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Abstract  

 

Providing clean and affordable water to meet the human needs is a big challenge in this century. 

Globally, the water supply for many industries struggles to keep up with the strong demand. This 

demand issue is exacerbated by industrialization, which led to water quality deterioration, forming 

polluted wastewater. Existence of treatment processes to overcome wastewater problems are not 

efficient and appropriate to maintaining the industrial effluent composition within the standard 

limits. Specifically, presence of dissolved organic compounds not properly eliminated during the 

wastewater treatment has a negative impact on human health and the environment. As a novel 

solution, nanotechnology holds great potential in water and wastewater treatment to improve water 

quality efficiently. Here, we introduce an innovative technique using environmentally friendly, 

multifunctional, and effective poly(ethylenimine)-functionalized pyroxene nanoparticles to 

provide an efficient removal of the dissolved total organic carbon from industrial wastewater in 

batch and contenuious fixed-bed column studies under various conditions. Our study includes 

arrays of characterization techniques for the prepared nanoparticles and for Diatomite (commonly 

used filter aid) before and after embedding it with the nanoparticles at a very low mass ratio (<5 

wt%). Diatomite, on its own, has a very low adsorption capacity for the dissolved organic 

contaminants in field applications. Among these applications is the employment of Diatomite with 

a rotary drum filter (RDF). Therefore, we embedded the nanoparticles to improve the performance 

of the Diatomite employed with a rotary drum filter used for the removal of dissolved organic 

pollutants. This followed our bench scale adsorption experiment using a continuous fixed-bed 

column that is considered to be the best lab scale model for the rotary drum filter. 
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The experimental results showed that, compared to using activated carbon and magnetic 

nanoparticles, the prepared nanoparticles were very effective in the removal of dissolved organic 

contaminants in batch and continuous fixed-bed column experiments. In continuous fixed-bed 

column experiments, the breakthrough behavior was described using a convection-axial dispersion 

model that had a good fit with the obtained experimental data. Interestingly, this innovative 

technique was successfully applied at Executive Mat Ltd, here in Calgary in their rotary drum filter 

after optimizing some operational conditions.     
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CHAPTER ONE 

Introduction 

 

1.1 Background  

 

 Although water has a vital role for the operation of various industrial processes, wastewater 

treatment has previously been neglected as an important element of industrial practice and the end-

users primarily focused on the quality of their output without having an in-house expertise in 

wastewater treatment. Besides, end-users concerned with treating wastewater effluents only if it is 

essential for reducing the risk in production processes [1] However, treatment and management of 

water in industry has become more seriously recognised in the last decades as a prominent issue 

due to increased pressure on water recourses and low quality feed water since fresh water is 

becoming progressively difficult to obtained [2–6]. Consequently, industrial end users are 

increasingly exploring ways in which to reduce their impact on fresh water resources through 

approach such as wastewater treatment or water reuse.  

Canada in 2011, as reported by industrial wastewater survey that was re-instituted by statistics 

Canada in 2014, had total water intake by three industries surveyed (thermal-electric power 

producers, manufacturing industries, and mining industries) around 27.6 billion cubic meters. 

Total wastewater discharge for the three industries group, on the other hand, was 26.9 billion cubic 

meters. The thermal-electric power producers accounted for 85.8% of this total, manufacturing 

industries discharged 12% of the total and the mining industries the remaining 2.2% [7]. By 

manufacturing industries, for instance, most of the wastewater was discharged (76.6 %) to surface 

fresh water bodies and to tidewater (13%). The balance was discharged to public/municipal sewers, 

groundwater or other points [7]. Of the water discharged by the manufactures, 34% was not treated 
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before being release [7]. The most advance level of treatment for 17.9% of the total discharge was 

primary treatment while 36.2% of the total discharge secondary or biological treatment as a highest 

level of treatment before being discharged [7]. Only 12 % underwent tertiary or advance treatment 

[7,8].    

1.2 Research motivation  

 

 With high consumption of freshwater by many industries and increased the discharge wastewater 

amount, pure water progressively becomes a rare source and day by day access to clean drinking 

water is being an enormous problem faced by many people all over the word [9–12]. Accordingly, 

many intensive contributions have been made to preserve water recourses. Furthermore, the 

industrial wastewater may contain a plenty of high toxicity ions of heavy metals and various types 

of organic pollutants. Recently, treatment of total organic carbon from industrial effluents has been 

recognized because many industries, including: petroleum refining, petrochemical, pulp and paper, 

food, and textile involve processes, which produces types of effluents typically has high levels of 

colloidal suspended and dissolved organic pollutants [3,13,14]. These pollutants, which can be 

characterized by having a great difference in chemical composition, often need to be treated 

appropriately. Otherwise, they cause negative impacts for human health and environment. Despite 

of developing various physiochemical techniques for adequate treatment of these pollutants, still 

there is a dire need for efficient, costly effective, and environmentally friendly methods to treat 

them, especially the ones that are dissolved or difficult to degrade and cannot be detected in 

wastewater effluents [3,15,16]. Adsorption using various types of adsorbents like the activated 

carbon (AC) has been widely  used to remove these dissolved organic pollutants [3,12,17–20]. AC 

shown very satisfactory results in the dissolved organic removal especially when it was integrated 

with biological treatment as tertiary or advance treatment [21,22]. Also, AC had an outstanding 
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performance in total dissolved solids when it followed coagulation/flocculation method [9,23]. 

Nevertheless, it has a low efficiency due to its slow mass transfer kinetics in adsorbing the heavy 

molecules, which lengthens the adsorption equilibrium time [24–26]. Furthermore, production and 

regeneration of the AC are not environmentally safe nor cost-effective in industrial applications 

[15,27–29]. Thus, many studies focus their efforts on developing an adsorbent with unique 

properties that can provide better performance than AC [30–33]. Alternatively, nanoadsorbents 

offer good sorption efficiency, large surface area, and easily accessible sorption sites with organic 

contaminants [13,27,28,30,32,34]. Hence, using nanoparticles may allow for better and more 

affordable wastewater process development. Nanoparticles in a synergistic combination with other 

conventional techniques provides a greater possibility for large-scale applications of wastewater 

treatment. For multifunctionality and stability purposes, various types of nanoparticles have been 

anchored during or after the synthesis with a wide range of functionalizing agents like polymers, 

surfactants, and inorganic materials [15,35–37]. Nevertheless, nanoparticles need an initiator that 

primarily attaches to the surface of the nanoparticles under a well monitored and high specificity 

conditions [15,37,38]. This initiator binds the nanoparticle surface before the final 

functionalization, which can be considered as one significant drawback of using the functionalized 

nanoparticles in the wastewater treatment fields. 

 At high industrial level, Executive Mat Ltd, in Calgary, is using a conventional treatment method 

by a rotary drum filter (RDF) to remove the suspended solids and colloids from their industrial 

wastewater. RDF is pre-coated with a filter aid, typically Diatomite. Although RDF is effective in 

some types of wastewater, it is inefficient, especially when the wastewater contains a high level of 

dissolved total organic carbon. This is because the employed Diatomite has a very weak adsorption 

capacity[39,40]. It is therefore ineffective in the adsorption of the dissolved solids, especially the 
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dissolved solid including dyes. Thus, there is a dire need for an improvement in the filtration 

efficiency of the Diatomite.       

The motivation of this effort is to explore a possible pathway for efficient, costly effective, and 

environmentally friendly treatment of dissolved total organic carbon from an industrial 

wastewater, which ultimately can be introduced as a good alternative method for the conventional 

treatment methods and outstandingly can provide a better performance than AC individually or as 

an integrated technique with the others. Furthermore, studying the ability of using such technique 

to improve the removal efficiency of the TOC on the RDF at Executive Mat Ltd after optimizing 

some operational conditions.   

1.3  Research objectives  

 

 The following items are considered as the main objective of this research: 

 Synthesizing an environmentally-friendly, costly effective, and multifunctional type of 

nanoadsorbents that is a good alternative and has a better performance than AC and other 

widely used nanoadsorbents in the removal of dissolved total organic carbons.  

 Functionalizing the nanoadsorbent by using a multifunctional stabilizer without using an 

initiator before the end-grafting at optimal conditions by using suitable characterization 

techniques.  

 Investigating the ability to improve the adsorption surface area and the performance of the 

Diatomite by integrating it with such effective functionalized-nanoadsorbents.  

 Testing the adsorption capacity in batch and continuous fixed-bed modes of the 

nanoadsorbent embedded on Diatomite toward a dissolved commercial red dye (CRD) 

from the textile wastewater. 
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 Studding the kinetic of the continuous fixed-bed column adsorption under the effect of 

controlled operational parameters of bed depth, inlet concentration, flow rate, and the 

concentration of the embedded nanoparticles on the Diatomite.  

 Investigate the possibility of utilizing our adsorptive technique in batch and continuous 

fixed-bed in cleaning-up a real and locally provided industrial effluent.  

 Utilizing the novel nanoparticle adsorbent in a continuous mode using a RDF at Executive 

Mat Ltd. 

1.4  Thesis organization 

 

This thesis is divided into six chapters and one appendix of a collection of three journal papers. 

The first author, Afif Hethnawi, performed all of the experimental work and data analysis, and 

participated in interpreting the results and core part of writing. Nashaat Nassar is the principal 

investigator (PI), supervisor and the corresponding author. Gerardo Vitale helped in preparing and 

characterizing the nanoparticles as well as computational modeling performing. Abdallah D.  

Manasrah contributed with modeling the breakthrough curves in the packed-bed adsorption 

experiments.  

Chapter 1 provides a brief background, objectives and organization of thesis.  

Chapter 2 provides a brief description on preparation of the pyroxene nanoparticles and then, their 

functionalization with poly(ethylenimine) followed by detailed characterization of the synthesized 

nanoparticles. This chapter also includes testing the adsorption capacity of the prepared 

nanoparticles for removal of commercial red dye (CRD) from the textile wastewater in batch 

adsorption processes. This chapter was submitted to the “Colloids and Surfaces A: 

Physicochemical and Engineering Aspects” journal with the title, “Preparation and 
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Characterization of Poly(ethylenimine)-Functionalized Pyroxene Nanoparticles and its 

Application in Wastewater Treatment.” 

In Chapter 3, the possibility of improving the Diatomite by embedding it at very low mass fraction 

of the functionalized nanoparticles is discussed in addition to a brief detail of the removal 

efficiency of the CRD via batch and continuous fixed-bed modes of adsorption. Then, the 

adsorption performance of fixed-bed column was tested for Diatomite before and after embedding 

it with version and functionalized nanoparticles that are compared with that of activated carbon 

(AC) and magnetic nanoparticles. This chapter also includes fixed-bed column experiments to 

determine the breakthrough curves under different operational conditions (e.g., inlet concentration 

of CRD, inlet flow rate, bed height, and nanoparticle concentration in Diatomite). Furthermore, in 

this Chapter a convection-axial dispersion model was presented that is used to describe the 

obtained experimental results under effect of various dynamic conditions. This chapter was 

submitted to “Chemical Engineering Journal” with the title “Poly(ethylenimine)-Functionalized 

Pyroxene Nanoparticles Embedded on Diatomite for Adsorptive Removal of Dye from Textile 

Wastewater: Batch and Fixed-bed Studies.” 

In Chapter 4, the adsorption of total organic carbon (TOC) from an industrial effluent using the 

functionalized nanoparticles embedded into Diatomite at <5 wt% is described in a batch and 

continuous fixed-bed column. This Chapter contains the breakthrough behavior of the column 

experiment under different operational conditions (e.g., influent TOC concentration, inlet flow 

rate, bed height, and nanoparticle concentration in Diatomite). This chapter also includes a 

description of breakthrough behaviour in the concept of mass transfer phenomena by using suitable 

correlations. This chapter is to be submitted to “Journal of Hazardous Materials” with the title 



 
 

7 
 

“Poly(ethylenimine)-Functionalized Pyroxene Nanoparticles Embedded on Diatomite for 

Removal of Total Organic Carbon from Industrial Wastewater.” 

 

Through Chapter 5, a scalable application in a continuous mode using a RDF at Executive Mat 

Ltd. The INPs is described in details at various mass ratios. Then the removal efficiency and the 

effect of nanoparticle concentration, as one of the dynamic parameters, is explained in details.  

