, indicating 

that indeed the material may be composed of -Fe2O3 spherical-like nanoparticles. Figure 2.1 

shows the X-ray diffraction patterns of the selected nanoparticles. The identification of the pattern 

confirms the material to be maghemite, as reported by the manufacturer. The structure was 

identified by comparison of the XRD signals with those reported in the pdf card 01-076-4113 of 

the 2005 ICDD (International Centre for Diffraction Data) database included in the program JADE 

V.7.5.1 (Materials Data XRD Pattern Processing Identification & Quantification). As seen in 

Figure 2.1, the peaks are very broad indicating very small crystalline domain sizes for the used -

Fe2O3. The presence of the tetragonal vacancy-ordered superstructure in these nanoparticles is 

clearly marked by the appearance of the weak XRD signals at 2- (Cu Kα) around 15, 24 and 26 

degrees [37-41]. To gain further insights into the morphology and size of the -Fe2O3 nanoparticles 

used in this work, high resolution transmission electron microscopy (HRTEM) was carried out. A 

very small quantity of the powdered -Fe2O3 sample was dispersed in pure ethanol. The 

powder/ethanol solution was then agitated until all the powder was suspended (for approximately 

5 min). A pipette was then used to draw and deposit a drop of the suspension on the HRTEM 

carbon grid sample holder. The drop was then allowed to dry depositing powder particles on the 

grid holder. The HRTEM images were collected on a FEI Tecnai F20 FEG TEM using an 

accelerating voltage of 200 kV.   
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Figure 2.1. X-ray diffraction powder pattern of the selected maghemite nanoparticles. Vertical 

lines are the reference data for the tetragonal -Fe2O3 from Materials Data XRD Pattern Processing 

Identification & Quantification [42]. 

 

Figure 2.2 shows HRTEM images that confirm the presence of nano-sized particles of -Fe2O3. 

Most of the nanoparticles are spherical in shape with a diameter between 5 and 15 nm (see Figure 

A1 in Appendix A1), while some are short tablet-like. The large aggregates of particles allowed 

the observation of morphology types and measurement of the individual sizes as standalone 

nanoparticles were kicked out by the electron beam when attempted to be analyzed.    

 

Figure 2.2. HRTEM images for the studied -Fe2O3 nanoparticles (line mark in the images 

corresponds to 20 nm). 
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2.3.2 Adsorbates 

Methylene blue chloride (MB) obtained from Sigma–Aldrich (82% C16H18ClN3S, Sigma–Aldrich, 

ON, Canada) was selected as a source of organic compound for this study without further 

purification. MB has a molecular weight 374 g/mol, color index number 52015, and wave number 

625 nm. 

2.3.3 Adsorption experiments  

The experimental methodology considered in this study is shown in Figure 2.3. Adsorption of MB 

onto -Fe2O3 nanoparticles was performed at 25 oC. Batch adsorption experiments were carried 

out by adding a specified weight of nanoparticles to a set of 25 mL vials containing 10 mL of an 

aqueous solution with initial MB concentrations ranging from 0 to 200 mg/L at pH of 6.6. The 

vials were tightly sealed to avoid any loss of water by evaporation and shaken at 200 rpm in an 

Innova 40 temperature incubator for 5 h, as it was adequate time to achieve equilibrium. In all 

experiments, the nanoparticles containing adsorbed MB were separated from the mixture by 

centrifugation for 10 min at 5000 rpm using an Eppendorf Centrifuge 5804, followed up by 

magnetic separation, and the supernatant was decanted. The nanoparticles containing adsorbed 

MB were taken for thermogravimetric analysis (TGA). The residual concentration of MB in the 

supernatant was measured by UV-vis spectrophotometry (UV-vis) using a Nicolet Evolution 100 

at a wavelength of 625 nm. A calibration curve of UV-vis absorbance at 625 nm against the MB 

concentration was first established, using standard model solutions with known concentrations. A 

typical standard error in the MB concentration measurements ranged from 0.2 to 3.0 ppm. The 

adsorbed amount of MB (mg of MB/g of -Fe2O3 nanoparticles) was determined by mass balance.   
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Figure 2.3. Schematic representation of the experimental methodology considered in this study. 

2.3.4 Infrared spectroscopy (IR) 

A Nicolet 6700 FT-IR instrument manufactured by Thermo Electron Corporation with a smart 

diffuse reflectance attachment to carry out diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS) analysis was used to study the mid-infrared region before and after 

adsorption experiments to infer the interaction of both MB and -Fe2O3 nanoparticles. Around 

2.5 mg of the sample was mixed with ~500 mg of KBr and the entire mixture was mounted in the 

DRIFTS sample holder. The spectra were recorded from 400 to 4000 cm−1 with a resolution of 

2 cm−1 and each spectrum is the average of 128 scans. 

2.3.5 Computational modeling of the interaction of MB with -Fe2O3 nanoparticles  

Understanding adsorption mechanism is of paramount importance in heterogeneous catalysis as 

the adsorption of molecules onto the catalyst surface is a key step in the catalytic process and, thus 

we carried out computational modeling to get some insights into the adsorption interaction of the 

MB molecules with the surface of -Fe2O3 nanoparticles. The structure of -Fe2O3 is closely related 

to the cubic structure of magnetite (Fe3O4) which possesses the inverse spinel structure, but it 

differs from Fe3O4 by two important things: (1) it has only Fe3+ atoms in its structure, and (2) it 
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has iron vacancies in the octahedral sites for electrical neutrality of the structure [38]. Cationic 

vacancies in -Fe2O3 provide the possibility of having different crystal symmetries, and hence, 

several possible models for the distribution of vacancies have been suggested. The first model is 

the cubic structure with random distribution of the vacancies having the space group Fd-3m [38]. 

In the second model, the vacancies are distributed in a similar fashion as the Li cations in the cubic 

LiFe5O8 material, and thus, having the space group P4332 [39, 40]. Finally, the ordered distribution 

of vacancies on the octahedral sites results in the formation of the tetragonal superlattice by a three-

fold expansion of the c parameter of the cubic cell (P4332), and thus, having the space group 

P41212 [37-39]. Grau-Crespo et. al. [37] showed that the fully vacancy ordered structure with the 

tetragonal space group P41212 is the most stable configuration among all possible ionic 

arrangements, and this stability arises from a favorable electrostatic contribution in this structure. 

According to the weak signals at 2- (Cu Kα) around 15, 24 and 26 degrees in the XRD pattern of 

the -Fe2O3 nanoparticles used for this study (Figure 2.1), and to the findings described above, we 

selected the tetragonal model of -Fe2O3 with ordered vacancies in the space group P41212 to study, 

by computational means, the interactions of MB with the surface of -Fe2O3 nanoparticles. 

Therefore, starting from the experimental structural data reported in reference [38], for the 

tetragonal -Fe2O3 with ordered vacancies, we created two models of nanoparticles based on the 

HRTEM images, namely: (a) spherical-like and (b) tablet-like -Fe2O3 nanoparticles with similar 

dimension as the ones obtained experimentally to carry out our studies of the MB interaction with 

these surfaces of nanoparticles.  

For our computational studies we used the modules Forcite and Adsorption Locator included 

within the commercial modelling software BIOVIA Materials Studio V7.0 [42]. BIOVIA Forcite 

is an advanced classical molecular mechanics tool, designed to work with a wide range of 
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forcefields, allowing fast energy calculations and reliable geometry optimizations of molecules 

and periodic systems. In this study, Forcite was used to geometrically optimize the MB molecule 

and to relax the surface atoms of the created -Fe2O3 nanoparticle prior to their use on the 

adsorption study. For the later task, we used BIOVIA Adsorption Location module which is based 

on simulated annealing (a metaheuristic algorithm for locating a good approximation to the global 

minimum of a given function in a large search space [43, 44]) allowing in this way identification 

of the possible adsorption configurations by carrying out Monte Carlo searches of the 

configurational space of the nanoparticle of -Fe2O3-MB system as the temperature is slowly 

decreased. To identify additional local energy minima, the process is repeated several times. 

Atomistic simulations of inorganic-organic interfaces require accurate description of interatomic 

forces, and thus, for the present study we employed BIOVIA COMPASS forcefield as it can 

simulate not only organic molecules but also bulk metal oxides and interfaces between metal 

oxides and organic molecules [42, 45]. The Condensed-phase Optimized Molecular Potentials for 

Atomistic Simulation Studies (COMPASS) is the first ab initio forcefield that has been 

parametrized and validated using condensed-phase properties in addition to various ab initio and 

empirical data for molecules in isolation. Consequently, this forcefield enables accurate and 

simultaneous prediction of structural, conformational, vibrational, and thermophysical properties 

that exist for a broad range of molecules in isolation and in condensed phases including interfaces 

and mixtures [45-51]. Currently, the coverage of this forcefield includes the most common 

organics, inorganic small molecules, polymers, some metal ions, metal oxides, and metals [42]. 

Details of the computational calculations will be shown in the upcoming subsections. 
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2.3.5.1 Methylene blue molecule 

We built the MB molecule and optimized it with BIOVIA Forcite before adsorbing it onto -Fe2O3 

nanoparticles. The quality of the Geometry Optimization in BIOVIA Forcite was set to Fine and 

the Forcefield to BIOVIA COMPASS as this forcefield is compatible with metal oxides [45] and 

is used to study the interaction of MB with -Fe2O3. The optimized MB molecule is presented in 

Figure 2.4 where a flat configuration of the molecule can be noticed. 

 

Figure 2.4. CPK representation of the optimized MB molecule showing its flat configuration (top 

and side views, respectively). Grey atoms represent carbon, blue atoms represent nitrogen, white 

atoms represent hydrogen, yellow atoms represent sulfur and green atoms represent chlorine. 

2.3.5.2 -Fe2O3 nanoparticles 

The experimental structural data for -Fe2O3 reported in reference [38], for the tetragonal -Fe2O3 

with ordered vacancies in space group P41212, was transferred to BIOVIA Materials Studio 

Builder module and two nanoparticles were created from the structural data using BIOVIA 

nanostructure builder. The first one was a 10 nm spherical nanoparticle, for this case, the internal 

coordinate atoms in this nanoparticle were fixed to their bulk values and the top layers of atoms 

(0.5 nm) which will interact with the MB molecule were allowed to relax under the geometric 
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optimization carried out with BIOVIA Forcite with the BIOVIA COMPASS forcefield which has 

been parametrized for metal oxides and which is suitable to study interfaces between organics and 

inorganics [42, 44]. Figure 2.5a shows the surface relaxed 10 nm -Fe2O3 nanosphere. The second 

model was a nanotablet with dimensions 2410 nm and again the top layer of atoms (0.5 nm) 

were allowed to relax while the internal atoms were constrained to their bulk values and the 

geometric optimization was carried out with BIOVIA Forcite with the BIOVIA COMPASS 

forcefield. Figure 2.5b shows the surface relaxed -Fe2O3 nanotablet. 

 

Figure 2.5. CPK representation, with a 45 degree angle perspective, of the surface relaxed -Fe2O3 

nanoparticles. (a) 10 nm -Fe2O3 nanosphere and (b) 2410 nm -Fe2O3 nanotablet. Blue atoms 

represent iron and red atoms represent oxygen. 

2.3.5.3 Interaction of MB with -Fe2O3 nanoparticles 

BIOVIA Adsorption locator module was used to gain insights into the interaction of MB with the 

surfaces of the spherical-and tablet-like nanoparticles built before and which are more 

representative of the actual used nanoparticles (Figure 2.2). The simulating annealing task in 

BIOVIA Adsorption Locator calculation was set to a quality of Fine (energy cutoff of 1.010-4 

kcal/mol) using the Smart algorithm, the atom based summation method was used for the 

electrostatic and van der Waals with a cubic spline truncation and a cutoff distance of 1.55 nm;  
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the forcefield selected was BIOVIA COMPASS, which is suitable to study interfaces between 

organics and inorganics [42, 45], the top layer atoms (0.5 nm) in the spherical and in the tablet-

like nanoparticle surfaces were selected for the interaction with MB molecules, and the maximum 

adsorption distance value was 15 Å with a fixed energy window of 10 kcal/mol for sampling 

configurations which differ from the lowest configuration in that maximum amount. Several tests 

were carried out, one with loading a single MB molecule and other loading several MB molecules 

on each nanoparticle. 

2.3.6 Catalytic oxidation of adsorbed MB molecules  

The nanoparticles containing adsorbed MB were dried in a vacuum oven at 50 oC overnight. After 

drying, thermogravimetric analysis was carried out for nanoparticles containing adsorbed MB at 

an air flow rate of 100 cm3/min and at three heating rates of 5, 10, and 20 oC/min using a 

simultaneous thermogravimetric analysis/differential scanning calorimetry (TGA/DSC) analyzer 

(SDT Q600, TA Instruments, Inc., New Castle, DE). TGA measurements were carried out for 

virgin solid MB as well for comparison purposes. The TGA sample mass was kept low (~5 mg) to 

avoid diffusion limitations. The experiments were repeated twice, to confirm their reproducibility. 

The TGA instrument was calibrated for mass and heat changes using sapphire as a reference for 

heat calibration and zinc as a reference for temperature calibration. 

2.4 Results and discussions 

2.4.1 Adsorption isotherms  

Figure 2.6 shows the experimental isotherm data obtained together with the fit of the Langmuir 

and Freundlich models for MB molecule adsorption onto -Fe2O3 nanoparticles at a temperature 

of 25°C. Also photographs of selected samples before and after adsorption showing the color 
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change is provided. As anticipated, the adsorption of MB increased sharply at low equilibrium 

concentration and further gradually increased at high concentration, suggesting that nanoparticles 

have a high adsorption affinity for MB even at low concentration, where the blue color becomes 

almost colorless. To further understand this adsorption behavior, the experimental isotherms were 

fit to the Langmuir and Freundlich models expressed by equations (2.1) and (2.2), respectively. 

The estimated model parameters are listed in Table 2.2. 

𝑄𝑒 =
𝑄𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
                                                                                                                                        (2.1) 

𝑄𝑒 = 𝐾𝐹𝐶𝑒
1 𝑛⁄

                                                                                                                                              (2.2) 

where 𝑄𝑒 is the amount of MB adsorbed per mass of the nanoparticles (mg/g), 𝐶𝑒  is the equilibrium 

concentration of MB in supernatant (mg/L), 𝐾𝐿 is the Langmuir equilibrium adsorption constant 

related to the affinity of binding sites (L/mg), 𝑄𝑚𝑎𝑥 is the maximum adsorption capacity for 

complete monolayer coverage (mg/g), 𝐾𝐹 is the Freundlich constant related to the adsorption 

capacity ((mg/g)(L/mg)1/n), and 1 𝑛⁄  is the adsorption intensity factor (unitless). 

 

Figure 2.6. Adsorption isotherm of MB onto -Fe2O3 nanoparticles. Nanoparticles dose: 10 g/L; 

shaking rate: 200 rpm (Innova 40 temperature incubator); pH: 6.6. Photographs of selected samples 

(a) and (b), before and after adsorption, respectively. 
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The Langmuir model assumes adsorption to occur on completely homogeneous surfaces with 

negligible interaction between adsorbed molecules. On the other hand, the Freundlich model 

describes adsorption to occur on a heterogeneous surface with adsorption sites that have different 

adsorption energies, and with possibility of interaction between adsorbed molecules. The 

Langmuir and Freundlich constants (Table 2.2) were determined using the non-linear Chi-square 

(𝜒2) analyses [52] by minimization of the sum of squares of the differences between the 

experimental values and the predicted ones using the Solver feature in Microsoft Excel 2013. As 

seen in Figure 2.6 and indicated by the values of 𝜒2 in Table 2.2, the Freundlich model seems the 

best-fitting model for the experimental data as it has smaller 𝜒2 value than the one of the Langmuir 

model. This also suggests that the -Fe2O3 nanoparticles may have a heterogeneous surface with 

adsorption sites that have different adsorption energies, which could be attributed to defects and 

disorder of the oxide surface. The value of (1/n) in Table 2.2 indicates that n value is greater than 

unity suggesting that MB molecules are favorably adsorbed by the -Fe2O3 nanoparticles.  

Table 2.2. Freundlich and Langmuir isotherm constants for the adsorption of MB onto -Fe2O3 

nanoparticles at a temperature of 25 oC and pH of 6.6. 

Freundlich model Langmuir model 

KF 

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

1/n 

(unitless) 
2 

(unitless) 

KL 

(L/mg) 

Qm 

(mg/g) 

2 

(unitless) 

8.03 0.38 0.27  0.12 51.71 4.63 

2.4.2 MB adsorption followed by IR 

Figure 2.7 shows the infrared spectra of the used MB and -Fe2O3 before and after adsorption 

experiments. The experimental spectra of virgin MB and virgin -Fe2O3 nanoparticles (Figures 

2.7a and b) are clearly different than the experimental spectrum of MB adsorbed onto -Fe2O3 

nanoparticles (Figures 2.7c). The infrared signals of the virgin MB that are very clear in the region 

3000 to 1750 cm-1 in Figure 2.7a are no longer visible when MB was adsorbed onto -Fe2O3 
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nanoparticles. On the other hand, the clear signals of the framework region of -Fe2O3 (1700 to 

400 cm-1 in Figure 2.7b) are modified by signals clearly corresponding to MB upon its adsorption 

onto -Fe2O3 (signals around 1642-1520 cm-1 are assigned to aromatic C=C stretching vibration, 

the peaks around 1487-1311 cm-1 are assigned to N=C double bond stretching vibration, and the 

peaks around 1048-1031 cm-1 are assigned to N–C stretching vibration). The sum of the pure 

spectrum of MB with the pure spectrum of -Fe2O3 produced the calculated spectrum shown in 

Figure 2.7d. This calculated spectrum when compared with the experimentally obtained one of 

MB onto -Fe2O3 shows clearly that there are modifications of the MB infrared vibrations when it 

is adsorbed on the -Fe2O3 nanoparticles confirming in this way the interactions by its adsorption. 

 

Figure 2.7. FTIR spectra for: (a) experimental virgin MB, (b) experimental virgin -Fe2O3 

nanoparticles, (c) experimental MB adsorbed onto -Fe2O3 nanoparticles, and (d) Sum of virgin 

MB and virgin -Fe2O3 nanoparticles spectra.  
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2.4.3 Computational modeling  

As described before, calculations of the adsorption of MB molecules onto a 10 nm spherical 

nanoparticle of -Fe2O3 (closest to the actual size obtained experimentally for the real used -Fe2O3 

sample, Table 2.2.1) were carried out to get some atomistic insight on the complex interaction of 

MB with the surfaces of -Fe2O3 nanoparticles. Figure 2.8 illustrates the adsorption of one 

molecule of MB and the adsorption of 320 molecules of MB onto the 10 nm spherical nanoparticle 

of -Fe2O3. Figure 2.8a (expanded insets) shows the rounded surface of the 10 nm spherical 

nanoparticle of -Fe2O3, which shows that the lowest configuration of MB molecule is a tilted one 

(more vertical) anchored by the interaction of one nitrogen atom that is not positively charged. The 

positively charged nitrogen is pointing upwards together with the chloride atom and the sulfur 

atom. In Figure 2.8b, it is observed that as more MB molecules are added (in this case 320), the 

tilting of the MB molecules is more pronounce (much more vertical) than when one molecule of 

MB is alone on the nanoparticle surface. This arrangement indicates that more MB molecules can 

be adsorbed on the surface than it would be estimated by the flat configuration of the molecule, 

pointing out the importance of surface morphology for MB adsorption. Following the 

aforementioned findings, and considering that the HRTEM images (Figure 2.2) which indicate that 

some of nanoparticles of the used -Fe2O3 possess a tablet-like morphology, thus, the interaction 

of MB molecules with a nanotablet of -Fe2O3 (2410 nm dimensions) were carried out and the 

lowest energy configurations of MB on this nanoparticle are presented in Figure 2.9. 
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Figure 2.8. CPK images of the adsorption of MB on the surfaces of a 10 nm -Fe2O3 spherical 

nanoparticle. (a) side and top views of the adsorption of one molecule of MB on the 10 nm -Fe2O3 

nanoparticle; and (b) adsorption of 320 MB molecules on the 10 nm spherical -Fe2O3 

nanoparticle. Bright blue atoms represent nitrogen, yellow atoms represent sulfur, gray atoms 

represent carbon, white atoms represent hydrogen, pale green atoms represent chlorine, red atoms 

represent oxygen, light blue atoms represent iron and pink wireframe indicates the targeted atoms 

for the adsorption interaction on the surface. 

In the used nanotablet of -Fe2O3, in the lowest energy configuration found, one MB molecule 

adsorbs on the surface by interacting with the two nitrogen atoms (Figures 9a and b). When a few 

more MB molecules are added (as observed in Figure 2.9c), the configuration of the molecules 

resembles those observed in the 10 nm spherical nanoparticle, i.e. anchoring of the MB by the side 

where the non-charged nitrogen is located. Adding more MB molecules to the nanotablet produces 

the surface saturation with vertically oriented MB molecules but, it is possible to observe some 

MB molecules with a flat configuration on top of the ones that are directly adsorbed on the surface, 

indicating the importance of the self-interaction of the MB molecules guiding the adsorption of 

new ones on the surface (Figure 2.9d).     
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Figure 2.9. CPK images of the adsorption of MB on the surfaces of a nanotablet (2410 nm) of 

-Fe2O3. (a) side and (b) top views of the adsorption of one molecule of MB on the -Fe2O3 

nanotablet; (c) adsorption of 6 MB molecules on the nanotablet of the -Fe2O3 nanoparticle; and 

(d) adsorption of 260 MB molecules on the nanotablet of -Fe2O3 nanoparticle. Bright blue atoms 

represent nitrogen, yellow atoms represent sulfur, gray atoms represent carbon, white atoms 

represent hydrogen, pale green atoms represent chlorine, red atoms represent oxygen, light blue 

atoms represent iron and pink wireframe indicates the targeted atoms for the adsorption interaction 

on the surface. 

  

These results suggest that there are different adsorption interactions, and thus, it would be expected 

that in the real surfaces of the -Fe2O3 used in this study, which should include surface defects and 

hydroxyl groups, the difference in adsorption interactions would be even larger as confirmed by 

the results of the fitting of the adsorption data to the Freundlich model (Figure 2.6 and Table 2.2). 

2.4.4 Catalytic oxidation of MB 

Thermal analysis was performed to study the catalytic effect of -Fe2O3 nanoparticles on thermo-

oxidative decomposition of adsorbed MB. When simultaneous thermal analysis is performed, both 

mass and heat changes with temperature can be monitored. Figure 2.10 shows the profiles for 

percent mass loss and heat changes that occur, for virgin solid MB with the increase in the 

temperature at a heating rate of 5 ◦C/min.  
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Figure 2.10. TG-DTA curve for virgin MB, heating rate 5 °C/min, and air flow 100 cm3/min. 

 

The mass and heating profiles in Figure 2.10 initially shows melting with decomposition of virgin 

MB. Figure 2.10 reveals that there is almost 8-9% mass loss up to 270 °C. This mass loss that is 

shown to occur in two steps shows the loss of two CH2 fragments from N–alkyl groups attached 

to the aromatic ring of MB. The first CH2 loss occurs around 190 °C leads to the formation of 

Azure-B and the second CH2 loss leads to the formation of Azure–A (~250 oC).  Azure-A then 

gets completely oxidized in air to gaseous products CO2 and H2O at elevated temperatures. 

Complete oxidation as evidenced by the presence of an exotherm occurred beyond 300 °C. Similar 

observations could be observed for the samples heated at heating rates of 10 and 20 ◦C/min (data 

are not shown here). Hence, the percent conversion ratio (𝛼) of MB is determined from the mass 

loss data at three different heating rates of 5, 10 and 20 ◦C/min in three separate experiments as per 

the following equation: 

𝛼 =
𝑚𝑜 − 𝑚𝑡

𝑚𝑜 − 𝑚∞
                                                                                                                                           (2.3) 
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where 𝑚𝑜 is the initial sample mass, 𝑚∞ is the final sample mass and 𝑚𝑡 is the sample mass at 

any time. Figure 2.11 shows plots of 𝛼 for virgin MB in the absence and presence of -Fe2O3 

nanoparticles as a function of temperature at three different heating rates. As seen, the mass loss 

profile shown in terms of conversion up to 300 °C is not affected by change in heating rates. This 

means that MB simply decomposed before 300 °C, as confirmed from the heat flow and mass loss 

profiles. The effect of change in heating rate upon conversion is significant beyond 300 °C as 

expected when complete oxidation is most dominant. Hence, it is evident that adsorption of MB 

onto -Fe2O3 nanoparticles greatly enhanced the oxidation process as complete oxidation started 

around 200 oC in the presence of nanoparticles. When attached to the surface of -Fe2O3, oxidation 

of MB occurs at a lower temperature just because O –vacancies present in -Fe2O3 facilitate the 

oxidation process, just as described for partial oxidation of MB into Azure-B and Azure-A 

elsewhere [53]. Furthermore, at 50% conversion, oxidation reaction temperature is decreased from 

460 °C for virgin MB to 290 °C for MB adsorbed onto -Fe2O3 nanoparticles at the heating rate 5 

°C/min. This decrease in temperature of the oxidation reaction clearly shows the catalytic effect 

of -Fe2O3 nanoparticles towards oxidation of MB. This shows that the -Fe2O3 nanoparticles not 

only have a high adsorption affinity for MB, but also have a promising catalytic activity towards 

adsorbed MB thermo-oxidative decomposition. 
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Figure 2.11. Conversion of MB in the absence of -Fe2O3 nanoparticles; a, b and c at heating rates 

of 5, 10 and 20 oC/min, respectively. Conversion of MB adsorbed onto -Fe2O3 nanoparticles; d, 

e, and f at heating rates of 5, 10 and 20 oC/min, respectively. 

 

2.4.5 Kinetic triplets of the oxidative-decomposition reaction  

To further confirm the catalytic activity of -Fe2O3 nanoparticles towards MB decomposition and 

understand the thermo-oxidative reaction mechanism, we employed the isoconversional and model 

fitting methods [54, 55] for estimating the kinetic triplets, namely, effective activation energy of 

reaction, pre-exponential factor and reaction function, by processing the data presented in Figure 

2.11. 

2.4.5.1 Estimation of effective activation energy (E) 

Following the isoconversional methods, the overall rate of thermo-oxidative decomposition of 

solid-state reaction can be described by only one kinetic equation for the degree of conversion 𝛼 

[54, 56].  
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𝑑𝛼

𝑑𝑇
=  

𝐴𝛼 

𝛽
exp  (

−𝐸𝛼

𝑅𝑇
)  𝑓(𝛼)                                                                                                                   (2.4) 

where 
𝑑𝛼

𝑑𝑇
 is the reaction rate, 𝐴𝛼 is the pre-exponential factor depending on the degree of 

conversion 𝛼, 𝛽 is the heating rate, 𝐸𝛼 is the activation energy depending on the conversion 𝛼, 𝑅 is 

the ideal gas constant, 𝑇 is the temperature, and 𝑓(𝛼) is the reaction model. Integrating equation 

(2.4), yields; 

𝑔(𝛼) = ∫
𝑑𝛼

𝑓(𝛼)

𝛼

0

=  
𝐴𝛼 

𝛽
∫ exp  (

−𝐸𝛼

𝑅𝑇
) 𝑑𝑇

𝑇

0

                                                                                       (2.5) 

where 𝑔(𝛼) is the integral form of the reaction model. Assuming 𝑥 =
−𝐸𝛼

𝑅𝑇
 and solving equation 

(2.5), yields; 

𝑔(𝛼) =
𝐴𝛼𝐸𝛼

𝛽𝑅
∫

𝑒−𝑥

𝑥2

∞

−𝑥

  𝑑𝑥                                                                                                                       (2.6) 

equation (2.6) can be solved numerically using the Doyle’s approximation [57, 58], and following 

the corrected method of Ozawa-Flynn-Wall (OFW) and plugging back the real value of 𝑥; yields;  

𝑙𝑛(𝛽) = 𝑙𝑛 (
 𝐴𝛼 𝐸𝛼 

 206.54 𝑔(𝛼) 𝑅
) − 1.052  (

𝐸𝛼

𝑅𝑇
)                                                                                  (2.7) 

Hence, 𝐸𝛼 can be estimated from the slope of the best-fit-lines of the plots of 𝑙𝑛(𝛽) against 1 𝑇⁄  

at each value of 𝛼. Once the values of 𝐸𝛼 are estimated, they are corrected based on a correction 

factor, to account for the error introduced by the Doyle’s approximation [55], as follows; 

𝐸 =
𝐸𝛼

𝐹(𝑥𝑚)
                                                                                                                                                 (2.8) 

𝐹(𝑥𝑚) = 0.94961 (1 +
7.770439 + 𝑥𝑚

1 + 4.56092𝑥𝑚 + 0.48843𝑥𝑚
2

)                                                              (2.9) 

where 𝑥𝑚 = 𝐸𝛼 𝑅𝑇𝑚⁄  and 𝑇𝑚 is the mean temperature (K). Accordingly, the OFW analysis results 

from the three thermogravimetric measurements for MB oxidation in presence and absence of -
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Fe2O3 nanoparticles are presented in Figure 2.12. The figure shows the effective activation energy 

as a function of 𝛼. Worth noting here, to avoid the relative experimental errors at lowest and 

highest conversions, the analysis of kinetic data was limited to the  values in the range of 0.1 to 

0.9. As anticipated, for virgin MB, 𝐸 values are significantly changing with 𝛼, suggesting a 

kinetically complex process where multistep reactions are occurring with a change in the limiting 

step of the reaction during the oxidation process [59]. On the other hand, a lower activation energy 

trend with a single step or at least less number of steps reaction mechanisms could be observed in 

the presence of -Fe2O3 nanoparticles, confirming their catalytic activity towards MB oxidation.  

 

 

Figure 2.12. Activation energies calculated by equation (2.7) for MB oxidation in presence and 

absence of -Fe2O3 nanoparticles studied by thermogravimetry in air. Experimental conditions: 

heating rates: 5, 10 and 20 ◦C/min; air flow, 100 cm3/min. 