In Chapter 6, summery and conclusions of the study are presented as well as several 

recommendations for future studies in this field are suggested. Finally, Appendix A containing 

supplementary information is provided.   
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CHAPTER TWO 

 

Preparation and Characterization of Poly(ethylenimine)-Functionalized 

Pyroxene Nanoparticles and Its Application in Wastewater Treatment 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is adapted from the following publication 

A. Hethnawi, N. N. Nassar, G. Vitale, Preparation and Characterization of Poly(ethylenimine)-

Functionalized Pyroxene Nanoparticles and its Application in Wastewater Treatment, Colloids and 

Surfaces A: Physicochemical and Engineering Aspects (Submitted), (2017) 
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2.1 Abstract 

 

In this study, poly(ethylenimine)-functionalized pyroxene nanoparticles were successfully 

prepared in-house for removal of commercial red dye (CRD) from the textile wastewater by a two-

step preparation method. A conventional hydrothermal synthesis at mild conditions was carried 

out to prepare the pyroxene nanoparticles (PNPs), and then, their functionalization was 

accomplished by anchoring poly(ethylenimine) (PEI) onto the surface without surface 

modifications or preliminary coating. Characterization was followed out by textural properties, X-

ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), infrared (IR) 

spectroscopy, and thermogravimetric analysis (TGA). The characterization results showed that the 

prepared nanoparticles were successfully functionalized by the PEI. Also, they had granulated-like 

morphologies with average crystaline domain sizes around 10 nm, low BET surface area (~18 

m2/g) that increased reasonably to ~119 m2/g by drying using lyophilizing method instead of 

conventional drying of the synthesized materials. The prepared PEI-PNPs showed an excellent 

adsorption removal efficiency (~ 340 mg/g) and fast adsorption kinetics (< 15 min) of the CRD 

from a textile wastewater in batch mode of adsorption compared with that of magnetite 

nanoparticles and a commercial activated carbon that had lower adsorption capacity of the dye 

(<50 mg/g). The adsorption kinetics and isotherm of the dye on PEI-PNPs were described by the 

external mass transfer diffusion and the Sips models, respectively. 

2.2 Introduction 

 

All industrial wastewater effluents create significant and hazardous environmental footprints, 

which substantially vary from process to process. It is important that every effort be made to 

minimize the amount of generated wastewater and to provide optimum water quality that meets 

human and environmental needs [41,42]. The textile industry, which consumes a high quantity of 
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fresh water, usually produces wastewater that is characterized by having a high level of total 

organic carbon [43]. Moreover, textile wastewater generally contains various compounds, most of 

which are synthetic in origin [14]. For example, it contains dissolved dyes that are commonly used 

to impart color to cellulose fibers [44]. These dyes are difficult to remediate since they do not 

degrade easily and quickly become chemically stable [45]. Furthermore, they may end up 

producing toxic materials  or mutagenic compounds as in case of azo dyes [46]. Many widely used 

technologies, including chemical and biological treatments [47], advanced oxidation processes 

[48], photocatalytic degradation [49–51], Fenton oxidation [52], and coagulation and flocculation 

[53] have been adapted to provide high efficiency removal of organic and inorganic pollutants. 

However, these typical technological treatments have no robust effect in textile wastewater 

treatment. Several factors hinder the efficiency of these processes, such as cost and process 

workability [14].  

Adsorption is a more effective alternative to these inefficient and costly technologies [54–60]. 

Adsorption is a promising technology that is more capable of removing pollutants from textile 

wastewater, as it is superior in terms of flexibility and simplicity. Because it is flexible, it can be 

applied on its own or as an integrated technology; like the case of combining magnetic field and 

adsorption for treatment of the biologically treated palm mill effluent [61]. In column experiments, 

activated carbon (AC) is a widely used adsorbent which performs well when used for the removal 

of different types of heavy metals and organic pollutants from the wastewater [12,62,63]. Further, 

AC and ozonisation process interact effectively to remediate some of the toxic aromatics found in 

textile wastewater (e.g., diclofenac and nitro phenol) [64]. However, AC has serious challenges 

that are represented by its high costs and non-environmentally friendly manufacturing and 
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regeneration processes [27] in addition to its low adsorption capacity for large molecules and slow 

mass transfer kinetics that typically results in very long adsorption equilibration time [24–26,65].  

Nanomaterials are today’s novel adsorbents, characterized by their small size (i.e., < 100 nm in 

one dimension) which allows for a high surface areas crating more corresponding sorption sites 

and small interparticular diffusional distances [2,66]. Nanomaterials have wide ranges of 

applications [66,67],  of which wastewater treatment is a very important one [13,15,30,31,36,68–

72]. For instance, iron oxide nanomaterials have been extensively used to remove different types 

of pollutants from wastewater such as heavy metals and polycyclic aromatic [27,33,73–76]. To be 

effective, this type of nanoparticles should be thermodynamically stable to stay in a solution 

without aggregating and to maximize dispersity. Specifically, the stability of nanoparticles related 

to the energy of their surface molecules is reduced by their electrostatic interaction with the 

surrounding molecules (Van der Waal’s interactions) [57,60]. Therefore, much work is needed to 

overcome this drawback, which limits the nanoparticle potential range of application. Thus, 

functionalization, a practical and an innovative technique, has been proposed and experimentally 

used which can be described as anchoring the desired functional group, like polymer, dendrimer 

or highly specific ligand that maintains the surface stability of the nanoparticles [60]. Further, it 

provides multi-functionality through the decoration of the surface of nanoparticles with specific 

molecules which are able to attract complex compounds [12,61–63]. For example, Fe3O4 magnetic 

nanoparticles were grafted by poly-(methyl methacrylate) [77] and γ-Fe2O3 magnetic nanoparticles 

were grafted by poly-(hydroxyl ethyl methacrylate) or poly-(methacrylic acid) [78]. These 

polymer-grafted nanoparticles could efficiently and specifically remove total organic carbon and 

heavy metals like lead, nickel and cadmium from wastewater [2,27,64]. However, grafting a 

polymer on a nanoparticle surface requires surface modifications such as introducing initiators 
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under well-monitored conditions or supplying the surface of the nanoparticle with a bridge 

(binding agent) so that the functionalizing agent is attached to the nanoparticle surface [15]. 

Branched poly-(ethylenimine) (PEI), a cationic and multifunctional polymer since it has a wide 

range of buffering capacities (i.e., working at broad range of pH) in an aqueous solution under 

normal conditions, has been shown to coat the magnetic nanoparticles in order to efficiently 

remove the TOC from sewage wastewater in addition to trapping several types of heavy metals 

(e.g., uranium, cadmium, lead, zinc, copper, and nickel) [27,57,66]. Typically, the PEI is added 

after primarily coating the nanoparticles with tri-sodium citrate (TSC) [15], which imparted free 

carboxylic group (COO-) (negative charge) resulting in binding the free PEI to the surface of the 

magnetic nanoparticles [79]. 

To maximize the sustainability of the adsorption processes, it is important that the developed 

nanoadsorbents be earth abundant, naturally occurring, economic and environmental friendly. In 

addition, on an industrial scale, there is a dire need for environmentally safe types of nanoparticles 

that are multifunctional, cost effective, and efficient in wastewater treatment. Accordingly, in 

addition to understanding the adsorption behavior of PEI-functionalized silicate-based 

nanoparticles, another major purpose of this study is to develop new nanoadsorbent based on iron-

silicate minerals (pyroxene aegirine) [80,81], which are widespread in nature and innocuous 

materials, for adsorptive removal of total organic carbon (TOC) from wastewater. These iron-

silicate minerals also possess superficial ionic exchange properties that permit surface 

modification to introduce Brønsted acid sites [80,81], which could positively impact its adsorptive 

and catalytic properties. The iron-silicate nanoparticles (NaFeSi2O6) is successfully prepared in-

house in nano-crystalline sizes with a novel and easy synthesis method under mild conditions like 

that for commercial zeolites [80], and tested for the first time for adsorptive removal of TOC from 
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wastewater. This field of study is highly novel, and is of strategic importance to the industrial 

wastewater treatment processes.  

Herein, the purposes of this study include: (1) synthesizing pyroxene nanoparticles (PNPs) using 

a hydrothermal method under mild conditions and functionalizing them with PEI at optimal 

conditions, without using any binding agent like tri-sodium citrate as typically used for surface 

modification of other types of nanoparticles reported in literature [15]; (2) comparing the 

adsorptive performances (i.e., kinetics and isotherm) of the as prepared PEI-functionalized 

pyroxene with conventional adsorbents (like magnetite nanoparticles and commercial AC and 

silica) for adsorptive removal of real dye from textile wastewater at an adjustable pH. The 

adsorption kinetics and isotherm of the dye on PEI-PNPs were described by the external mass 

transfer diffusion model and the Sips model, respectively.  

 2.3 Experimental section  

2.3.1 Materials 

The following chemicals were purchased from Sigma Aldrich, Ontario, Canada: sulfuric acid (95-

98%), iron tri-chloride (97%), sodium silicate solution (10.6% Na2O, and 26.5% SiO2), iron sulfate 

hexa-hydrate (≥99%), ammonium hydroxide (28-30% NH3), hydrogen peroxide (30-35%), 

methanol (97%), and polyethylenimine (PEI) (99%). The sodium hydroxide beads (99.99%) were 

purchased from VWR International, Edmonton, Canada. The GAC (90%) was acquired from the 

CABOT Company, Estevan, Saskatchewan, Canada. A commercially used red dye sample in 

the textile industry (CRD) was kindly supplied by Executive Mat Ltd, Calgary, Canada and used 

as adsorbate in this study. Acid red dye 27 (AR27) obtained from Sigma–Aldrich (90%, 

Sigma–Aldrich, Toronto, ON) was used for comparison purposes. All chemicals were used 

as received without any further purifications.  
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2.3.2 Synthesis of PEI-functionalized pyroxene nanoparticles  

The pyroxene nanoparticles were prepared hydrothermally from a typical synthesis treated gel at 

low temperature and pressure, as published previously [80,81]. The gel was prepared via a reaction 

between an acidic solution of iron and a basic solution of silicate. The acidic solution was produced 

by dissolving 18.067 g of sulfuric acid in 90 g of deionized water and 20.793 g of iron tri-chloride 

was gradually added to the solution while continuously stirring the solution at 300 rpm. The basic 

solution was formed by adding 21.413 g of sodium hydroxide to 60.0 g deionized water followed 

by gradually adding 30.707 g of sodium silicate while the solution was being stirred. Then, the 

acidic solution was added slowly to the basic solution while stirring for 15 min to produce a 

homogeneous orange-yellowish gel. After that, a hydrothermal crystallization was carried out by 

transferring the prepared gel to a 300-ml reactor vessel (A2230HCEB, Parr Instrument Company, 

Moline, Il, USA). The reactor vessel was equipped with a heating mantle connected to a 

temperature control loop, a gauge pressure and a mechanical stirrer with speed controller. After 

performing leak test and confirming no leak detection, the reactor was heated to 433 K at 300 rpm 

for 72 h [81]. Then, at the end of experiment, the reactor was cooled down to room temperature 

and the resulting gel was carefully discharged from the reactor vessel, filtered and washed with 

deionized water. Finally, the gel was left overnight to dry at room temperature. These pyroxene 

nanoparticles were then functionalized with PEI by adding 50 ml of a solution of the polymer 

having different concentrations (ca. 0.2, 0.4, 0.8, 1.2, and 1.6 wt%) to 1.0 g of nanoparticles 

suspended in 100 ml of water. Each mixture was stirred for 3 h at room temperature to allow the 

anchoring of the polymer onto the surface of the nanoparticles. Finally, the suspension was filtered, 

washed, and dried by vacuum overnight at room temperature. According to the added 

concentrations of the PEI, the PEI-functionalized pyroxene nanoparticles were identified as PEI-
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PNPs preceded by the nominal concentration of PEI. Thus, PEI-PNPs with 0.2 wt% PEI nominal 

concentration was denoted as 0.2-PEI-PNPs. A selected sample (e.g., 0.8-PEI-PNPs) was 

lyophilized (freeze-dried) to sublimate the frozen water after the preparation. This sample finally 

was denoted as 0.8-PEI-PNPs-FD to distinguish it from the non-freeze-dried one. 

2.3.3 Synthesis of PEI-functionalized magnetite nanoparticles  

 

The magnetite nanoparticles were prepared using an in-house chemical co-precipitation method. 

In brief, 6 g of ferrous sulfate hexa-hydrate was dissolved in 100 g of deionized water followed by 

adding 5 ml of ammonium hydroxide to the solution. Then, approximately 15 drops of hydrogen 

peroxide were added gradually using a dropper to achieve a specific blackish color indicating the 

formation of magnetite. Finally, the solution was filtered, washed, and dried by vacuum overnight 

to recover the produced iron oxide nanoparticles (INPs). The PEI-functionalization of the prepared 

INPs followed a modified version of the protocol reported in literature [15]. A 0.8 wt% of PEI 

solution was gradually added to the solution that contains dispersed INPs at 293 K. This solution 

was then continuously stirred for 2 h. Thereafter, the PEI-functionalized INPs, which was denoted 

as 0.8-PEI-INP, were washed to remove the unbounded PEI, and the pH of the solution was 

adjusted to approximately 7. Finally, the solution was filtered and the product vacuum dried and 

recovered. These 0.8-PEI-INP nanoparticles were prepared for comparison purposes to test the 

efficiency of the developed PEI-pyroxene nanoparticles. 