2.4.5.2 Estimation of reaction model function (f()) 

The most probable reaction mechanism function could be estimated by plotting ln (𝑔(𝛼)) against 

𝑙𝑛(𝛽) (equation (2.7)), and using linear regression of the least-squares method. If the slope of the 
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best-fit-line is equal or closed to -1.0 with a linear correlation coefficient R2  1.0, this indicates 

that the considered mechanism function complies with the proposed 𝑔(𝛼) function [60]. Several 

kinetic expressions of 𝑔(𝛼) functions for the solid-state reactions have been proposed in the 

literature [61-63]. Table 2.3 lists the 𝑔(𝛼) functions employed in this study. 

Table 2.3. Kinetic expressions for 𝑔(𝛼) and 𝑓(𝛼) and its mechanism [55, 61]. 

No. Symbol Function name g(α) f(α) 

1 F1/3 One-third order 1 − (1 − α)2/3 (3/2)(1 − α)1/3 

2 F3/4 Three-quarters order 1 − (1 − α)1/4 4(1 − α)3/4 

3 F3/2 One and a half order (1 − α) −1/2 − 1 2(1 − α)3/2 

4 F2 Second order (1 − α)−1 − 1 (1 − α)2 

5 F3 Third order (1 − α)−2 − 1 (1/2)(1 − α)3 

6 F4 Fourth order (1 − α)−3 − 1 (1/3)(1 − α)4 

7 F5 Fifth order (1 − α)−4 − 1 (1/4)(1 − α)5 

Accordingly, values of 𝛼 corresponding to the three heating rates (5, 10 and 20 ◦C/min) at a 

specified same temperature (𝑇𝑝) were applied to calculate the probable mechanism function by 

substituting 𝛼 values into ln (𝑔(𝛼)) for all the types of mechanism functions presented in Table 

2.3. Worth mentioning here that the 𝑇𝑝 value was selected at the temperature that corresponds to 

𝛼 = 50% for a heating rate 5 ◦C/min in absence of -Fe2O3 nanoparticles from Figure 2.11. The 

corresponding results of the most probable mechanism functions during the thermo-oxidative 

process in the absence and presence of -Fe2O3 nanoparticles are listed in Table 2.4. As anticipated, 

the presence of nanoparticles caused a change in the reaction mechanism. The most probable 

mechanism functions were fifth order (𝑓(𝛼) = (1 4) (1 − 𝛼)5⁄ ) and third order (𝑓(𝛼) =

(1 2) (1 − 𝛼)3⁄ ) for virgin MB and MB adsorbed onto -Fe2O3 nanoparticles, respectively. This 

clearly shows that nanoparticles simplified the oxidation reaction mechanism and changed its 

pathway, confirming their catalytic effect towards MB oxidation.  
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Table 2.4. Most probable mechanism, slopes, and the linear regression coefficients (R2). 

Mechanism No. 

Virgin MB -Fe2O3-MB 

Slope  R² Slope  R² 

1 -0.0504 0.9372 -0.0001 0.9911 

2 -0.0338 0.9529 -0.0027 0.9607 

3 -0.4215 0.9475 -0.3752 0.9191 

4 -0.4785 0.9506 -0.666 0.9163 

5 -0.6056 0.9557 -0.9331 0.9994 

6 -0.749 0.9595 -1.9655 0.9155 

7 -1.2988 0.9844 -2.6207 0.9155 

2.4.5.3 Estimation of pre-exponential factor (A) 

After knowing 𝐸 and 𝑔(𝛼), the pre-exponential factor 𝐴𝛼  is estimated from the intercept of 

equation (2.7) as follows; 

 𝐴𝛼 =
206.54 𝑔(𝛼) 𝑅

𝐸𝛼 𝐹(𝑥𝑚)⁄
   exp(𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡)                                                                                         (2.10) 

 

The obtained values of ln (𝐴𝛼) are shown in Figure 2.13. Again, different trend of 𝐴𝛼 can be 

observed upon introducing the nanoparticles. MB oxidation in the presence of nanoparticles 

demonstrates markedly higher 𝐴𝛼 as compared to that of virgin MB oxidation. As seen, 

the 𝐴𝛼 trend in the presence of nanoparticles followed exactly the trend of activation energy 

presented in Figure 2.12, confirming the change in the reaction mechanism as compared to virgin 

MB. Noticeably, the values of 𝐴𝛼 is higher in the presence of nanoparticles. This could be 

attributed to the number of active sites [64, 65] presented onto the surface of -Fe2O3 nanoparticles 

that enhances adsorption and consequently speeds up the reaction rate. Reaction rate is dependent 

on both 𝐴𝛼 and 𝐸𝛼, and hence, decreasing of 𝐸𝛼 only will not always guarantee an increase in the 

reaction rate [66]. However, in our case, -Fe2O3 nanoparticles showed a decrease in the values of 

𝐸𝛼, and an increase in the values of 𝐴𝛼, suggesting an increase in the reaction rate. 
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Figure 2.13. Dependencies of pre-exponential factor 𝐴𝛼 on 𝛼 for oxidation reaction of MB in 

presence and absence of nanoparticles studied by thermogravimetry in air. Experimental 

conditions: heating rate = 5, 10 and 20 ◦C/min; air flow, 100 cm3/min.  

2.4.6 Estimation of thermodynamic transition state parameters  

After finding the reaction mechanism, activation energy and pre-exponential factor, the extent of 

catalytic oxidation of -Fe2O3 nanoparticles on the oxidation of MB now can be explained based 

on thermodynamic parameters of the transition state functions, namely, changes in Gibbs free 

energy of activation (∆𝐺‡), enthalpy of activation (∆𝐻‡), and entropy of activation (∆𝑆‡). These 

thermodynamic parameters were estimated at the 𝑇𝑝 that corresponds to 𝛼 = 50% at a heating rate 

5 ◦C/min as follows [55, 67]: 

∆𝐺‡ =  ∆𝐻‡ − 𝑇𝑝∆𝑆‡                                                                                                                            (2.11) 

∆𝐻‡ =  𝐸𝑝
‡ − 𝑅𝑇𝑝                                                                                                                                 (2.12) 

∆𝑆‡ =  𝑅 𝑙𝑛 (
𝐴𝑃ℎ

𝑒𝜅𝑘𝐵𝑇𝑝
)                                                                                                                         (2.13) 
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where 𝐸𝑝
‡ is the activation energy and 𝐴𝑃  is the pre-exponential factor estimated at 𝑇𝑝 by equation 

(2.7), 𝑒 is the Neper number (=2.7183), 𝜅 is the transmission coefficient (≈1.0), 𝑘𝐵 is the 

Boltzmann’s constant (=1.3806 × 10-23 J/K), ℎ is the Planck’s constant (=6.6261 × 10-34 Js), and R 

is the universal ideal gas constant (=8.314 J/mol K). The corresponding results of these parameters 

are shown in Table 2.5. As seen, in both cases, ∆𝑆‡ is negative which means that the activated 

state is less disordered compared to the initial one. The positive values of ∆𝐺‡ indicate that the 

oxidation processes are not spontaneous. Evidently, the presence of nanoparticles caused a drop in 

the values of the thermodynamic parameters, hence confirming their promising catalytic effect.  

Table 2.5. Values of ∆𝑆‡, ∆𝐻‡, and ∆𝐺‡ for the oxidation reaction of MB in the presence and 

absence of -Fe2O3 nanoparticles at  𝛼 = 50%. 
 𝑻𝒑 (𝑲) ∆𝑺‡ (𝐉/𝐦𝐨𝐥 𝐊) ∆𝑯‡ (𝐤𝐉/𝐦𝐨𝐥) ∆𝑮‡ (𝐤𝐉/𝐦𝐨𝐥) 

Virgin MB 733 −9 198 205 

-Fe2O3-MB 560 −44 164 189 

2.5 Conclusions 

Organic pollutants and waste hydrocarbons present in industrial produced water pose real 

environmental and energy conservation challenges nowadays. In this work, maghemite (-Fe2O3) 

nanoparticles were employed as nanoadsorbents and catalysts (nanosorbcats) for the adsorptive 

removal of methylene blue (MB) from an aqueous solution followed by catalytic thermo oxidation. 

The adsorption isotherms were also determined and were appropriately described by the 

Freundlich and Langmuir isotherms with Langmuir model producing a poorer fit to Freundlich 

model. The good fitting to Freundlich model indicates a multi-site adsorption, which was also 

supported by computational modeling results. The tested nanosorbcats showed a promising 

catalytic activity for MB oxidation. The computational kinetics study of thermo-oxidative 

decomposition reaction of solid MB in the presence and absence of -Fe2O3 nanosorbcats were 
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carried out using the Ozawa–Flyn–Wall (OFW) corrected method. The kinetic triplets, namely 

activation energy (𝐸𝛼), the most probable mechanism functions 𝑓(𝛼), and the pre-exponential 

factor (𝐴𝛼) were determined. Thermodynamic transition state parameters, namely changes in 

Gibbs free energy of activation (∆𝐺‡), enthalpy of activation (∆𝐻‡), and entropy of activation 

(∆𝑆‡) for MB, in the presence and absence of -Fe2O3 nanosorbcats, were calculated through 

kinetic parameters for the first time. -Fe2O3 nanosorbcats showed a high adsorption capacity, as 

well as a very promising catalytic activity towards MB removal and subsequent catalytic thermo-

oxidative decomposition of MB, confirmed by the lowest effective activation energy trend and 

lowest values of reaction temperature, ∆𝐺‡ and ∆𝐻‡. The novelty of nanosorbcats shall expand the 

frontiers in the field of wastewater treatment. Therefore, our futuristic efforts will be focusing on 

the applicability of using such nanosorbcats within a packed bed process for treating not only 

organic model molecules but also real wastewater samples. The stability and recyclability of those 

nanosorbcats will be also studied and addressed comprehensively.   
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CHAPTER THREE 

Experimental and Computational Modeling Studies on Silica-embedded NiO/MgO 

Nanoparticles for Adsorptive Removal of Organic Pollutants from Wastewater 

              

Graphical Abstract 

 

Highlights 

• This study presents a newly-prepared silica-embedded NiO/MgO nanoparticles for 

wastewater treatment. 

• Different computational modeling techniques are used to support the experimental findings 

of microscopic adsorption.  
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3.1 Abstract  

Achieving affordable and clean water is one of the greatest global challenges of this century. This 

is due to the enormous upsurge in world’s population, yet at the same time, the scarcity of fresh 

water. Far more than that, some regions are awash in fresh water while other regions, afflicted by 

drought. Accordingly, new technological approaches should be brought to the forefront to tackle 

the water problem. Hence, this study presents three types of newly in-house prepared silica-

embedded NiO and/or MgO nanoparticles, namely; SiO2-NiO, SiO2-MgO, and SiO2-

(Ni0.5Mg0.5)O. The properties of these nanoparticles were characterized using XRD, BET, 

HRTEM, CO2-TPD, and IR spectroscopy. These nanoparticles are applied for the first time to 

adsorptive removal of different cationic and anionic model organic molecules with different 

functionalities, namely; methylene blue (MB), neutral red (NR), and acid red 27 (AR27) 

mimicking pollutants existing in wastewater effluents. It has been found that on a normalized 

surface area basis, the number of cationic model molecules adsorbed per nm2 of the SiO2-

(Ni0.5Mg0.5)O nanoparticles were the highest suggesting the possible synergistic effect between Ni 

and Mg in the mixed oxide, however, SiO2-NiO showed the highest uptake for the anionic case 

due to its stability in aqueous solutions. The experimental adsorption isotherms fit well to the Sips 

model for MB and AR27 indicating heterogeneous adsorption system. However, a multilayer 

adsorption behavior was obtained for the NR which has been described by the BET model. 

Computational modeling and DFT calculations of the interaction between the model molecules 

and the surfaces of prepared nanoparticles were carried out to get more mechanistic insights into 

their adsorptive behaviors. Results showed that the adsorbed molecules tend to lay flat on the 

surface of the materials except for the NR which tends to be adsorbed slightly tilted when 

compared with the other ones. Additionally, molecular dynamics simulation was performed to gain 
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additional insights into the adsorption behavior of NR in the presence of water. The evolved profile 

of total energy of the system as a function of simulation time emphasized the eccentric BET 

adsorption behavior of the NR onto these novel nanoparticles.   

3.2 Introduction 

The arena of water and wastewater treatment is a cutting-edge topic worldwide as water is an 

essential resource for drinking, daily public use, industrial processes, and medicine [1]. The global 

water pollution and shortage have been driven by several factors, including; worldwide population 

growth, competing demands from a variety of users, rapid world industrialization, increasing 

technical development and living standards, and long-term droughts [2, 3]. Therefore, with the 

ongoing spread of wide range of industrial pollutants into surface and ground water bodies as well 

as water shortage crisis, researchers, engineers, environmentalists, and decision makers are striving 

for finding economically viable alternatives and environmentally sound techniques for water and 

wastewater treatment processes [4]. Several physical, chemical and biochemical processes have 

been reported for removing organic-based pollutants from wastewater bodies [5-7]. Typically, 

these processes are hampered by its ineffectiveness in meeting permissible disposal level or by its 

high capital and operating costs. In recent years, nanotechnology, typically in the form of powder 

nanoparticles or particles integrated with conventional treatment processes, has shown an 

unprecedented rate in pollution removal and toxicity mitigation [8-12]. The uniqueness of these 

nanoparticles, especially iron-oxide-based ones, is not only their high surface area, but also 

properties like magnetism, selective surface reactivity, rapid ion delivery, surface plasmonic 

resonance, quantum confinement, high adsorption affinity, enhanced catalytic activity, 

dispersibility, and intrinsic reactivity [9, 13-19]. Hence, these nanoparticles were successfully 

employed as “nanoadsorbents” [16, 17, 20] “nanocatalysts” [21-24] and recently as “nanosorbcats” 
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[25-28] for cleaning up wastewater. Although a simple search through any scientific search engine 

with the keywords “nanoadsorbents” and/or “nanocatalysis” would clearly indicate an exponential 

growth in scientific publications in the past few decades [23, 29]. However, the concept of 

“nanosorbcats” was introduced for the first time by our research group [25], and has since been 

tested by other investigators [26, 30, 31]. It refers to the use of nanoparticles as adsorbent for 

sequestering the waste organic compounds from wastewater bodies and subsequently as a catalyst 

for decomposing the adsorbed species into new commodity product. Hence, this allows not only 

water recyclability and waste hydrocarbons conversion, but also nanosorbcats regeneration. 

However, to maximize the sustainability of the nanosorbcats, it is important that the developed 

nanosorbcats be earth abundant, economical and environmentally friendly. Thus, in addition to 

understanding the adsorption behavior of different organic species, another major purpose of this 

study is to develop new silica-based nanosorbcats functionalized with active species.   

Herein, in continuation of previous work on using nanoparticles as adsorbents and catalysts for 

waste hydrocarbons, we present novel nanomaterials to improve water recyclability and 

hydrocarbon conversion. Thus, the purposes of this study include: (1) preparing silica-embedded 

NiO and/or MgO nanoparticles, which are believed to be efficient nanosorbcats for organic 

adsorption followed by catalytic steam gasification reaction; (2) comparing the adsorptive 

performances of the prepared nanosorbcats for the adsorption of different pollutants with different 

functionalities, like methylene blue (MB), neutral red (NR), and acid red 27 (AR27); and (3) 

carrying out computational modelling to understand the adsorption mechanism and surface activity 

of the silica-embedded NiO and/or MgO nanoparticles in order to validate the experimental 

findings. Experimental adsorption isotherms were described by the Sips and BET models. Worth 

mentioning here that active nanoparticles, NiO and/or MgO, were embedded in silica to keep them 
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robust and stable for subsequent catalytic steam gasification of the adsorbed species as well as 

regeneration processes. However, the catalytic activity of the prepared nanosorbcats will be 

addressed in future publications.    

3.3 Materials and methods 

3.3.1 Chemicals and reagents  

In a typical preparation of silica-embedded NiO and/or MgO nanoparticles, the following 

chemicals and reagents were used; nickel nitrate (Ni(NO3)2.6H2O 99.99%), magnesium nitrate 

(Mg(NO3)2.6H2O 99%), ammonium hydroxide (NH4OH 27% (w/w)), nitric acid (HNO3 70% 

(w/w)), Ludox AS-40 colloidal silica (SiO2 40% (w/w)) purchased from Sigma-Aldrich (Ontario, 

Canada), silicic acid (H2SiO3) powder obtained from Matheson Coleman & Bell (New Jersey, 

USA), and granulated household sucrose (C12H22O11). Potassium bromide (KBr) obtained from 

Sigma-Aldrich (Ontario, Canada) was used for the infrared analysis. Liquid nitrogen (N2 99.9% 

ultrahigh purity) purchased from Praxair (Calgary, Canada) was used for the surface area 

measurements of the prepared nanoparticles. Gas cylinders of helium (He 99.9% ultrahigh purity) 

and carbon dioxide (CO2 99.9% ultrahigh purity) purchased from Praxair (Calgary, Canada) were 

used for the surface basicity measurements of the prepared nanoparticles. All chemicals were used 

as received without further purification. 

3.3.2 Adsorbates 

Different model molecules with different functionalities and known chemical structures were used 

as adsorbates in preparing synthetic wastewater samples to understand the adsorption mechanisms; 

experimentally and computationally. Hence, methylene blue (MB, C16H18ClN3S, Mw = 374 g/mol, 

λmax = 625 nm, organics content 82%) and neutral red (NR, C15H17ClN4, Mw = 289 g/mol, λmax = 

539 nm, organics content 90%) were selected as sources of cationic pollutants; while acid red 27 



 

58 
 

(AR27, C20H11N2Na3O10S3, Mw = 605 g/mol, λmax = 520 nm, organics content 90%) was selected 

as a source for an anionic pollutant. All model molecules were purchased from Sigma–Aldrich 

(Ontario, Canada) and used as received without further purification. 

3.3.3 Synthesis of silica-embedded NiO and/or MgO nanoparticles 

In brief, silica-embedded NiO (SiO2-NiO) nanoparticles were prepared by adding 4.3 g of colloidal 

silica to a 1 L glass beaker containing 200 mL of deionized water. The mixture was agitated using 

a magnetic stirrer (300 rpm) for 2 min until a homogenous solution was obtained. Then, while 

keeping the magnetic stirring at 300 rpm, 16.8 g of Ni(NO3)2.6H2O was added to the mixture. 

After complete dissolution of the nickel salt, 13.0 g of granulated household sucrose was added to 

the mixture. Afterward, 1.5 mL of HNO3 was added dropwise to the mixture. The mixture was 

magnetically stirred at 300 rpm and 293 K for 30 min to produce a homogeneous blackish solution. 

The second type, silica-embedded MgO (SiO2-MgO) nanoparticles were prepared by adding 4.0 

mL of NH4OH dropwise to another 1 L glass beaker containing 300 mL of deionized water, then, 

4.0 g of H2SiO3 was added to the mixture and agitated using a magnetic stirrer for 10 min at 300 

rpm. After that, 20.0 g of granulated household sucrose and 24.0 g of Mg(NO3)2.6H2O were added 

to the mixture. After complete dissolution of the magnesium salt, 4.0 mL of HNO3 was added 

dropwise to the mixture. The mixture was magnetically stirred at 300 rpm and 293 K for 30 min 

to produce a homogeneous brownish solution. For the sake of studying the possible synergistic 

effect of bimetallic nanoparticles towards adsorption of cationic and anionic pollutants, silica-

embedded NiO and MgO (at a ratio of 0.5:0.5) nanoparticles were also prepared in this study. 

Thus, the third bimetallic type, silica-embedded NiO and MgO (SiO2-(Ni0.5Mg0.5)O) nanoparticles 

were prepared by adding 5.1 g of colloidal silica to a third 1 L beaker containing 225 mL of 

deionized water. The mixture was agitated using a magnetic stirrer for 2 min until a homogenous 
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solution was obtained. Then, while keeping the magnetic stirring, 9.9 g of Ni(NO3)2.6H2O and 9.1 

g of Mg(NO3)2.6H2O were added to the mixture. After complete dissolution of the nickel and 

magnesium salts, 15.0 g of granulated household of sucrose and 1.5 mL of HNO3 were added to 

the mixture. The mixture was magnetically stirred at 300 rpm and 293 K for 30 min to produce a 

homogeneous greyish solution. Afterward, all glass beakers were then placed in the oven at 373 K 

for 48 h to evaporate the water. After 48 h, dried solid materials looking like sponge cakes were 

obtained. These solid materials were replaced in the oven at 523 K for 12 h. Eventually, all solid 

materials were taken out, separately, from the oven and then milled in the fume hood until 

homogeneous powders were obtained and then, calcined in the oven at 1073 K for 3 h in a flow of 

air and ramping at 5 K/min. Further details for each nanoparticle’s synthesis can be found in the 

(Appendix A2, Section S1). In addition, the estimated NiO and MgO content for all prepared 

nanoparticles can be found in (Appendix A2, Section S2).  

3.3.4 Characterization of prepared silica-embedded NiO and/or MgO nanoparticles 

3.3.4.1 X-ray diffraction (XRD) 

Structures and particle crystalline domain sizes of dried silica-embedded NiO and/or MgO 

nanoparticles were determined by using X-ray Ultima III Multi-Purpose Diffraction System 

(Rigaku Corp., The Woodlands, TX) with Cu K radiation operating at 40 kV and 44 mA with a 

θ–2θ goniometer. The crystalline domain sizes were measured using the Scherrer equation as 

implemented in the commercial software JADE [32] by calculating the full width at half-maximum 

(FWHM) of the peaks and fitting the experimental profile to a pseudo-Voigt profile function. 

3.3.4.2 Textural properties 

The surface areas and pore size distributions of the prepared nanoparticles were measured 

following the Brunauer–Emmett–Teller (BET) and Barrett, Joyner and Halenda (BJH) methods, 
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respectively. These were accomplished by performing N2 physisorption at 77 K using a surface 

area and porosity analyzer TriStar II 3020 (Micromeritics Instrument Corporation, Norcross, GA). 

Test samples were degassed at 423 K under N2 flow overnight before analysis to remove any 

existed moisture. Specific surface areas were calculated using BET equation and external surface 

areas were obtained by the t-plot method. 

3.3.4.3 High resolution transmission electron microscopy (HRTEM) 

Transmission electron microscopy images for silica-embedded NiO and/or MgO nanoparticles 

were obtained via FEI Tecnai F20 FEG TEM using an accelerating voltage of 200 kV to analyze 

the nanoparticles morphology. This technique provides atomic-resolution real space imaging for 

nanoparticles. Around 0.5 mg of each test sample was dispersed in 1 mL pure ethanol and stirred 

for approximately 10 min to ensure that the sample was completely suspended. Then, a drop of the 

solution was deposited on the sample holder by a pipette. Once ethanol evaporated, the powder 

was placed on the grid holder and became ready for imaging. An HRTEM carbon grid was used 

for supporting the sample. 

3.3.4.4 Temperature-programmed desorption of CO2 (CO2-TPD) 

The measurement of surface total basicity on the prepared silica-embedded NiO and/or MgO 

nanoparticles was carried out by performing CO2 temperature-programmed desorption (CO2-TPD) 

using a CHEMBET 3000 instrument (Quantachrome Inc., USA), equipped with a thermal 

conductivity detector (TCD). A known amount of each test sample was held in a quartz U-tube. 

Before starting any measurement, the sample was pretreated on a pretreatment station, to remove 

air and any physisorbed water by passing He at 473 K for 60 min. After the pretreatment was 

performed, the U-tube was moved to CHEMBET station set at 373 K with He flow rate of 15 

mL/min. Afterward, CO2 adsorption was started by passing pure CO2 through the sample at 373 K 
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for 60 min at a flow rate of 15 mL/min. After that, CO2 flow was closed and pure He was passed 

at 373 K to remove excess/physisorbed CO2 for 60 min. The temperature was then increased at a 

heating rate of 10 K/min to 1223 K, while He was flowing at 15 mL/min. CO2 desorption as a 

function of temperature was followed by using the TCD, registering the data in the PC-TPRWin 

program provided with the instrument. The area under the peak was obtained with the PC-TPRWin 

program and transformed into µmol of CO2 desorbed per gram of sample (µmol CO2/g) using a 

calibration curve made for this purpose.  

3.3.4.5 Infrared spectroscopy (IR) 

An IRAffinity-1S instrument (Shimadzu Scientific Instruments Inc., USA) with a smart diffuse 

reflectance attachment to carry out diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) analysis was used to study the mid-infrared region before and after adsorption 

experiments, first, to confirm the silica in the prepared silica-embedded NiO and/or MgO 

nanoparticles, and second, to infer the interactions of model molecules with those nanoparticles. 

In a typical measurement, around 2.5 mg of the sample was mixed with around 500 mg of KBr 

and the entire mixture was mounted in the DRIFTS sample holder. Using the associated IRsolution 

software, the spectra were recorded and analyzed from 400 to 4000 cm−1 with a resolution of 

4 cm−1 and each spectrum was the average of 50 scans. 

3.3.5 Adsorption experiments 

Adsorption of model molecules (i.e., MB, NR, and AR27) onto silica-embedded NiO and/or MgO 

nanoparticles was performed individually at 293 K. Batch adsorption experiments were carried out 

by adding a specified mass (about 0.10 g) of the silica-embedded NiO and/or MgO nanoparticles 

to a set of 25 mL vials containing 10 mL of aqueous solutions with initial concentrations ranging 

from 15 to 1000 µmol/L of each model molecule at neutral pH of 7.0  0.1. The vials were tightly 
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sealed to avoid any loss of water by evaporation. Adsorption took place by shaking the vials for 

24 h on a Wrist Action shaker (Burrel, Model 75-BB) to ensure that the equilibrium was attained. 

In all experiments, the nanoparticles containing adsorbed model molecules were separated from 

the mixtures by centrifugation for 10 min at 5000 rpm using an Eppendorf Centrifuge 5804 

(Thermo Fisher Scientific Inc., Canada), and the supernatants were decanted. The nanoparticles 

containing adsorbed model molecules were taken for the IR analysis. The residual concentrations 

of each model molecule in the supernatants were measured by Evolution™ 260 UV-Vis 

spectrophotometer (Thermo Fisher Scientific Inc., Canada) (UV-vis) at wavelengths of 625, 539, 

and 520 nm for MB, NR, and AR27, respectively. Pure deionized water identical to that used for 

preparing model molecules solutions was used as a blank. Calibration curves of UV-vis absorbance 

at the aforementioned wavelengths against the concentration were first established, using standard 

solutions with known concentrations of each model molecule. Well fitted regression equations 

were obtained with linear regression coefficient (R2) close to unity. Typical standard errors in the 

model molecules concentration measurements ranged from 0.5 to 8.0, 0.7 to 10.4, and 0.3 to 

5.0 µmol/L for MB, NR, and AR27, respectively. The adsorption uptake per surface area of 

nanoparticles and nanoparticle adsorption affinity were determined based on the constructed 

isotherms and mass balance analysis. All experiments were performed in triplicate to confirm 

reproducibility. The amount adsorbed of each model molecule, 

𝑄𝑒 (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑛𝑚2⁄  𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠), was calculated as shown in equation (3.1) [33, 34]. 

𝑄𝑒 =
(𝐶0 − 𝐶𝑒)𝑁𝐴

𝑆𝐴
𝑉                                                                                                                                 (3.1) 

where 𝐶0 is the initial concentration of the model molecule in solution (µ𝑚𝑜𝑙 𝐿⁄ ), 𝐶𝑒 is the 

equilibrium concentration of the model molecule in the supernatant (µ𝑚𝑜𝑙 𝐿⁄ ), V is the solution 
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volume (𝐿), 𝑁𝐴 is the Avogadro’s constant (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑜𝑙⁄ ), and 𝑆𝐴 is the BET surface area of 

the nanoparticles (𝑛𝑚2).  

Macroscopic solution phase adsorption isotherms for MB, NR, and AR27 model molecules were 

performed to quantify surface coverage onto silica-embedded NiO and MgO nanoparticles. 

Recently, our research group has concluded that the surface area normalized isotherm data is the 

best analysis technique for developing a mechanistic interpretation for any model molecule 

adsorption onto nanoparticles surfaces [33, 34]. Thus, our adsorption results were presented on a 

normalized BET surface area basis (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑛𝑚2⁄ ). To further understand the adsorption 

behaviour, the experimental isotherm data were fitted to the Sips model [35, 36] also known as 

‘‘Langmuir–Freundlich” isotherm [36] and the BET model [37] expressed by equations (3.2) and 

(3.3), respectively. 

𝑄𝑒 =
𝑄𝑚𝐾𝑠𝐶𝑒

𝑛𝑠

1 + 𝐾𝑠𝐶𝑒
𝑛𝑠

                                                                                                                                        (3.2) 

𝑄𝑒 = 𝑄𝑚

𝐾𝐿𝐶𝑒

(1 − 𝐾𝑈𝐶𝑒)(1 − 𝐾𝑈𝐶𝑒 + 𝐾𝐿𝐶𝑒)
                                                                                      (3.3) 

where 𝑄𝑒 is the equilibrium uptake, i.e., the number of molecules of MB, NR, and AR27 adsorbed 

per surface area of the dried nanoparticles (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑛𝑚2⁄ ), 𝐶𝑒 is the equilibrium concentration 

of each model molecule in the supernatant (µ𝑚𝑜𝑙 𝐿⁄ ), 𝑄𝑚 is the maximum adsorption capacity for 

complete monolayer coverage (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑛𝑚2⁄ ), 𝐾𝑠 is the equilibrium constant of adsorption 

related to the adsorption affinity (𝐿 µ𝑚𝑜𝑙⁄ )𝑛𝑠, 𝑛𝑠 is the Sips constant related to the surface 

heterogeneity (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠), and 𝐾𝐿 (𝐿 𝑛𝑚2⁄ ) and 𝐾𝑈 (𝐿 𝑛𝑚2⁄ ), are the equilibrium constants of 

adsorption for the lower and the upper layers, respectively. The non-linear Chi-square (χ2) analyses 

[38] were used to evaluate the goodness of fitting as per equation (3.4). 
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𝜒2 = ∑
(𝑄𝑒 − 𝑄𝑒𝑚𝑜𝑑𝑒𝑙)

2

𝑄𝑒𝑚𝑜𝑑𝑒𝑙
                                                                                                                      (3.4) 

where 𝑄𝑒 and 𝑄𝑒𝑚𝑜𝑑𝑒𝑙 are the equilibrium uptake of each model molecule obtained experimentally 

and by model fitting, respectively. The lower the value of 𝜒2the better the fitting. All isotherm 

model parameters and the χ2 analyses were preformed using OriginPro 8 SR4 software (Version 

8.0951). 

3.3.6 Computational modeling  

Computational modeling was carried out to get some insights into the adsorption interactions of 

AR27, MB and NR molecules with the surfaces of NiO, MgO and amorphous silica nanoparticles. 

NiO and MgO have the rocksalt structure (like many other binary oxides) and our interest in them 

is going to be focused on their surface interactions with three model molecules (AR27, MB, and 

NR). Starting from the experimental structural data within BIOVIA Material Studio 2017 

(MS2017) database [39], we created two low index surfaces, the (100) and (111), for each oxide 

(i.e., NiO and MgO) and also an amorphous silica surface was created to carry out our studies of 

AR27, MB and NR interactions with these selected surfaces. The solid-solution (Ni0.5Mg0.5)O was 

not studied because producing a single accurate structural model for this case requires the 

generation of supercells, where several Ni and Mg atom configurations within the supercell can be 

generated, which in turn will produce many feasible mixed (Ni0.5Mg0.5)O models complicating the 

selection of a single model for the calculations. Also, the lack of accuracy might occur by using 

mixed forcefields for the oxygen atoms present in the solid crystalline supercell containing Mg 

and Ni atoms at the same time. For this part of the computational studies, we used the modules 

Forcite and Adsorption Locator included within the commercial modeling software MS2017 [39]. 

BIOVIA Forcite is an advanced classical molecular mechanics tool, designed to work with a wide 
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range of forcefields, allowing fast energy calculations and reliable geometry optimizations of 

molecules and periodic systems. In our study, Forcite was used to geometrically optimize the 

AR27, MB, NR and H2O molecules, to optimize the NiO, MgO and amorphous silica unit cells 

and to relax the surface atoms of the created low index surfaces prior to their use in the adsorption 

study. For the latter task, we used BIOVIA Adsorption Location module which is based on 

simulated annealing (a metaheuristic algorithm for locating a good approximation to the global 

minimum of a given function in a large search space [40, 41]) allowing in this way identification 

of the possible adsorption configurations by carrying out Monte Carlo searches of the 

configurational space of the selected surfaces-model molecules systems as the temperature is 

slowly decreased. In order to identify additional local energy minima, the process is repeated 

several times.  

Atomistic simulations of inorganic-organic interfaces require an accurate description of 

interatomic forces, and thus, for the present study we employed BIOVIA COMPASSII forcefield 

as it can simulate not only organic molecules but also bulk metal oxides as well as interactions 

between them [39, 42]. The Condensed-phase Optimized Molecular Potentials for Atomistic 

Simulation Studies (COMPASS) is the first ab initio forcefield that has been parametrized and 

validated using condensed-phase properties in addition to various ab initio and empirical data for 

molecules in isolation. Consequently, this forcefield enables accurate and simultaneous prediction 

of structural, conformational, vibrational, and thermophysical properties that exit for a broad range 

of molecules in isolation and in condensed phases including interfaces and mixtures [42-47]. 

Currently, the coverage of this forcefield includes the most common organics, inorganic small 

molecules, polymers, some metal ions, metal oxides, and metals [39]. The following subsections 

show the details of the theoretical calculations.  
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3.3.6.1 AR27, MB, NR, and H2O molecules 

The AR27, MB, NR and H2O molecules were built and optimized with BIOVIA Forcite before 

adsorbing them onto the selected surfaces. The quality of the Geometry Optimization in BIOVIA 

Forcite was set to Fine and the Forcefield to BIOVIA COMPASSII, as this forcefield is compatible 

with metal oxides [40] and will be used to study the interactions of these molecules with the metal 

oxide surfaces. The optimized AR27, MB and NR molecules are presented in Figure 3.1, where 

an almost flat configuration of the molecules can be observed.  

 

Figure 3.1. CPK representation of the optimized molecules showing its optimized configuration 

(top and side views, respectively). (a) AR27, (b) MB, and (c) NR. Grey atoms represent carbon, 

blue atoms represent nitrogen, white atoms represent hydrogen, yellow atoms represent sulfur, 

dark green atoms represent sodium, pale green atoms represent chlorine and red atoms represent 

oxygen. 

 

3.3.6.2 NiO and MgO surfaces  

The experimental structural data for NiO and MgO reported in the MS2017 structural database 

[39] was transferred and the unit cells were geometrically optimized within BIOVIA Forcite. The 

quality of the Geometry Optimization in BIOVIA Forcite was set to Fine and the Forcefield to 

BIOVIA COMPASSII, as this forcefield is compatible with organic molecules, and thus, suitable 

for studying the interactions of these organic molecules with the oxide surfaces [42]. The 

experimental unit cell values for NiO and MgO, reported in the MS2017 structural database [39], 

are 0.41684 nm and 0.42112 nm, respectively, and the optimized unit cell values obtained with 
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Forcite and the COMPASSII forcefield were 0.41683 nm for NiO and 0.42318 for MgO, which 

are very similar to the experimental ones; indicating and confirming the employed quality of the 

forcefield. The amorphous silica model within BIOVIA structural database was also optimized 

with Forcite using the COMPASSII forcefield. These optimized unit cells were then used within 

BIOVIA Builder module to create the surfaces (100) and (111) for each oxide and (100) for the 

amorphous silica. Each surface was created with areas of approximately 9 nm2 (∼3 nm × ∼3 nm) 

to ensure that the selected molecules do not interact with their images in adjacent cells. The depth 

of the surfaces was set to approximately 2.0 nm to ensure that it was greater than the non-bond 

cutoff used in the calculation. The vacuum thickness was set to 4 nm so the organic molecules do 

not interact with the periodic image of the bottom layer of atoms in the surface. The internal 

coordinate atoms in these surfaces were fixed to their bulk values and the top layers of atoms (0.5 

nm) which will interact with the organic molecules were allowed to relax under the geometric 

optimization carried out with BIOVIA Forcite with the BIOVIA COMPASSII forcefield that has 

been parametrized for metal oxides, and is suitable to study interactions between organics and 

inorganics [39, 42].  

3.3.6.3 Interaction of AR27, MB, NR and H2O molecules with NiO and MgO surfaces 

BIOVIA Adsorption locator module was used to gain insights into the interactions of the selected 

molecules with the produced surfaces. The simulating annealing task in BIOVIA Adsorption 

Locator calculation was set to a quality of Fine (energy cutoff of 1.0 × 10-4 kcal/mol) using the 

Smart algorithm. The atom based summation method was used for van der Waals and the Group 

based method for the electrostatic with a cubic spline truncation and a cutoff distance of 1.55 nm. 

The forcefield selected was BIOVIA COMPASSII, which is suitable to study interfaces between 

organics and inorganics [39, 42], the top layer atoms (0.5 nm) on the different surfaces were 
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selected for the interaction with AR27, MB, NR and H2O molecules, and the maximum adsorption 

distance value was 1.5 nm with a fixed energy window of 10 kcal/mol for sampling configurations 

which differ from the lowest configuration in that maximum amount. Also, a combination of one 

NR molecule with 100 H2O molecules was carried out to understand the effect of water on the 

adsorption. 

3.3.6.4 DFT calculations for the AR27, MB and NR molecules 

To gain further comprehension of the studied model molecules in the employed aqueous systems, 

the electronic structures of the AR27 anion, MB and NR cations, and water molecules as well as 

Na+ and Cl− counterions were obtained at the DFT level using DMOL3 and the meta-GGA M06-

L functional with the DNP+ numerical basis set applying the COSMO solvation model (conductor-

like screening model) [48], where the aqueous solvent was represented by the dielectric constant 

of water ( = 78.54). The following convergence tolerances were applied: Energy = 1.0 × 10-5 Ha; 

Max. Force = 0.002 Ha/Å; Max. displacement 0.005 Ǻ; using a smearing of 0.005 Ha and a Global 

orbital cutoff of 5.0 Å. Atomic charge distribution was obtained through Hirshfeld population 

analysis [49]. 

3.3.6.5 Molecular dynamics simulations  

To gain additional insights into the adsorption behavior of NR in the presence of water, molecular 

dynamics (MD) simulations were performed using the Forcite module within BIOVIA MS2017 

software [39]. The interatomic interactions were described by using the COMPASII forcefield 

[42]. The MD simulations were conducted in NVT ensemble at 298 K. The Nosé method [50] was 

employed in the thermostat to control the thermodynamic temperature with a Q ratio of 0.01. The 

time step in the MD simulation was set to 0.5 fs, and the data were collected every 1 ps. The 

simulation time was set to 1 ns to detect several cycles of thermal vibration, and the full-precision 
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trajectory was recorded. Energies and other statistical data (coordinates, velocities, etc.) were 

stored every 5000 steps during the simulations. 

For the simulation, the system was defined as a periodic slab with the (100) face because it is the 

most probable exposed surface on the MgO or NiO materials. The dimensions of the surface were 

like those used in the Adsorption Locator calculations (i.e. 3 nm × 3 nm). The thickness of the 

slab was set to 2 nm and the three upper layers of atoms were allowed to freely evolve without 

any geometrical constraints during the calculations. The rest of the atoms were fixed to the 

geometrically optimized values in the bulk. A vacuum of 23 nm was imposed on top of the oxide 

surface and a slab of about 2.5 nm containing 500 water molecules and 5 NR molecules, generated 

by the BIOVIA Amorphous Cell module and the COMPASII forcefield, was added close to the 

oxide surface within the periodic cell. 

3.4 Results and discussions 

3.4.1 Characterization studies  

3.4.1.1 XRD of silica-embedded NiO and/or MgO nanoparticles 

XRD patterns of the prepared nanoparticles are shown in Figure 3.2. The sharp peaks in the XRD 

patterns imply good crystallinity for all the crystalline metal-oxide products. The identification of 

the patterns confirms the material to be bunsenite, periclase, and the combination of both materials 

for SiO2-NiO, SiO2-MgO, and SiO2-(Ni0.5Mg0.5)O nanoparticles, respectively. It is worth noting 

here that there are small series of peaks below 30 degrees refer to some traces of forsterite 

(Mg2SiO4) in the case of SiO2-(Ni0.5Mg0.5)O nanoparticles (Figure 3.2). The structures were 

identified by comparing the XRD signals with those reported in the pdf cards 01-075-0269 

(bunsenite), 01-077-2364 (periclase), and 00-007-0074 (forsterite) of the 2005 International Centre 

for Diffraction Data (ICDD) database included in the program JADE V.7.5.1 (Materials Data XRD 
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Pattern Processing Identification & Quantification) [32]. As seen in Figure 3.2, the peaks are broad 

indicating that the prepared silica-embedded NiO and/or MgO nanoparticles have indeed small 

crystalline domain sizes; 21, 23, and 12 nm for SiO2-NiO, SiO2-MgO, and SiO2-(Ni0.5Mg0.5)O 

nanoparticles, respectively. This was expected due to the atomic arrangements after the calcination 

process (1073 K for 3 h) during the synthesis which allowed the atomic amorphous material to get 

closer and produce nanoparticles with around 25 nm crystalline domain sizes for NiO and MgO 

nanoparticles. Also, it is noteworthy mentioning that the particle size of colloidal silica was in the 

range of 20.0 – 24.0 nm as reported by the manufacturer (Sigma-Aldrich). However, upon adding 

them to the water solution the size increased to 45 nm due to the loss of ionic strength, as detected 

by the Malvern NanoSight (NS300, Massachusetts, US) instrument and analyzed by the 

nanoparticle tracking analysis (NTA) software. This particle size range could play a role on the 

produced crystalline domain sizes, especially for NiO and MgO nanoparticles. The crystalline 

domain size is the lowest for SiO2-(Ni0.5Mg0.5)O nanoparticles. This could be attributed to the 

bimetallic interaction between the solid solution of MgO and NiO affecting somehow the growth 

of its crystalline domain size up to 12 nm. Also, it may be possible that the traces of the forsterite 

crystalline phase may be playing a disrupting role for the growth of the Ni-Mg mixed oxides 

nanocrystalline domains.  
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Figure 3.2. X-ray diffraction powder patterns, with the respective Miller index for each one of the 

reflections of the cubic structure, of the prepared silica-embedded NiO and/or MgO nanoparticles. 

 

3.4.1.2 Textural properties  

The textural properties values of external and specific surface areas, as well as pore size 

distributions of the prepared silica-embedded NiO and/or MgO nanoparticles, are shown in Table 

3.1. Figure 3.3 shows the N2 physisorption isotherms together with the pore size distributions of 

these nanoparticles. As seen in Table 3.1, no significant differences were observed between the 

surface areas obtained by the BET and t-plot methods for the prepared silica-embedded NiO and/or 

MgO nanoparticles. However, the results of the BJH analysis show pore widths of 15, 3, and 9 nm 

for SiO2-NiO, SiO2-MgO, and SiO2-(Ni0.5Mg0.5)O nanoparticles, respectively, which falls into the 

mesoporous scale (2-50 nm) as classified by the International Union for Pure and Applied 

Chemistry (IUPAC) [51, 52]. Moreover, IUPAC has classified the physisorption isotherms into 

six categories (Types I to VI) and the possible hysteresis loops in these isotherms into five 
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categories (Types H1 to H5) [52]. Accordingly, the Type II isotherm seems a descriptive isotherm 

in the case of our prepared nanoparticles as presented in Figure 3.3. It is well known in the literature 

that most metal-oxide-based nanoparticles, including NiO and MgO, are non-porous materials [25, 

33, 53]. However, the presence of mesoporosity and hysteresis loop (Figure 3.3) can be attributed 

to the calcination process during the synthesis of silica-embedded NiO and/or MgO nanoparticles. 

When the precursor of the nanoparticles was calcined at 1073 K for 3 h, the amorphous 

carbonaceous part coming from the sucrose was oxidized, and thus, CO2 was produced and leaned 

the structure causing some mesoporous channels. Therefore, the expected isotherm should be the 

pure reversible Type II isotherm without hysteresis that is obtained with non-porous adsorbents. 

However, our materials showed adsorption isotherms of Type II with hysteresis loops of type H3. 

According to IUPAC classification, there are two distinctive features of the Type H3 loop that are: 

(i) the adsorption branch resembles a Type II isotherm and (ii) the lower limit of the desorption 

branch is normally located at the cavitation-induced p/po. Loops of this type are given by non-rigid 

aggregates of plate-like particles (as shown in the HRTEM images discussed in Section 3.1.3), 

also the pore network consists of macropores which are not completely filled with pore condensate. 

This concludes that the as prepared silica-embedded NiO and/or MgO nanoparticles have no 

significant porosity and maintain high external surface areas. 

Table 3.1. BET surface areas of silica-embedded NiO and MgO nanoparticles. 

Measurement SiO2-NiO SiO2-MgO SiO2-(Ni0.5Mg0.5)O 

BET specific surface area (m2/g) 56 98 44 

External surface area, t-plot (m2/g) 52 89 40 

Micropore area, t-plot (m2/g) 4 9 4 

Pore width (nm), BJH analysis 15 3.5 9 

Pore volume × 102 (cm3/g), BJH analysis 42 52 25 
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Figure 3.3. Nitrogen physisorption isotherms for (a) SiO2-NiO, (b) SiO2-MgO, and (c) SiO2-

(Ni0.5Mg0.5)O nanoparticles. 
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3.4.1.3 Morphology of silica-embedded NiO and/or MgO nanoparticles 

To gain further insights into the morphology of the prepared silica-embedded NiO and/or MgO 

nanoparticles, HRTEM and selected area electron diffraction (SAED) images were taken for 

selected samples as shown in Figure 3.4. HRTEM images confirm the presence of nano-sized 

particles as indicated by the black spots in Figure 3.4(a and b), Figure 3.4(d and e), and Figure 

3.4(g and h) for SiO2-NiO, SiO2-MgO, and SiO2-(Ni0.5Mg0.5)O nanoparticles, respectively. Most 

of the nanoparticles are aggregates of plate-like morphology; justifying the presence of Type H3 

hysteresis loops as indicated in Section 3.4.1.3. Moreover, the SAED pattern of these nanoparticles 

indicates that they are composed of small crystalline domain sizes as these solids produce circular 

electron diffraction halos. This indeed lines up with what we observed with the XRD results and 

agrees with some recent studies found in the literature [33, 54]. Tables 3.2 and 3.3 show the d-

spacings obtained from the SAED and their comparisons with the reported and experimental XRD 

d-spacings. As can be seen, the experimentally obtained values (SAED and XRD) agreed well 

with each other. When compared with the reported values for bulk MgO and NiO it can be noticed 

that most of the experimental values are slightly higher than the reported ones. However, it has 

been reported that nanoparticles tend to have larger unit cells when compared to bulk materials as 

the surface imperfection increases with decreasing the crystalline size affecting the unit cell (i.e., 

surface/volume ratio of imperfections changes by decreasing the crystalline size) [33, 55, 56]. 
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Figure 3.4. High resolution transmission electron microscopy and selected area electron 

diffraction images for (a-c) SiO2-NiO, (d-f) SiO2-MgO, and (g-i) SiO2-(Ni0.5Mg0.5)O 

nanoparticles. Line marks in the images correspond to 50 and 20 nm for images (a, d, g) and (b, e, 

h), respectively, and 5 nm-1 for the SAED images. 
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Table 3.2. d-spacings obtained from SAED and their comparisons with the reported and 

experimental XRD d-spacings for the MgO in the SiO2-MgO sample.  
MgO SiO2-MgO 

Miller Planes Reported  Experimental Experimental  
XRD by XRD by SAED  
d[Å] d[Å] d[Å] 

(1 1 1) 2.4220 2.4401 2.4376 

(2 0 0) 2.0975 2.1117 2.1016 

(2 2 0) 1.4832 1.4919 1.4975 

(2 2 2) 1.2110 1.2177 1.2132 

(4 0 0) 1.0488 - 1.0578 

(3 3 1) 0.9624 - 0.9576 

(4 2 2) 0.8567 - 0.8658 

 

Table 3.3. d-spacings obtained from SAED and their comparisons with the reported and 

experimental XRD d-spacings for the NiO in the SiO2-NiO sample.  
NiO SiO2-NiO 

Miller Planes Reported  Experimental Experimental  
XRD by XRD by SAED  
d[Å] d[Å] d[Å] 

(1 1 1) 2.4111 2.4166 2.4188 

(2 0 0) 2.0881 2.0920 2.0943 

(2 2 0) 1.4765 1.4786 1.4845 

(3 1 1) 1.2592 1.2607 1.2666 

(2 2 2) 1.2056 1.2071 1.2071 

(4 0 0) 1.0441 - 1.0532 

(3 3 1) 0.9581 - 0.9509 

(4 2 2) 0.8525 - 0.8636 

 

3.4.1.4 CO2-TPD of silica-embedded NiO and/or MgO nanoparticles 

CO2-TPD experiments were carried out to quantify the amount and to know the relative strength 

of the basic sites present on the prepared nanoparticles. The results of TPD profiles after CO2 

adsorption on silica-embedded NiO and/or MgO nanoparticles (Figure 3.5) together with the 

results demonstrated in Table 3.4 confirm that the prepared nanoparticles have different surface 

basicities. The higher the amount of CO2 desorbed the higher will be the basicity. As expected 

SiO2-MgO has the highest amount of CO2 desorbed emphasizing their highest basicity, followed 

by SiO2-(Mg0.5Ni0.5)O and then SiO2-NiO nanoparticles. Moreover, SiO2-MgO nanoparticles 
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show a Tmax for CO2 desorption around 688 K, while SiO2-NiO and SiO2-(Mg0.5Ni0.5)O 

nanoparticles show CO2 desorption at Tmax around 490 K. This suggests that SiO2-MgO 

nanoparticles when present alone has sites that are very basic in nature as compared to SiO2-NiO 

and SiO2-(Mg0.5Ni0.5)O nanoparticles. 

 

Figure 3.5. CO2 temperature-programmed desorption profiles for (a) SiO2-NiO, (b) SiO2-

(Mg0.5Ni0.5)O, and (c) SiO2-MgO nanoparticles. Experimental conditions: Heating rate, 10 K/min; 

maximum temperature, 1223 K; He flow rate, 15 mL/min; the amount of SiO2-MgO, SiO2-NiO, 

and SiO2-(Mg0.5Ni0.5)O nanoparticle were 0.104, 0.403, and 0.195 g, respectively. 

  

The low basicity found for the SiO2-(Mg0.5Ni0.5)O nanoparticles seems to indicate two 

possibilities: First, Ni atoms were more exposed on the surface than the Mg atoms in the prepared 

solid-mixture NiO-MgO, and thus, less strong basic sites for CO2 adsorption. Second, the presence 

of Ni affected not only the basic properties of Mg in the mixture of NiO-MgO; but also the total 

surface area as was experimentally observed and described in Section 3.4.1.2, and thus, less basic 

sites for adsorption. Interestingly, the combination of Ni and Mg in the preparation of SiO2-

(Mg0.5Ni0.5)O nanoparticles produced a material with half of the crystalline domain sizes of SiO2-
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NiO and SiO2-MgO. Additionally, embedding the bimetallic nanoparticles in the silica may have 

caused less surface area, and thus, reducing the basic sites for CO2 adsorption. 

Table 3.4. CO2-TPD analysis of the prepared silica-embedded NiO and MgO nanoparticles. 

Nanoparticles CO2 uptake (µmol/g) Tmax (K) 

SiO2-NiO 90 484 

SiO2-MgO 1148 688 

SiO2-(Mg0.5Ni0.5)O 130 490 

3.4.1.5 IR analysis  

The infrared spectra of the prepared silica-embedded NiO and/or MgO nanoparticles are shown in 

Figure 3.6. Clearly, all spectra share similar signals as they all consist of the main framework 

component; amorphous silica. Noticeable IR signals at 3700-3420 cm-1 are assigned to the –OH 

stretching vibrations. While a clear, broad IR bands with different intensities centered at around 

1600-1345 cm−1 that should be assigned to –OH bending vibration modes [33]. The strong and 

broad IR bands at 1114-1045 cm-1 are usually assigned to the Si-O-Si asymmetric stretching 

vibrations [57]. Furthermore, the IR stretching band at 965 cm-1 could be assigned to the silanol 

groups (Si-OH) [57]. The IR signals at 800 cm-1 are assigned to Si-O bending vibrations while the 

Si-O out of plane deformation appears at 450 cm-1 [58]. Indeed, our spectra are in good agreement 

with other silica spectra found elsewhere [57, 59]. Moreover, it is well known in the literature that 

metal-oxide-based materials produce IR bands between 400-1000 cm−1 due to the inter-atomic 

vibrations [60, 61]. Thus, the IR signals at 465 and 415 cm−1 are assigned to NiO and MgO, 

respectively. This agrees perfectly with other NiO and MgO IR bands reported in the literature 

[33, 60-62]. With this info at hands we confirm the successful preparation of silica embedded NiO 

and/or MgO nanoparticles. The previous XRD results (Figure 3.2) confirmed the existence of NiO 

and MgO nanoparticles and they are indeed embedded, as seen previously in the HRTEM images 

(Figure 3.4), into the amorphous silica (Figure 3.6).           



 

79 
 

 

Figure 3.6. Infrared spectra of the prepared silica-embedded NiO and/or MgO nanoparticles.  

3.4.2 Adsorption isotherms   

Figure 3.7 shows the experimental isotherm data obtained together with the fit of the Sips model 

for MB and AR27 and the BET model for NR model molecules onto silica-embedded NiO and/or 

MgO nanoparticles at a temperature of 293 K. The estimated parameters of the Sips and BET 

models are listed in Table 3.5. As seen in Figure 3.7, a good agreement was achieved between the 

experimental data and the Sips and BET isotherm models, this was also indicated by the low values 

of 𝜒2 as shown in Table 3.5. Clearly, all silica-embedded NiO and/or MgO nanoparticles 

succeeded in removing MB (Figure 3.7a). The adsorption of MB increased sharply at low 

equilibrium concentration and further gradually increased at high concentration, suggesting that 

silica-embedded NiO and/or MgO nanoparticles have a high adsorption affinity for MB even at 

low concentration. This was also indicated by the closeness in 𝐾𝑠 values (Table 3.5). Worth 

mentioning here that there was a clear observation on color change, the blue color of MB before 

adsorption became almost colorless after adsorption. As seen, when uptake normalized to BET 
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surface area, there are significant differences in the adsorption of MB molecule onto silica-

embedded NiO and MgO nanoparticles. The bimetallic SiO2-(Mg0.5Ni0.5)O nanoparticles were the 

best adsorbents towards MB adsorption (Figure 3.7a), this could be attributed to the possible 

synergistic effect which may have enhanced the adsorption selectivity towards MB heteroatoms, 

mainly nitrogen atoms, followed by SiO2-NiO and then SiO2-MgO nanoparticles. These findings 

were also confirmed by the Qm values (Table 3.5) estimated from the Sips model. In fact, such 

synergistic findings agree well with many publications in the literature. For instance, Nassar and 

co-authors [63-65], investigated the synergistic effect of in-house prepared NiO and PdO 

nanosorbcats supported on either fumed silica, titanium, or alumina towards asphaltenes 

adsorption followed by oxidation and/or steam gasification processes. In the adsorption part, the 

authors noticed that bimetallic nanosorbcats showed higher uptake than monometallic ones which 

was attributed to the synergistic effect of PdO and NiO that led to different unified selectivities 

towards the heteroatoms of asphaltene molecules [63]. Li et al. [66], reviewed many rational design 

of nanomaterials for water treatment, the authors indicated that the synergistically multi-

functionalized nanomaterials would pave the way for new adsorption applications that could be 

easily integrated with the current conventional water and wastewater treatment systems [67]. There 

are many other investigations on the synergistic effect of graphene and metal-oxide-based 

adsorbents for organics and dyes removal [68-70] which underpin our findings. One more thing 

that is important to look at is the 𝑛𝑠 values (Sips heterogeneity factor). The Sips isotherm model 

is used to predict the adsorption on heterogeneous system circumventing the limitation of the rising 

adsorbate concentration associated with Freundlich isotherm model [34, 71]. Thus, the value of 

𝑛𝑠  in the Sips model plays a major role in determining the interaction type between MB and the 

surface of silica-embedded NiO and/or MgO nanoparticles. It is related to the existence of lateral 
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interactions between adsorbed molecules which is not considered in the Langmuir theory [34, 72]. 

Table 3.5 shows the 𝑛𝑠 values of less than 0.5 for SiO2-NiO and SiO2-(Mg0.5Ni0.5)O nanoparticles. 

This suggests that these nanoparticles may have heterogeneous surfaces with adsorption sites that 

have different adsorption energies. While the 𝑛𝑠 value of SiO2-MgO nanoparticles is close to one, 

this suggests that these nanoparticles portray saturation surface coverage and have more 

homogenous surface. 

Figure 3.7b shows the experimental isotherm data obtained together with the fit of the BET model 

for NR molecule adsorption onto the silica-embedded NiO and/or MgO nanoparticles at a 

temperature of 293 K. An excellent agreement between the experimental data and the BET model 

is seen in Figure 3.7b and indicated by the low values of 𝜒2 (Table 3.5). Although, NR was used 

as another cationic pollutant in this study, an eccentric type of adsorption was noticed in 

comparison with the MB. The adsorbed amount of NR molecules increased exponentially with the 

equilibrium concentration. The BET model describes the multilayer adsorption phenomena for 

gas–solid and liquid–solid equilibrium systems [73-75]. Such an adsorption isotherm characterizes 

the multilayer adsorption on non-porous solids with weak adsorbent-adsorbate interactions [75, 

76]. Nassar et al. [75], and Franco et al. [76], indicated that with such an adsorption behavior the 

interaction between an adsorbate (i.e., NR in this case) and an adsorbed layer is greater than the 

interaction with the adsorbent surface (i.e., silica-embedded NiO and MgO nanoparticles) where 

adsorption increases exponentially. As seen in Figure 3.7b, SiO2-(Mg0.5Ni0.5)O nanoparticles seem 

again to be the best adsorbents for the second cationic pollutant (NR), this was also indicated by 

the highest estimated BET constants shown in Table 3.5, which confirms their possible synergistic 

effect. Surprisingly, SiO2-MgO nanoparticles seem to be better adsorbents towards NR than SiO2-

NiO nanoparticles. A reasonable explanation for this could be linked to the absence of C–S bonds 
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in the NR structure, which enabled a better interaction and adsorption affinity between the first 

layer of adsorbed NR onto SiO2-MgO nanoparticles. This was also indicated by the 𝐾𝐿 values 

shown in Table 3.5. Similar adsorption trends and behaviors of different types of pollutants, 

including; dyes, phenols, and olive mill wastewaters, can be found elsewhere [74, 75, 77, 78]. 

Figure 3.7c shows the adsorption of an anionic pollutant source (AR27) onto silica-embedded NiO 

and/or MgO nanoparticles. Clearly, the adsorption affinities of SiO2-NiO and SiO2-(Mg0.5Ni0.5)O 

nanoparticles are higher than the SiO2-MgO nanoparticles, as seen in Figure 3.7c and indicated by 

the 𝐾𝑠 values (Table 3.5). As seen in Figure 3.7c, SiO2-NiO nanoparticles appear to be the best 

adsorbents towards AR27 adsorption as also indicated by its highest 𝑄𝑚 values (Table 3.5). This 

could be attributed to the heterogeneity of the nanoparticles surface as they appear to have the 

lowest value of 𝑛𝑠, which implies that these nanoparticles surface are heterogenous with adsorption 

sites that have different adsorption energies. Although, the order of SiO2-(Mg0.5Ni0.5)O 

nanoparticles comes to the second place, but apparently, the synergistic effect made its adsorptive 

behavior towards AR27 better than SiO2-MgO nanoparticles. This was also indicated by the 

estimated Sips model constants shown in Table 3.5. Recalling the CO2-TPD results shown 

previously in Section 3.4.1.4, we proposed that Ni atoms were more exposed on the surface than 

the Mg atoms in the prepared solid-mixture NiO-MgO, and thus, the low basicity was found for 

the SiO2-(Mg0.5Ni0.5)O nanoparticles. This proposal seems to be reasonable by looking at the 

adsorption isotherm results (Figure 3.7). 
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Figure 3.7. Macroscopic solution phase adsorption isotherms of (a) MB, (b) NR, and (c) AR27. 