2.3.4 Characterization of the synthesized nanoparticles 

2.3.4.1 Textural properties 

To determine the effect of adding different concentrations of PEI on the surface area and porosity 

of the previously prepared nanoparticles, the Bruneur-Emmett-Teller (BET) tests of surface area 
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and porosity were carried out using a surface area and porosity analyzer (TriStar II 3020, 

Micromeritics Instrument Corporation, Norcross, GA). Before the analysis, the dried samples were 

pre-treated, inside sample holder cells, with a flow of nitrogen gas and simultaneously heated to 

423 K overnight. Then, the pre-treated samples were submitted to the adsorption-desorption of 

nitrogen at 77 K produce the adsorption-desorption isotherms. Finally, the surface area was 

estimated using BET equation. This analysis was also conducted for the virgin PNPs, INP, 0.8-

PEI-INP, 0.8-PEI-PNPs-FD and the commercial AC sample.   

2.3.4.2 X-ray diffraction (XRD) 

 

The structural identity and the average crystalline domain sizes of the dried powders of the PNPs 

and the PEI-functionalized PNPs were obtained using an Ultima III Multipurpose Diffraction 

system (Rigarku corporation, The woodlands, TX, the USA) with Cu Kα radiation as the X-ray 

source at 40 kV and 44 mA with a -2 goniometer. For the analysis, each sample was placed in 

a glass top-loaded sample holder, having a 0.5 mm depth cavity. The sample was distributed evenly 

on the cavity of the sample holder with the help of a microscope slide. Scans were performed in 

the range of 3-90 2- degrees using a 0.02 step and a counting time of 1.0 per min. The 

crystalline domain sizes were obtained by the Scherrer equation that is expressed in eq 2.1 as 

follows [82]  

𝐿(2𝜃 ) =
𝐾𝜆

𝐵 𝑐𝑜𝑠 𝜃 
                                                                                                                                     (2.1) 

where λ is the X-ray wavelength in nanometer (nm), β 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 β 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 
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number. Eq. (1) was implemented in the commercial software JADE [83]. This software allowed 

the fitting of the experimental profile to a pseudo-Voigt profile function, and then, the calculation 

of the full width at half maximum (FWHM) of the peaks to compute the crystalline domain sizes.  

2.3.4.3 High-resolution transmission electron microscopy (HRTEM) 

 

High-resolution transmission electron microscopy (HRTEM) analysis was carried out on selected 

PNPs and INP nanoparticles before and after PEI-functionalizing to study their size, morphology, 

and structural topology. Each sample was prepared for the analysis by suspending ~0.5 mg of the 

nanoparticles in 4 ml of ethanol and sonicating it. Some drops of the sonicated suspension of 

nanoparticles were deposited into a Formvar/carbon copper grid sample holder and allowed to dry. 

The images were collected using a FEI Tecnai F20 FEG TEM with an accelerating voltage of 200 

kV. 

2.3.4.4 Infrared spectroscopy (FTIR) 

 

The molecular bonds and the functional groups were identified for the PNPs nanoparticles before 

and after anchoring different concentrations (e.g., 0.2, 0.4, 0.8 wt%) of PEI using a Nicolet 6700 

FTIR instrument that was produced by the Thermo Electron Corporation. The instrument had a 

smart diffused reflectance attachment to carry out DRIFT (Diffuse Reflectance Infrared Fourier 

Transform Spectroscopy) analysis. Generally, the FTIR spectra for each sample was measured in 

the range of 400-4000 cm-1, with a resolution of 2 cm-1 and the spectrum was the average of 128 

scans. The sample for analysis was prepared by mixing small amounts of the nanoparticle sample 

(~5 mg) with KBr (~500 mg), and then, mounted in the DRIFTS sample holder for analysis using 

the conditions described above.  
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2.3.4.5 Thermo-gravimetric analysis (TGA) 

 

The dried PNPs and all the PEI-functionalized PNPs were analyzed using thermo-gravimetric 

analysis (TGA) to estimate the organic content in each prepared sample (i.e., the loaded amount 

of PEI at the surface of the nanoparticles). A small amount of each sample (~5 mg) was used for 

this analysis, avoiding in this way diffusional limitation [84,85]. The samples were heated up to 

1173 K under an air flow rate of 100 cm3/min and a heating rate of 10 K/min using a simultaneous 

thermo-gravimetric analysis/differential scanning calorimetry (TGA/DSC) analyzer (SDT Q600, 

TA Instruments, Inc., New Castle, DE). The instrument was calibrated for mass and heat changes 

by using sapphire and zinc as references, respectively.  

2.3.5 Model dye sample of textile wastewater 

 

A commercially used red dye sample in the textile industry (CRD) was kindly supplied by 

Executive Mat Ltd, Calgary, Canada. This dye should represent the source of pollutant in textile 

wastewater that might provide a better understanding of the adsorptive behavior of the real textile 

wastewater. The chemical composition of the CRD was not readily available as the raw data sheet 

does not disclose the raw components of the dye. Therefore, before any adsorption experiment, the 

dye was analyzed by the XRD and the TGA to get an indication about their inorganic and organic 

mass percentages, respectively. Then for more details about the structure, the presence of carbon 

(C), hydrogen (H), and nitrogen (N) in the CRD was detected by using a Perkin Elmer instrument 

(serious II, C H N S/O analyzer, 2400). The metallic composition of the dye was estimated by 

inductively coupled plasma-atomic emission spectroscopy, ICP-AES (IRIS Intrepid II XDL, 

Thermo-Instruments Canada, Inc., Mississauga, ON, Canada). Additionally, the presence of Sulfur 

(S) and Nitrogen (N) in the sample was tested using Sulfur-Nitrogen (S/N) analysis with an 

ANTEK apparatus from FOLIO instrument, INC. (Kitchner 517-748, model number 900 HNS). 
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Moreover, the CRD sample was analyzed using the FTIR spectroscopy together with a commercial 

dye of known structure called acid red dye 27 (AR27) to get further detail about the functional 

groups present in the commercial red dye.  

2.3.6 Adsorption experiments  

 

Batch-mode adsorption experiments were performed at 298 K by adding 100 mg of a certain type 

of the aforementioned nanoparticles to a 10 mL aqueous solution containing a specific 

concentration of the CRD at a specified solution pH inside a 25-mL glass vials. After that, the vials 

were tightly closed to ensure that the concentration remains the same without losing water due to 

evaporation. Then, adsorption was allowed to take place by shaking the vials by a Wrist Action 

shaker (Burrel, Model 75-BB) for a predetermined time. For the pH-dependent study, CRD 

adsorption experiments were performed at 200 rpm for 24 h shaking by adding a 100 mg of the 

selected nanoparticles into a 25 mL-vials containing 10 mL of CRD at two different initial 

concentrations of 554 and 1108 mg/L. Each sample had a specific pH value, which was adjusted 

by adding NaOH or H2SO4 solutions within the pH range 2.5-11. For the adsorption isotherm 

study, a screening to select the best adsorbent (highest adsorption capacity) among the previously 

prepared nanoparticles and AC was conducted. In brief, five sets of 10 ml samples were prepared. 

Each set contained solutions with different initial concentrations of the CRD in each vial. In the 

first set 100 mg of the 0.8-PEI-PNPs was used; in the second set the same amount of the virgin 

PNPs was added. For the third and fourth sets, the same amount of functionalized and virgin 

magnetite nanoparticles (i.e., virgin INP and 0.8-PEI-INP) were added. In the last set, 100 mg of 

commercial AC was added. The pH in each of the 25-ml glass vials was kept constant at ~8.10 and 

the temperature was kept at 298 K. All the sets were shaken at 200 rpm for 4 h (enough time for 

the saturation). For the kinetic study, 2 sets of batch adsorption experiments using the screened 
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PNPs (adsorption isotherm experiments) at two different CRD initial concentrations of 1108 and 

554 mg/L were performed at 200 rpm and solution pH of ~8.10 for specified time intervals in order 

to determine the time required for the adsorption equilibrium.  

After the adsorption, in all experiments except the kinetic study, the samples were left on the lab 

bench overnight to allow settling of the nanoparticles. Subsequently, the nanoparticles containing 

the adsorbed CRD were centrifuged for 10 min at 5000 rpm in the Eppendorf Centrifuge 5804. 

The supernatant solution was decanted, and the residual concentration of the CRD in the 

supernatant was measured by UV-vis Spectrophotometry (UV-vis) using a Nicolet Evolution set 

at a wavelength of 511 nm. A calibration curve of UV-vis absorbance at 511 nm versus the CRD 

concentration (mg/L) was established using a standardized model solution of CRD. In order to 

normalize the concentration of the standard model solutions of the CRD in terms of TOC (mg/L), 

other calibration curve was established by using a Shimadzu Total Organic Carbon Analyzer 

(TOC-L CPH/CPN) to measure the TOC in each of the CRD samples. Then, the adsorbed amount 

of CRD, in terms of mg TOC/ g of dried adsorbent, was estimated by the mass balance analysis as 

per eq 1.2:  

𝑄 =
𝐶𝑜 − 𝐶

𝑚
𝑉                                                                                                                                             (1.2) 

where Co is the initial concentration of CRD in the solution (TOC, mg/L), C is the final 

concentration of CRD in the supernatant (TOC, mg/L), V is the solution volume (L), m is the dry 

mass of adsorbent (g). For the equilibrium data, C replaced with Ce, Q replaced with Qe in the eq 

1.2.  

 



 
 

21 
 

2.3.7 Computational Modeling 

 

Figure 2.1 shows a 2-D representation of the chemical structure of the repeat unit of the PEI 

polymer. The chemical composition was taken from the Sigma-Aldrich website and drawn with 

the ChemDraw v15.1 software [86]. To get some insights into the possible interactions of the 

selected PEI polymer with the surface of the pyroxene aegirine nanoparticles; pictorial 

representations were carried out using the BIOVIA Materials Studio Software v2017 [87]. The 10 

nm pyroxene nanoparticle presented in Figure 2.1 was created using the Build Nanostructure 

module within BIOVIA Materials Studio and the structural parameters reported for aegirine by 

Cameron et.al [88]. The surface broken bonds were capped with hydrogen atoms, in this way, the 

hydroxyl groups presented in the real material can be taken into account. The 3-D representation 

of the PEI polymer shown in Figure 2.1 was created using the Build Polymers module within 

BIOVIA Materials Studio. The repeating unit was constructed within the Build Polymers module 

and a short polymer with five repeating units was generated and used to show some of the 

possibilities that the polymer can conform onto the surface of the pyroxene nanoparticle.  
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Figure 2.1. Chemical structure representation of the repeated unite of the used PEI polymer. 

 

2.4 Results and discussions 

 

Pyroxene nanoparticles (PNPs) were synthesized by the hydrothermal method and the 

polyethylenimine (PEI) was used for functionalization without the need for any binding agents or 

preliminary functionalization which was commonly used for surface modification of other types 

of nanoparticles, as published elsewhere [15,32,79,89]. The PEI was anchored on the surface of 

the pyroxene nanoparticles that are composed of sodium, silicon, iron and oxygen atoms with a 

silicon to iron atomic ratio (Si/Fe) of 2.0 [80,81]. The iron atoms in this structure impart negative 

charges to the framework and these negative charges are compensated by sodium cations (Na+). 

Under aqueous conditions, the sodium cations present on the surface of the pyroxene nanoparticles 

can be ion exchanged (e.g., Na-PNP + M+  M-PNP + Na+; where M+ is a cation moiety that can 

be exchanged with the sodium cation), and thus, the cationic amino group R-NH3
+ present in the 

aqueous solution of the polymer (e.g., reaction R-NH2 + H2O  R-NH3
+ + OH-), can be anchored 

on the surface by its electrostatic attraction to the negative site produced by the iron in the 
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framework close to the surface. The resulting PEI-functionalized pyroxene nanoparticles have long 

chains containing amino groups (R-NH2 or R1-NH-R2); and these anchored long-chains 

containing amino groups would efficiently interact with organic contaminants present in the textile 

wastewater, such as dye. Figure 2.2 represents a 10 nm nanoparticle of the pyroxene aegirine 

(Figure 1.2a); a 5-repeated unit of PEI (Figure 2.2b) and possible ways that the PEI polymer chains 

can be anchored onto the pyroxene nanoparticles (Figure 2.2c). The latter figure also shows how 

the polymer can produce interacting sites/pockets that may allow the capture of components of the 

dye present in the textile wastewater.  

 

Figure 2.2. a) CPK representation of a 10-nm spherical nanoparticles of the pyroxene aegirine; b) 

CPK representation of a possible conformation of a PEI polymer chain; c) Cross sectional pictorial 

representation of the interaction of the PEI polymer with the surface of the pyroxene aegirine 

showing different ways the polymer can be anchored and how the polymer can produce interacting 

sites/pockets capture the due present in the wastewater. Red spheres represent oxygen atoms, 

yellow sphere represent silicon atoms; green spheres represent sodium atoms; light purple spheres 
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represent iron atoms; white spheres represent hydrogen atoms; grey spheres represent carbon 

atoms and blue spheres represent nitrogen atoms.   