Experimental conditions are: nanoparticles dose, 10 g/L; shaking rate, 200 rpm; contact time, 24 

h; and temperature, 293 K; pH, 7.0. The symbols are experimental data, and the solid lines are the 

Sips and the BET models (equations 3.2 and 3.3). 
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Table 3.5. Estimated Sips and BET isotherm constants for the adsorption of the model molecules 

(dyes) over silica-embedded NiO and MgO nanoparticles at a temperature of 293 K.  

* Nanoparticles 

Sips model parameters 

𝑲𝒔 

(𝑳 µ𝒎𝒐𝒍⁄ )𝒏𝒔 

𝑸𝒎 

(𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝒏𝒎𝟐⁄ )  

𝒏𝒔 

(𝒖𝒏𝒊𝒕𝒍𝒆𝒔𝒔)   
𝝌𝟐 

MB 

SiO2-NiO 1.17 1.87 0.48 1.58 × 10-3 

SiO2-MgO 1.20 0.51 0.97 1.77 × 10-3 

SiO2-(Mg0.5Ni0.5)O 1.21 2.72 0.34 9.05 × 10-4 

AR27 

SiO2-NiO 0.13 0.54 0.31 4.80 × 10-4 

SiO2-MgO 0.016 0.37 0.53 9.13 × 10-4 

SiO2-(Mg0.5Ni0.5)O 0.12 0.41 0.49 1.50 × 10-5 

* Nanoparticles 

BET model parameters 

𝑲𝑳 

(𝐿 𝑛𝑚2⁄ ) 

𝑲𝑼 

(𝐿 𝑛𝑚2⁄ ) 

𝑸𝒎 

(𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝒏𝒎𝟐⁄ )   
𝝌𝟐 

NR 

SiO2-NiO 0.90 0.08 9.33 × 10-2 5.37 × 10-2 

SiO2-MgO 0.25 0.05 9.56 × 10-2 4.77 × 10-2 

SiO2-(Mg0.5Ni0.5)O 4.60 0.11 1.19 × 10-2 5.09 10-2 
* Model molecule 

We might conclude here that SiO2-NiO nanoparticles are the best or the optimum adsorbents for 

all model molecules tested in this study. Although, SiO2-(Mg0.5Ni0.5)O nanoparticles showed better 

adsorption performance with the cationic molecules (MB and NR), however, NiO seems to be the 

driving force of the synergistic effect of these nanoparticles rather than MgO. This could be 

attributed to the well-known stability of NiO nanoparticles in aqueous solutions [79, 80]. 

3.4.3 Model molecules adsorption followed by IR   

Figure 3.8 shows the infrared spectra of the silica-embedded NiO and/or MgO nanoparticles before 

and after adsorption. The signals of 4000-2800 cm-1 and the framework region (1800-400 cm-1) of 

the nanoparticles were clearly modified by signals corresponding to MB, NR, and AR27 upon their 

adsorption onto these nanoparticles. For instance, the IR modifications appear at 700-600 cm-1 

(Figure 3.8a) could be assigned to the C–S stretching vibration [58], while IR signals at 3600 cm-

1 (Figure 3.8b) could be assigned to the asymmetrical stretching vibration of N-H bond, and signal 

appears at 1370 and 1247 cm-1 (Figure 3.8c) might correspond to N=N stretching vibration [81] 
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and to the –SO3– asymmetric stretching vibration, respectively. Interestingly, noticeable changes 

to the –OH stretching vibrations at around 3700-3400 cm-1 emerge significantly in the spectra of 

SiO2-MgO and SiO2-(Mg0.5Ni0.5)O nanoparticles, while it is insignificant for SiO2-NiO 

nanoparticles. A reasonable explanation could be drawn here is that a partial hydration of MgO 

proceeded via water dissociation at the oxide surface and, thus breakup of Mg2+−O2− surface 

elements, and their subsequent solvation led to form surface Mg(OH)2 [82] which in our case seems 

to be affecting the adsorption of the model molecules onto MgO. Baumann et al. [82], concluded 

that cubic MgO nanoparticles dissolved with a significantly smaller dissolution rate in water when 

their size distribution is in the range 10-1000 nm. This confirms that the adsorption properties of 

nanoparticles do not depend only on the surface area but also related to the nanosize, nanocrystal 

shape, morphology, and polar surfaces [33, 34, 82-84]. Moreover, the intensity of these changes 

is slightly bigger in case of AR27 (Figure 3.8c) at 3690 cm-1, this could be attributed to the extra 

OH exists in the AR27 structure. Although, our prepared SiO2-MgO nanoparticles succeeded in 

adsorbing the model molecules and the nano-MgO may be more stable when embedded in silica 

than when the nano-MgO is alone, however, their performance in the aqueous solutions was the 

worst. On the other hand, NiO nanoparticles are more stable in aqueous solutions [79, 80], thus, 

the formation of the hydroxylated surface is less prone to occur. This stability seems to be 

supported by the IR spectra (region 3700-3400 cm-1) where no increase of hydroxyls occurred for 

SiO2-NiO nanoparticles after the adsorption (Figure 3.8). For the SiO2-MgO and SiO2-

(Mg0.5Ni0.5)O clear IR band intensity changes on the –OH bending vibration mode are seen at 

around 1650-1370 cm−1, in addition to IR band shifts with different intensities at around 1000-400 

cm−1 indicating how the aqueous adsorption of the model molecules affected the IR vibration of 

the employed nanoadsorbents.  
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Figure 3.8. Infrared spectra of silica-embedded NiO and/or MgO nanoparticles before (colored 

spectra) and after (green spectra) adsorption of model molecules (a) MB, (b) NR, and (c) AR27 

onto these nanoparticles. 
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3.4.4 Computational modeling results    

The non-polar (100) surface is the most stable surface termination of the rock-salt type compounds 

being indeed the natural cleavage plane in this structure. This is due to the close packed bulk-like 

structure having equal amounts of anions and cations on each of these (100) planes [85]. On the 

other hand, the polar (111) surface is much less stable and it is known to reconstruct to form 

different octopolar terminations with 22 periodicities (metal and oxygen terminated) to get 

stabilized [86, 87]. However, in the presence of water, the (111) facet can be greatly stabilized by 

the hydroxylation of the surface [88]. Also, for the particular case of MgO, it has been found that 

nanocrystalline MgO can be dissolved fast in water if having sizes below 10 nm at pH ≥ 10 [82].  

On the contrary, if the size distribution is within the range of 10 to 1000 nm the crystals dissolve 

with a significantly smaller dissolution rate in water and the bigger the crystals the smaller the 

dissolution rate [82]. Thus, the previous information needs to be considered, for the samples with 

MgO, to understand the obtained experimental adsorption results. Calculations of the adsorption 

of AR27, MB, NR and water molecules onto the two surfaces of the oxides of nickel and 

magnesium were carried out to get some atomistic insight into the complex interaction of these 

molecules with the selected surfaces. Figures 3.9, 3.10 and 3.11 illustrate the adsorption of one 

molecule of AR27, MB or NR onto the (100) and (111) surfaces of NiO, MgO, and (100) 

amorphous SiO2 surface, respectively. 
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Figure 3.9. CPK representation of the adsorbed AR27 molecule onto the (100) and (111) surfaces 

of: (a) NiO, (b) MgO, and (c) amorphous SiO2. Grey atoms represent carbon, bright blue atoms 

represent nitrogen, white atoms represent hydrogen, yellow atoms represent sulfur, dark green 

atoms represent sodium, pale green atoms represent chlorine, bright green atoms represent 

magnesium, pale blue atoms represent nickel, dark yellow atoms represent silicon and red atoms 

represent oxygen. 

 

Figure 3.10. CPK representation of the adsorbed MB molecule onto the (100) and (111) surfaces 

of: (a) NiO, (b) MgO, and (c) amorphous SiO2. Grey atoms represent carbon, bright blue atoms 

represent nitrogen, white atoms represent hydrogen, yellow atoms represent sulfur, pale green 

atoms represent chlorine, bright green atoms represent magnesium, pale blue atoms represent 

nickel, dark yellow atoms represent silicon and red atoms represent oxygen. 
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Figure 3.11. CPK representation of the adsorbed NR molecule onto the (100) and (111) surfaces 

of: (a) NiO, (b) MgO, and (c) amorphous SiO2. Grey atoms represent carbon, bright blue atoms 

represent nitrogen, white atoms represent hydrogen, pale green atoms represent chlorine, bright 

green atoms represent magnesium, pale blue atoms represent nickel, dark yellow atoms represent 

silicon and red atoms represent oxygen. 

 

As seen in these figures, in most of the cases, the adsorbed molecules tend to lay flat on the surface 

of the materials except for the NR which in the (111) surfaces tend to be adsorbed slightly tilted 

when compared with the other ones. This may indicate that the configuration of the NR molecule 

will affect the adsorption of other NR molecules changing in this way the type of observed 

adsorption isotherm, as indeed was observed experimentally. The adsorption of the molecules on 

the surfaces was accomplished by interaction of the heteroatoms oxygen (AR27) and nitrogen (MB 

and NR) and the aromatic rings (all of them) with the exposed nickel and magnesium atoms on the 

surfaces. Table 3.6 shows a summary of the obtained adsorbed energies for each molecule on the 

different surfaces. 
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Table 3.6. Adsorption energies for one AR27, MB, NR and H2O molecule adsorbed on the studied 

surfaces having dimensions of 3 nm  3 nm. 

Material 

AR27 interaction 

energy (kcal/mol) 

MB interaction 

energy (kcal/mol) 

NR interaction 

energy (kcal/mol) 

H2O interaction 

energy (kcal/mol) 

(100) (111) (100) (111) (100) (111) (100) (111) 

NiO -2865 -2652 -1057 -2030 -992 -2042 -254 -208 

MgO -6295 -7238 -2411 -4999 -2298 -5055 -590 -544 

SiO2 -1090 ---- -315 ---- -338 ---- -222 ---- 

As can be inferred from the values in Table 3.6, AR27 is the organic molecule that has the strongest 

adsorption interaction with the different surfaces (more negative values for the adsorption energy) 

being the interaction with the surface (111) stronger than with the (100) surface for MgO which 

should be expected as this polar surface would be stabilized by strongly adsorbing the organic 

molecules. MB and NR also presented higher adsorption energies for the (111) surfaces; however, 

the interaction with the MgO is stronger than with the NiO surfaces; thus, without an aqueous 

media, MgO will adsorb the organic molecules stronger than NiO. As expected, the interactions 

of these molecules with the amorphous silica surface are the lowest; thus, the nanocrystalline 

oxides are the ones driving the adsorption process and the amorphous silica is simply a carrier for 

maintaining nanoparticles stability. Interestingly, the adsorption of water onto the surfaces of NiO 

and MgO indicates that adsorption of water on the MgO surfaces is stronger; thus, this behavior 

of water should affect the adsorption of the organic molecules on the MgO surfaces under the 

aqueous system. Figure 3.12 shows the adsorption of NR on the surface (100) of MgO without the 

presence of water molecules (Figure 3.12a) and in the presence of 100 molecules of water (Figure 

3.12b). The presence of water seems to have weakened the interaction of NR with the surface and 

the interatomic adsorption distance of NR from the surface increased from 0.58 nm to 0.76 nm 

when the water molecules are present. This strongly suggests that the water will influence the 

adsorption of the organic molecules on the MgO surfaces as experimentally observed. The 

adsorption of water on the surfaces of MgO is of the chemisorption type; thus, hydroxylation of 
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the surfaces will change the way the organic molecules will interact with the surfaces, and 

experimentally it seemed that the adsorption was weakened.  

 

Figure 3.12. CPK representation of the adsorbed NR molecule onto the MgO surface (100): (a) 

without water molecules (b) with 100 water molecules (represented as white and red sticks). Grey 

atoms represent carbon, bright blue atoms represent nitrogen, white atoms represent hydrogen, 

pale green atoms represent chlorine, bright green atoms represent magnesium, and red atoms 

represent oxygen. 

 

Electron density distribution is a key descriptor for molecular systems because it influences 

intersystem interactions due to electrostatic or electrodynamic phenomena; thus, calculations of 

this key descriptor were carried out to further get insights into the observed behavior of the selected 

organic molecules. Figure 3.13 shows the DFT optimized AR27, MB, and NR organic molecules 

with their electrostatic potential maps computed at the DFT m-GGA-M06L/DNP+ level using the 

COSMO water solvation model. The red color in the maps indicates a more negative region and 

the positive zones are presented as blue surfaces. Figure 3.13 clearly depicts that the three organic 

model molecules have undeniable different charge distributions; and thus, should have completely 

different behaviors under the tested adsorption conditions implying the need for a molecular level 

description of their behaviors. As can be noticed in Figure 3.13a and b, the sulfur atoms, in the 

sulfonate groups of AR27, are surrounded by oxygen atoms rendering this group as a hard anion 
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chemical species, thus, the negative charge is quite localized in AR27 within the sulfonate groups; 

and then, Coulombic and hydrophobic/hydrophilic forces should dictate its physicochemical 

behavior. On the other hand, the NR molecule features a finer structure with locally negative and 

positive zones distributed along the molecule. This distribution of negative and positive charges 

may explain the observed BET adsorption behavior for this molecule as the adsorbed NR molecule 

can act as a new sorption site for new NR molecules as the environmental charges may render this 

molecule to act like “bricks”, thus, each will be piling up on top of the previous one generating the 

BET type model adsorption behavior that was observed experimentally. Finally, for the MB 

molecule case, the positives zones are less localized than in the case of the NR molecule, and thus, 

the behavior of this molecule is different from the NR one but more like the AR27 molecule 

producing adsorption behavior that complies with the Sips model. 

 

Figure 3.13. Geometrically optimized organic molecules (top) and their electrostatic potential 

maps (bottom) computed at the DFT m-GGA-M06-L/DNP+ level with the COSMO water 

solvation model. Red surfaces enclose a negative charge, while positive zones are presented as 

blue surfaces. 

A molecular dynamics simulation was carried out with five NR molecules together with 500 water 

molecules on top of the (100) surface of MgO to get some additional insights into the adsorption 

behavior of this system. Figure 3.14 shows the total energy of the system as a function of 
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simulation time with insets of the close-up evolution of the system with selected simulation times 

(to get finer details of the process, a video of the evolution of the system can be seen here*). An 

important drop of the total energy for the system was obtained when some water molecules got 

adsorbed on the surface and one of the NR molecules got also adsorbed on the surface 

(approximately between 0 and 10 ps of simulation time). A second drop of the total energy was 

observed when the remaining four NR molecules got together forming a 4-molecule cluster 

(approximately between 10 and 100 ps of simulation time). Finally, the system entered in 

equilibrium (maintaining the total energy around -270 Mcal/mol) when the four NR molecules 

non-adsorbed on the surface interacted with the one that was adsorbed on the surface making a 

cluster of 5 NR molecules which now act together by moving and vibrating on the surface; one of 

them directly adsorbed on the surface and the others forming a cluster adsorbed on top of the first 

one. This finding seems to give a feasible explanation for the observed BET type adsorption 

behavior encountered with the NR model molecule on the studied silica-embedded NiO and MgO 

nanoparticles in the experimental part. 

 

 

 

 

 

 

              
* The video can be found at this link: https://vimeo.com/197076157  

https://vimeo.com/197076157
https://vimeo.com/197076157
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Figure 3.14. Total energy as a function of simulation time for the system comprising the (100) 

surface of MgO, 5 NR molecules, and 500 water molecules. In the insets, the NR molecules and 

MgO surface are represented as spheres and water molecules are represented as sticks: grey atoms 

represent carbon, bright blue atoms represent nitrogen, white atoms represent hydrogen, pale green 

atoms represent chlorine, bright green atoms represent magnesium, and red atoms represent 

oxygen. 

 

3.5 Conclusions 

Different silica-embedded NiO and/or MgO nanoparticles (SiO2-NiO, SiO2-MgO, and SiO2-

(Ni0.5Mg0.5)O) were synthesized and characterized by different characterization techniques like 

XRD, BET, HRTEM, CO2-TPD, and IR spectroscopy. These nanoparticles were successfully 

employed for the adsorptive removal of different cationic and anionic model organic molecules, 

exemplified by methylene blue (MB), neutral red (NR), and acid red 27 (AR27). On a normalized 

surface area basis, SiO2-(Ni0.5Mg0.5)O nanoparticles showed the highest uptake for MB and NR 

which could be attributed to their possible synergistic effect, while SiO2-NiO nanoparticles showed 

the highest uptake for AR27 which could be attributed to the stability of NiO nanoparticles in 
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comparison with MgO in aqueous solutions as the adsorption of water onto the surface of MgO is 

stronger. These findings were supported by the IR spectroscopy before and after adsorption. The 

experimental adsorption macroscopic isotherm data for MB and AR27 fit well with the Sips model 

with a heterogeneity factor of less than 0.5 in most cases suggesting that these nanoparticles may 

have heterogeneous surfaces with adsorption sites that have different adsorption energies. 

Unexpectedly, the adsorbed amount of NR molecules increased exponentially with the equilibrium 

concentration. Thus, data fit well to the BET model suggesting a multilayer adsorption system. 

These findings were confirmed and supported by the computational modeling, DFT calculations, 

and molecular dynamics simulation. MB and AR27 model molecules tended to lay flat on the 

surface of the nanoparticles while NR tended to be adsorbed slightly tilted. The adsorption of the 

molecules on the surfaces was accomplished by interaction of the heteroatoms and the aromatic 

rings with the exposed nickel and magnesium atoms on the surfaces. The molecular dynamics 

simulation movie together with the evolved total adsorption energy as a function of simulation 

time confirmed the experimental BET adsorption behavior of NR onto the prepared nanoparticles. 

We do believe that the development of such simple and cost-effective silica-embedded NiO and/or 

MgO nanoparticles will be promising for the futuristic steam gasification of the adsorbed species, 

and thus, working not only as nanoadsorbents but also as nanocatalysts. After understanding the 

adsorption mechanism of tested model molecules in this study, the catalytic behavior of these 

nanoparticles will be addressed in future publications.  
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CHAPTER FOUR 

A Combined Experimental and Computational Modeling Study on Adsorption of 

Propionic Acid onto Silica-embedded NiO/MgO Nanoparticles 

              

Graphical Abstract 

 

 
 

Highlights 

• Silica-embedded NiO/MgO nanoparticles were used as adsorbents for propionic acid. 

• Adsorption isotherms and computational modeling were studied comprehensively. 

• SiO2-NiO and SiO2-(Mg0.5Ni0.5)O nanoparticles have higher propionic acid adsorption than the 

SiO2-MgO. 

 

              

 

This chapter is reproduced by permission of Elsevier from the following publication:  

 

El-Qanni, A., N.N. Nassar, and G. Vitale, A combined experimental and computational modeling 

study on adsorption of propionic acid onto silica-embedded NiO/MgO nanoparticles, Chemical 

Engineering Journal, 327 (2017) 666-677. (DOI: 10.1016/j.cej.2017.06.126). 

  

http://www.sciencedirect.com/science/article/pii/S138589471731077X


 

103 
 

4.1 Abstract  

Adsorption of propionic acid (PA) onto silica-embedded NiO/MgO nanoparticles (i.e., SiO2-NiO, 

SiO2-MgO, and SiO2-(Ni0.5Mg0.5)O) was investigated experimentally and theoretically by carrying 

out computational modeling through molecular mechanics, density functional theory (DFT) 

calculations, and molecular dynamics (MD) simulations. The experimental adsorption isotherm fit 

well to the Sips model with a heterogeneity factor between 0.2-0.5 in most cases, indicating a 

heterogeneous adsorption system. SiO2-NiO nanoparticles showed the highest uptake on a 

normalized surface area basis due to its stability in aqueous solutions. Moreover, the results of 

thermodynamic studies, namely, changes in Gibbs free energy (∆𝐺𝑎𝑑𝑠
° ) and standard enthalpy 

(∆𝐻𝑎𝑑𝑠
° ), confirmed that the adsorption is spontaneous and exothermic in nature, respectively. 

Furthermore, computational modeling of the molecular interaction between the PA molecule and 

the nanoparticle surfaces of both NiO and MgO were implemented to address the adsorption 

behavior comprehensively. Interestingly, in a vacuum media, the computational modeling and 

DFT calculations showed that MgO favored the PA molecule adsorption stronger than the NiO, 

contrary to what observed experimentally. MD simulations counted the presence of water 

molecules and provided more linkable results to the ones observed experimentally. Eventually, by 

having a meticulous eye of the equilibrated structures of PA molecules at the NiO-water interfaces 

according to the MD simulation, we could confirm theoretically the maximum adsorption capacity 

for complete monolayer coverage with the one obtained experimentally which was around 2.8 

(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑛𝑚2⁄ ).   
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4.2 Introduction 

The scarcity of water is a more looming issue worldwide due to climate change, speed global 

population growth, and increasing world industrialization [1-3]. Yet, at the same time, the rapid 

development of various industries, specifically the Canadian oil sands industry, consumes massive 

amounts of fresh water [4]. Nevertheless, the industry faces growing trend toward stringent 

environmental requirements that are regulating the wastewater discharge [5]. On the other hand, 

the dramatic decline in crude oil prices has greatly influenced the projection of supply and demand 

for current and future energy, stimulating researchers to strengthen the link between energy and 

the environment [6, 7]. For instance, Alberta's oil sands upgrading and recovery processes have 

proven to be costly and environmentally unfriendly [4, 8-10]. Currently, for every barrel of 

Alberta's oil produced, approximately 2-4 barrels of produced water are generated accumulating 

around 1 billion m3 over 170 km2 of tailings ponds in Alberta [9]. The produced water effluents 

contain virgin hydrocarbons, volatile organic compounds, phenols, and dissolved naphthenic and 

organic acids [11]. Therefore, reducing the environmental footprints of the oil sands industry and 

achieving sustainable clean water is a critical energy issue nowadays [8, 12]. Unfortunately, 

conventional technologies to reclaim such produced wastewater cannot meet the emerging 

environmental regulations [4, 13]. Wet oxidation [14-16] could be an effective technique to treat 

such complex industrial wastewater. However, during oxidation of the toxic dissolved organic 

pollutants in these waters, it was found that several active species of oxy-naphthenic acids [17, 

18], as well as low molecular refractory organic acids, are produced such as glyoxalic, oxalic, 

acetic, formic, and propionic acid (PA) being the predominant intermediate components [14]. 

Notwithstanding, due to the refractory characteristics of such products, mainly either the chain or 

cyclic families of PA, their complete oxidation into gaseous CO2 and H2O is considered as the 
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rate-limiting step, requiring high operating conditions; i.e., temperature and pressure, and thus, it 

is an expensive process [14, 15]. Since the global climate change is one of the grand environmental 

concern of our time [19], applying carbon tax and cap and trade systems will not be the only ways 

to solve the issue, instead, fundamental improvements in energy production and conservation are 

needed [20]. For this reason, the mild-operating oxy-cracking process [21-25] could be an 

alternative and promising treatment technology since it degrades the organic pollutants with 

minimal emissions of CO2. Yet, the dissolved organic acids are still the main intermediate 

products. Hence, removing or recovering these species from oxy-cracked water bodies is essential 

before recycling the water back to other processes.  

Nanotechnological applications though are becoming key players in the future of industrial 

wastewater treatment [13, 26, 27]. Adsorption using nanoparticles is an efficient and combinable 

with other catalytic methods that can separate the organics from the wastewater and decompose it 

catalytically into desired products. Thus, nanoparticles can be used as nanoadsorbents and 

nanocatalysts (nanosorbcats) for removing the contaminants from water bodies and subsequently 

decomposing it into commodity products or less toxic compounds [28, 29]. Hence, oxy-cracking 

followed by packed-bed adsorption and subsequently by steam gasification process, using in-house 

prepared nanosorbcats, is believed to be a three-in-one sustainable frame; (1) cleaning-up the 

industrial produced wastewater by adsorbing all organic pollutants, (2) converting the adsorbed 

organic species into syngas during the catalytic steam gasification process, and simultaneously, 

(3) regenerating the spent nanosorbcats. In our previous work [30], silica-embedded NiO and/or 

MgO nanoparticles were successfully synthesized and employed for the adsorptive removal of 

different cationic and anionic molecules. Herein, we investigate the PA adsorptive removal 

experimentally by carrying out macroscopic adsorption experiments, and computationally through 
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molecular mechanics by running density functional theory (DFT) and molecular dynamics (MD) 

simulations using the same nanoparticles. Experimental isotherm data were described by the Sips 

model, and thermodynamic studies were conducted to understand the nature of the adsorption 

process. Vivid understanding of the complete adsorption mechanism cycle of all functionalities; 

i.e., cationic, anionic, and with this study, the organic acid, is of utmost importance for the 

futuristic catalytic studies.   

4.3 Materials and methods 

4.3.1 Chemicals and reagents  

Silica-embedded NiO and MgO nanoparticles were prepared using the following materials; nickel 

nitrate (Ni(NO3)2.6H2O 99.99%), magnesium nitrate (Mg(NO3)2.6H2O 99%), ammonium 

hydroxide (NH4OH 27% (w/w)), nitric acid (HNO3 70% (w/w)), Ludox AS-40 colloidal silica 

(SiO2 40% (w/w)) purchased from Sigma-Aldrich (Ontario, Canada), silicic acid (H2SiO3) powder 

obtained from Matheson Coleman & Bell (New Jersey, USA), and granulated household sucrose 

(C12H22O11). All chemicals were used as received without further purification. 

4.3.2 Adsorbate 

Water soluble propionic acid (PA, C3H6O2, Mw = 74 g/mol, ACS reagent ≥ 99.5%) purchased from 

Sigma-Aldrich (Ontario, Canada) was used as model organic acid in preparing synthetic 

wastewater samples to understand the adsorption mechanism of organic acids that usually exist in 

energy wastewater effluents, especially oil produced waters, onto silica-embedded NiO and MgO 

nanoparticles.  
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4.3.3 Silica-embedded NiO and/or MgO nanoparticles 

Silica-embedded NiO and MgO nanoparticles were prepared in-house through a co-precipitation 

synthesis route followed by drying and then calcination as shown in Scheme 4.1 and detailed in 

our previous study [30]. X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), CO2 

temperature-programmed desorption (CO2-TPD) measurements, and high-resolution transmission 

electron microscopy (HRTEM) were used for characterizing the prepared nanoparticles. Table 4.1 

lists crystalline domain sizes, BET surface areas, and total surface basicities of the prepared SiO2-

NiO, SiO2-MgO, and SiO2-(Ni0.5Mg0.5)O nanoparticles. 

Table 4.1. XRD crystalline size, BET surface area, and CO2-TPD of silica-embedded NiO and 

MgO nanoparticles. 

Measurement SiO2-NiO SiO2-MgO SiO2-(Ni0.5Mg0.5)O 

XRD crystalline domain size (nm)* 21 23 12 

BET specific surface area (m2/g) 56 98 44 

CO2 uptake (µmol/g) 90 1148 130 
*The crystalline domain sizes were obtained by the Scherrer equation that is expressed as follows 

[31]: 𝐿(2𝜃 ) =
𝐾𝜆

𝐵 𝑐𝑜𝑠 𝜃 
, where λ is the X-ray wavelength in nanometer, 𝐵 is the peak width of the 

diffraction peak profile at half maximum height resulting from small crystallite size in radians and 

K is a constant related to crystallite shape, normally taken as 0.9. The value of 𝐵 in 2θ axis of 

diffraction profile must be in radians. The θ can be in degrees or radians, since the cos θ 

corresponds to the same number. The Scherrer equation was used as implemented in the 

commercial software JADE [32]. 
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Scheme 4.1.  Schematic diagram for the co-precipitation synthesis routes of silica-embedded NiO and/or MgO nanoparticles together 

with the 45 perspectives of CPK representations of each prepared nanoparticle type embedded in amorphous silica.                                                                                                                                                                   
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4.3.4 Adsorption experiments 

Adsorption of PA onto silica-embedded NiO and/or MgO nanoparticles was performed at three 

different temperatures 298, 308, and 318 K. Batch adsorption experiments were carried out by 

adding about 100 mg of the prepared nanoparticles to a set of 25-mL vials containing 10 mL of 

aqueous solutions with initial concentrations ranging from 5 to 8000 µmol/L (5-600 ppm) of PA 

at predetermined pH of 5.2  0.1. The vials were tightly sealed to avoid any loss of water by 

evaporation. Equilibrium adsorption was attained by shaking the vials vigorously by hand from 

time to time for 24 h. In all experiments, the nanoparticles containing adsorbed PA were separated 

from the mixtures by centrifugation for 10 min at 5000 rpm using an Eppendorf Centrifuge 5804 

(Thermo Fisher Scientific Inc., Canada), and the supernatants were decanted. The concentration 

of PA before and after adsorption was estimated using a Shimadzu Total Organic Carbon Analyzer 

(TOC-V CPH/CPN) by measuring the total carbon (TC), total organic carbon (TOC), and 

inorganic carbon (IC) in the supernatants. In a typical TOC run, test samples were placed in 

standard TOC 40 mL glass vials sealed with caps and Teflon-lined septa. The samples were then 

injected into the combustion tube and heated to 953 K in presence of an oxidation catalyst, 

transforming all carbon components to CO2 which was then detected by a nondispersive infrared 

gas analyzer. Peak areas were analyzed in accordance with the TC content of the samples. 

Afterward, IC quantification was made by injecting hydrochloric acid to each test sample and 

calculating the CO2 produced. Both TC and IC measurements were calibrated using standard 

solutions of potassium hydrogen phthalate and sodium hydrogen carbonate. Using the associated 

TOC software, the TOC content (in (ppm)) was automatically determined by subtracting the IC 

concentration from the TC concentration. The TOC-V CPH/CPN was configured to inject every 

sample thrice into the combustion tube and to calculate an average value, providing results within 
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less than 3% of relative standard deviation. All measurements were taken for three samples from 

each batch adsorption experiment to confirm consistency. All measurements thereupon multiplied 

with a ratio of 2.05 which is related to the molecular weight of PA (74 g/mol) over the molecular 

weight of 3 atoms of carbon (36 g/mol) to transform the TOC content to PA concentration. The 

adsorption uptake per surface area of silica-embedded NiO and/or MgO nanoparticles and 

adsorption affinity were determined based on the constructed isotherms and mass balance analysis. 

The adsorbed amount of PA, experimental 𝑄𝑒 (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑛𝑚2⁄ ), was calculated as shown in 

equation (4.1) [33, 34]. 

𝑄𝑒 =
(𝐶0 − 𝐶𝑒)𝑁𝐴

𝑆𝐴
𝑉                                                                                                                                 (4.1) 

where 𝐶0 is the initial concentration of the PA in solution (µ𝑚𝑜𝑙 𝐿⁄ ), 𝐶𝑒 is the equilibrium 

concentration of the PA in the supernatant (µ𝑚𝑜𝑙 𝐿⁄ ), 𝑉 is the solution volume (𝐿), 𝑁𝐴 is the 

Avogadro’s constant (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑚𝑜𝑙⁄ ), and 𝑆𝐴 is the BET surface area of the silica-embedded 

NiO and MgO nanoparticles (𝑛𝑚2). To confirm the stability of the nanoparticles in an aqueous 

medium, the nanoparticles were dried after adsorption overnight at ambient room temperature and 

thereon taken for the XRD analysis to check their structure after adsorption. X-ray Ultima III 

Multi-Purpose Diffraction System (Rigaku Corp., The Woodlands, TX) was used for this purpose 

with Cu K radiation operating at 40 kV and 44 mA with a θ–2θ goniometer. In addition, leaching 

tests for those nanoparticles were conducted by carrying out the metal analysis by inductively 

coupled plasma-atomic emission spectroscopy (ICP-AES, IRIS Intrepid II XDL, from Thermo-

Instruments Canada Inc.). The decanted samples were filtered using syringe filters with 0.45 μm 

pore size and then diluted and analyzed in an ICP-AES. Metal content (Ni, Mg, and Si) was 

quantified in (ppm) using preconstructed calibration curves and known standard solutions. 
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4.3.5 Computational modeling  

Computational modeling was carried out to get some insights into the adsorption interaction of PA 

molecules with the (100) surfaces of NiO and MgO nanoparticles. Starting from the experimental 

structural data within BIOVIA Material Studio 2017 (MS2017) database [24], we created the low 

index surface (100) for each oxide (NiO and MgO) to carry out our studies of PA interactions with 

these selected surfaces. The solid-solution (Ni0.5Mg0.5)O was not studied because producing a 

single accurate structural model for this case will require the generation of supercells, where 

several Ni and Mg atom configurations within the supercell can be generated. This produces many 

feasible mixed (Ni0.5Mg0.5)O models, and hence complicating the selection of a single model for 

the calculations. 

For this part of the computational studies, we used the modules Forcite and Adsorption Locator 

included within the commercial modeling software MS2017 [24]. BIOVIA Forcite is an advanced 

classical molecular mechanics tool, designed to work with a wide range of forcefields, allowing 

fast energy calculations and reliable geometry optimizations of molecules and periodic systems. 

In our study, Forcite was used to geometrically optimize the PA and H2O molecules, to optimize 

the NiO and MgO structures and to relax the surface atoms of the created low index (100) surfaces 

prior to their use on the adsorption study. For the latter task, we used BIOVIA Adsorption Location 

module which is based on simulated annealing (a metaheuristic algorithm for locating a good 

approximation to the global minimum of a given function in a large search space [35, 36]. This 

allows the identification of the possible adsorption configurations by carrying out Monte Carlo 

searches of the configurational space of the selected surface-model molecules systems, as the 

temperature is slowly decreased. In order to identify additional local energy minima, the process 

is repeated several times.  
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Atomistic simulations of inorganic-organic interfaces require an accurate description of 

interatomic forces. Therefore, for the present study, we employed the BIOVIA COMPASS 

forcefield as it can simulate not only organic molecules but also bulk metal oxides and interfaces 

between metal oxides and organic molecules [24, 37]. The Condensed-phase Optimized Molecular 

Potentials for Atomistic Simulation Studies (COMPASS) is the first ab initio forcefield that has 

been parametrized and validated using condensed-phase properties in addition to various ab initio 

and empirical data for molecules in isolation. Consequently, this forcefield enables accurate and 

simultaneous prediction of structural, conformational, vibrational, and thermo-physical properties 

that exist for a broad range of molecules in isolation and in condensed phases including interfaces 

and mixtures [37-43]. Currently, the coverage of this forcefield includes the most common 

organics, inorganic small molecules, polymers, some metal ions, metal oxides, and metals [24]. 

The details of the theoretical calculations are shown in the upcoming subsections.  

4.3.5.1 PA and H2O molecules 

PA and H2O molecules were built and optimized with BIOVIA Forcite before they get adsorbed 

onto the selected surfaces. The quality of the Geometry Optimization in BIOVIA Forcite was set 

to Fine and the Forcefield to BIOVIA COMPASS as this forcefield is compatible with metal oxides 

[35], and will be used to study the interaction of these molecules with the metal oxide surfaces. 

The optimized PA molecule is presented in Figure 4.1.  



 

113 
 

 

Figure 4.1. Optimized structure of the propionic acid (PA) molecule: (a) ball and stick 

representation and (b) CPK representation. 

 

4.3.5.2 NiO and MgO surfaces 

The experimental structural data for NiO and MgO reported in the MS2017 structural database 

[24] was transferred, and the unit cells were geometrically optimized within BIOVIA Forcite. The 

quality of the Geometry Optimization in BIOVIA Forcite was set to Fine and the Forcefield to 

BIOVIA COMPASS as this forcefield is compatible with organic molecules, and thus, suitable for 

studying their interaction with the oxide surfaces [37]. The experimental unit cell values for NiO 

and MgO, reported in the MS2017 structural database [24], are 0.41684 nm and 0.42112 nm, 

respectively. The optimized unit cell values obtained with Forcite and the COMPASS forcefield 

were 0.41680 nm for NiO and 0.42318 nm for MgO, which are similar to the experimental ones 

[24] indicating the quality of the forcefield employed. The non-polar (100) surface is the most 

stable surface termination of the rock-salt type compounds (as NiO and MgO) being indeed the 

natural cleavage plane in this structure. This is due to the close-packed bulk-like structure having 

equal amounts of anions and cations on each of these (100) planes [44]. Each (100) surface was 

created with areas of approximately 1.44 nm2 (∼1.2 nm × ∼1.2 nm) ensuring that the PA molecule 
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does not interact with its images in adjacent cells. The depth of the slab was set to approximately 

1.2 nm to ensure that it is greater than the non-bond cutoff used in the calculation. The vacuum 

thickness was set to 2.0 nm so the organic molecule does not interact with the periodic image of 

the bottom layer of atoms on the slab. The internal coordinate atoms in these surfaces were fixed 

to their bulk values and the two top layers of atoms which will interact with the organic molecules 

were allowed to relax under the geometric optimization carried out with BIOVIA Forcite with the 

BIOVIA COMPASS forcefield. 

4.3.5.3 Interaction of PA molecules with the selected NiO and MgO surfaces 

BIOVIA Adsorption locator module was used to gain insights into the interaction of the selected 

molecules with the produced surfaces. The simulating annealing task in BIOVIA Adsorption 

Locator calculation was set to a quality of Fine (energy cutoff of 1.0×10-4 kcal/mol) using the 

Smart algorithm. The atom based summation method was used for van der Waals and the Group 

based method for the electrostatic with a cubic spline truncation. The forcefield selected was 

BIOVIA COMPASS, which is suitable to study interfaces between organics and inorganics [24, 

37]. The top two atomistic layers, in the two different surfaces, were selected for the interaction 

with the PA molecule, and the maximum adsorption distance value was set to 1.5 nm with a fixed 

energy window of 10 kcal/mol for sampling configurations which differ from the lowest 

configuration in that maximum amount.  

4.3.5.4 DFT calculations for the interaction of PA with the MgO (100) surface 

To gain further comprehension of the interaction of PA with the (100) surface of MgO, the lowest 

configuration structure generated for the PA adsorbed on this surface, previously obtained with 

BIOVIA Adsorption Locator, was optimized at the DFT level using the DMOL3 program within 

BIOVIA MS2017 software [24] and the GGA RPBE functional with the DNP basis set. The 
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following convergence tolerances were applied: Energy = 2.0 × 10-5 Ha; Max. Force = 0.004 Ha/Å; 

Max. displacement 0.005 Ǻ; and using a smearing of 0.005 Ha and a Global orbital cutoff of 5.0 

Å. 

4.3.5.5 Molecular dynamics simulations 

In order to gain some additional insights into the adsorption behavior of PA in the presence of 

water, molecular dynamics (MD) simulations were performed using the Forcite module within 

BIOVIA MS2017 software [24]. The interatomic interactions were described by using the 

COMPASS forcefield [37]. The MD simulations were conducted in NVT ensemble at 298 K. The 

Nosé method [45] was employed in the thermostat to control the thermodynamic temperature with 

a Q ratio of 0.01. The time step in the MD simulation was set to 1 fs, and the data were collected 

every 0.1 ps. The simulation time was set to 100 ps for each of the first 4 runs and 500 ps for the 

last one to detect several cycles of thermal vibration, and the full-precision trajectory was recorded 

for each run. The sequential increase in the load of one PA molecule each time was applied once 

equilibration was reached for the previous run and up to a total of 5 molecules. Total simulation 

time was 900 ps. Energies and other statistical data (coordinates, velocities, etc.) were stored every 

500 steps during the simulations. For the simulation, the system was defined as a periodic slab 

with the (100) face because it is the most probable exposed surface on the NiO materials. The 

dimensions of the surface were similar to those used in the Adsorption Locator calculations, i.e., 

1.2 nm × 1.2 nm. The thickness of the slab was set to 1.5 nm and the two upper layers of atoms 

were allowed to freely evolve without any geometrical constraints during the calculations, the rest 

of the atoms were fixed to the geometrically optimized values in the bulk. A vacuum of 10 nm was 

imposed on top of the oxide surface and a slab of about 6 nm containing 250 water molecules and 

one PA molecule, generated with the BIOVIA Amorphous Cell module and the COMPASS 
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forcefield, was added close to the oxide surface within the periodic cell. After equilibrating the 

system, a new PA molecule was loaded to the previous system and allowed to equilibrate for 100 

ps. The loading was repeated three more times reaching a total of five PA molecules. After the last 

PA molecule addition, the running time was set to 500 ps. 

4.4 Results and discussions 

4.4.1 Experimental adsorption study 

Macroscopic adsorption isotherms are used to describe the adsorption behavior of adsorbate 

molecules (PA) from the liquid phase onto silica-embedded NiO and/or MgO nanoparticles (solid 

phase). Changing the temperature may affect the equilibrium adsorption capacity and the tendency 

of the nanoadsorbents [46]. This assists in understanding the adsorption nature whether as an 

endothermic or exothermic adsorption occurs. Figure 4.2 shows the experimental isotherm data at 

three different temperatures 298, 308, and 318 K. To further understand this adsorption behavior, 

the experimental isotherms were fit to the Sips model, also known as ‘‘Langmuir–Freundlich” 

isotherm [47, 48], as expressed by equation (4.2). The estimated Sips model parameters are listed 

in Table 4.2. 

𝑄𝑒 =
𝑄𝑚𝐾𝑠𝐶𝑒

𝑛𝑠

1 + 𝐾𝑠𝐶𝑒
𝑛𝑠

                                                                                                                                        (4.2) 

where 𝑄𝑒 is the equilibrium uptake, i.e., the number of molecules of PA adsorbed per surface area 

of the dried nanoparticles (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑛𝑚2⁄ ), 𝐶𝑒 is the equilibrium concentration of PA in the 

supernatant (µ𝑚𝑜𝑙 𝐿⁄ ), 𝑄𝑚 is the maximum adsorption capacity for complete monolayer coverage 

(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑛𝑚2⁄ ), 𝐾𝑠 is the equilibrium constant of adsorption reaction related to the adsorption 

affinity (𝐿 µ𝑚𝑜𝑙⁄ )𝑛𝑠, and 𝑛𝑠 is the Sips constant related to the heterogeneity factor (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠). 

The non-linear Chi-square (χ2) analyses [49] were used to evaluate the goodness of fitting results. 
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Figure 4.2. Macroscopic solution phase adsorption isotherms of propionic acid (PA) over silica-

embedded NiO and MgO nanoparticles at (a) 298, (b) 308, and (c) 318 K. Experimental conditions: 

nanoparticles dose, 10 g/L; contact time, 24 h; and pH, 5.2. 
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Table 4.2. Estimated Sips isotherm constants for the propionic acid (PA) adsorption over silica-

embedded NiO and MgO nanoparticles at different temperatures.  

Temperature 

(K) 
Nanoparticles 

Sips model parameters 

𝑲𝒔 × 102 

(𝑳 µ𝒎𝒐𝒍⁄ )𝒏𝒔 

𝑸𝒎 

(𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝒏𝒎𝟐⁄ )  

𝒏𝒔 

(𝒖𝒏𝒊𝒕𝒍𝒆𝒔𝒔)   

𝝌𝟐× 

102 

293 

SiO2-NiO 5.83 2.67 0.28 1.68 

SiO2-MgO 14.15 0.76 0.23 0.82 

SiO2-(Mg0.5Ni0.5)O 3.04 2.03 0.39 0.69 

308 

SiO2-NiO 3.80 2.60 0.31 1.17 

SiO2-MgO 6.52 0.40 0.43 1.40 

SiO2-(Mg0.5Ni0.5)O 2.34 1.93 0.40 1.19 

318 

SiO2-NiO 2.76 2.55 0.32 1.26 

SiO2-MgO 2.00 0.21 0.90 1.13 

SiO2-(Mg0.5Ni0.5)O 1.33 1.86 0.44 1.40 

 

As seen in Figure 4.2, a good agreement was achieved between the experimental data and the Sips 

isotherm model. This was also indicated by the low values of 𝜒2 as shown in Table 4.2. Clearly, 

the adsorption of PA increased sharply at low equilibrium concentration (initial slope of the 

isotherm curve) and increased gradually at high concentration (initial slope of plateau). This shows 

that the nanoparticles have higher adsorption affinity, especially at low initial concentration, over 

other conventional adsorbents used for PA removal such as commercial alumina [50], ion 

exchange resins [51], and activated carbon [51]. The adsorption capacities of SiO2-NiO and SiO2-

(Mg0.5Ni0.5)O nanoparticles are higher than the SiO2-MgO nanoparticles, as seen in Figure 4.2 and 

indicated by the 𝑄𝑚 values (Table 4.2). Moreover, the 𝑛𝑠 values are in the range of 0.2-0.5 in most 

cases, suggesting that these nanoparticles may have heterogeneous surfaces with adsorption sites 

that have different adsorption energies. However, SiO2-MgO nanoparticles show a higher 𝑛𝑠  value 

(0.9) at the highest temperature (318 K), the closeness of this value to unity means that the 

adsorption tends to behave like Langmuir isotherm model, suggesting that these nanoparticles tend 

to portray saturation surface coverage like a homogenous surface at elevated temperatures. These 

results agree to some extent with the adsorption isotherms of anionic pollutant exemplified by acid 
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red 27 (AR27) obtained in our previous study [30] and with other work reported elsewhere on 

using NiO–SiO2 composites for the adsorption of acid blue dye [52]. Thus, on a normalized surface 

area basis, SiO2-NiO seems to be the best nanoparticles towards PA which could be attributed to 

the stability of NiO nanoparticles in aqueous solutions [53, 54] in comparison to SiO2-

(Mg0.5Ni0.5)O and SiO2-MgO nanoparticles. In addition, CO2-TPD results (Table 4.1) showed low 

basicity for the SiO2-(Mg0.5Ni0.5)O nanoparticles which may indicate that Ni atoms were more 

exposed on the surface than the Mg atoms in the prepared solid-solution NiO-MgO, and thus, these 

nanoparticles could be more stable in aqueous solutions like SiO2-NiO nanoparticles. To confirm 

our findings, XRD was conducted for all nanoparticles after adsorption. The identification of the 

patterns confirmed the material to be bunsenite (NiO) and combination of bunsenite (NiO) and 

periclase (MgO) for SiO2-NiO and SiO2-(Ni0.5Mg0.5)O nanoparticles, respectively (see Figure S1 

in Appendix A3). However, that was not the case for SiO2-MgO nanoparticles (Figure 4.3). Figure 

4.3a shows the identification of the pattern of the periclase material for the prepared SiO2-MgO 

nanoparticles before adsorption. The diffractogram observed in Figure 4.3b (after PA adsorption) 

represents a sort of transitional semi-crystalline structure of periclase to brucite (Mg(OH)2) having 

small crystalline domain sizes which overlap with the amorphous SiO2 (between 20 and 40 2θ) 

which in our case seems to be affecting the PA adsorption onto the hydroxylated or hydrated MgO 

nanoparticle exposed surfaces. 
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Figure 4.3. X-ray diffraction powder patterns of the prepared SiO2-MgO nanoparticles (a) before 

and (b) after propionic acid adsorption. The structures were identified by comparison of the XRD 

signals with those reported in the pdf cards 01-077-2364 (periclase, MgO) and 01-083-0114 

(brucite, Mg(OH)2) of the 2005 International Centre for Diffraction Data (ICDD) database 

included in the program JADE V.7.5.1 (Materials Data XRD Pattern Processing Identification & 

Quantification) [32]. 

 

The temperature effect on adsorption can also be seen in Figure 4.2. The adsorption of PA onto 

the prepared nanoparticles decreased as the temperature increased, suggesting an exothermic 

adsorption concurring like other studies found elsewhere [55-58]. This could be attributed to the 

decrease in the number of adsorptive active sites or their modification towards PA affinity when 

the temperature was increased. Indeed, this was also confirmed by the ICP-AES metal analysis 

(Table 4.3), as we can notice that the percentage of active metals, namely; Ni and Mg, leached to 
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the aqueous solution was increased at elevated temperatures. Worth noting here that there was no 

detected leaching for Si. Detailed calculations regarding the leached metals can be seen in the 

Appendix A3. As seen in Table 4.3, NiO seems to be stable in comparison with MgO in the aqueous 

solutions as we proposed earlier since the leaching percentage was less than 3% for Ni in all cases 

even at elevated temperatures contrary to the Mg leaching results.  

Table 4.3. Estimated leached active metals Ni and Mg from silica-embedded NiO and/or MgO 

nanoparticles in the aqueous solutions at different temperatures. Experimental conditions: 

nanoparticles dose, 10 g/L; contact time, 24 h; pH, 5.2, and initial PA concentration: 4000 µmol/L.     

Temperature 

(K) 
Nanoparticles 

 

NiO (%) in 

the prepared 

nanoparticles 

 

MgO (%) in 

the prepared 

nanoparticles 

Leached 

Ni (%) 

Leached 

Mg (%) 

  

293 

SiO2-NiO 71.67 - 0.38 - 

SiO2-MgO - 55.10 - 3.30 

SiO2-(Mg0.5Ni0.5)O 42.25 23.80 - 1.40 

308 

SiO2-NiO 71.67 - 2.54 - 

SiO2-MgO - 55.10 - 4.40 

SiO2-(Mg0.5Ni0.5)O 42.25 23.80 0.03 1.95 

318 

SiO2-NiO 71.67 - 2.83 - 

SiO2-MgO - 55.10 - 7.90 

SiO2-(Mg0.5Ni0.5)O 42.25 23.80 0.14 10.10 

 

The extent of adsorption with respect to temperature could be furtherly explained based on 

thermodynamic parameters, such as changes in Gibbs free energy (∆𝐺𝑎𝑑𝑠
° ), standard enthalpy 

(∆𝐻𝑎𝑑𝑠
° ) and standard entropy (∆𝑆𝑎𝑑𝑠

° ) [46, 55, 59, 60]. All these parameters were obtained using 

the following equations; 

∆𝐺𝑎𝑑𝑠
° = −𝑅𝑇 ln(𝐾)                                                                                                                                (4.3) 

where 𝑅 is the universal ideal gas constant (8.314 𝐽 𝑚𝑜𝑙. 𝐾⁄ ), 𝑇 is the temperature (𝐾𝑒𝑙𝑣𝑖𝑛), and 

𝐾 is the adsorption equilibrium constant (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠) obtained by equation (4.4) as follows;  

𝐾 = 𝐾𝑠 × 𝐶𝑠
𝑛𝑠                                                                                                                                              (4.4) 
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where 𝐾𝑠 (𝐿 µ𝑚𝑜𝑙⁄ )𝑛𝑠 and 𝑛𝑠 (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠) obtained from the Sips model (Table 4.2), and 𝐶𝑠 is the 

solvent molar concentration (µ𝑚𝑜𝑙 𝐿⁄ ), which can be calculated from the density and molecular 

weight of water at the given temperature. Further, ∆𝐻𝑎𝑑𝑠
°  and ∆𝑆𝑎𝑑𝑠

°  were obtained from the van’t 

Hoff equation as follows; 

ln(𝐾) = −
∆𝐻𝑎𝑑𝑠

°

𝑅𝑇
+

∆𝑆𝑎𝑑𝑠
°

𝑅
                                                                                                                     (4.5) 

Accordingly, ∆𝐻𝑎𝑑𝑠
°  and ∆𝑆𝑎𝑑𝑠

°  can be estimated from the slope and intercept of the plot ln(𝐾) 

against 1 𝑇⁄ ,  respectively (the plot is not shown here). The estimated thermodynamic parameters 

are given in Table 4.4. 

Table 4.4. Estimated values of ∆𝐺𝑎𝑑𝑠
° , ∆𝐻𝑎𝑑𝑠

° , and ∆𝑆𝑎𝑑𝑠
°  for propionic acid (PA) adsorption over 

silica-embedded NiO and/or MgO nanoparticles.  

Temperature 

(K) 
Nanoparticles 

Thermodynamic parameters 

−∆𝑮𝒂𝒅𝒔
°  

(𝒌𝑱/𝒎𝒐𝒍) 

∆𝑯𝒂𝒅𝒔
°  

(𝒌𝑱/𝒎𝒐𝒍)  

∆𝑺𝒂𝒅𝒔
°   

(𝑱/𝒎𝒐𝒍. 𝑲)   
𝑹𝟐 

293 

SiO2-NiO 5.42 -0.37 16.96 0.99 

SiO2-MgO 5.43 383.00 1325.70 0.93 

SiO2-(Mg0.5Ni0.5)O 8.57 -0.52 27.00 0.99 

308 

SiO2-NiO 5.59 

 

SiO2-MgO 25.42 

SiO2-(Mg0.5Ni0.5)O 8.84 

318 

SiO2-NiO 5.76 

SiO2-MgO 38.60 

SiO2-(Mg0.5Ni0.5)O 9.11 

 

As seen in Table 4.4, the values of ∆𝐺𝑎𝑑𝑠
°  were all negative at all the temperatures indicating the 

spontaneous nature of the adsorption process. The negative values of ∆𝐻𝑎𝑑𝑠
° ; -0.37 and -0.52 

kJ/mol for SiO2-NiO and SiO2-(Mg0.5Ni0.5)O nanoparticles, respectively, implies that the 

interaction between PA and nanoadsorbents is exothermic in nature. Additionally, since ∆𝐻𝑎𝑑𝑠
°  

was less than 40 kJ/mol, this suggests a physisorption interaction of PA with those nanoparticles 

[55, 57, 61]. However, the value of ∆𝐻𝑎𝑑𝑠
°  for SiO2-MgO nanoparticles was positive, 383 kJ/mol, 
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also it was higher than 40 kJ/mol, confirming a strong chemisorption interaction of PA with this 

nanoparticle. The positive values of ∆𝑆𝑎𝑑𝑠
°  correspond to the increase in the degree of randomness 

at the solid-liquid interface during the adsorption of PA molecules onto silica-embedded NiO 

and/or MgO nanoparticles. Worth noting here that the huge value in the randomness results for 

SiO2-MgO nanoparticles (~1326 J/mol.K) could be due to the extra translational entropy gained 

by the solvent molecules, H2O in this case, previously adsorbed onto the surface of these 

nanoparticles and further displaced by the PA molecules [30, 55]. 

4.4.2 Computational modeling results  

Figure 4.4 shows the results obtained for the adsorption of one PA molecule on the MgO surface 

(100). Figure 4.4a illustrates the field of adsorption sites with higher density areas, in black color, 

indicating the more likely locations for the PA adsorption on this surface. As noticed, the larger 

areas for adsorption sites fall over the oxygen atoms in the surface. However, it is not centered on 

the oxygen atoms but shifted towards the magnesium atoms. The lowest adsorption energy 

configuration is shown in Figures 4.4b and 4.4c, top and side views, respectively, where it is 

observed that the configuration of the PA indicates that the adsorption occurs by interaction of the 

proton with one oxygen atom on the surface of the MgO and the oxygen of the carbonyl group 

interacts with the closest magnesium atom on the surface of MgO making the alkyl chain pointing 

upwards. The obtained adsorption energy for this case was -35.6 kcal/mol (-148.9 kJ/mol). 
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Figure 4.4. Adsorption Locator results of one propionic acid (PA) molecule on the surface (100) 

of MgO. The most probable location sites are represented by black areas (a). Top (b) and side (c) 

views, respectively, of the lowest configuration of PA, adsorbed on the surface. 

Figure 4.5 illustrates the results obtained for the adsorption of one PA molecule on top of the (100) 

surface of NiO. Figure 4.5a shows the field of adsorption sites with higher density areas, in black 

color, for the PA adsorption on this surface. These black regions indicate the more likely locations 

where the PA can be adsorbed. Contrary to what was observed in the MgO case, the most probable 

locations for adsorption of PA molecules on NiO are found in the center of the oxygen atoms. The 

lowest adsorption energy configuration is shown in Figures 4.5b and 4.5c, top and side views, 

respectively, where it is observed that the configuration of the PA is different from that found with 

MgO. For this case, its proton and carbonyl group interact individually with a different oxygen 

atom on the surface and the alkyl chain pointing upwards. The obtained adsorption energy for this 

case is -14.2 kcal/mol (-59.4 kJ/mol), which is almost twice as high as the one obtained with the 

MgO surface indicating that in vacuum MgO should adsorb stronger the PA molecule than the 

NiO.  
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Figure 4.5. Adsorption Locator results of one propionic acid (PA) molecule on the surface (100) 

of NiO. The most probable location sites are represented by black areas (a). Top (b) and side (c) 

views, respectively, of the lowest configuration of PA, adsorbed on the surface. 

Because of the high basicity of MgO, it should be expected that there is a chemical interaction 

between PA and MgO surface. Hence, the interaction should be different in comparison with NiO 

surface. To get some insights into this possibility, a DFT calculation was carried out using the 

result of the lowest energy configuration obtained by the Adsorption Locator calculation. Figure 

4.6 shows the comparison of the Adsorption Locator (a) and DFT calculations (b). The DFT results 

indicate that indeed the proton of the PA is transferred to one of the surface oxygen atoms, and the 

closest magnesium atom is bonded to the PA modifying its coordination and forming a propionate 

complex that alters the flatness of the original surface. In the presence of water this also should be 

favored, and most probably, a leaching of magnesium atoms into the aqueous solution will be 

expected as indeed was observed experimentally (Table 4.3). 
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Figure 4.6. Comparison between the Adsorption Locator results (a) and the DFT results (b) of one 

propionic acid (PA) molecule on the surface (100) of MgO. 

As expected, MgO is more basic than NiO (Table 4.1, CO2 uptake). Thus, it should adsorb strongly 

PA molecules and, because of the higher number of obtained basic sites, it would be expected a 

higher uptake of PA as well. However, this was not the case when the adsorption experiments were 

carried out (Figure 4.2 and Table 4.2) indicating that the reaction of PA-MgO under the water 

conditions affected the adsorption and modified the surface (the XRD pattern in Figure 4.3b) for 

this case showed the transformation of the MgO into a semi-crystalline material related to 

Mg(OH)2). Also, for the particular case of MgO, it has been found that nanocrystalline MgO can 

be dissolved fast in water if having sizes below 10 nm at pH ≥ 10 [62]. On the contrary, if the size 

distribution is within the range of 10 to 1000 nm the crystals dissolve with a significantly smaller 

dissolution rate in water and the bigger the crystals the smaller the dissolution rate [62]. Thus, this 

information should be considered to understand the obtained experimental adsorption results for 

the SiO2-MgO nanoparticles. 
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As the interaction of PA with the SiO2-NiO material seems to be more of the physisorption type 

(as described in Section 3.2), it may be possible to get further insights into the behavior of the 

surface when exposed to water molecules and in the presence of several PA molecules. Therefore, 

an MD simulation was carried out with five PA molecules (added one by one after reaching the 

equilibrium in each case) together with 250 water molecules on top of the (100) surface of NiO. 

Figure 4.7 shows the total energy of the system as a function of simulation time with insets of the 

evolution of the system with selected simulation times. As seen in the plot of energy as a function 

of time, the total energy of the system at equilibrium is about -31.3 Mcal/mol (-130.9 MJ/mol). At 

the beginning and during the addition of the five molecules the value is about -31.2 Mcal/mol (-

130.5 MJ/mol); it is only disrupted by the addition of new PA molecules where a jump in the value 

of energy is observed. However, after a period of about 7 ps (for each addition) the energy level 

reaches the same value of -31.2 Mcal/mol. The disruption seems to be larger after the addition of 

the fourth PA molecule, but at the end, the same value of -31.2 Mcal/mol is obtained again. After 

the last addition of PA, 500 ps were allowed to pass in order to reach the equilibrium value of -

31.3 Mcal/mol. The PA molecules tend to move and vibrate close to the (100) surface of NiO 

during the MD simulation. However, the configurations that each molecule take is different from 

the one observed by one molecule in a vacuum medium (Adsorption Locator calculation, Figure 

4.5) indicating the importance of the molecules of the solvent (water in this case) and the 

interaction between PA molecules. After the addition of the fourth PA molecule, it is possible to 

see some PA molecules going farther from the surface but coming back again. It seems that the 

interaction between these molecules allows them to go together farther away from the surface but 

at the end, they get closer to the surface again. At the end of the simulation, it is possible to see 

that four PA molecules cover the (100) surface of NiO and the remaining fifth molecule gets farther 
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away from the ones on the surface being stabilized in the aqueous medium by the surrounding 

water molecules. 