2.4.1 Characterization studies  

 

2.4.1.1 HRTEM and XRD analyses  

 

Figure 2.3a-d show the HRTEM images that were taken of the PNPs (Figure 2.3a), 0.8-PEI-PNPs 

(Figure 2.3b), INPs (Figure 2.3c), and 0.8-PEI-INP (Figure 2.3d). These images demonstrate some 

differences between the two types of nanoparticles in terms of shape and size before and after the 

functionalization. As seen, PNPs and 0.8-PEI-PNPs appear to be  formed by aggregates of smaller 

particles forming granulated-like morphologies and with average sizes around  ~10 nm, confirming 

the crystalline average demain size obtained by XRD, as will be discussed later. INPs and 0.8-PEI-

INPs both were globular in shape with very low crystaline size (12 nm), in agreement with reports 

in literature [15]. 
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Figure 2.3. HRTEM images for (a) PNPs, (b) 0.8-PEI-PNPs, (c) INPs, and (d) 0.8-PEI-INPs (line 

mark in the image corresponds to 20 nm). 

 

Figure 2.4 shows the X-ray diffraction patterns of the synthesized PNPs and PEI-PNPs. The 

obtained patterns of the prepared PEI-PNP’s materials confirmed the formation of the pyroxene 

structure known as aegirine [80,81], having the powder diffraction file (pdf) card #01-076-2564 

(2005 International Center for the Diffraction Data base included in the program JADE V. 

7.5.1Materials Data XRD Pattern Processing Identification and Quantification). This result 

indicates that the PEI-PNPs have been successfully synthesized without damaging the crystal 

structure of PNPs core during coating or surface functionalization [37]. However, the broadening 
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observed in the patterns clearly indicates the formation of materials with very small crystalline 

domain sizes [82]. The obtained patterns for the different functionalized PNPs showed no 

significant changes in signal intensities and broadening. This is expected since the PEI has a very 

low crystallinity that cannot be detected by the XRD scans.  Therefore, the functionalization and 

the amount of polymer added to the PNPs did not alter the crystallinity of the prepared PNPs. 

Accordingly, the determined average crystallite sizes were found to be around 10 nm for the PEI-

PNPs and the virgin sample; which is in very good agreement with the particle size obtained by 

the HRTEM. 

 

Figure 2.4. X-ray diffraction powder in the region of 10-90o for the synthesised PNPs and PEI-

PNPs. 

2.4.1.2 Textural properties  

 

PNPs and PEI-PNPs were essentially non-porous, which was discerned by examining the 

similarities between surface area obtained through the BET and that obtained by the t-plot methods 

[85,90]. Furthermore, the particle size of the aforementioned nanoparticles, assuming they had a 
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spherical shape, was estimated by using the measured specific surface area and the derived 

equation d =6000/(SA ρPNPs); where d is the particle size in nm, SA is the experimentally measured 

specific surface area (m2/g), and ρPNPs is the density of pyroxene (3.57 g cm-3) [81]. Table 2.1 lists 

the BET surface area, the estimated particle size (nm) and the crystalline demined size obtained 

by the XRD on the functionalization of PNPs that have various concentrations of PEI. As seen, 

using increasing amounts of the PEI polymer concomitantly there was a reduction of the surface 

area when the material is dried. This occurred because when drying, the polymer will cover the 

pyroxene particles acting like a plastic bag trapping the particles inside, and thus, the nitrogen 

could not access and estimate the surface area of the exposed active sites/pockets formed under 

the aqueous conditions. It should be expected that under aqueous conditions, the polymer chains 

will not embed the nanoparticles of pyroxene, and thus, active sites/pockets should be observed 

and surface area exposed should increase. Moreover, the BET and XRD both confirmed the 

particle size of the non-functionalized PNPs was the same (~10 nm). However, the two tests 

indicated differences in the particle size in the different concentrations of the PEI in the PEI-PNPs. 

As discussed above, the BET showed that the estimated particle size seems bigger than the 

crystalline domain size obtained by the XRD because the polymer is embedding many crystalline 

sizes, and thus, reducing the exposed surface area. In order to have a more realistic perception of 

the PEI-PNPs surface area and porosity, it was important to lyophilize one of the PNPs by 

sublimating the trapped water after its functionalization and not drying it as before [91,92]. This 

process allowed the particles to conserve the configuration presented in the aqueous solution, and 

thus, after lyophilizing a sample prepared in the same way to the 0.8-PEI-PNPs, but using freeze 

drying instead of conventional drying. The measured BET surface area increased from 16 to 118 

m2g-1. This is not surprising. Figure 2.5 also explains the fact of reduction the surface area of the 
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normally dried 0.8- PEI-PNPs that was occurred due to covering the mesoporous area. Therefore, 

the distribution of the pore size was low around the region of 30-35 Å. However, the freeze-dried 

sample (0.8-PEI-PNPs-FD) similar to the PNPs, had both a significantly major size distribution 

around 30-35 Å, which was due to exposing the mesoporous area to the nitrogen during this test.  

Interestingly enough, this result indicated that under the aqueous conditions required for the use 

of the functionalized nanoparticles, the polymer should be anchored on the surface of the particles 

but the chains extended allowing the formation of pockets that produce porosity which allows to 

anchor and trap the organic components present in the textile wastewater.  

Table 2.1. BET surface area, particle size and XRD crystalline size of different-functionalized 

PNPs. 

Sample 
BET surface area 

(m2g-1) 

Particle size by 

BET (nm) 

Crystalline domain 

size by XRD (nm) 

PNPs 179 9 10±1 

 

0.2-PEI-PNPs 37 40 

 

11±1 

 

0.4-PEI-PNPs 24 70 

 

10±2 

 

0.6-PEI-PNPs 20 86 

 

11±2 

 

0.8-PEI-PNPs 16 104 12±2 

 

0.8-PEI-PNPs-FD 118 15 10±2 
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Figure 2.5. Pore size distribution of PNPS, 0.8-PEI-PNPs, and 0.8-PEI-PNPs-FD. 

 

2.4.1.3 Functionalization study of PEI-PNPs  

 

FTIR measurements were carried out for PNPs to confirm the PEI functionalization on the surface 

of the PNPs at frameworks of 500-1800 cm-1(Figure 2.6) and 2700-4000 cm-1(Figure 2.7).  Each 

figure represents the obtained signals for the pyroxene nanoparticles (Figures 2.6a and 2.7a), the 

polymer (PEI) (Figures 2.6b and 2.7b), and the functionalized pyroxene nanoparticles (Figures 

2.6c and 2.7c). The functionalized pyroxene nanoparticles included 0.4-PEI-PNPs, 0.6-PEI-PNPs, 

and 0.8-PEI-PNPs. Before the functionalization, it was excepted to show a wide stretching 

hydroxyl band around 3300 cm -1 that observed due to the hydrothermal preparation of the 

nanoparticle of pyroxene [80,81]. Anchoring the PNPs with PEI reduced the broadness of this 

band that might occur due to the interaction between the polymer and the nanoparticles. However, 

the same band became broader when the nanoparticles were loaded with more PEI since the band 

of 3300 cm-1 also attributed to N-H stretching [15]. Furthermore, NH2 bending and C-N stretching 
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were assigned at around 1500 cm-1 for the PEI and the functionalized nanoparticles [93] 

.Interestingly, by increasing the concentration of the PEI, the bands became broader which 

confirms the successful anchoring of PEI on the PNPs. 

 

Figure 2.6. FTIR spectroscopy for (a) PNPs, (b) PEI, and (c) functionalized nanoparticles (0.4-

PEI-PNPS, 0.6-PEI-PNPs, and 0.8-PEI-PNPs) at framework region of 2500-4000 cm-1. 
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Figure 2.7. FTIR spectroscopy for (a) PNPs, (b) PEI, (b) functionalized nanoparticles (0.4-PEI-

PNPs, 0.6-PEI-PNPs, and 0.8-PEI-PNPs) at framework region of 500-1600 com-1. 
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TGA analysis on the other hand was applied to the PEI-PNP samples to gain insight into its organic 

content. Figure 2.8 shows the obtained thermograms from burning the different concentrations of 

PEIs that were anchored onto the nanoparticles.  The analysis revealed that the PNP sample lost 

around 4-5 wt% while the total weight loss from 0.4-PEI-PNP, 0.8-PEI-PNP, 1.2-PEI-PNP, and 

1.6-PEI-PNP samples were 9, 12, 12, and 10 wt%, respectively. For all samples, the weight loss 

occurring below 473 K was attributed to the water in the sample. For the functionalized 

nanoparticles, the weight loss occurring between 473 K and 933 K was attributed to the organic 

matter in the sample. The weight loss that occurred in the non-functionalized sample (PNPs) was 

due to the dehydroxilation (OH-) that resulted from the heating process [81,94]. In the case of the 

PEI-PNPs, the weight loss corresponded to the amount of PEI anchored to functionalize the 

samples. The weight loss in the cases of 0.4-PEI-PNPs and 0.8-PEI-PNPs corresponded to the 

amount of loaded PEI that bounded to the surface of the nanoparticles in the functionalization 

process. However, in the case of the 1.2-PEI-PNPs and 1.6-PEI-PNPs, the estimated total weight 

loss values were ~12 wt% and ~10 wt%, respectively. These results seem to indicate that there is 

a saturation limit to anchor the polymer under the studied conditions with the optimal loaded 

amount of polymer being 0.8-PEI-PNPs. After this saturation point, the extra polymer does not 

anchor on the nanoparticle surfaces, and thus, it is lost in the aqueous solution. Furthermore, the 

TGA of the lyophilized sample (0.8-PEI-PNPs-FD) resulted in a total weight loss equivalent to 19 

wt%.  
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Figure 2.8. TGA thermograms of different PEI-functionalized PNPs with varying PEI 

concentrations. 

2.4.2 Chemical analysis of the considered commercial red dye (CRD)  

 

The results of ICP-AES and S/N tests to analyze the elemental composition of the CRD are listed 

in Table 2.2. As shown, sodium constituted the majority of the composition of the CRD at ~61 

wt%. There were very low concentrations of Mg, K, N, and Fe. In addition, the XRD confirmed 

that 82.8 wt% of the CRD was halite NaCl (Fig. S1, Supporting Information). Using C, H, N 

analysis, the organic content (i.e., carbon, hydrogen, and nitrogen) constituted around 10 wt% of 

the CRD. 

Table 2.2. Elemental analysis of considered commercial dye (CRD). 

Element  wt% 

Na 61.11 

Mg 0.02 

K 0.01 

Fe 0.03 
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N 1.13 

C 7.97 

H 0.7 

N 1.17 

Due to the high concentration of NaCl, the FTIR scans did not reveal exclusive organic bands.  

Thus, the CRD sample was extracted using methanol to reduce the NaCl in the sample to ~ 24 

wt%. Thereafter, the main organic functional groups were observed under the FTIR analysis and 

the results were compared to a sample of AR27, which has known organic functional groups. 

Figure 2.9 shows the spectra for both samples at frameworks of 500-1800 cm-1 (Figure 2.9a) and 

2700-4000 cm-1 (Figure 2.9b). In addition, the figures include the chemical structure of the AR27 

as drawn with ChemDraw software. The results of the AR27 were compared to the extracted CRD 

(Ext-CRD) sample. The comparison confirmed the absence of aromatics in the extracted CRD 

sample as no visible signals were observed in around 3030, 1700-1500 cm-1, and 860-680 cm-1, 

which are assigned to aromatics C-H stretch, aromatic C=C stretch, and aromatic C-H bending 

[95], respectively. However, these bands were observed clearly in the spectrum of AR27. Further, 

bands around 1487-1311cm-1 pointed to C=N double bond stretching vibration, while bands 

around 1010-1250 cm-1 pointed to C-N, and C-O stretching vibration [28]. However, sufficiently 

large bands around 2850-2950 cm-1 were detected for C-H stretching vibration in the extracted 

CRD sample  compared with AR27 that had a very low intensity bands since the commercial AR27 

has a purity of 90% [15]. Also, a band was observed around 3300 for both spectra of AR27 and 

CRD that assigned to OH stretching. This band was sufficiently large for the AR27 in contrast to 

that one obtained for the CRD. This suggests that CRD has a lower content of OH, more of alkyl 

type structure and it has a spectrum close to that for the Dodecane. 
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Figure 2.9. FTIR spectra for the extracted dye (Ext-CRD) and the AR27 samples: (a) framework 

region (500-1800 cm-1) and (b) framework region (2700-4000 cm-1). 

(a) 
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2.4.3 Adsorption experiments  

2.4.3.1 Effect of solution pH 

Figure 2.10 illustrates the sorption capacity (mg/g) of the 0.8-PEI-PNPs at a constant temperature 

of 298 K and with CRD initial concentrations of 1108 and 554 mg/L with a wide range of pH 

levels in the sample solution (the pH range was from 3.7 to 11). The results showed no significant 

influence of the pH level on the ability of the PEI-PNPs to adsorb the CRD in the wastewater 

sample. PEI, as previously reported, has a very wide range of buffering capacity [96], due to the 

presence of N at every third backbone atom that allows for a wide range of pKa values. 