 

Figure 4.7. Energy profile and structural evolution derived from the molecular dynamics 

simulations on the water-propionic acid (PA)-NiO system comprising the (100) surface of NiO, 5 

PA molecules, and 250 water molecules. In the insets, the PA molecules and the NiO surface are 

represented as CPK spheres and water molecules are represented as sticks. 

 

Figure 4.8 shows a close-up of the insets shown in Figure 4.7. Interestingly, it is possible to see 

that the adsorbed PA molecules show a different configuration towards the surface when compared 

to the one obtained for one molecule in the vacuum. Indeed, the average distances from the surface 

increases when compared with the one obtained in the vacuum (Figure 4.5). Thus, water and other 

PA molecules seem to weaken the adsorption of PA on the surface when compared with the 

calculations done in vacuum for only one molecule. The last image in Figure 4.8 shows the 

arrangement of the four PA molecules on the (100) surface of NiO (after removing the water 
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molecules and the fifth PA molecule for clarity). The surface area of the exposed (100) surface of 

NiO is around 1.4 nm2; thus, about 2.8 PA molecules per nm2 would be expected as a maximum 

for the saturation of this surface. This expected value agrees excellently with the observed 

experimental macroscopic adsorption isotherm shown in Figure 4.2a, as well as with the 𝑄𝑚 value 

obtained experimentally for the sample SiO2-NiO (see Table 4.2). 

 

Figure 4.8. Close-up picture of the equilibrated structures of propionic acid (PA) molecules at the 

NiO-water interfaces according to the molecular dynamics simulations. The PA molecules and the 

NiO surface are represented as CPK spheres and water molecules are represented as sticks. 

 

4.5 Conclusions 

There is a crucial need for finding global cost-effective and environmentally friendly water and 

wastewater treatment processes that would be available and suitable for use. There is no doubt that 

nanotechnological applications are being widely used in different aspects of modern life. Thus, the 

application of nanoparticle technology as nanoadsorbents and nanocatalysts (nanosorbcats) in 

cleaning up wastewater has recently received great attention. The environmental impacts of 

nanosorbcats, especially in the sustainability perspective, are vital. In this study, silica-embedded 
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NiO/MgO nanoparticles were employed for the adsorptive removal of propionic acid (PA) 

mimicking the refractory low molecular organic acids typically exist in oil and gas industrial 

effluents. Experimental adsorption data along with the estimated Sips model parameters showed 

that the adsorption capacities of SiO2-NiO and SiO2-(Mg0.5Ni0.5)O nanoparticles are higher than 

the SiO2-MgO since the latter is more basic in nature. Macroscopic adsorption isotherms together 

with the thermodynamic parameters mainly changes in Gibbs free energy (∆𝐺𝑎𝑑𝑠
° ) and standard 

enthalpy (∆𝐻𝑎𝑑𝑠
° ) indicated that the adsorption is spontaneous and exothermic in nature. 

Computational modeling through molecular mechanics, DFT calculations, and molecular 

dynamics (MD) simulation were also conducted to get better insights into the adsorption behavior, 

also to confirm the unexpected results obtained experimentally. Our theoretical calculations 

showed the possibility of bonding the PA to the MgO surface modifying its coordination and 

forming a propionate complex that alters the flatness of the original surface, and thus, confirming 

the chemisorption. Furthermore, when 5 molecules of PA alongside 250 molecules of water ran 

together in our MD simulation, we were able to interpret the adsorption mechanism that eventually 

allocate the nanoparticle surface capacity to 2.8 PA molecules per nm2 for the case of NiO. Indeed, 

such understanding would help in the future studies when we deal with complex wastewater 

effluents dominated by organic acid molecules. We believe the outputs of our study are going to 

be the stepping stone for the upcoming ones using these nanoparticles as nanosorbcats to treat real 

oxy-cracked produced water effluents coming directly from the oil sand industries. As such, 

investment in wastewater treatment will maximize the reuse potential of wastewater, and minimize 

any discharge costs. 
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CHAPTER FIVE 

Development of Sustainable Extruded Nanosorbcats Based Technology for Hydrocarbons 

and Organic Pollutants Recovery from SAGD Produced Water 

              

Graphical Abstract 

 

 

Highlights 

• The oxy-cracking process is used as a pre-treatment step to facilitate the post-adsorption 

process via oxygen incorporation. 

• Silica-embedded NiO nanosorbcats in extrudates form are used to treat the oxy-cracked SAGD 

produced waters.  

• The steam gasification process is used to produce syngas from the adsorbed species and to 

regenerate the extrudates.      

 

              

 

This chapter is adapted from the following publication:  

 

El-Qanni, A., and N.N. Nassar, Development of sustainable extruded nanosorbcats based 

technology for hydrocarbons and organic pollutants recovery from SAGD produced water, (In a 

submission process).  
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5.1 Abstract  

In this study, two samples of steam assisted gravity drainage (SAGD) produced water were treated 

in a non-classical approach by capturing the waste hydrocarbons and organic pollutants and 

converting them into syngas. Three techniques were employed, namely; oxy-cracking, adsorption, 

and catalytic steam gasification. The oxy-cracking reaction took place in a basic aqueous medium, 

operated at mild temperatures (473–253 K) and at a pressure of 1000 psi. The oxy-cracking kinetics 

were fit to the lumped kinetic model involving two basic reactions. The first reaction involved a 

deep oxidation process with minimal formation of gaseous CO2, while the second one involved a 

partial oxidation reaction with formation of oxy-cracked intermediates solubilized in the liquid 

phase. The latter compounds were more active species to be adsorbed onto silica-embedded NiO 

(SiO2-NiO) extrudates within a packed-bed adsorption process. The inlet total organic carbon 

(TOC) concentration of the oxy-cracked samples was investigated at fixed bed height, inlet flow 

rate, pH, and temperature. The results showed that the breakthrough curves were dispersed and 

slowed down at low TOC influent concentrations. These results indicated that the change of 

concentration gradient affected the saturation rate and breakthrough time, which might be due to 

the more number of binding sites for the extrudate particles. Afterwards, the extrudates were 

regenerated and reused for at least another two cycles of adsorption via the catalytic steam 

gasification process. The gasification study confirmed the promising catalytic effect of those 

prepared SiO2-NiO extrudates as H2, CH4, and CO2 gases were produced during this reaction. 

5.2 Introduction 

Alberta's oil sands resource is estimated to contain as much as 1.7 trillion barrels of bitumen [1]. 

In fact, the reserves are estimated to hold 170 billion barrels of recoverable bitumen, which would 

be enough to produce 3 million barrels per day for over 150 years [1]. These oil sands are 
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composed of bitumen (12 wt%), sands, silts, clays (mineral content 85 wt %) and water (3-6 wt%). 

The clay component is comprised of kaolinite (50-60%) and illite (30-50%) with some 

montmorillonite [2]. However, in the current context, Alberta's oil sands upgrading and recovery 

processes, either surface mining or in-situ extraction, have proven to be environmentally 

unfriendly [3]. First, surface mining uses enormous truck-and-shovel mining systems and hot 

water processing to separate bitumen from sand and clay. Accordingly, for every barrel of Alberta's 

oil produced, approximately 2-4 barrels of produced water are generated [1], which are then 

discharged into tailings ponds to settle out clay and minerals over long periods. In the past few 

years, more than 720 million m3 of tailings ponds sprawled over 176 km2 of northern Alberta and 

the affected area is expected to expand to 250 km2 by 2020 [4]. Those tailings ponds are a mix of 

water and toxic chemicals, such as virgin hydrocarbons, naphthenic and organic acids, and heavy 

metals. A huge amount of a dense mixture, reaching approximately 35% by weight of fine sand 

and clays, and the remaining 65% is composed of dissolved organics and produced water that 

cannot be recycled because of the suspended particles, which is referred to as mature fine tailing 

(MFT). Nowadays, more than 840 million m3 of waste MFT is stored in tailings ponds which is 

expected to increase to more than 1.2 billion m3 by 2030 [5]. Second, in-situ extraction is used to 

produce bitumen from deeply buried formations by employing an enhanced oil recovery technique 

such as steam assisted gravity drainage (SAGD) or by using SAGD aided solvents which are 

injected underground, which mobilizes the molasses-like thick oil and separates it from the sand 

before it is pumped to the surface [3]. The resulting oil and condensed steam emulsion are then 

piped from the producing well to the plant, where it is separated and treated. One of the grand 

challenges in the SAGD process is to improve produced water recycling efficiency for reuse in a 

steam generation process [6]. Produced water is recovered with formation water via the free water 
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knock out unit (FWKO), and further deoiled and then treated for use as boiler feedwater through 

corrugated plate interceptor (CPI), induced gas flotation (IGF), nut-shell filter (NSF), hot lime 

softening, filtration, and weak acid cation exchange, as shown in Figure 5.1 [6, 7]. It is worth 

mentioning here that perpetual recycle of treated produced water especially tailings water to the 

extraction plant can lead to a buildup of dissolved ions within the recycle water. Elevated ion 

concentrations can cause operational issues including poor extraction recovery and scaling or 

fouling of piping and equipment [8]. Yet, reducing the environmental footprints of the oil sands 

industry and achieving sustainable clean water is a critical energy issue in Alberta nowadays. 

Accordingly, innovative techniques for MFT and SAGD produced water treatment are needed. In 

practical application, industrial wastewater is typically treated in conventional wastewater 

treatment plants, which may include many physical, chemical and biological treatment processes.  

Herein, the objective of our study is to treat real SAGD produced water effluents, specifically 

samples S1 and S2 (Figure 5.1), with a nanosorbcat-based concept that we have developed in our 

earlier studies [9-12]. Therefore, the methodology of this study consists of the following steps: 

First, applying the oxy-cracking technique [13, 14] as a pretreatment step for the SAGD produced 

water samples. Oxy-cracking is a combination of oxidation and cracking reactions for converting 

the existent inactive organic pollutants into active ones via oxygen incorporation with minimal 

emission of CO2 [14]. Second, adsorbing the oxy-cracked hydrocarbons and organic pollutants 

from SAGD effluents onto silica-embedded NiO extrudates. Eventually, running catalytic steam 

gasification reaction to produce syngas from the adsorbed organic pollutants and to regenerate the 

extrudates to use them sustainably for further cycles of adsorption-gasification processes.         
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Figure 5.1. Schematic block flow diagram of SAGD plant. Abbreviations; free water knock out (FWKO), corrugated plate interceptor 

(CPI), induced gas flotation (IGF), nut-shell filter (NSF), first and second SAGD produced water samples (S1) and (S2), respectively.       
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5.3 Experimental section  

5.3.1 Chemicals  

Silica-embedded NiO (SiO2-NiO) nanosorbcats were prepared using the following chemicals; 

nickel nitrate (Ni(NO3)2.6H2O 99.99%), nitric acid (HNO3 70% (w/w)), Ludox AS-40 colloidal 

silica (SiO2 40% (w/w)) purchased from Sigma-Aldrich (Ontario, Canada), and granulated 

household sucrose (C12H22O11), and then extruded using kaolin (Al2Si2O5(OH)4) purchased from  

MilliporeSigma (Ontario, Canada). Liquid nitrogen (N2 99.9% ultrahigh purity) purchased from 

Praxair (Calgary, Canada) was used for the surface area measurements of the prepared extrudates.  

Potassium hydroxide (KOH, ACS reagent, ≥85%, pellet form) purchased from Sigma-Aldrich 

(Ontario, Canada) was used to adjust the pH of the oxy-cracking reaction medium. Gas cylinders 

of ultrahigh purity oxygen and argon were also purchased from Praxair (Calgary, Canada) for the 

oxy-cracking and steam gasification experiments, respectively. All chemicals were used as 

received without further purification. 

5.3.2 SAGD produced water samples   

Two different SAGD produced water effluents used in this study were provided by an industrial 

partner operates in northern Alberta, Canada. The first sample (S1) was collected from the effluent 

of one well pad prior to the inlet two-phase separator by decanting the water from the produced 

emulsion stream after skimming the bitumen off, while the second one (S2) was collected right 

after the heat exchanger before going into the skim tank, as seen in Figure 5.1. Since both samples 

had not been deoiled, dispersed heavy hydrocarbons and suspended colloidal oil droplets were 

contained within the sample matrices. Afterwards, the samples were shipped to our labs in 20 L of 

well-sealed epoxy-lined drums. Upon receipt, both samples were transferred from the drums into 
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clean glass bottles for storage in a dark environment to avoid any aging effect during the 

experimental work. 

5.3.3 SiO2-NiO extrudates preparation and characterization     

SiO2-NiO nanosorbcats were prepared in the first place following the synthesis route developed in 

our recent works [10]. In brief, the preparation commenced by adding ~4.0 g of Ludox AS-40 

colloidal silica to a 1 L glass beaker containing 200 mL of deionized water. The mixture was 

agitated using a magnetic stirrer (300 rpm) for 2 min until a homogenous solution was obtained. 

Concurrently, ~ 17.0 g of Ni(NO3)2.6H2O was added to the mixture, and then ~13.0 g of granulated 

household sucrose was added to the mixture. Afterwards, a few drops of HNO3 was added to the 

mixture. The mixture was magnetically stirred at 300 rpm and 293 K for 30 min to produce a 

homogeneous blackish solution. Thereafter, the glass beaker was placed in the oven at 373 K for 

48 h to evaporate the water, and then the temperature was set at 523 K for 12 h. After that, the 

produced solid material was taken out from the oven and then, ground in the fume hood until a 

homogeneous powder was obtained followed by a calcination process in the oven at 1073 K for 3 

h in presence of air and ramping at 5 K/min. The prepared SiO2-NiO nanosorbcats were then mixed 

with binding agents; ~ 3.5 g of kaolin and ~ 1 g of Ludox AS-40, in addition to a few drops of 

deionized water to form extrudates to be used later in a packed-bed column. All components were 

kneaded until obtaining a homogeneous dough. Therefore, extrudates were obtained from the 

resulting dough using an in-house built ram extruder and dried for 24 h, at room temperature. Next 

day, the dried extrudates were then calcined in the oven at 773 K in presence of air for 12 h. The 

resultant rod-shaped extrudates were cut into small pieces with dimensions of 2.0 ± 0.1 mm in 

diameter and 2.5 − 3.0 mm in length. Before running any adsorption or steam gasification 

experiments, structure, particle size, Brunauer–Emmett–Teller (BET) surface area, and external 
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surface area were measured. Structure and crystalline domain size were determined by using X-

ray Ultima III Multi Purpose Diffraction System (Rigaku Corp., The Woodlands, TX) with Cu K 

radiation operating at 40 kV and 44 mA with a θ–2θ goniometer. The crystalline domain sizes of 

NiO were measured using the Scherrer equation as implemented in the commercial software JADE 

[15] (provided with the diffractometer) by calculating the full width at half-maximum (FWHM) 

of the peaks and fitting the experimental profile to a pseudo-Voigt profile function. Surface areas 

of the prepared extrudates were measured through nitrogen physisorption at 77 K by a surface area 

and porosity analyzer (TriStar II 3020, Micromeritics Corporate, Norcross, GA). The sample was 

degassed at 423 K under nitrogen flow overnight before analysis. Specific surface area was 

calculated using the BET equation and the external surface area was obtained by the t-plot method.  

The particle size and textural properties are presented in Table 5.1. As seen, the difference between 

the specific and external surface areas obtained by the BET and the t-plot method, respectively, 

was not significant (5 m2/g) for the prepared extrudates. However, the Barrett, Joyner, and Halenda 

(BJH) analysis shows pore width of 15 nm which falls into the mesoporous scale (2–50 nm) as 

classified by the International Union for Pure and Applied Chemistry (IUPAC) [16, 17]. This 

suggests that SiO2-NiO extrudates have no significant porosity and maintain high external surface 

area minimizing the chances of intraparticle diffusion during the continuous packed-bed 

adsorption experiments. 

Table 5.1. Characterizations of NiO within the SiO2-NiO extrudates. 

Measurement NiO 

X-ray measured crystalline domain size (nm) 24 ± 2 

BET specific surface area (m2/g) 50 

External surface area, t-plot (m2/g) 45 

Micropore area, t-plot (m2/g) 5 

Pore width (nm), BJH analysis 15 
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Figure 5.2 shows the X-ray diffraction (XRD) patterns of the prepared extrudates. The 

identification of the pattern confirms the material to be bunsenite (NiO). The structure was 

identified by comparison of the XRD signals with those reported in the pdf card 01-075-0269 of 

the 2005 International Centre for Diffraction Data (ICDD) database included in the program JADE 

V.7.5.1 (Materials Data X-ray Pattern Processing Identification & Quantification) [15]. As seen in 

Figure 5.2, the sharp peaks in the XRD patterns imply good crystallinity of NiO with a crystalline 

domain size of 24 ± 2 nm.  

 

Figure 5.2. X-ray diffraction powder pattern of the prepared SiO2-NiO extrudates. Vertical lines 

are from the pdf file for the bunsenite (NiO) obtained from Materials Data XRD Pattern Processing 

Identification & Quantification [15].  

5.3.4 Oxy-cracking experimental procedure       

The oxy-cracking experiments were carried out in a 1000 mL Parr reactor vessel (model number 

4653, Parr Instrument Company, Moline, IL, USA). The reactor vessel is made of SS-316 stainless 

steel and it was equipped with a heating jacket connected to a temperature control loop, a pressure 

gauge and a mechanical stirrer connected to a speed controller. The reactor is capable of handling 

pressures up to 6000 psi and temperatures up to 873 K. In a typical oxy-cracking experiment, 100 
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g of homogenous SAGD produced waters (S1 and S2) were poured into the reactor vessel. A certain 

amount of KOH (~ 2.2 g) was then added to keep the pH above 8.0 to avoid corrosion problems. 

The reaction was conducted at a stirring rate of 1000 rpm to minimize the interfacial mass 

resistance between the gas and liquid phases and to ensure uniform temperature and concentration 

profiles in the liquid phase. Leak tests were performed by pressurizing the reactor with oxygen up 

to 1300 psi prior to fixing the operating pressure at 1000 psi. A 1% change in pressure per hour 

was considered as the maximum allowable pressure reduction during the leak tests. The reactor 

was then heated to the desired temperature. Zero reaction time was set when the desired 

temperature was attained. The reaction was carried out at different times; namely, 30, 60, 90, 120, 

150, and 180 min. The predetermined operating temperatures were chosen to be 473, 498, and 523 

K. At the end of each experiment, the reactor was cooled down to room temperature. Then, the 

produced gas was analyzed using gas chromatography, GC (SRI 8610C Multiple Gas #3 gas 

chromatograph, SRI Instruments, Torrance, CA), provided with a TCD and two packed columns 

connected in parallel (3′ molecular sieve/6′ Hayesep-D columns). The GC temperature was held 

at 315 K for 10 min, then increased to 473 K with a rate of 20 K/min. The oxy-cracked liquid was 

then carefully discharged from the reactor vessel for further analysis using a Shimadzu total 

organic carbon analyzer (TOC-L CPH/CPN) to measure the total carbon (TC), total organic carbon 

(TOC), and inorganic carbon (IC) in the aqueous phase. Both TC and IC measurements were 

calibrated using standard solutions of potassium hydrogen phthalate and sodium hydrogen 

carbonate. The oxy-cracked samples, ~ 15 mL each, were placed in standard TOC vials. Using the 

TOC software to control the system, the TC was automatically measured; after that, an acid was 

injected to evolve CO2 from the sample to measure the remaining organic compounds, which were 

considered as TOC. The TOC-V CPH/CPN was configured to inject every sample thrice into the 
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combustion tube and to calculate an average value, providing results within less than 3% of relative 

standard deviation. Upon finishing each oxy-cracking run, the reactor vessel and assembly were 

carefully washed and dried to be used for another cycle of experiments. All experiments were 

duplicated to confirm reproducibility. 

5.3.5 Batch and packed-bed adsorption experiments 

Batch adsorption of the active organics from the oxy-cracked SAGD produced water samples was 

conducted first to screen out three types of silica-embedded NiO and/or MgO nanoparticles; 

namely, SiO2-NiO, SiO2-MgO, and SiO2-(Ni0.5Mg0.5)O. Pre-experiments showed that SiO2-NiO 

nanoparticles are the best candidate adsorbents for this study and afterward they were extruded as 

mentioned earlier for the packed-bed column experiments. In addition, batch adsorption 

experiments were used before and after the steam gasification runs to evaluate the recyclability of 

the extrudates for further adsorption and gasification cycles, and thus, validate their sustainability. 

Batch experiments were carried out by adding about 100 mg of the prepared SiO2-NiO extrudates 

to a set of 25 mL vials containing 10 mL of aqueous solutions with initial TOC concentration of 

30 ppm at pH of 6.1 ± 0.1. The vials were tightly sealed to avoid any loss of water by evaporation. 

Adsorption took place by shaking the vials for 24 h on a Wrist Action shaker (Burrel, Model 75-

BB) to ensure that the equilibrium was attained. In all experiments, the extrudates containing 

adsorbed organics were separated from the mixtures and the supernatants were decanted. The TOC 

concentration before and after adsorption was measured using the Shimadzu TOC analyzer (TOC-

V CPH/CPN). The adsorption uptake per mass of extrudates was determined based on the mass 

balance analysis. Further, the packed-bed adsorption experiments were conducted on a bench scale 

column setup at ambient room conditions. The experimental setup consisted of a glass column 

with an internal diameter of 0.9 cm and a total height of 15 cm. Before each experiment, the column 
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was packed with ~1 cm of a cotton layer at the bottom, then, a certain amount of extrudates were 

packed and tightly closed with another cotton layer at the top of the column to provide a proper 

packing and prevent the extrudates from escaping. The oxy-cracked SAGD effluents were 

uniformly pumped upward using a 50 mL high-pressure stainless steel syringe pump with 1/8″ 

Swagelok fitting. Effluent samples were collected from the top periodically and subsequently 

analyzed for the TOC concentrations to build up the breakthrough curves. The effect of the oxy-

cracked influent TOC concentrations; 75, 150, and 300 ppm, at fixed inlet flow rate, bed height, 

and amount of extrudates was investigated. Afterwards, the breakthrough curves (BTC) were 

constructed by plotting the exit concentration from the packed-bed against the service time. The 

BTC is expressed in term of 𝐶𝑡/𝐶0 as a function of time for a given condition, where 𝐶𝑡 and 𝐶0 

represent the influent and effluent TOC concentrations, respectively. The breakthrough time (𝑡𝑏) 

was set at the point in which 𝐶𝑡 reached about 5% of the 𝐶0. The saturation time (𝑡𝑠) was 

considered when the 𝐶𝑡 reached 98% of the 𝐶0. The adsorption capacity (𝑞𝑡𝑜𝑡𝑎𝑙) in (mg) of TOC 

under certain operation conditions was then calculated from the BTC by multiplying the area above 

the BTC with the flow rate. Based on the mass balance, the absorbed concentration (𝐶𝑎𝑑𝑠) 

represents the difference between inlet 𝐶0 and outlet 𝐶𝑡 concentrations (𝐶𝑎𝑑𝑠 = (𝐶0 − 𝐶𝑡) 𝐶0⁄ ), 

where all TOC concentrations are in (mg/L). Thus, 𝑞𝑡𝑜𝑡𝑎𝑙 was calculated as follows [18-22];  

𝑞𝑡𝑜𝑡𝑎𝑙 =
𝑄𝐴

1000
=

𝑄𝐶0

1000
∫ (𝐶𝑎𝑑𝑠)𝑑𝑡

𝑡=𝑡𝑠

𝑡=0

                                                                                                (5.1) 

where 𝑄 is the flow rate (mL/min), 𝐴 is the area (min) above the BTC and 𝑡 is the service time 

(min). The total TOC fed to the column (𝑚𝑡𝑜𝑡𝑎𝑙) in (mg) was calculated as follows; 

𝑚𝑡𝑜𝑡𝑎𝑙 =
𝐶0𝑄𝑡𝑠

1000
                                                                                                                                         (5.2) 
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Then, the total TOC percentage removal (%𝑅) was calculated as per the following equation;  

%𝑅 = (
𝑞𝑡𝑜𝑡𝑎𝑙

𝑚𝑡𝑜𝑡𝑎𝑙
) × 100                                                                                                                            (5.3) 

5.3.6 Catalytic steam gasification using thermogravimetric analysis and mass spectrometer  

Catalytic steam gasification of adsorbed organic pollutants over SiO2-NiO extrudates was carried 

out and studied using a simultaneous thermogravimetric analysis/differential scanning calorimetry 

(TGA/ DSC) analyzer (SDT Q600, TA Instruments, Inc., New Castle, DE). The TGA setup was 

connected to an online mass spectrometer (MS, Pfeiffer Vacuum GSD 301 O2, Omnistar, 

Deutschland) to detect the evolved gasses from the gasification reaction. The TGA has a horizontal 

beam design that allows the flow of gas/steam above the sample. The system is also designed with 

an outlet close to the sample for water injection. The experimental procedure is adapted from other 

studies conducted by our research group [23, 24]. In a typical steam gasification run, ~30 mg of 

extrudates were taken from the packed-bed column after the continuous adsorption experiments 

for this analysis. The system was first purged for 10 min with argon flowing at 100 mL/min. The 

flow rate was then reduced to 50 mL/min until the end of the experiment. After 20 min of argon 

flow at ambient temperature, the temperature was increased from ambient to 473 K at a rate of 100 

K/min. Then, water was injected using a syringe pump at a flow rate of 0.01 mL/min. The water 

injection was continued until the end of the experiment, to form steam in the TGA chamber above 

the extrudates with adsorbed organics. The conditions were kept isothermal for another 20 min. 

The temperature was then raised from 473 K to 873 K at a heating rate of 20 K/min. Upon reaching 

873 K, the temperature was held constant for 60 min to conclude the heating program. This process 

was repeated three times for the extrudates from the same column to regenerate them and evaluate 



 

148 
 

their further cycles of adsorption within batch experiments. All runs were conducted under 

atmospheric pressure.  

5.4 Results and discussion 

5.4.1 Oxy-cracking reaction kinetics  

Oxy-cracking is the result of combining oxidation and cracking processes in the aqueous phase, 

more specifically at the gas-liquid interface, operating at mild conditions [14, 25]. The effects of 

temperature and residence time on the oxy-cracking of SAGD produced waters were investigated 

to understand the reaction kinetic mechanism. Since this reaction includes various transport 

processes that might take place in series, other important parameters, such as the oxygen operating 

partial pressure, the stoichiometric ratio of water and KOH, and the impeller speed, were 

predetermined and optimized. For instance, the reaction was not significantly affected by pressures 

above 1000 psi, which was thus used as the optimum operating partial pressure. Therefore, oxygen 

in an excess amount was warranted. The rate of the oxy-cracking was found to be independent of 

the impeller speed between 1000 and 1500 rpm, indicating the absence of oxygen interfacial mass 

transfer resistance in the liquid phase, agreeing with other oxy-cracking and wet oxidation studies 

exist in the literature [14, 25-30]. Hence, all oxy-cracking experiments were carried out at the 

impeller speed of 1000 rpm. In many cases, the oxy-cracking reaction goes through a sophisticated 

pathway and leads to the formation of many soluble intermediates, such as lower carboxylic acids 

in addition to a minimum amount of solubilized CO2 [31]. Our recent study showed that the oxy-

cracking of a single model hydrocarbon compound; namely, Quinolin-65 (Q-65) [14], went 

through consecutive reactions in which an oxidative decomposition took place first, producing 

different aromatic intermediates, and subsequently oxy-cracked into different families of organic 

acids with a small amount of CO2 produced gas. Similar reaction pathways have been proposed 
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for oxy-cracking of heavy hydrocarbon compounds such as n-C7 asphaltenes [25, 27] and petcoke 

[14]. The hydrocarbon molecules were oxygenated at the beginning of the reaction and further 

solubilized into an alkaline aqueous media with different functionalities of carboxylic, sulfonic, 

and phenolic compounds. In this paper, while referring to our earlier oxy-cracking works [14, 25, 

27] the focus here is different. In the case of SAGD produced water effluents, many organic 

compounds are present, and thus, with oxy-cracking, the goal is to convert them into more 

adsorptive species; oxygenated hydrocarbons and lower mass carboxylic acids, that can be 

captured later on through the packed-bed adsorption process. However, the oxy-cracking of such 

water matrices are much more complex than that of oxy-cracking of a single compound solution 

as so many intermediates are expected to be formed during the oxidation process. Thus, the 

produced intermediates were considered as a lump component to describe the oxy-cracking 

reaction. Hence, the rate equations are developed based on the lumped TOC concentrations. A 

lumped kinetic model (LKM) for catalytic and non-catalytic wet oxidation of organic compounds 

in wastewater has been proposed by Zhang and Chuang [31], in which the oxidation reactions were 

divided into two categories; (1) the complete oxidation reaction with formation of CO2 and H2O; 

(2) the partial oxidation reaction with formation of all oxy-cracked intermediates in the aqueous 

phase of the produced waters, as shown schematically in Figure 5.3. 

 

Figure 5.3. Lumped oxy-cracking reaction scheme. A is the original TOC in SAGD produced 

waters, B is the soluble TOC intermediate after oxy-cracking. 

 

The kinetic rate equations for the oxy-cracking of lumped organic pollutants in liquid phase in a 

batch reactor are presented by the set of the following differential equations; 
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−𝑟𝐴 =
𝑑𝐶𝐴

𝑑𝑡
= 𝑘1

′ 𝐶𝐴𝐶𝑂2

𝑎 + 𝑘2
′ 𝐶𝐴𝐶𝑂2

𝑏 = (𝑘1 + 𝑘2)𝐶𝐴                                                                       (5.4) 

𝑟𝐵 =
𝑑𝐶𝐵

𝑑𝑡
= 𝑘2

′ 𝐶𝐴𝐶𝑂2

𝑏 = 𝑘2𝐶𝐴                                                                                                              (5.5) 

where 𝑡 is the reaction time, 𝑘1 = 𝑘1
′ 𝐶𝑂2

𝑎
, and 𝑘2 = 𝑘2

′ 𝐶𝑂2

𝑏
 are the rate constants for each reaction 

step (Figure 5.3). Since oxygen was presented in excess, the change in 𝐶𝑂2
 is expected to be very 

little, thus, the oxygen terms in equations (5.4) and (5.5) were assumed to be constant. At time 

𝑡 = 0, 𝐶𝐴 = 𝐶𝐴0
= 𝐶𝑇𝑂𝐶0

, and 𝐶𝐵 = 0. At time 𝑡 = 𝑡, 𝐶𝐴 = 𝐶𝐴, 𝐶𝐵 = 𝐶𝐵, and 𝐶𝐴 + 𝐶𝐵 = 𝐶𝑇𝑂𝐶. 

Integrating equations (5.4) and  (5.5) for 𝑡 from [0, 𝑡], yields; 

𝐶𝐴 = 𝐶𝐴0
𝑒−(𝑘1+𝑘2)𝑡                                                                                                                                   (5.6) 

𝐶𝐵 =  
𝐶𝐴0

𝑘2

𝑘1 + 𝑘2
(1 − 𝑒[−(𝑘1+𝑘2)𝑡])                                                                                                           (5.7) 

Combining equations (5.6) and  (5.7) yields the LKM [31]; 

𝐶𝑇𝑂𝐶

𝐶𝑇𝑂𝐶0

= (
𝑘2

𝑘1 + 𝑘2
+

𝑘1

𝑘1 + 𝑘2
𝑒[−(𝑘1+𝑘2)𝑡])                                                                                                       (5.8) 

where 𝐶𝑇𝑂𝐶0
 and 𝐶𝑇𝑂𝐶 represent the initial and time dependent TOC concentrations (mg/L), 

respectively. The LKM parameters were estimated by minimizing the sum of squares of the 

differences between the experimental values and the predicted ones using the Solver feature in 

Microsoft Excel 2016. As seen in Figure 5.4a and b, the LKM fit well to the experimental data for 

both S1 and S2, respectively. This was evidenced by the correlation plots between the experimental 

and predicted normalized TOC concentrations by the LKM for both samples (Figure 5.4c and d), 

showing values of the correlation coefficient (R2) of 0.998 and 0.996 for S1 and S2, respectively. 

Panels a and b of Figure 5.4 shows the importance the oxy-cracking reaction temperature of SAGD 

produced waters. For instance, the highest temperature of 523 K appears to be the best operating 
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temperature as the TOC concentrations were decreased dramatically in comparison with other 

temperatures of 473 and 498 K. This could be attributed to the hydroxyl radical (HO˙) mechanism 

in which functionalization of the aromatic edges and paraffinic terminal carbons occurs via oxygen 

incorporation. The predominant products in the oxy-cracked liquid phase in addition to the low 

molecular organic acids are alkyl hydroperoxides, which are quickly converted into hydroxylated 

hydrocarbons and ketones/aldehydes [32]. Further details regarding the HO˙ mechanism can be 

found in our previous study [14] and elsewhere [32-36]. Afterwards, the activation energies were 

estimated using the Arrhenius equation as follows; 

𝑘𝑖 = 𝐴𝑖𝑒−𝐸𝑖 𝑅𝑇⁄                                                                                                                                            (5.9) 

where 𝐴 is the frequency factor, 𝐸 is the activation energy, 𝑖 is the step of the reaction pathway (1 

and 2), 𝑅 is the ideal gas constant, and 𝑇 is the temperature. The linearized Arrhenius equations 

and the estimated values of activation energies and frequency factors are listed in Table 5.2. 

Clearly, 𝐸1 is higher than 𝐸2 for both samples S1 and S2, indicating that the oxy-cracking of the 

liquid to the gas phase requires higher energy than the continuation of consecutive oxidative 

decomposition of the organic compounds, and thus, producing less CO2 gas. Such a trend agrees 

perfectly with other findings found in the literature on the wet oxidation of real sewage sludge 

[37]. It is worth mentioning here that when Zhang and Chuang [31] developed the LKM, they 

applied it onto many wet oxidation data retrieved from the literature. Accordingly, our estimated 

activation energy values for S1 line up with the ones reported by Baillod et al. [38] on the fate of 

specific organic pollutants, including; phenol, 2-chlorophenol, 4-Nitrophenol, 1,2-

dimethylphthalate, and 1,2-dichloroethane, during wet oxidation and ozonation, while the ones for 

S2 agree with another findings reported by Lin et al. [39] on the kinetics of wet air oxidation of 

concentrated wastewater effluent, after applying the LKM [31]. 
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Figure 5.4. Normalized TOC concentrations as a function of time during SAGD produced water 

oxy-cracking at three different temperatures for (a) S1 and (b) S2. The symbols represent 

experimental data, and the dotted lines are from the lumped kinetic model (LKM, equation (5.8)). 

Experimental operating conditions: Initial TOC: 580 and 320 ppm for S1 and S2, respectively, 

oxygen partial pressure: 1000 psi, impeller speed: 1000 rpm, KOH amount: 2.24 g, and SAGD 

produced water amount: 100 g. Panels (c) and (d) represent the correlations between experimental 

and predicted normalized TOC concentrations obtained from the LKM for S1 and S2, respectively. 

 

One more noticeable thing is the high value of the frequency factor of the first deep or complete 

oxy-cracking reaction for S1, this could occur due to the different chemistry of this sample as its 

initial TOC content is higher than the TOC of S2. This could lead us to the fact of increased 

availability of aromatic moieties in S1 forming eventually heavier soluble intermediates.  
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Table 5.2. Estimated activation energies and frequency factors for oxy-cracked SAGD produced 

waters. 

SAGD 

produced water 

Linearized Arrhenius 

equation 
R2 

Activation energy 

(kJ/mol) 

Frequency 

factor (min-1) 

S1 
   𝑙𝑛𝑘1 = −7911 𝑇⁄ + 11.32 1.00 𝐸1 65.77 8.23 × 104 

𝑙𝑛𝑘2 = −4734 𝑇⁄ + 3.93 0.98 𝐸2 39.54 55.71 

S2 
𝑙𝑛𝑘1 = −4051 𝑇⁄ + 3.63 1.00 𝐸1 33.68 37.62 

𝑙𝑛𝑘2 = −2848 𝑇⁄ + 0.56 0.99 𝐸2 23.62 1.76 

5.4.2 Continuous packed-bed adsorption  

Successful column experiments were implemented for adsorption of the TOC removal from the 

oxy-cracked SAGD produced waters. The experimental data followed the typical behavior of the 

BTC especially at low influent concentrations. Initially, all organics were adsorbed, resulting in 

almost 100% TOC removal in the effluent samples. However, the TOC concentration started 

increasing in the effluent samples with time, this was due to the gradual upward movement of the 

adsorption zone through the packed-bed until the saturation point where the adsorption zone 

reached to the top of the column. The effect of different initial TOC concentrations; particularly, 

75, 150, and 300 mg/L, for oxy-cracked SAGD produced water samples S1 and S2 at extrudates 

packed-bed height of 6.9 cm, solution flow rate of 0.5 mL/min, pH of 6.3, and at ambient room 

temperature on the BTC profiles is shown in Figure 5.5. Accordingly, the BTC parameters of the 

packed-bed column were estimated according to the equations (5.1) − (5.3) and presented in 

Table 5.3. Inlet TOC concentration is a limiting factor due to the presence of a fixed number of 

binding sites from the extrudate particles, which limits the adsorbed amount of TOC inside the 

packed-bed column [22, 40-42]. These binding sites treat a large volume of effluent when the inlet 

concentration is low. As seen in Figure 5.5, on one hand, it is obvious that the breakthrough curves 

were steeper at the lowest TOC concentration, i.e., 75 mg/L for both samples. In addition, the 

breakthrough times decreased from ~ 30 to ~ 5 min in both cases. These observations could be 

attributed to the lower mass transfer-flux from the bulk to the extrudates surfaces [22, 43-46]. On 
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the other hand, at elevated TOC concentrations, more organic molecules were available, which 

eventually led to higher uptakes, as seen in Table 5.3, leading to earlier breakthrough times. Indeed, 

this also caused to decrease the saturation times from 250 to 120 min and from 250 to 180 min for 

S1 and S2, respectively. Moreover, Table 5.3 shows that with an increase in the inlet TOC 

concentration, the percentage of removal of the TOC influent decreased slightly from 53.9 to 

51.0% for S1 and from 55.86 to 50.07% for S2. This could be due to the fact that at higher TOC 

concentration more organic molecules left unbounded with the fixed binding sites that 

subsequently led to decrease in the removal efficiency [22].  

 

Figure 5.5. Breakthrough curves for adsorption of oxy-cracked SAGD effluents; S1 and S2, with 

different initial TOC concentrations onto SiO2-NiO extrudates. Experimental operating conditions: 

flow rate: 0.5 mL/min, bed height: 6.9 cm, pH: 6.3, and temperature: 298 K. 

 

Table 5.3. Estimated experimental breakthrough curve parameters for the oxy-cracked SAGD 

produced waters.  

𝑄 = 0.5 mL/min, bed height = 6.9 cm, pH = 6.3, and temperature = 298 K 

Sample 𝐶0 (mg/L) 𝑡𝑏(min) 𝑡𝑠   (min) 𝑞𝑡𝑜𝑡𝑎𝑙 (mg) 𝑚𝑡𝑜𝑡𝑎𝑙 (mg) %𝑅 

S1 

75 30 250 5.06 9.38 53.90 

150 13 200 7.75 15.00 51.70 

300 6 120 9.18 18.00 51.00 
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Table 5.3. (Continued) Estimated experimental breakthrough curve parameters for the oxy-

cracked SAGD produced waters.  

𝑄 = 0.5 mL/min, bed height = 6.9 cm, pH = 6.3, and temperature = 298 K 

S2 

75 38 250 5.24 9.38 55.86 

150 18 200 7.90 15.00 52.67 

300 5 180 13.52 27.00 50.07 

 

5.4.3 Catalytic steam gasification and extrudates regeneration 

Thermal gasification is a process that partially or completely converts carbonaceous materials in 

the presence of oxygen and/or steam into fuel gas like H2, CO, CH4, and CO2 at high operating 

temperatures. The thermodynamic properties of this process are highly dependent on temperature, 

pressure, and carbon to oxygen ratio [47]. The following three reactions usually occur in a typical 

gasification process of light materials; (1) devolatilization, which occurs as the carbonaceous 

materials heat up and mix with the oxygen and/or steam. Subsequently, cracking reactions occur 

producing CO, CH4, and H2, (2) consecutive oxidation and gasification through auto-thermal 

exothermic reactions, which occur as the volatile products and some of the hydrocarbons react 

with oxygen and/or steam to form CO and CO2, which provides heat for the subsequent gasification 

reactions with the CO2 and the steam, and (3) gasification and side reactions like hydrocracking, 

reforming, and water-gas shift and sulfur conversion occur at elevated temperatures as the 

hydrocarbons react with CO2 and steam to produce CO and H2 [48-50]. Here we are trying to use 

this gasification reaction principle in presence of our SiO2-NiO extrudates, as previously explained 

in Section 5.3.6, to investigate the possibility of producing syngas at lower temperatures and 

simultaneously regenerate them for further cycles of adsorption-gasification processes. Figure 5.6 

shows the qualitative mass spectrometry data of evolved gases during the catalytic steam 

gasification process of the adsorbed organics over SiO2-NiO extrudates. The results indicate 

production of H2, CH4, and CO2, m/z from mass spectrometry are 2, 16, and 44, respectively, at 
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higher temperatures, suggesting a promising catalytic effect. However, the mass spectrometry data 

of CO is dominated by the presence of N2 having the same m/z ratio of 28 [24]. Clearly, at 

temperatures beyond 650 and up to 850 K, the intensities of the evolved gasses followed this order 

H2 > CH4 > CO2 indicating that at higher temperatures the catalytic steam gasification reactions 

are favored, thus, more H2 in comparison to CO2 is produced [51]. Upon finishing each catalytic 

gasification run, the extrudates were taken for further XRD and BET measurements. Interestingly, 

no changes on the structure of NiO neither on the average crystalline domain size were observed, 

this indeed was expected as the active NiO nanosorbcats were calcined at 1073 K upon preparation 

and they were embedded into silica to keep them robust and stable during this gasification process 

[10, 11]. 

 

Figure 5.6. Mass spectrometry of evolved gases during catalytic steam gasification of adsorbed 

organics from oxy-cracked SAGD produced water for (a) S1 and (b) S2 onto SiO2-NiO extrudates. 

 

Table 5.4 shows the BET surface areas and the uptake values of the organics adsorbed (within 

batch adsorption experiments) from the oxy-cracked SAGD produced waters before and after the 

steam gasification. As seen a drop in the BET surface areas is observed, thus, affecting the amount 

adsorbed in each cycle, dropping the removal efficiency from ~99% to ~78% for both samples. 
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However, this could be due to two reasons; (1) coke formation during the gasification reaction 

which might lead to residual hydrocarbons that can react at high temperatures [52], and (2) the 

possibility of having heavy/trace metals in the oxy-cracked SAGD produced waters, which could 

be adsorbed on the extrudates surface, such metals would be uneasy to remove through the steam 

gasification reaction. Instead, a typical regeneration process by changing the solution pH could 

desorb these metal ions. However, these two points are out of the scope of this study and shall be 

addressed comprehensively in the future studies. Nevertheless, the current findings confirm the 

promising employment of those extrudates as adsorbents-catalysts for the adsorptive removal and 

subsequent catalytic steam gasification of the oxy-cracked hydrocarbons and organic pollutants. 

Table 5.4. SiO2-NiO extrudates regeneration characteristics. Batch adsorption experimental 

conditions: extrudates dose, 10 g/L; contact time, 24 h; pH, 6.2, and initial S1 and S2 concentration: 

30 mg/L.       

Sample 
BET (m2/g) Batch uptake (mg/g) Removal (%) 

Original Cycle 1 Cycle 2 Original Cycle 1 Cycle 2 Cycle 1 Cycle 2 

S1 50 44 39 1.23 1.08 0.97 87.80 78.86 

S2 50 43 37 1.21 1.04 0.93 85.95 76.86 

5.4.4 Proposed SAGD produced water treatment technology 

Current treatment technologies of SAGD produced waters concentrate the organic acids and other 

pollutant types such as volatile organic carbons and polycyclic aromatic hydrocarbons into the 

recycled treated water. For instance, Kawaguchi et al. [6], showed that the concentration of 

dissolved organic compounds, the total concentrations of phenols, and organic acids in the recycled 

SAGD water were, respectively, 4.4-, 1.7-, and 4.5-fold higher than in the produced water. 

Therefore, traditional produced water treatment system, as the one shown in Figure 5.1, suffers 

from meeting the high operating requirements of the feed boiler as usually 100% steam quality is 

required. Continuous development and improvement of many treatment technologies such as the 

mechanical vapor compression evaporator, membrane technology, electrodialysis, advanced and 
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photocatalytic oxidation are reported in the literature [7, 8, 53]. However, these technologies 

primarily focus on water recycling at high capital and operating costs, and mostly, none of them 

target the simultaneous recovery of waste hydrocarbons that could be used as a practical source of 

fuel for oil sands industry. For this reason and based on the current findings of our study, we 

propose a new treatment system, as the one shown in Figure 5.7. The pre-treatment step starts with 

an oxy-cracking process. This process operates at mild operating temperature and pressure. Within 

this process, the organic compounds will get oxygenated and become adsorptive species. In 

addition, it is noticeable from the photos of SAGD produced waters in Figure 5.7 that after the 

oxy-cracking reaction, the effluent samples were clear yellowish in appearance and have no 

colloidal suspension or precipitation, at the macroscale level. Hence, no further filtration or 

centrifugation processes are needed, as the ones exist in the traditional treatment system. In fact, 

the yellowish color and the TOC content were completely removed after exposing the two samples 

to SiO2-NiO extrudates, using the packed-bed adsorption setup. Subsequently, the adsorbed 

species were upgraded via steam gasification process into a commodity product (syngas). 

Moreover, the latter process helped in regenerating the extrudates to be used for further treatment 

cycles. Using such a sustainable approach for enhancing water recyclability and recovering the 

organic and hydrocarbon pollutants will help the oil and gas industry in the development of 

hydrocarbon waste utilization processes by transforming “energy-consuming” to “energy-

producing” wastewater treatment systems. That said, the futuristic studies will focus on conducting 

such a scheme on a pilot-plant scale that can operate continuously with longer residence times to 

perform a full techno-economic feasibility study, and to have a fair comparison with the available 

market technologies and current process integration studies [54, 55].            
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Figure 5.7. Proposed SAGD produced water treatment. Dash red rectangle is linked to the position of this proposed technology (Figure 

5.1). The numbers (1) and (5) are the control/real SAGD produced water effluents before treatment, (2) and (6) represent the oxy-cracked 

samples at temperature of 498 K, (3) and (7) represent the oxy-cracked samples at temperature of 523 K, (4) and (8) represent the 

precedent ones, (3) and (7), after batch adsorption.   
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5.5 Conclusions 

Canada’s oil sands industry produced 1.9 million barrels of bitumen per day in 2012, and it is 

expected to be doubled by 2022 to satisfy the continuous energy demand. The most effective 

extraction process of bitumen is steam assisted gravity drainage (SAGD), which is considered as 

one of the most commonly enhanced oil recovery methods. However, to match the massive 

production scale of bitumen, huge amounts of produced water are generated during SAGD process. 

This produced water contains a wide range of inorganic dispersed colloidal particles, clays, and 

inactive organic compounds that cannot be easily removed by a standalone process like adsorption. 

In this work, we proposed an integrated process pertaining to water recyclability and hydrocarbons 

waste recovery. Hence, we first considered optimizing the oxy-cracking conditions as a 

pretreatment step for separating the organics from clay and sand present in real samples of SAGD 

produced waters. After that, the oxy-cracked and solubilized hydrocarbons were adsorbed onto 

silica-embedded NiO (SiO2-NiO) extrudate particles in a packed-bed column, and subsequently, 

the adsorbed hydrocarbons have been gasified into synthetic gas product. The in-house prepared 

SiO2-NiO extrudates showed high adsorption affinity and catalytic activity towards the oxy-

cracked hydrocarbons and they were used for 3 cycles of gasification-adsorption processes. This 

study is considered the first of its kind in field of sustainable wastewater treatment.     

5.6 Acknowledgement       

The authors are grateful to the Natural Sciences and Engineering Research Council of Canada 

(NSERC) and to the Department of Chemical and Petroleum Engineering at the Schulich School 

of Engineering at the University of Calgary. The prestigious Werner Graupe International 

Fellowship in Engineering hosted by the University of Calgary is deeply acknowledged and 



 

161 
 

appreciated. Special acknowledgements to Dr. Gerardo Vitale for providing XRD measurements, 

and to Dr. Azfar Hassan for helping with the steam gasification experiments. 

5.7 References 

[1] R. Schlosberg, A more sustainable way to win oil from oil sands, Journal of Sustainable Energy 

Engineering, 4 (2014) 286-298. 

[2] E.W. Allen, Process water treatment in Canada’s oil sands industry: I. Target pollutants and 

treatment objectives, Journal of Environmental Engineering and Science, 7 (2008) 123-138. 

[3] R. Schlosberg, R.D. Jordan, A more sustainable way to win oil from oil sands - Part II. 

Characterization, Journal of Sustainable Energy Engineering, 5 (2017) 13-28. 

[4] T. Simieritsch, J. Obad, S. Dyer, Tailings plan review — An assessment of oil sands company 

submissions for compliance with ERCB directive 074: Tailings performance criteria and 

requirements for oil sands mining schemes Pembina Foundation and Water Matters, Alberta, 2009. 

[5] R.H. Houlihan, C.E. Hale, Alberta mine reclamation and abandonment requirements,  6th 

International Conference on Mine Closure, Mine Closure, Alberta, Canada, 2011. 

[6] H. Kawaguchi, Z. Li, Y. Masuda, K. Sato, H. Nakagawa, Dissolved organic compounds in 

reused process water for steam-assisted gravity drainage oil sands extraction, Water Research, 46 

(2012) 5566-5574. 

[7] W.F. Heins, Is a paradigm shift in produced water treatment technology occurring at SAGD 

facilities?, Journal of Canadian Petroleum Technology, 49 (2010). 

[8] E.W. Allen, Process water treatment in Canada’s oil sands industry: II. A review of emerging 

technologies, Journal of Environmental Engineering and Science, 7 (2008) 499-524. 

[9] A. El-Qanni, N.N. Nassar, G. Vitale, A. Hassan, Maghemite nanosorbcats for methylene blue 

adsorption and subsequent catalytic thermo-oxidative decomposition: Computational modeling 

and thermodynamics studies, Journal of Colloid and Interface Science, 461 (2016) 396-408. 

[10] A. El-Qanni, N.N. Nassar, G. Vitale, A combined experimental and computational modeling 

study on adsorption of propionic acid onto silica-embedded NiO/MgO nanoparticles, Chemical 

Engineering Journal, 327 (2017) 666-677. 

[11] A. El-Qanni, N.N. Nassar, G. Vitale, Experimental and computational modeling studies on 

silica-embedded NiO/MgO nanoparticles for adsorptive removal of organic pollutants from 

wastewater, RSC Advances, 7 (2017) 14021-14038. 

[12] N.N. Marei, N.N. Nassar, M. Hmoudah, A. El-Qanni, G. Vitale, A. Hassan, Nanosize effects 

of NiO nanosorbcats on adsorption and catalytic thermo-oxidative decomposition of vacuum 

residue asphaltenes, The Canadian Journal of Chemical Engineering, 95 (2017) 1864-1874. 

[13] A.D. Manasrah, N.N. Nassar, L. Carbognani Ortega, Conversion of petroleum coke into 

valuable products using oxy-cracking technique, Fuel, 215C (2018) 865-878.  

[14] A.D. Manasrah, A. El-Qanni, I. Badran, L. Carbognani Ortega, M.J. Perez-Zurita, N.N. 

Nassar, Experimental and theoretical studies on oxy-cracking of Quinolin-65 as a model molecule 

for residual feedstocks, Reaction Chemistry & Engineering, 2 (2017) 703-719. 

[15] JADE, (V 7.5.1 XRD, pattern processing identification & quantification, 2005). 

[16] K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A. Pieroti, J. Rouquerol, T. 

Siemieniewska, Reporting physisorption data for gas/solid systems with special reference to the 



 

162 
 

determination of surface area and porosity (Recommendations 1984), Pure & Applied Chemistry 

57 (1985) 603-619. 

[17] Matthias Thommes, Katsumi Kaneko, Alexander V. Neimark, James P. Olivier, Francisco 

Rodriguez-Reinoso, Jean Rouquerol, K.S.W. Sing, Physisorption of gases, with special reference 

to the evaluation of surface area and pore size distribution (IUPAC Technical Report), Pure & 

Applied Chemistry 87 (2015) 1051-1069. 

[18] S.D. Faust, O.M. Aly, Adsorption processes for water treatment, Butterworth-Heinemann, 

Stoneham, 1987. 

[19] Z. Aksu, F. Gönen, Biosorption of phenol by immobilized activated sludge in a continuous 

packed bed: prediction of breakthrough curves, Process Biochemistry, 39 (2004) 599-613. 

[20] M. Auta, B.H. Hameed, Chitosan–clay composite as highly effective and low-cost adsorbent 

for batch and fixed-bed adsorption of methylene blue, Chemical Engineering Journal, 237 (2014) 

352-361. 

[21] J.-L. Gong, Y.-L. Zhang, Y. Jiang, G.-M. Zeng, Z.-H. Cui, K. Liu, C.-H. Deng, Q.-Y. Niu, J.-

H. Deng, S.-Y. Huan, Continuous adsorption of Pb(II) and methylene blue by engineered graphite 

oxide coated sand in fixed-bed column, Applied Surface Science, 330 (2015) 148-157. 

[22] A. Hethnawi, N.N. Nassar, A.D. Manasrah, G. Vitale, Polyethylenimine-functionalized 

pyroxene nanoparticles embedded on diatomite for adsorptive removal of dye from textile 

wastewater in a fixed-bed column, Chemical Engineering Journal, 320 (2017) 389-404. 

[23] N.N. Nassar, A. Hassan, P. Pereira-Almao, Application of nanotechnology for heavy oil 

upgrading: Catalytic steam gasification/cracking of asphaltenes, Energy & Fuels, 25 (2011) 1566-

1570. 

[24] A. Hassan, F. Lopez-Linares, N.N. Nassar, L. Carbognani-Arambarri, P. Pereira-Almao, 

Development of a support for a NiO catalyst for selective adsorption and post-adsorption catalytic 

steam gasification of thermally converted asphaltenes, Catalysis Today, 207 (2013) 112-118. 

[25] M. Ashtari, L. Carbognani Ortega, F. Lopez-Linares, A. Eldood, P. Pereira-Almao, New 

pathways for asphaltenes upgrading using the oxy-cracking process, Energy & Fuels, 30 (2016) 

4596-4608. 

[26] R.V. Shende, J. Levec, Kinetics of wet oxidation of propionic and 3-hydroxypropionic acids, 

Industrial & Engineering Chemistry Research, 38 (1999) 2557-2563. 

[27] M. Ashtari, L. Carbognani, P. Pereira-Almao, Asphaltenes aqueous conversion to humic and 

fulvic analogs via oxy-cracking, Energy & Fuels, 30 (2016) 5470-5482. 

[28] P. Haghighat, L.C. Ortega, P. Pereira-Almao, Experimental study on catalytic 

hydroprocessing of solubilized asphaltene in water: A proof of concept to upgrade asphaltene in 

the aqueous phase, Energy & Fuels, 30 (2016) 2904-2918. 

[29] P. Haghighat, L. Carbognani Ortega, P. Pereira-Almao, Kinetic study of preoxidized 

asphaltene hydroprocessing in aqueous phase, Energy & Fuels, 30 (2016) 5617-5629. 

[30] R.V. Shende, J. Levec, Wet oxidation kinetics of refractory low molecular mass carboxylic 

acids, Industrial & Engineering Chemistry Research, 38 (1999) 3830-3837. 

[31] Q. Zhang, K.T. Chuang, Lumped kinetic model for catalytic wet oxidation of organic 

compounds in industrial wastewater, AIChE Journal, 45 (1999) 145-150. 

[32] A. Lifshitz, J.V. Michael, Rate constants for the reaction, O+H2O→OH+OH, over the 

temperature range, 1500–2400 K, by the flash photolysis-shock tube technique: A further 

consideration of the back reaction, Symposium (International) on Combustion, 23 (1991) 59-67. 



 

163 
 

[33] F.J. Rivas, S.T. Kolaczkowski, F.J. Beltrán, D.B. McLurgh, Development of a model for the 

wet air oxidation of phenol based on a free radical mechanism, Chemical Engineering Science, 53 

(1998) 2575-2586. 

[34] M.N. Ingale, J.B. Joshi, V.V. Mahajani, M.K. Gada, Waste treatment of an aqueous waste 

stream from a cyclohexane oxidation unit: A case study, Process Safety and Environmental 

Protection, 74 (1996) 265-272. 

[35] S.K. Bhargava, J. Tardio, J. Prasad, K. Föger, D.B. Akolekar, S.C. Grocott, Wet oxidation 

and catalytic wet oxidation, Industrial & Engineering Chemistry Research, 45 (2006) 1221-1258. 

[36] A.B. Thomsen, Degradation of quinoline by wet oxidation—kinetic aspects and reaction 

mechanisms, Water Research, 32 (1998) 136-146. 

[37] J. Mucha, R. Zarzycki, Analysis of wet oxidation process after initial thermohydrolysis of 

excess sewage sludge, Water Research, 42 (2008) 3025-3032. 

[38] C.R. Baillod, B.M. Faith, O. Masi, Fate of specific pollutants during wet oxidation and 

ozonation. Where do the pollutants wind up in oxidational purification processes? Here is a well 

documented experimental study, Environmental Progress, 1 (1982) 217-227. 

[39] S.H. Lin, S.J. Ho, C.L. Wu, Kinetic and performance characteristics of wet air oxidation of 

high-concentration wastewater, Industrial & Engineering Chemistry Research, 35 (1996) 307-314. 

[40] S. Afroze, T.K. Sen, H.M. Ang, Adsorption performance of continuous fixed bed column for 

the removal of methylene blue (MB) dye using Eucalyptus sheathiana bark biomass, Research on 

Chemical Intermediates, 42 (2016) 2343-2364. 

[41] F.J. García-Mateos, R. Ruiz-Rosas, M.D. Marqués, L.M. Cotoruelo, J. Rodríguez-Mirasol, T. 

Cordero, Removal of paracetamol on biomass-derived activated carbon: Modeling the fixed bed 

breakthrough curves using batch adsorption experiments, Chemical Engineering Journal, 279 

(2015) 18-30. 

[42] H. Liang, H. Gao, Q. Kong, Z. Chen, Adsorption equilibrium and kinetics of tetrahydrofuran 

+ water solution mixture on zeolite 4A, Journal of Chemical & Engineering Data, 51 (2006) 119-

122. 

[43] P. Zheng, B. Bai, W. Guan, H. Wang, Y. Suo, Fixed-bed column studies for the removal of 

anionic dye from aqueous solution using TiO2@glucose carbon composites and bed regeneration 

study, Journal of Materials Science: Materials in Electronics, 27 (2016) 867-877. 

[44] S. Noreen, H.N. Bhatti, S. Nausheen, S. Sadaf, M. Ashfaq, Batch and fixed bed adsorption 

study for the removal of Drimarine Black CL-B dye from aqueous solution using a lignocellulosic 

waste: A cost affective adsorbent, Industrial Crops and Products, 50 (2013) 568-579. 