Additionally, the PEI  has the possibility to form zwitterion compounds [97] that might be 

occurring after the interaction with the negative surface of the used pyroxene nanoparticles, which 

subsequently, transforms the PEI-pyroxene into a pH-switchable structure which responds 

favorable to the surrounding pH changes, and thus, the adsorption of the CRD dye is the same in 

the whole studied pH range. However, the exact structure of this CRD dye is not known, but it 

may be possible that this dye has also multifunctional groups that can be trapped in the synthesized 

PEI-PNPs at different values of pH [98].  
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Figure 2.10. Effect of solution pH on the adsorption removal of CRD onto 0.8-PEI-PNPs at CRD 

initial concentrations of 1108 and 554 mg/L. Adsorbent dose:10 g/L; shaking rate: 200 rpm; T: 

298 K. 

2.4.3.2 Adsorption isotherm  

The adsorption isotherm of different types of adsorbents considered in this study is shown in Figure 

2.11.  For all cases, the adsorption behavior was described by fitting the experimental data to the 

Sips model, commonly known as Langmuir-Freundlich model, represented by eq 2.3. 

𝑄𝑒 =
𝐾𝑠 𝑄𝑚 𝐶𝑒

𝑛

1 + 𝐾𝑠 𝐶𝑒
𝑛                                                                                                                                       (2.3) 

where Qm is the maximum monolayer adsorption capacity (mg/g), Ks is the equilibrium adsorption 

constant related with the affinity of adsorbent-adsorbate binding force ((L/mg)n), and n is the Sips 

dimensionless heterogeneity factor that indicates the surface-heterogeneity (unitless). 
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Figure 2.11. Adsorption isotherms of CRD onto different adsorbents. Adsorbent dose: 10g/L; 

shaking rate: 200 rpm; pH:8, Temperature:298 K. The symbols are experimental data, and the solid 

lines are from the Sips model [eq 2.2]. 

                                                                                                                                                                                                                                                      

The degree of fitting the experimental data was evaluated statistically using the non-linear Chi-

square analysis (2) by minimizing the sum of squares of the differences between the experimental 

values and the predicted ones using OriginPro 8 SR4 software Version 8.0951 [99]. Table 2.3 

summarizes the estimated Sips model parameters and the values of 2. As indicated by the 2 

values, for all cases, the experimental data are adequately described by the Sips model. Clearly, 

the 0.8-PEI-PNPs had the highest adsorption capacity for the CRD. The value of Qm was 342.5 

mg/g, which is much greater than the Qm values of the other adsorbents. The Qm values of the 

considered adsorbents are ranked as follows: 0.8-PEI-PNPs > INPs > 0.8-PEI-INPs > AC > PNPs. 

Although the 0.8-PEI-PNPs had smallest surface area compared with INPs, 0.8-PEI-INPs, AC, 
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and PNPs, it had the highest uptake; such that INPs, 0.8-PEI-INPs, AC, and PNPs had a surface 

areas of 79, 83, 250 (non-microporous surface area), 180 m2g-1, respectively. This indicates that 

the adsorption capacity of PEI functionalized pyroxene nanoparticles goes beyond the surface area 

and involves the interactions of PEI with CRD molecules. 

 This is also confirmed by the obtained values of the n parameter of the Sips model. As seen in 

Table 2.3, the values of n for the 0.8-PEI-PNPs, INPs, and AC are 0 < n < 1, which indicates the 

heterogeneity of their surfaces. However, 0.8-PEI-INPs had a fully Langmuirian surface (n=1) 

indicating there was a monolayer adsorption, and non-fully Langmuirian was for PNPs indicating 

a heterogeneous surface.  

Table 2.3. Estimated Sips isotherm parameters obtained at temperature 298 K and pH 8.0.  

Nanoparticle 

Symbol 

Sips parameters Error analysis 

Qm (mg/ g) K ((L/mg)n) n (unitless) 2
 (unitless) 

0.8-PEI-PNPs 342.50 0.01 0.61 0.094 

0.8-PEI-INPs 

INPs 

37.74 

40.13 

26.5 

0.001 

1.00 

0.53 

0.006 

1.164 

 

 

AC 12.79 0.13 0.47 0.089  

PNPs 0.31 1.80 1.63 0.001  

 

4.4.3.3 Adsorption Kinetics 

The rate of removing the CRD from the wastewater sample was determined using the kinetic 

experiment. In the experiment, the best adsorbent 0.8-PEI-PNPs was used at a constant 

temperature of 298 K and a solution pH of 8.0 at two different initial CRD concentration of 554 

and 110 mg/L. 
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Figure 2.12 shows the change in concentration of the CRD in its solution as a function of contact 

time. For both initial concentrations, the concentration decreased rapidly during the first 15 min 

and remained unchanged after 30 min of contact, suggesting that equilibrium was nearly reached 

within 15 min. These results were expected since the 0.8-PEI-PNPs are non-porous as indicated 

by the BET and t-plot analysis. As a result, the external adsorption determined the rate of 

adsorption as there is no any porous diffusion that could slow the adsorption rate. In general, the 

process of adsorbing the molecules onto a non-porous adsorbent occurs as follows: (1) bulk 

diffusion of the molecules in the solution; (2) diffusion of the molecules into a film layer 

surrounding the adsorbent surface; and (3) adsorption of the molecules onto an adsorption active 

sites [33,98]. In this experiment, the first step did not occur due to the stirring of the nanoparticles 

in the solution during the adsorption experiment. In addition, last step was fast and equivalent to 

the equilibrium reaction [33]. Therefore, the only step that could be considered as the rate-limiting 

step in the kinetic study is the film diffusion. Hence, the model for the rate of diffusion was 

determined by using an external mass transfer model as per eq 2.4: 

𝑑𝐶

𝑑𝑡
=  −𝐾𝑚𝑎 (𝐶 – 𝐶𝑠)                                                                                                                                (2.4)                                                                         

where Km is the external mass transfer coefficient in liquid phase (m/min), a is the specific surface 

area of the nanoparticles for the surface per unit volume (m2/m3), C is the concentration of the 

wastewater solution at time t (min), and Cs is the concentration of wastewater at the interface 

(wastewater-nanoparticles) assuming equilibrium conditions are available on the interface. In 

detail, the value of Cs can be estimated from reforming the Sips model as per eq 2.5: 

 𝐶𝑠= [
𝑄

𝐾𝑠 [𝑄𝑚 − 𝑄]
]

1
𝑛

                                                                                                                                (2.5) 
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Also, Q can be obtained from mass balance as described in eq 2.2 By substituting eqs 2.2 and 2.5 

into 2.4, the following differential equation is obtained: 

𝑑𝐶

𝑑𝑡
= −𝐾𝑚𝑎 [𝐶 − (

(𝐶𝑜 − 𝐶) 𝑉

𝐾𝑠 𝑚 (𝑄𝑚 − (𝐶𝑜 − 𝐶) 𝑉)
)

1
𝑛 

]                                                                          (2.6) 

eq 1.6 represents a first order ordinary differential equation that can be solved numerically at initial 

conditions of C = Co at t = 0, and the Sips constants (i.e., Ks, Qm and n) can be obtained from Table 

3 in case of 0.8-PEI-PNPs. The Wolfram Mathematica 10 was used for estimating the Kma values 

at different initial concentrations by fitting the obtained experimental data to eq 2.6. As shown in 

Figure 2.12, the model fit well to the experimental data and described the adsorption kinetics very 

well. Thus, the estimated Kma values for both initial concentrations were 0.30 and 0.31 (min-1), 

respectively. These values agree well with the values reported in literature for the adsorption of 

heavy hydrocarbon molecules onto silica-based nanoparticles [100]. These results are interesting 

as the prepared PEI-PNPs outperformed the commercial adsorbents, like AC, which have major 

shortcoming pertaining to its pore disordered structure that leads to slow adsorption kinetics and 

low adsorption capacity for large molecules [101], as the case of CRD. In fact, it is common for 

AC to take days to achieve its adsorption mass transfer equilibrium [24–26,65]. 
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Figure 2.12. Adsorption kinetics of CRD onto 0.8-PEI-PNPs at CRD initial concentration s of 

1108 and 554 mg/L. Adsorbent dose: 10 g/L; shaking rate: 200 rpm; pH: 8; T: 298 K. Points are 

experimental data, and the solid lines are from the external mass transfer model [eq 2.6]. 

 

2.5 Conclusion  

 

This study is the first effective attempt to synthesize environmentally friendly and 

poly(ethylenimine)-functionalized pyroxene nanoparticles at mild conditions for targeting the 

cleanup of textile wastewater. The prepared PEI-PNPs were sheet-like and spherical like in shape, 

had a low BET surface area (~ 18 m2/g) that increased reasonably to ~119 m2g-1 by drying using 

Lyophilizing method instead of conventional drying of the synthesized materials. The prepared 

inorganic part of the PEI-PNPs had a small crystalline domain size around 10 nm. The PEI 

functionality was confirmed using FTIR and TGA analysis. Also, during batch-mode adsorption, 

the adsorption isotherm was described using Sips model and the PEI-PNPs had a very high 

adsorption capacity and affinity to dye compared with other adsorbents like activated carbon and 

iron oxide, without being affected with respect to the medium pH. Moreover, fast adsorption was 
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obtained (< 15 min) and the kinetic external mass transfer model fit well with the kinetic 

experimental data and reasonably described the rate of adsorption.  
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Chapter Three 

 

Poly(ethylenimine)-Functionalized Pyroxene Nanoparticles Embedded on 

Diatomite for Adsorptive Removal of Dye from Textile Wastewater: Batch 

and Fixed-Bed Studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is adapted from the following publication 

  

A. Hethnawi, N. N. Nassar, G. Vitale, A. D. Manasrah, Poly(ethylenimine)-Functionalized 

Pyroxene Nanoparticles Embedded on Diatomite for Adsorptive Removal of Dye from Textile 

Wastewater: Batch and Fixed-bed Studies, Chemical Engineering Journal, (under review), (2017) 

 



 
 

45 
 

3.1 Abstract 

 

In this study, poly(ethylenimine)-functionalized pyroxene nanoparticles (PEI-PNPs) were 

embedded into Diatomite (D4500), a commonly used filter aid, at < 5 wt% to remove a dissolved 

commercial textile red dye (CRD) from wastewater in a continues fixed-bed column setup. An 

array of characterization techniques, such as XRD, BET, HRTEM, and SEM were carried out for 

the diatomite embedded nanoparticles. The characterization results showed that the filter aid was 

mainly composed of amorphous diatomaceous earth, its adsorption surface area and capacity 

toward the CRD were improved significantly via embedding more nanoparticles. CRD uptake over 

the diatomite embedded with 1.5, 3, and 5 wt% of PEI-PNPs has been investigated in batch 

equilibrium adsorption study, with isotherms being fairly explained by the Sips model. After that, 

the adsorption performance of fixed-bed column was tested for D4500 before and after embedding 

it with virgin and PEI-functionalized nanoparticles of pyroxene, iron oxide, and activated carbon 

(AC) to determine the breakthrough curves under different operational conditions (e.g., inlet 

concentration of CRD, inlet flow rate, bed height, and nanoparticle concentration in diatomite, 

%nps). The convection-dispersion transport equation was used to describe the obtained 

breakthrough curves, which enabled the determination of the axial dispersion coefficient (DL) and 

the Peclet number (Pe). Additionally, the breakthrough data was analyzed using the equivalent 

length of unused bed (HUNB) approach. In this approach Pe was correlated with HUNB with a good 

accuracy with the correlation: 𝐻𝑈𝑁𝐵 = 0.013 𝑃𝑒 + 1.25  when Q and Co are the control 

operational parameters, while the correlation: 𝐻𝑈𝑁𝐵 = 4.08 e−0.002 Pe when Z and %nps are the 

control operational parameter. These correlations can be helpful and useful for scaling up our 

proposed process for real industrial applications.   
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3.2 Introduction  

 

With an increased demand for textile products, textile wastewater has become a major issue 

because it contains a variety of pollutants and toxic substances including organic loads, salts, 

surfactants, and dyes [48,102,103]. Dyestuff, however, are often the most difficult substances to 

treat, and therefore, they have received a lot of attention over the last few decades [41,104,105]. 

Biological treatment technology, for example, removes a significant amount of the organic content, 

but it is ineffective in removing dyes, and it generates high sludge amounts[21,41]. Similarly, 

coagulation/ flocculation, advanced oxidation, and membrane filtration [106] are effective but 

generally limited by high operational costs [107]. Therefore, adsorption is involved as one of the 

most effective physical processes for the decolourization of textile wastewater [107–109]. 

Conventional adsorbents like activated carbon (AC) showed a satisfactory result in the fixed bed 

column studies when followed by the biological treatment [4,18,110]. However, AC has recently 

been replaced with other adsorbent materials that have a higher adsorption affinity for various 

types of pollutants and are more environmentally friendly [2,111,112]. In addition, AC has major 

shortcoming pertaining to its pore disordered structure that leads to slow adsorption kinetics and 

low adsorption capacity for large molecules.  

Alternatively, several researchers have been studying the use of nanoadsorbents either as powder 

nanoparticles or functionalized with some active species, in which the latter performed well in 

removing heavy metals and some organic substances from the wastewater 

[15,27,28,33,35,98,113–117]. For instance, iron oxide type nanoparticles when functionalized 

with different polymeric materials its removal efficacy of organic and trace pollutants has been 

improved outstandingly, especially in batch adsorption processes [15,118,119]. Nevertheless, the 

batch mode is limited when it comes to real wastewater treatment processes. Moreover, the data 
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obtained in the batch studies cannot be applied to wastewater treatment plants where the contact 

time is not sufficient for attaining equilibrium. Thus, from an industrial practice point of view, 

continuous flow fixed-bed column studies are needed [4,16,18,113]. This column is usually simple 

to operate by packing it through a stationary bed of a specified adsorbent. However, for the case 

of nanoparticles, using powder nanoparticle as filter medium in a packed bed column is 

challenging as it will result in low loading rate with high head loss. To overcome these challenges, 

some studies integrated nanoparticle technology with sand bed filtration in different ways in 

treatment of various types of wastewater [9,68,98,120]. Nassar et al. [13], for instance, tested 

decolourizing olive mill wastewater in a continuous-mode process using the column experiment 

after combining sand filtration with adsorption using iron-oxide nanoparticles (INPs). The INPs-

embedded sand performed much better than the standalone sand. In addition, Reddy et al. [68,120], 

used adsorption integrated with filtration in their set up by developing a point-of-use filter. This 

filter compressed sand layers that were placed above a suspended solution of cupric oxide 

nanoparticles. This design provided adsorption using cupric oxide nanoparticles for the arsenic 

removal. In addition, the sand was used to trap the cupric oxide nanoparticles after adsorption and 

to provide further filtration to treat wastewater. Although, the point-of-use- filter is an efficient 

design in arsenic removal, however, it is not scalable to an industrial application as an adsorption 

integrated technology with sand bed filtration.  

In our previous study [121], we used poly(ethylenimine) (PEI) to functionalize earth abundant 

pyroxene nanoparticles (PNPs) to remove commercial red dye (CRD) from textile wastewater in 

a batch process .  The results showed a high removal efficiency and rapid kinetics of the adsorption 

process for PEI-PNPs (donated for functionalized-pyroxene with PEI) compared with that of 

magnetite nanoparticles and commercial activated carbon. Hence, this work aims at exploring the 
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possibility of utilizing the novel nanoparticle adsorbents of PEI-PNPs in a continuous mode using 

a fixed bed column. The PEI-PNPs nanoparticles were embedded into diatomite (D4500), a 

commercial filter aid, at low concentration (< 5 wt%). Afterwards, the adsorptive removal of CRD 

column operation was conducted. The influence of bed depth (Z), inlet CRD concentration (Co), 

flow rate (Q), and the concentration of the embedded nanoparticles (%nps) in D4500 were all 

investigated. Further, the column experimental results under different test conditions (Z, Co, Q, 

and nanoparticle concentration in D4500) were fitted with the convection-dispersion equation to 

describe the breakthrough curves. Batch adsorption experiments were also conducted to determine 

the adsorption capacity as well as kinetic parameters, which later used to estimate the breakthrough 

profiles for the adsorption column operation. The modeled breakthrough profiles along with the 

operational parameters of the column tests and the batch adsorption data were successful in 

describing the adsorption behavior of PEI-PNPs nanoparticles embedded into diatomite in fixed-

bed column.  

3.3 Materials and Methods 

3.3.1 Chemicals and reagents  

Chemicals with different purities were purchased from Sigma Aldrich, Ontario, Canada:  sulfuric 

acid (95-98%), iron tri-chloride (97%), sodium silicate solution ((10.6%) Na2O, and (26.5%) 

SiO2), iron sulfate hexa-hydrate (≥99%), ammonium hydroxide (28-30% NH3), hydrogen peroxide 

(30-35%), and polyethylenimine (PEI) (99%). The sodium hydroxide beads (99.99%), and the 

GAC (90%) were bought from VWR International, Edmonton, Canada, and from the CABOT 

Company, Estevan, Saskatchewan, Canada, respectively.  All the mentioned materials were used 

as received without any further purifications. Executive Mat Ltd, Calgary, Canada, supplied a 

commercial red dye sample (CRD), which is used as an adsorbate in this work. The following 
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types of filter aids (Diatomite) were also provided by Executive Mat Ltd: D4500, D5000, D6000, 

EP-powder, and RD-silica. 

3.3.2 Synthesis of embedded nanoparticles in Diatomite   

Pyroxene and magnetite, types of nanoparticles, were synthesised, functionalized, and then 

embedded into diatomite (D4500) for comparative purposes. In detail, pyroxene nanoparticles 

were prepared from a hydrothermally treated gel as reported from the previous study [80,81]. This 

gel was synthesized by a reaction between acidic and basic solutions; experimentally, the acidic 

solution was prepared by adding 18.067 g of sulfuric acid in 90 g of deionized water; then, 20.793 

g of iron tri-chloride was gradually added to the solution, which was continuously stirred (300 

ppm). The basic solution, on the other hand, on the other hand was formed by adding 21.413 g of 

sodium hydroxide to 60.0 g deionized water; 30.707 g of sodium silicate was then added while the 

solution was stirred. Then the acidic solution was added gradually to the basic solution while 

magnetic stirring for 15 min. The magnetic stirring provided a homogenous orange-yellowish gel. 

The gel was crystalized hydrothermally by a 300- ml reactor vessel (A2230HCEB, Parr Instrument 

Company, Moline, I1, USA). This reactor contains a heating mantle, which is connected to a 

temperature controller loop. Also, it has a gauge pressure and mechanical stirrer with a speed 

controller. Then, the reactor was heated to 433 K at 300 rpm for 72 h (time for crystallization). 

After that, the reactor was cooled down for 4 h and the resulting gel was removed from the reactor 

vessel. Then, the gel was filtered, washed with deionized water, and eventually was left over night 

at room temperature for drying.  

Magnetite nanoparticles, on the other hand, are other types of nanoparticles that were synthesized 

as reported by the previous study [121]. In detail, a solution of ferrous sulfate was prepared by 

dissolving 6 g of ferrous sulfate hexa-hydrate into 100 ml of deionized water. 15 ml of ammonium 
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hydroxide was added to the solution. Then, a 15 drops of hydrogen peroxide were added as an 

adjustable amount to obtain a specific blackish color indicating the formation of magnetite. Finally, 

the solution was filtered, washed, left overnight, and the magnetite nanoparticles (INPs) were 

recovered for further usage. 

After synthesizing pyroxene and magnetite nanoparticles, both were separately functionalized with 

PEI following the same reported procedure in the first study [121]. Briefly, two solutions A, and 

B were prepared. Solution A was a 0.8 wt% of PEI. Solution B was 1 wt% of suspended 

nanoparticles. Solution A was added to solution B drop by drop to at room temperature. After that, 

the solution was magnetically stirred for 2 h. Then it was filtered, and washed to remove the 

unbounded PEI. Finally, the PEI-nanoparticles were dried and recovered. All the previously 

synthesized nanoparticles of pyroxene, magnetite, PEI-functionalized pyroxene, and PEI-

functionalized magnetite were donated as PNPs, INPs, PEI-PNPs, and PEI-INPs, respectively. 

After that, the prepared nanoparticles were embedded on a selected filter aid of D4500. A 

suspended 5 wt% of sand was prepared first. Then, the nanoparticles were added to the suspended 

solution under stirring for 15 min. The suspended was filtered, and dried. Finally, the product was 

recovered for the batch and column adsorption studies. The embedded diatomite with the 

nanoparticles of PNP, INPS, PEI-PNPs, and PEI-INPs at 5 wt% were donated by 5D-PNPs, 5D-

INPs, 5D-PEI-PNPs, and 5D-PEI-INPS. The previously functionalized diatomite was used to 

conduct fixed-bed column studies to select one, which had the best adsorption capacity for CRD 

(longest breakthrough time). Then the screened diatomite was used to perform breakthrough 

dynamic study. In this study, D4500 was also embedded with 1.5 wt%, and 3 wt% of the selected 

nanoparticles to study the influence of embedding various concentration of nanoparticles on 

D4500.   
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3.3.3 Characterization of embedded nanoparticles in Diatomite 

3.3.3.1 X-ray diffraction (XRD) 

 

To identify the structure of the provided types of filter aids, X-ray diffraction (XRD) analysis was 

conducted, providing Diatomite crystalline structural identity. XRD was also performed to 

estimate Diatomite crystalline size domain. This analysis was conducted by an Ultima III 

Multipurpose Diffraction system (Rigarku corporation, The woodlands, TX, the USA), which 

operates with Cu Kα radiation as the X-ray source at 40 kV and 44 mA with a -2 goniometer. 

The analyzer had a glass top-loaded sample holder that has a cavity of 0.5 mm in depth, where the 

sample for the analysis was placed and uniformly distributed with help of a microscopic slide. The 

analyzer provided scans in the range of 3-90 2- degrees using a 0.02 step and a counting time 

of 1.0 per min. The results were shown as peaks forming a specific pattern. The obtained peaks 

computed the crystalline size domain by calculating the full width at half maximum (FWHM). The 

calculations were implemented in the software JADE after applying Scherer equation. Also, JADE 

used to fit the experimental profile to pseudo-Voigt profile function [83].  

3.3.3.2 Textural properties  

 

 Sorption surface area and porosity of the provided filter aids was determined by Brunear–Emmett-

Teller (BET) surface area and porosity analysis (TriStar II 3020, Micrometrics Instrument 

Corporation, Norcross, GA). Also, the influence of embedding D4500 with 1.5, 3, and 5 wt% of 

PEI-PNPs was tested.  The BET analysis was conducted by exposing a pretreated amount (< 200 

mg) of each sample to liquid nitrogen, which works as a probe molecule, under investigation at 77 

K, which allows to submit the adsorption-desorption isotherms. Then, the BET surface area was 

estimated using BET equation. This analysis was conducted for the samples after pretreating them 
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inside sample holder cells. The pre-treatment was done by heating the sample overnight to 423 K 

with flow of nitrogen gas, simultaneously.    

3.3.3.3 Scanning electron microscopy (SEM)  

 

A field emission Quanta 250 electron microscope was a type of scanning electron microscopy 

(SEM), which was manufactured by FEI was used to confirm the successful embedding of the 

D4500 with PEI-PNPs in 5D-PEI-PNPs. The sample for the analysis was prepared by placing very 

small quantity of each powder over a carbon tape sample holder. The carbon tape sample holder 

then was taped to allow for the extra amount of the powder to release.  

3.3.3.4 High resolution transmission electron microscopy (HRTEM) 

 

High-resolution transmission electron microscopy (TEM) analysis was performed for D4500 and 

its embedded with PET-PNPs type of nanoparticles in 5D-PEI-PNPs to test the presence of 

nanoparticle on D4500 and their interaction. The sample was prepared as follows: 0.5 mg of the 

sample was suspended in around 4 ml of ethanol. The suspended solution was sonicated. Then, for 

the analysis, few drops were deposited into a Formvar/carbon copper grid sample holder and 

allowed to dry. Finally, the images were collected by FEI Tencnai F20 FEG TEM with an 

accelerating voltage of 200 kV.  

3.3.4 Adsorbate   

 

A commercial red dye sample (CRD) was used as adsorbate, which was analyzed in our previous 

study[121] using X-ray diffraction, thermogravimetric analysis (TGA),  carbon, hydrogen, and 

nitrogen (C, H, and N) elemental analysis, inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES), sulfur/nitrogen analysis, and infrared spectroscopy(IR). The reported 
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results showed that CRD sample had a composition of 83 wt% NaCl (halite), nearly 12 wt% 

organic (carbon, hydrogen, and nitrogen) with absence of both sulfur and aromatic rings.  

3.3.5 Batch adsorption experiments 

 

Batch-mode adsorption was conducted at constant temperature of 298 K and pH of 8.10 for one 

selected type of embedded nanoparticles on Diatomite at mass percentages of 1.5, 3, and 5 wt%. 

First, 100 mg from one type of the previously mentioned powders was added to a 10-ml aqueous 

solution that contained a specific concentration of the CRD inside a 25-ml glass vials. Afterward, 

the vials were closed very well to avoid the change in the concentration of the CRD solution during 

the experiment. Then, batch adsorption for the CRD was carried out by shaking the glass vials by 

a Wrist Action shaker (Burrel, Model 75-BB) for a specific time for the equilibrium to occur. Then, 

all the samples were left on the lab bench overnight, which allows for adsorbent settling. After 

that, the samples were centrifuged for 10 min at 5000 rpm in the Eppendorf Centrifuge 5804 to 

separate the residual after the adsorption. The separated supernatant solution was measured by 

UV-vis Spectrophotometry (UV-vis) using a Nicolet Evolution set at a wavelength of 511 nm. 