[45] J.L. Sotelo, G. Ovejero, A. Rodríguez, S. Álvarez, J. García, Removal of atenolol and 

isoproturon in aqueous solutions by adsorption in a fixed-bed column, Industrial & Engineering 

Chemistry Research, 51 (2012) 5045-5055. 

[46] I. Ali, Water treatment by adsorption columns: Evaluation at ground level, Separation & 

Purification Reviews, 43 (2014) 175-205. 

[47] R. Müller, P.v. Zedtwitz, A. Wokaun, A. Steinfeld, Kinetic investigation on steam gasification 

of charcoal under direct high-flux irradiation, Chemical Engineering Science, 58 (2003) 5111-

5119. 

[48] C. Sosa, Adsorption of heavy hydrocarbons for the purpose of hydrogen production Chemical 

and Petroleum Engineering, University of Calgary, Calgary, AB, Canada, 2007. 

[49] L. Carbognani, Upgrading of a visbroken vacuum residue by adsorption and catalytic steam 

gasification of the adsorbed components,  Chemical and Petroleum Engineering, University of 

Calgary, Calgary, AB, Canada, 2014. 



 

164 
 

[50] A. Hassan, L. Carbognani-Arambarri, N.N. Nassar, G. Vitale, M. Bartolini, P. Pereira-Almao, 

Catalytic steam gasification of athabasca visbroken residue by NiO–kaolin-based catalysts in a 

fixed-bed reactor, Energy & Fuels, 31 (2017) 7396-7404. 

[51] A. Hassan, L. Carbognani-Arambarri, N.N. Nassar, G. Vitale, F. Lopez-Linares, P. Pereira-

Almao, Catalytic steam gasification of n-C5 asphaltenes by kaolin-based catalysts in a fixed-bed 

reactor, Applied Catalysis A: General, 507 (2015) 149-161. 

[52] N.N. Nassar, C.A. Franco, T. Montoya, F.B. Cortés, A. Hassan, Effect of oxide support on 

Ni–Pd bimetallic nanocatalysts for steam gasification of n-C7 asphaltenes, Fuel, 156 (2015) 110-

120. 

[53] M. Holmes, S. Gupta, P. McKay, S. Ren, Integrated one-step process for oil water separation 

and produced-water treatment,  SPE Canada Heavy Oil Technical Conference, 7-9 June, Society 

of Petroleum Engineers, Calgary, Alberta, Canada, 2016. 

[54] Z. Dadashi Forshomi, A. Alva-Argaez, J.A. Bergerson, Optimal design of distributed effluent 

treatment systems in steam assisted gravity drainage oil sands operations, Journal of Cleaner 

Production, 149 (2017) 1233-1248. 

[55] Z. Dadashi Forshomi, C.E. Carreon, A. Alva-Argaez, J.A. Bergerson, Energy, water, cost, 

and greenhouse gas implications of steam-assisted gravity drainage surface facility technologies, 

Process Integration and Optimization for Sustainability, 1 (2017) 87-107. 

  



 

165 
 

CHAPTER SIX 

Conclusions and Future Work 

6.1 Conclusions 

Nowadays, the heavy oil dependent societies are putting pressure on water supplies. The stress is 

becoming clear and will soon manifest as global water scarcity problems, affecting many countries 

with insufficient water resources. Therefore, it is undeniably obvious that the world needs 

immediate solutions and plans to save our clean drinking water. Hence, the main objective of this 

thesis was to develop a process scheme using in-house prepared novel silica-embedded NiO and/or 

MgO nanomaterials as nanoadsorbents-catalysts (nanosorbcats) for treating oil sand process-

affected water (OSPW). The new acronym of nanosorbcats was introduced to the world of 

adsorption and catalysis in the second chapter in which maghemite nanoparticles were used as 

nanosorbcats for adsorptive removal and subsequent catalytic thermo-oxidative decomposition of 

methylene blue. Experimental equilibrium adsorption isotherms were described by the Langmuir 

and Freundlich models and supported by computational modeling to provide insight on the 

adsorption mechanism and surface activity of the nanosorbcats. The catalytic behavior of the 

nanoparticles was confirmed based on the effective activation energy trends using the 

isoconversional method. In the third and fourth chapters, SiO2-NiO, SiO2-MgO, and SiO2-

(Ni0.5Mg0.5)O nanosorbcats were prepared through a co-precipitation synthesis route followed by 

drying and then calcination. Upon synthesis, the properties of these nanosorbcats were successfully 

characterized using XRD, BET, HRTEM, CO2-TPD, and IR spectroscopy. SiO2-(Ni0.5Mg0.5)O 

nanoparticles showed the highest uptake for cationic pollutants due to their possible synergistic 

effect, while SiO2-NiO nanoparticles showed the highest uptake for anionic and organic acid 

pollutants due the stability of NiO nanoparticles in aqueous solutions, promoting them as the best 
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candidate adsorbents for real steam assisted gravity drainage (SAGD) produced water. These 

findings were confirmed and supported by the computational modeling, DFT calculations, and 

MD simulations. However, in the real application (chapter five), these nanoparticles showed low 

adsorption capacity when exposed to the control SAGD effluents. Thus, an oxy-cracking process, 

a combination of oxidation and cracking processes in the aqueous phase operating at mild 

conditions, was performed to oxygenate the inactive organics converting them into more 

adsorptive species. The latter oxy-cracked compounds were removed within a packed-bed column 

of SiO2-NiO extrudates. A catalytic steam gasification process was employed to gasify the 

adsorbed oxy-cracked pollutants and hydrocarbons into syngas. This process was also used to 

regenerate the spent extrudates to be reused in further cycled of adsorption-gasification processes. 

The environmental impacts of nanosorbcats, especially in the sustainability perspective, were vital. 

Thus, the findings of this thesis can be considered the stepping-stone for the futuristic 

nanotechnological applications in the field of wastewater treatment. 

6.2 Future work 

The following points present some guidelines for future work; 

• Study the competitive adsorption of the same model molecules used in this thesis onto 

silica-embedded NiO and/or MgO nanoparticles to evaluate the adsorption selectivity.  

• Investigate the catalytic effect for each prepared silica-embedded NiO and/or MgO through 

either thermo-oxidative or steam gasification processes with the same model molecules to 

understand the reaction mechanisms and pathways. 

• Construct a pilot-plant setup for the whole proposed scheme and run it continuously with 

higher residence times to conduct a full techno-economic feasibility study by studying the 

cost effectiveness of scaled up adsorption and catalytic process with the extrudate particles.  
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Appendix A1 

Supporting Information for Chapter Two 

 

High resolution transmission electron microscopy (HRTEM) was carried out to gain further 

insights into the morphology and size of the -Fe2O3 nanoparticles used in this work. A very small 

quantity of the powdered -Fe2O3 sample was dispersed in pure ethanol. The powder/ethanol 

solution was then agitated until all the powder was suspended (for approximately 5 min). A pipette 

was then used to draw and deposit a drop of the suspension on the HRTEM carbon grid sample 

holder. The drop was then allowed to dry depositing powder particles on the grid holder. The 

HRTEM images were collected on a FEI Tecnai F20 FEG TEM using an accelerating voltage of 

200 kV. Most of the nanoparticles are spherical in shape with a diameter between 5 and 15 nm 

(Figure S1), while some are short tablet-like. The large aggregates of particles allowed the 

observation of morphology types and measurement of the individual sizes as standalone 

nanoparticles were kicked out by the electron beam when attempted to be analyze. 

 

 

Figure S1. Different HRTEM images of -Fe2O3 nanoparticles with nanoparticle sizes 

measurements. 
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Appendix A2 

Supporting Information for Chapter Three 

 

S1. Synthesis of silica-embedded NiO and MgO nanoparticles 

The following subsections show the in-house preparation methods for synthesising three different 

types of silica-embedded NiO and MgO nanoparticles which were developed as promising 

nanosorbcats for the removal of organic pollutants in wastewater.   

S1.1 Silica-embedded NiO nanoparticles 

Silica-embedded NiO nanoparticles preparation method can be summarized under the following 

major steps. First, 4.3 g of colloidal silica (Ludox AS-40, SiO2 40% (w/w)) was added to a 1 L 

glass beaker containing 200 mL of deionized water. The mixture was agitated using a magnetic 

stirrer (300 rpm) for 2 min until a homogenous solution was obtained. Then, while keeping the 

magnetic stirring at 300 rpm, 16.8 g of Ni(NO3)2.6H2O (precursor for NiO nanoparticles) was 

added to the mixture. After complete dissolution of the nickel salt, 13.0 g of granulated household 

sucrose was added to the mixture. Sucrose has two main functions in this preparation method. 

First, it helps to distribute the Ni within the aqueous mixture, so it works like a complexing agent 

for the Ni and silica. Second, it acts like a temperature reducer for the synthesis of the dried powder 

(auto-ignition process). Afterwards, 1.5 mL of HNO3 70% (w/w) was added dropwise to the 

mixture. The mixture was magnetically stirred at 300 rpm and 293 K for 30 min to produce a 

homogeneous blackish solution. The beaker was then placed in the oven at 373 K for 48 h to 

evaporate the water. On the third day, a dried black solid material looking like a sponge cake was 

obtained. This solid material was re-placed in the oven at 523 K for 12 h. This step was carried out 

to ensure that there was no free water left in the solid material that could affect the auto-ignition 
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process, and to ensure that all the amorphous materials, atomically speaking, got closer to each 

other, for the next step. Eventually, the solid material was taken out from the oven and then ground 

very carefully in the fume hood until a homogenous powder was obtained and then calcined in the 

oven at 1073 K for 3 h in a flow of air and ramping at 5 K/min. This was done to release the 

carbonaceous part of the material allowing the production of the Silica-embedded NiO 

nanoparticles with around 25 nm crystalline domain size for NiO and less than 100 nm for the 

silica. The main framework components of the resultant nanoparticles structure are SiO2 and NiO 

as confirmed by infrared spectroscopy and the X-ray structural identification analyses, 

respectively. Thus, the prepared silica-embedded NiO nanoparticles were labeled as SiO2-NiO. 

S1.2 Silica-embedded MgO nanoparticles 

Silica-embedded MgO nanoparticles preparation method went through the following major steps. 

4.0 mL of NH4OH 27% (w/w) was added dropwise to a 1 L glass beaker containing 300 mL of 

deionized water, then, 4.0 g of H2SiO3 was added to the mixture and agitated using a magnetic 

stirrer for 10 min at 300 rpm. After that, 20.0 g of granulated household sucrose was added to the 

mixture. Then, 24.0 g of Mg(NO3)2.6H2O (precursor for MgO nanoparticles) was added to the 

mixture. After complete dissolution of the magnesium salt, 4.0 mL of HNO3 70% (w/w) was added 

dropwise to the mixture. The mixture was magnetically stirred at 300 rpm and 293 K for 30 min 

to produce a homogeneous brownish solution. The beaker was then placed in the oven at 373 K 

for 48 h to evaporate the water. On the third day, a dried brown solid material was obtained. This 

solid material was re-placed in the oven at 523 K for 12 h. At the end, the solid material was taken 

out from the oven and then ground very carefully in the fume hood until a homogenous powder 

was obtained and then calcined in the oven at 1073 K for 3 h in a flow of air and ramping at 5 

K/min. It is worth mentioning here that after calcination the powder material turned completely 
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from brown to white color. The main framework components of the resultant nanoparticles 

structure are SiO2 and MgO as confirmed by infrared spectroscopy and the X-ray structural 

identification analyses, respectively. Thus, the prepared silica-embedded MgO nanoparticles were 

labeled as SiO2-MgO.  

S1.3 Silica-embedded NiO and MgO nanoparticles 

For the sake of studying the possible synergistic effect of bimetallic nanoparticles towards 

adsorption of cationic and anionic pollutants, silica-embedded NiO and MgO (at ratio of 0.5:0.5) 

nanoparticles were also prepared in this study. The preparation method is summarized as follows: 

5.1 g of colloidal silica (Ludox AS-40, SiO2 40% (w/w)) was added to a 1 L beaker containing 225 

mL of deionized water. The mixture was agitated using a magnetic stirrer for 2 min until a 

homogenous solution was obtained. Then, while keeping the magnetic stirring, 9.9 g of 

Ni(NO3)2.6H2O (precursor for NiO nanoparticles) and 9.1 g of Mg(NO3)2.6H2O (precursor for 

MgO nanoparticles) were added to the mixture. After complete dissolution of the nickel and 

magnesium salts, 15.0 g of granulated household of sucrose and 1.5 mL of HNO3 70% (w/w) were 

added to the mixture. The mixture was magnetically stirred at 300 rpm and 293 K for 30 min to 

produce a homogeneous greyish solution. The beaker was then placed in the oven at 373 K for 48 

h to evaporate the water. Afterwards, the solid material was re-placed in the oven at 523 K for 12 

h. Finally, the solid material was taken out from the oven and then ground very carefully in the 

fume hood until a homogenous powder was obtained and then calcined in the oven at 1073 K for 

3 h in a flow of air and ramping at 5 K/min. The main framework components of the resultant 

nanoparticles structure are SiO2, NiO, and MgO as confirmed by infrared spectroscopy and the X-

ray structural identification analyses, respectively. Thus, the bimetallic prepared silica-embedded 

NiO and MgO nanoparticles were labeled as SiO2-(Ni0.5Mg0.5)O. 
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S2. Detailed calculations for the NiO and MgO contents 

S2.1 SiO2-NiO nanoparticles  

For calculating the molecular weight Mw of SiO2-NiO nanoparticles, the following stoichiometry 

should be taken into consideration, Ni2SiO4 = 2NiO + SiO2;Ni(NO3)2. 6H2O: 16.8 g, Mw =

58.7 + 2 × 14 + 6 × 16 + 6 × 18 = 290.81 g/mol 

Ludux 40 wt% SiO2: 4.267g 

⋕ g of SiO2 = 4.267g ×  0.4 = 1.7068 g SiO2  

⋕ mole SiO2 =
1.7068 g SiO2

60 g mol⁄  SiO2
= 0.02845 mol SiO2 

⋕ mole Ni =⋕ mole NiO =⋕ moleNi(NO3)2. 6H2O  

                                               =
16.8 g 

290.81 g mol⁄  
= 0.0578 mol Ni 

Ratio of 
Ni

Si
=

0.0578 mol Ni

0.02845 mol Si
= 2.03 ≅ 2 

⋕ g of NiO = 0.0578 mol Ni × 74.7 
g

mol
NiO = 4.32g NiO 

% of NiO in the prep sample of SiO2 − NiO =  
4.32

4.32 + 1.7068
× 100% = 71.67% ≅ 72% 

S2.2 SiO2-MgO nanoparticles  

For calculating the molecular weight Mw of SiO2-MgO nanoparticles, the following stoichiometry 

should be taken into consideration, Mg2SiO4 = 2MgO + SiO2; 

Mg(NO3)2. 6H2O = 24 g, Mw1 = 24.3 + 14 × 2 + 16 × 6 + 6 × 18 = 256.3 g mol⁄  

H2SiO3 = 4 g  

⋕ g SiO2 = 4 g H2SiO3 ×
60 (g mol) SiO2⁄

78 (g mol) H2SiO3⁄
= 3.0769 g SiO2 

⋕ mol SiO2 =
3.0769 g SiO2

60 (g mol) SiO2⁄
= 0.0513 mol SiO2 

⋕ mole Mg = mole of MgO = mole of Mg(NO3)2. 6H2O = 256.3 = 0.0936 mol Mg 
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Ratio of 
Mg

Si
=

0.0936

0.0513
= 1.83 

⋕ g of MgO = 0.0936 mol Mg ×
40.3 g

1 mol
MgO = 3.7721 g 

% of MgO in the prepared sample of SiO2 − MgO =
3.7721

3.7721 + 3.0769
= 55.1% 

S2.3 SiO2-(Ni0.5Mg0.5)O nanoparticles  

For calculating the molecular weight Mw of SiO2-(Ni0.5Mg0.5)O nanoparticles, the following 

stoichiometry should be taken into consideration, (Ni0.5Mg0.5)O−SiO2 = NiO + MgO + SiO2; 

Mg(NO3)2. 6H2O: 9.1 g, Mwt = 256.41 g mol ⁄  

Ni(NO3)2. 6H2O: 9.9 g, Mwt = 290.81 g mol ⁄  

Ludux 40 wt% SiO2: 5.112 g →⋕ g SiO2 = 5.112 × 0.4 = 2.0448 g SiO2  

⋕ mol SiO2 =
2.0448 g

60 g mol ⁄
= 0.03549 mol MgO  

Ratio of 
Ni

Si
=

0.03404

0.03408
= 0.9988 ≅ 1, Ratio of 

Mg

Si
=

0.03549

0.03408
= 1.04 ≅ 1 

⋕ g of NiO = 0.03404 ×  74.7 = 2.542 g NiO,  

⋕ g of MgO = 0.03549 × 40.3 = 1.4302 g MgO 

% of NiO =
2.5428

2.5428 + 1.4302 + 2.04448
= 0.4225 = 42.25% 

%of MgO =
1.4302

6.0178
 0.2380 ≅ 23.8% 
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Appendix A3 

Supporting Information for Chapter Four 

 

S1. X-ray diffraction (XRD) 

Structures and particle crystalline domain sizes of dried silica-embedded NiO and/or MgO nanoparticles 

were determined by using X-ray Ultima III Multi-Purpose Diffraction System (Rigaku Corp., The 

Woodlands, TX) with Cu K radiation operating at 40 kV and 44 mA with a θ–2θ goniometer. Figure S1 

shows the XRD patterns of prepared SiO2-NiO and SiO2-(Ni0.5Mg0.5)O nanoparticles. 

 

 

Figure S1. X-ray diffraction powder patterns of the prepared (a) SiO2-NiO and (b) SiO2-(Ni0.5Mg0.5)O 

nanoparticles.  
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S2. Leaching content calculations for the prepared nanoparticles 

S2.1 SiO2-NiO nanoparticles  

For calculating the molecular weight Mw of SiO2-NiO nanoparticles, the following stoichiometry 

should be taken into consideration, Ni2SiO4 = 2NiO + SiO2;Ni(NO3)2. 6H2O: 16.8 g, Mw =

58.7 + 2 × 14 + 6 × 16 + 6 × 18 = 290.81 g/mol 

Ludux 40 wt% SiO2: 4.267g 

⋕ g of SiO2 = 4.267g ×  0.4 = 1.7068 g SiO2  

⋕ mole SiO2 =
1.7068 g SiO2

60 g mol⁄  SiO2
= 0.02845 mol SiO2 

⋕ mole Ni =⋕ mole NiO =⋕ moleNi(NO3)2. 6H2O  

                                               =
16.8 g 

290.81 g mol⁄  
= 0.0578 mol Ni 

Ratio of 
Ni

Si
=

0.0578 mol Ni

0.02845 mol Si
= 2.03 ≅ 2 

⋕ g of NiO = 0.0578 mol Ni × 74.7 
g

mol
NiO = 4.32g NiO 

% of NiO in the prep sample of SiO2 − NiO =  
4.32

4.32 + 1.7068
× 100% = 71.67% ≅ 72% 

 

@ Temperature of 293 K: 

 

SiO2 − NiO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.7167 ≅ 0.0955 𝑔 ×  0.7167 = 0.0684 𝑔 𝑁𝑖𝑂 

% 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 20.2 𝑝𝑝𝑚 = 20.2 
𝑚𝑔

𝐿
×

1 𝑔

103 𝑚𝑔
×

1 𝐿

103 𝑚𝐿
× 10 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛      

                                                                 = 0.00202 𝑔 𝑁𝑖   

𝑁𝑖𝑂 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.00202 𝑔 𝑁𝑖 ×  
74.6928 (g mol⁄ ) 𝑁𝑖𝑂 

58.6934 (g mol⁄ ) 𝑁𝑖
= 0.000257 𝑔 𝑁𝑖𝑂 

% 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =
0.000257 𝑔 𝑁𝑖𝑂

0.0684 𝑔 𝑁𝑖𝑂
× 100% = 0.38% 

 

@ Temperature of 308 K: 

 

SiO2 − NiO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.7167 ≅ 0.0690 𝑔 × 0.7167 = 0.04945 𝑔 𝑁𝑖𝑂 

% 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 198 × 10−6 ×  5 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 0.00099 𝑔 𝑁𝑖 

𝑁𝑖𝑂 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.00099 ×
74.7

58.7
= 0.00126 𝑔 𝑁𝑖𝑂 

% 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =
0.00126

0.04945
 ×  100% = 2.54% 
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@ Temperature 318 K: 

 

SiO2 − NiO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.7167 ≅ 0.0514 𝑔 × 0.7167 = 0.0368 𝑔 𝑁𝑖𝑂 

 

% 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 163.8 × 10−6 ×  5 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 0.000819 𝑔 𝑁𝑖 

𝑁𝑖𝑂 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.000819 ×
74.7

58.7
= 0.001042 𝑔 𝑁𝑖𝑂 

% 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =
0.001042

0.0368
 ×  100% = 2.83% 

S2.2 SiO2-MgO nanoparticles  

For calculating the molecular weight Mw of SiO2-MgO nanoparticles, the following stoichiometry 

should be taken into consideration, Mg2SiO4 = 2MgO + SiO2; 

Mg(NO3)2. 6H2O = 24 g, Mw1 = 24.3 + 14 × 2 + 16 × 6 + 6 × 18 = 256.3 g mol⁄  

H2SiO3 = 4 g  

⋕ g SiO2 = 4 g H2SiO3 ×
60 (g mol) SiO2⁄

78 (g mol) H2SiO3⁄
= 3.0769 g SiO2 

⋕ mol SiO2 =
3.0769 g SiO2

60 (g mol) SiO2⁄
= 0.0513 mol SiO2 

⋕ mole Mg = mole of MgO = mole of Mg(NO3)2. 6H2O = 256.3 = 0.0936 mol Mg 

Ratio of 
Mg

Si
=

0.0936

0.0513
= 1.83 

⋕ g of MgO = 0.0936 mol Mg ×
40.3 g

1 mol
MgO = 3.7721 g 

% of MgO in the prepared sample of SiO2 − MgO =
3.7721

3.7721 + 3.0769
= 55.1% 

 

@ Temperature of 293 K: 

 

SiO2 − MgO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.5508 ≅ 0.1077 𝑔 ×  0.5508 = 0.0593 𝑔 𝑀𝑔𝑂 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 119 𝑝𝑝𝑚 = 119 
𝑚𝑔

𝐿
×

1 𝑔

103 𝑚𝑔
×

1 𝐿

103 𝑚𝐿
× 10 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛      

                                                                 = 0.00119 𝑔 𝑀𝑔   
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𝑀𝑔𝑂 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.00119 𝑔 𝑀𝑔 × 
40.30 (g mol⁄ ) 𝑀𝑔𝑂 

24.30 (g mol⁄ ) 𝑀𝑔
= 0.001974 𝑔 𝑀𝑔𝑂 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =
0.001974 𝑔 𝑀𝑔𝑂

0.0593 𝑔 𝑀𝑔𝑂
× 100% = 3.30% 

@ Temperature of 308 K: 

SiO2 − MgO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.5508 ≅ 0.0992 𝑔 ×  0.5508 = 0.0546 𝑔 𝑀𝑔𝑂 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 144 𝑝𝑝𝑚 = 144 ×  10−6  ×  10 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛      

                                                                 = 0.00144 𝑔 𝑀𝑔   

𝑀𝑔𝑂 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.00144 𝑔 𝑀𝑔 × 
40.30 (g mol⁄ ) 𝑀𝑔𝑂 

24.30 (g mol⁄ ) 𝑀𝑔
= 0.002388 𝑔 𝑀𝑔𝑂 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =
0.002388 𝑔 𝑀𝑔𝑂

0.0546 𝑔 𝑀𝑔𝑂
× 100% = 4.40% 

@ Temperature of 318 K: 

SiO2 − MgO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.5508 ≅ 0.0486 𝑔 ×  0.5508 = 0.0268 𝑔 𝑀𝑔𝑂 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 254 𝑝𝑝𝑚 = 254 ×  10−6  ×  5 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛      

                                                                 = 0.00127 𝑔 𝑀𝑔   

𝑀𝑔𝑂 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.00127 𝑔 𝑀𝑔 × 
40.30 (g mol⁄ ) 𝑀𝑔𝑂 

24.30 (g mol⁄ ) 𝑀𝑔
= 0.00211 𝑔 𝑀𝑔𝑂 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =
0.00211 𝑔 𝑀𝑔𝑂

0.0268 𝑔 𝑀𝑔𝑂
× 100% = 7.90% 

S2.3 SiO2-(Ni0.5Mg0.5)O nanoparticles  

For calculating the molecular weight Mw of SiO2-(Ni0.5Mg0.5)O nanoparticles, the following 

stoichiometry should be taken into consideration, (Ni0.5Mg0.5)O−SiO2 = NiO + MgO + SiO2; 

Mg(NO3)2. 6H2O: 9.1 g, Mwt = 256.41 g mol ⁄  

Ni(NO3)2. 6H2O: 9.9 g, Mwt = 290.81 g mol ⁄  

Ludux 40 wt% SiO2: 5.112 g →⋕ g SiO2 = 5.112 × 0.4 = 2.0448 g SiO2  

⋕ mol SiO2 =
2.0448 g

60 g mol ⁄
= 0.03549 mol MgO  

Ratio of 
Ni

Si
=

0.03404

0.03408
= 0.9988 ≅ 1, Ratio of 

Mg

Si
=

0.03549

0.03408
= 1.04 ≅ 1 

⋕ g of NiO = 0.03404 ×  74.7 = 2.542 g NiO 

⋕ g of MgO = 0.03549 × 40.3 = 1.4302 g MgO 



 

177 
 

 

% of NiO =
2.5428

2.5428 + 1.4302 + 2.04448
= 0.4225 = 42.25% 

%of MgO =
1.4302

6.0178
 0.2380 ≅ 23.80% 

 

@ Temperature of 293 K: 

 

SiO2 − NiO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.4225 ≅ 0.0526 𝑔 ×  0.4225 = 0.0222 𝑔 𝑁𝑖𝑂 

SiO2 − MgO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.2380 ≅ 0.0526 𝑔 ×  0.2380 = 0.0125 𝑔 𝑀𝑔𝑂 

% 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 0 𝑝𝑝𝑚 = 0.00𝑔 𝑁𝑖 →  % 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.00%  
 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 208 𝑝𝑝𝑚 = 208 ×  10−6  ×  5 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 0.0104 𝑔 𝑀𝑔 

𝑀𝑔𝑂 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.0104 𝑔 𝑀𝑔 ×  
40.30 (g mol⁄ ) 𝑀𝑔𝑂 

24.30 (g mol⁄ ) 𝑀𝑔
= 0.01725 𝑔 𝑀𝑔𝑂 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =
0.01725 𝑔 𝑀𝑔𝑂

0.0125 𝑔 𝑀𝑔𝑂
× 100% = 1.40% 

 

@ Temperature of 308 K: 

 

SiO2 − NiO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.4225 ≅ 0.1001 𝑔 ×  0.4225 = 0.0423 𝑔 𝑁𝑖𝑂 

SiO2 − MgO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.2380 ≅ 0.1001 𝑔 ×  0.2380 = 0.02382 𝑔 𝑀𝑔𝑂 

% 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 1.00 𝑝𝑝𝑚 = 1.00 ×  10−6  ×  10 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 0.00001 𝑔 𝑁𝑖  

𝑁𝑖𝑂 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.00001 𝑔 𝑁𝑖 ×  
74.6928 (g mol⁄ ) 𝑁𝑖𝑂 

58.6934 (g mol⁄ ) 𝑁𝑖
= 0.0000127 𝑔 𝑁𝑖𝑂 

% 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =
0.0000127 𝑔 𝑁𝑖𝑂

0.0423 𝑔 𝑁𝑖𝑂
× 100% = 0.030% 

 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 28.3 𝑝𝑝𝑚 = 28.3 ×  10−6  ×  10 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 0.000283 𝑔 𝑀𝑔 

𝑀𝑔𝑂 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.000283 𝑔 𝑀𝑔 ×  
40.30 (g mol⁄ ) 𝑀𝑔𝑂 

24.30 (g mol⁄ ) 𝑀𝑔
= 0.000464 𝑔 𝑀𝑔𝑂 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =
0.000464 𝑔 𝑀𝑔𝑂

0.02382 𝑔 𝑀𝑔𝑂
× 100% = 1.95% 

 

@ Temperature of 318 K: 

 

SiO2 − NiO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.4225 ≅ 0.0854 𝑔 ×  0.4225 = 0.0361 𝑔 𝑁𝑖𝑂 

SiO2 − MgO  𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 ×  0.2380 ≅ 0.0854 𝑔 ×  0.2380 = 0.02033 𝑔 𝑀𝑔𝑂 

% 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 7.80 𝑝𝑝𝑚 = 7.80 ×  10−6  ×  5 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 0.00039 𝑔 𝑁𝑖  

𝑁𝑖𝑂 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.00039 𝑔 𝑁𝑖 ×  
74.6928 (g mol⁄ ) 𝑁𝑖𝑂 

58.6934 (g mol⁄ ) 𝑁𝑖
= 0.000049 𝑔 𝑁𝑖𝑂 
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% 𝑁𝑖 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =
0.000049 𝑔 𝑁𝑖𝑂

0.0361 𝑔 𝑁𝑖𝑂
× 100% = 0.14% 

 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 (𝐼𝐶𝑃) = 248 𝑝𝑝𝑚 = 248 ×  10−6  ×  5 𝑚𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 0.001240 𝑔 𝑀𝑔 

𝑀𝑔𝑂 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 = 0.001240 𝑔 𝑀𝑔 ×  
40.30 (g mol⁄ ) 𝑀𝑔𝑂 

24.30 (g mol⁄ ) 𝑀𝑔
= 0.002056 𝑔 𝑀𝑔𝑂 

% 𝑀𝑔 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 =
0.002056 𝑔 𝑀𝑔𝑂

0.02033 𝑔 𝑀𝑔𝑂
× 100% = 10.10% 
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