UV-vis allows to determine the various concentrations of CRD via establishing a calibration curve 

at wave length of 511 nm using as standardized model solutions of CRD. The concentrations of 

the standardized model solutions were measured in terms of TOC (mg/L) by using a Shimadzu 

Total Organic Carbon Analyzer (TOC-L CPH/CPN). Then, other calibration curve was established 

to relate the obtained concentration by the TOC analyzer with the absorbance that obtained by UV-

vis. The adsorbed amount of CRD, in terms of mg TOC/g of dried adsorbent, was estimated by the 

mass balance analysis as per eq 3.1:  

 𝑄𝑒 =
𝐶𝑜 − 𝐶𝑒

𝑚
 𝑉                                                                                                                                           (1) 
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where Co is the initial concentration of CRD in the solution (TOC, mg/L), Ce is the equilibrium 

concentration of CRD in the supernatant (TOC, mg/L), V is the solution volume (L), m is the dry 

mass of adsorbent (g).  

3.3.6 Column adsorption study 

 

Column experiments were implemented to study the performance of D4500 after integrating it 

with nanoparticles. Figure 3.1 demonstrates the setup of the fixed bed column for this experiment 

at 298 K. The column system contained a vertical glassy column of internal diameter of 0.9 cm 

and 15 cm in length. Before each experiment, the column was packed with an approximately 1 cm 

of cotton layer at the bottom to provide closely packing. Then, certain amount of adsorbent was 

packed and tightly closed to avoid the fluctuation on inlet flow rate. A uniform flow rate was 

flowed downward to the column system by a 50-ml high pressure stainless steel syringe pump with 

1/8” Swagelok fitting (HARVARD). The effluent samples were collected periodically from the 

bottom of the column during the experiment. Then, each sample concentration was measured using 

UV-vis and TOC analyzer. In fixed-bed study, 6 individual experiments with different type of 

adsorbents were conducted. These adsorbents were D4500, AC, 5D-PNPs, 5D-INPs, 5D-PEI-

INPs, and 5D-PEI-PNPs. Then, the best one from the previously mentioned adsorbents was 

selected. The screening was performed based on long period time of breakthrough. Afterward, the 

kinetic parameters of inlet flow rate (Q), inlet dye concentration (Co), bed height (Z), and the 

embedded nanoparticle concentration in diatomite (%nps) were all investigated for the screened 

adsorbent by one factor at one time (OFAT) design of experiment method. In detail, the effect of 

inlet dye concentration study was performed by running 3 experiments with predetermined 

concentrations of 49, 74, and 99 mg/L. The inlet flow rate study, on the other hand, was performed 

by running other 3 experiments with flow rates of 0.8, 1.2, 1.5 ml/min. The effect of nanoparticle 
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concentration study carried out by running 3 experiments with nanoparticle concentrations of 1.5, 

3, and 5 wt%. Finally, the bed depth effect study was occurred by running 3 experiments with bed 

heights of 2.5, 3.7, and 7.3 cm.  

 

Figure 3.1. Schematic representation of the fixed-bed experimental set up. (a) Dye feed tank, (b) 

syringe pump, (c) inlet flow rate, (d) outlet flow rate, and (e) nanoparticle embedded on D4500. 

 

 3.4 Theoretical background 

3.4.1 Batch equilibrium adsorption  

In accordance with the adsorption mechanism of CRD, several currently reported adsorption 

isotherms are used to fit the experimental batch adsorption results in order to illustrate the 

equilibrium characteristics. Among these is the Sips model. This model is a combination of the 

Freundlich and Langmuir isotherms, which represents systems for which one adsorbed molecule 

could occupy more than one adsorption site [81,122]. It also takes into account the interaction 
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between the adsorbed molecules, in contrast to Langmuir theory, which assumes that the surface 

of the adsorbent is homogenous, and therefore the adsorption is localized and constant over all 

active sites, such that each active site can accommodate only one molecule. The Sips equation can 

be expressed by eq 3.2 [123]: 

𝑄𝑒 =
 𝑄𝑚 𝐾 𝐶𝑛𝑠

1 + 𝐾 𝐶𝑛𝑠
                                                                                                              (3. 2) 

where Qm is the maximum monolayer adsorption capacity (mg/g), K is the equilibrium adsorption 

constant that is related with the affinity of adsorbent-adsorbate binding force ((L/mg)n), and ns is 

the Sips dimensionless heterogeneity factor (unitless), which indicates the adsorbent heterogeneity 

and the interaction mode. 

3.4.2 Break through curve (BTC) and mass transfer zone (MTZ) 

Estimation of breakthrough curve shape (BTC) is one of the most important factors in designing 

the ideal fixed-bed column. This is because BTC provides information concerning the feasibility 

of using an adsorbent in a continuous process [62,124,125]. The BTC for the given fixed-bed 

column is essentially established by plotting the exit concentration from the fixed-bed versus lapse 

time or reacted volume throughput [126,127]. The BTC of the concentration gradient with respect 

to time depends on the designed dynamic parameters, namely:  the characteristics of adsorbent in 

the fixed-bed column (mass or bed-depth, particle size), the adsorbate inlet concentration, flow 

rate, and length over diameter (L/D) of the fixed-bed column [126,128]. The breakthrough time 

(tb) is arbitrarily chosen when the effluent concentration approaches 5% of Co (influent adsorbate 

concentration). Saturation time (ts), on the other hand, is chosen when the adsorbent is exhausted 

[126,129]. Time equivalent to stoichiometric capacity, can mathematically be expressed as: 

𝑡𝑡 = ∫ (1 −
𝐶𝑡

𝐶𝑜

𝑡=∞

𝑡=0

) 𝑑𝑡                                                                                                                            (3.3) 
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while the time equivalent to usable capacity can be expressed as: 

𝑡𝑢 = ∫ (1 −
𝐶𝑡

𝐶𝑜

𝑡=𝑡𝑏

𝑡=0

) 𝑑𝑡                                                                                                                            (3.4) 

The unused bed height is given from the usable capacity of the bed up to tb. Thus, the value of tu 

is approximately equal to the value of tb. The value of tu/tt is the fraction of the total bed capacity 

or the utilized length up to break point. Mass transfer zone (MTZ) is formed when the adsorption 

takes place, which can be controlled by the dynamic parameters [126,128].  All the aforementioned 

dynamic parameters in the section “column study” can influence the life time of the column, which 

is expressed in terms of unused bed length (HUNB) or MTZ. HUNM or MTZ can be calculated as 

[126]: 

𝐻𝑈𝑁𝐵 = (1 −
𝑡𝑢

𝑡𝑡
) 𝐻𝑇 = (1 −

𝑡𝑏

𝑡𝑡
) 𝐻𝑇                                                                                                 (3.5) 

where HT is the total bed height (cm). Used bed length HB up to break point is also estimated as: 

𝐻𝐵 = (
𝑡𝑏

𝑡𝑡
) 𝐻𝑇                                                                                                                                             (3.6) 

The adsorbed quantity of CRD (qtotal) in mg for given dynamic conditions is equal to the product 

of the area under the breakthrough plot and the flow rate. It can be calculated by applying the mass 

balance such that the absorbed concentration (Cads) represents the difference between inlet (Co) 

and outlet (Ct) concentrations (Cads= Co-Ct), where Co, Ct, and Cads are in mgL-1. Thus, qtotal is 

calculated as follows [128–130]: 

𝑞𝑡𝑜𝑡𝑎𝑙 =
𝑄 𝐴

1000
= (

𝑄𝐶𝑜

1000
) ∫ 𝐶𝑎𝑑𝑠  𝑑𝑡                                                                                        (3.7)

𝑡=𝑡𝑡𝑜𝑡𝑎𝑙

𝑡=𝑡𝑡𝑜
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where Q is the flow rate (ml/min), A is the area under the BTC and t (min) represents the time that 

can be ttotal, ts, and tb. Therefore, the total CRD sent to the column (mtotal) is as follows [126,130]: 

𝑚𝑡𝑜𝑡𝑜𝑙 =
𝐶𝑜 𝑄 𝑡𝑡𝑜𝑡𝑎𝑙 

1000
                                                                                                                                (3.8) 

then, the total removal (%) of the CRD (% Removal) can be calculated from the equation [130]: 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 = (
𝑞𝑡

𝑚𝑡𝑜𝑡𝑎𝑙
) × 100                                                                                                               (3.9)                                                     

3.4.3 Modelling of column dynamic adsorption 

Developing a general mathematical model that predicts the time dependent concentration profiles 

of adsorbed organic compounds on nanoadsorbents embedded on diatomite in the fixed bed 

column under isothermal conditions is needed. The principle of the theoretical model is to 

determine the dynamic capacity of the adsorbent bed without any need for time and capital 

intensive experimentation [131]. Hence, the model response must match the experimental data by 

employing suitable prediction tools for various solid adsorbents. Moreover, the theoretical model 

of breakthrough curves allows us to link the experimental data of batch adsorption, and thus, 

achieving a successful description behavior of adsorption mechanism within a continuous fixed-

bed adsorption process [3,132]. 

In a fixed-bed adsorption column shown in Figure 3.1, the adsorption process begins when the 

fluid (wastewater influent) moves through the bed, the concentration of the adsorbate in the feed 

decreases along the bed (i.e., in the axial direction).  In this model, the fluid concentration is 

assumed to be uniform at all points on the cross section of the bed at any axial position. As such 

the adsorbate concentration does not depend on the radial position in the bed. At any point of the 

bed, adsorbate molecules are transported from the bulk to the surfaces of nanoadsorbents 
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integrated with diatomite by convective mass transfer through a film around the particle. Hence, 

most of the adsorbate molecules get adsorbed on the outer surfaces of the nanoadsorbents 

[133,134]. The following assumptions are made in the theoretical derivation of our developed 

convection-dispersion mathematical model [135,136]: 

 The fixed-bed column operates under isothermal condition. 

 No chemical reaction occurs in the column. 

 Axial dispersion is considered along with the longitudinal axis of the column. 

 Concentration gradients profile due to the radial flow are neglected. 

 The nanoadsorbent-embedded Diatomite (D4500) are considered to be spherical in shape 

and homogeneous in density and size.  

 The axial velocity is assumed to be constant along the column.  

 The adsorption equilibrium is described by the Sips isotherm model. 

Based on these assumptions, the dynamics behavior of a fixed-bed column is described by a set of 

convection-diffusion equations, coupled with source terms due to adsorption and diffusion inside 

the nanodsorbent particles. Hence, the mass balance of the adsorbed component in a cross-section 

of the column is governed by eq 3.10: 

−𝐷𝐿

𝜕2𝐶

𝜕𝑧2
+ 𝑣

𝜕𝐶

𝜕𝑧
+

𝜕𝐶

𝜕𝑡
+

1 − 𝜖

𝜖

𝜕𝑞

𝜕𝑡
 = 0       (0 < 𝑧 < 𝐿, 0 < 𝑡 <  ∞)                                      (3.10) 

where, C is the bulk adsorbate concentration in the fluid flowing through the bed (mg/L), DL is the 

axial dispersion coefficient (m/s2), v is the interstitial velocity (m/s), q is the adsorbed mass of 

adsorbate per unit mass of solid, z is the distance (m), t is the time (min) and 𝜖 is the porosity 

(unitless). In this equation, the first term of this model is accounted for axial dispersion with the 

effective diffusivity (DL) that accounts to Eddy diffusion. The axial variation of fluid velocity is 

described by the next two terms and the last term is the volume-average adsorbate loading per unit 
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mass. This term (
𝜕𝑞

𝜕𝑡
) accounts for the variation of adsorbed amount throughout the nanoadsorbent-

embedded Diatomite, due to external mass-transfer resistance, by averaging the rate of adsorption 

over the adsorbent particles [137].  

The following initial and boundary conditions are considered:   

    𝐶(𝑧, 0) = 0                                                     (0 < 𝑧 < 𝐿)                                                              (3.11)                                                                                                                 

  𝑎𝑡 𝑧 = 0, 𝐶𝑖𝑛 = 𝐶 − (
𝐷𝐿

𝑣
) (

𝑑𝐶

𝑑𝑧
)                   (0 < 𝑡 <  ∞)                                                           (3.12)                 

  𝑎𝑡 𝑧 = 𝐿,
𝜕𝐶

𝜕𝑧
=  0                                           (0 < 𝑡 <  ∞)                                                             (3.13)                                                                                 

This model is usually coupled with various adsorption equilibrium model and/or kinetics 

adsorption to model experimental data in different applications [138,139]. This adsorption models 

describes the concentrations of adsorbate in the liquid and solid phases through an adsorption 

equilibrium or kinetics at the solid-liquid interface. In this study, the equilibrium isotherm 

adsorption model is used to describe the uptake rate (
𝜕𝑞

𝜕𝑡
) using the Sips model as described in the 

previous section eq 3.2. It is expressed on the basis of unit adsorbent volume, in terms of the intra-

particle diffusion which can be obtained from the solution of the appropriate intra-particle 

diffusion equation. However, other isotherm models such as Langmuir and Freundlich are used to 

describe the uptake rate [138,140,141]. In our model, we are implementing the Sips model which 

includes the heterogeneity factor of nanoadsorbent-embedded Diatomite surface (ns) and stems 

from the adsorbent or the adsorbate or a combination of both. The values of ns are varying from 

0.5 to 0.6 based on the batch adsorption results. This mean that our model is sensitive to these 

values (i.e., ns) which may affect the steepness of breakthrough profile. Thus, the batch adsorption 

process is used to determine the adsorption equilibrium constant (K), maximum uptake (Qm) as 



 
 

61 
 

well as the kinetic parameters, which were later employed to calculate the breakthrough profiles 

in fixed-bed adsorption column. Differentiating eq 3.2 with respect to time yields eq 3.14: 

𝑑𝑞

𝑑𝑡
=

𝑛 𝐾 𝑄𝑚𝐶𝑛−1

(1 + 𝐾𝐶𝑛)2

𝑑𝐶

𝑑𝑡
                                                                                                                           (3.14) 

 After combining eq 3.14 and eq 3.10, the final fluid phase balance equation is presented in eq 

3.15: 

−𝐷𝐿

𝜕2c

𝜕𝑧2
+ 𝑣

𝜕c

𝜕𝑧
+

𝜕c

𝜕𝑡
+

1 − 𝜖

𝜖
(

𝑛 𝐾 𝑄𝑚𝑐𝑛−1

(1 + 𝐾𝑐𝑛)2

𝑑𝑐

𝑑𝑡
) = 0                                                                  (3.15) 

Since nonlinear adsorption equilibrium is considered, an exact solution to eq 3.15 is basically 

impossible [142]. However, the preceding set of partial differential equations (eqs 3.10-3.14) are 

solved numerically using method of lines technique [143,144]. This technique is common for 

solving non-linear partial differential equations. Indeed, many authors have used this method for 

the discretization of this phenomenon [143,144]. In this method, the feed concentration in the bed 

is discretized (N =100 sections) in the spatial direction.  The bed length is divided into (N-1) grids 

which are numbered from 1 to N through varying the length (Z) from 0 at entrance to L at the exit. 

Then, the concentration of feed is modeled through ordinary differential equations and evaluated 

with time at each node [145]. A mathematical algorithm is developed and implemented into a 

computer program with Mathematica (v.10.2) software to solve these couple of equations using 

NDSolve code [146,147].  

Flow experiments were conducted using information from batch isotherms. For each experiment 

specified parameters, including; mass of nanoadsorbents, influent adsorbate concentration, flow 

rate, and length of fixed bed was studied. Each of these parameters had a significant impact on the 

shape of the generated breakthrough curve. For each breakthrough curve one parameter, effective 

diffusion coefficient (DL), was fit with experimental data using Manipulating code in order to get 
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the proper value of DL that minimizes the square root of the sum of the squares of residual between 

the numerical values and experimental data [148]. Hence, the simulated breakthrough curve using 

the above model with the least squares gave a goodness-of-fit to the experimental data.  

It is worth mentioning that the solution of this model allows to determine the time of the 

breakthrough appearance, which is recognized as the time at which the outlet concentration reach 

the C/C0 = 0.05 value. Also, the shape of the breakthrough curves is related to the height of the 

mass transfer zone. In other words, the breakthrough time is proportional to the nanoadsorbents 

capacity, however, it is inversely proportional to the height of the mass transfer zone value [3,149]. 

3.5 Result and discussion   

3.5.1 Characterization of embedded nanoparticles in Diatomite   

3.5.1.1 X-ray diffraction (XRD) and textural properties  

Figure 3.2 shows the obtained XRD patterns of filter aids of D4500, D5000, D6000, EP-powder, 

and RD-silica. The figure shows that all obtained patterns confirm the structure of cristobalite-

SiO2 which was as the provided raw data sheets discloses. The cristobolite-SiO2 structure was 

identified by comparing the experimental signals with a background signals that reported in the 

file (pdf) card #01-076-2564 (2005 International Center for the Diffraction Data base included in 

the program JADE V. 7.5.1Materials Data XRD Pattern Processing Identification and 

Quantification).  
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Figure 3.2.  X-ray diffraction powder in the region of 15-40 for the commercial filter aid samples. 

 

BET surface areas for the previously mentioned filter aids and the corresponding particle sizes that 

can be obtained from BET surface area assuming spherical-like particles were accomplished by 

using the equation d =6000/SA ρ; where, d is the particle size in nm, SA is the experimental specific 

surface area in m2/g, and ρ is the average density for filter aids (1.39 g/cm3) display in Table 3.1. 

As seen clearly, surface areas of the commercial filter aids are less than 0.7 m2 g-1 and the estimated 

particle sizes for the filter aids using BET equation do not agree with that obtained by XRD. It is 

not surprising, cristobalite-SiO2 structure is mainly composed of amorphous silica that is naturally 

occurring and is composed of shells of microscopic diatoms of Diatomaceous earth (DE). DE, as 

reported, has a very week adsorption capacity but excellent absorption power [40,150]. This might 

be explained because of its macroporous structure.  Figure 3.3 also explains this fact. The figure 

shows both the adsorption/desorption isotherms and the pore size distribution of D4500. As seen, 

the patterns of adsorption/desorption isotherms belong to type II based on BDDT classification 

[40], indicating that D4500 should be macroporous, which also confirmed by the distribution of 
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the pore size that is in macroporous region (>500 Å). Due to the affinity of amorphous silica of 

water molecules, it is widely used as a filter aid in the filtration of suspended solids but it is 

ineffective in the adsorption of the dissolved solids especially the dissolved dyes [11,39]. Thus, in 

this application D4500 (most widely used type of the previously mentioned filter aids at industrial 

scales) was embedded with nanoparticles that has a very high affinity to adsorb the dye from the 

textile wastewater.  

 

 

Figure 3.3. Nitrogen physiosorption isotherms and pore size distribution of D4500. 
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Table 1. BET surface area for different types of commercial sand. 

sample name BET surface area                    

(m2/g) 

Particle size by BET 

(nm) 

Particle size by XRD 

(nm) 

D4500 0.31 8225 25.50 ± 3 

D5000 0.63 3974 22.25 ± 5 

D6000 0.67 3759 28.62 ± 4 

EP-powder 0.36 8230 17.12 ± 7 

RD-silica 0.05 49121 20.75 ± 4 

 

After embedding D4500 with 1.5, 3, 5 wt % of PEI-PNPs, the BET surface areas were 5.21, 8.80, 

and 12.04, respectively. Obviously, the BET surface areas of the resulting solids tend toward 

gradual increase with increasing the percentage of the embedded nanoparticles in D4500. 

Interestingly enough, the adsorption capacity for the DE can be enhanced by embedding them with 

low percentages of nanoparticles without modifying the structure during etching reaction by strong 

acid or strong base, as typically the case reported in literature [39,40]. 

3.5.1.2 HRTEM and SEM 

 Figures 3.4a and 3.4b show the HRTEM images that were taken for D4500 before and after 

embedding with the 5 wt% of PEI-PNPs, respectively. In the standalone D4500 as anticipated, one 

cannot distinguish any crystallization or short range of order. However, a significant structural 

change was occurring after embedding PEI-PNPs. Similarly, SEM micrographs of the same 

samples are illustrated in Figures 3.5a and 3.5b, respectively. As seen, the D4500 sample reveals 

a variety of rigid shapes and macrospores/open voids. On the other hand, 5D-PEI-PNPs image 

shows a good distribution of nanoparticles on the D4500 structure. SEM results confirms a high 

ability of the D4500 structure to trap solids or residue for separation from clear liquids. 
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Figure 3.4. HRTEM images for (a) D4500, and (b) 5D-PEI-PNPs (line mark in the image 

corresponds to 20 nm). 

 

Figure 3.5. SEM images for (a) D4500, and (b) 5D-PEI-PNPs (line images corresponding to 

10µm) 

3.5.2 Batch equilibrium adsorption   

 

Figure 3.6 presents the adsorption isotherms of 5D-PEI-PNPs, 3D-PEI-PNPs, and 1.5D-PEI-PNPs 

at 298 K along with their fitting with Sips model. The corresponding parameters of Sips model 

were obtained from non-linear regression of the experimental data and are displayed in Table 3.2 

(b) (a) 

(b) (a) 
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.      

Figure 3.6. Adsorption isotherms of CRD onto adsorbents of 5D-PEI-PNPs, 3D-PEI-PNPs, and 

1.5 D-PEI-PNPs. Adsorbent dose:10g/L; shaking rate:200 rpm; T:298 K. The symbols are 

experimental data, and the solid lines are from the Sips model [eq 3.2] 

                                                         

The goodness of Fitting Sips isotherm with the experimental data was evaluated statistically by 

minimizing the sum of squares of the differences between the experimental values and the 

predicted ones using OriginPro 8 SR4 software Version 8.095. This software allows us to evaluate 

2 that was low in all cases, which indicates an agreement between Sips isotherm and the achieved 

experimental data [99]. The Qm values showed that embedding D4500 with 5 wt% of PEI-PNPs 

nanoparticles have the highest adsorption uptake. In addition, the ns values for all adsorbents were 

0 <ns < 1, which corresponds to the surface heterogeneity [81].  
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Table 3.2. Estimated Sips isotherm parameters obtained at temperature 298 K and pH 8.0. 

Adsorbent type Sips parameters Error analysis 

Qm (mg/ g) K ((L/mg)n) n (unitless) 2
 (unitless) 

5D-PEI-PNPs 

 

10.67 0.095 0.61 0.013 

3D-PEI-PNPs 

 

5.003 

 

0.138 

 

0.59 

 

0.0047 

 

1.5D-PEI-PNPs 1.52 1.3 0.52 4.2 X10-5 

 

 

3.5.3 Column adsorption  

3.5.3.1 Effect of type of adsorbent  

The breakthrough curves (BTC) for the D4500 before and after embedding it with 5 wt% of PNPs, 

INPs, PEI-INPs, and PEI-PNPs are shown in Figure 3.7. The figure also shows the BTC for AC 

for comparison purposes. Evidently, BTCs have S-shape, which is the typical shape of the BTCs 

[5]. Also, the best attainment breakthrough point was obtained for D4500 that embedded with PEI-

PNPs (250 min) compared with the other cases (< 40 min). This is expected because in the 

previous study PEI-PNPs showed the highest adsorption capacity in the batch experiment [121]. 

Hence, D5-PEI-PNPs has the highest uptake and the maximum percentage removal of CRD. For 

this reason, the PEI-PNPs was selected to perform the column dynamic study. 
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Figure 3.7. Breakthrough curves (BTCs) of fixed-be column for the different nanoparticle types 

embedded on D4500 at 5 wt.% as well as for the activated carbon, temperature of 298 K and pH 

of 8 for the removal of CRD at flow rate, influent concentration, and bed height of 0.8 ml/min, 50 

mg/L, and 7.5 cm, respectively.  

 

3.5.3.2 Dynamic parameters study  

 

Figures 3.8-3.11 show the BTCs obtained for the CRD adsorption from the textile wastewater by 

embedding PEI-PNPs on D4500 under different operational conditions. For all the curves shown 

in the Figures 3.8-3.11, the experimental data were identified by points having different shapes, 

whereas the continuous solid lines of the curves represent plotting of the proposed numerical 

model for the mass balance of the fixed-bed column (eq 3.15). As seen, the experimental BTCs 

have a S-shape, which is the typical shape of the BTC for column operation, indicating the effect 

of the mass transfer parameters as well as the internal resistance within the column [5]. Also, the 

breakthrough time of the BTC was influenced by varying the dynamic parameters of influent flow 

rate (Q), inlet CRD concentration (Co), bed height (Z), and concentration of nanoparticles 

embedded on D4500 (%nps). Table 3.3 displays the adsorption parameters in the column 
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experiments for all obtained BTCs, including the values of tb, tt, % removal, and MTZ. The table 

also lists the values of DL and the corresponding Peclet numbers (Pe) and χ2 values. Furthermore, 

the low values of χ2 indicate that the proposed model cannot only reproduce an accurate value of 

the axial dispersion coefficient DL, but also predicts an experimental breakthrough profile with a 

satisfactory determination of the operation behavior of the fixed-bed adsorber.  

Table 3.3. Summary of the experimental breakthrough curves (BTCs) design parameters and the 

predicted parameters after fitting the experimental data with the dispersion-convection model 

together with standard error analysis of the fitting in terms of the values of χ2 for CRD adsorption 

at 298 and pH= 8. 

Experimental conditions  Designed parameters  Modeling parameters  

Q 

(ml/min) 

Co 

(mg/L) 

Z 

(cm) 

%nps 

(wt%) 

tb 

(min) 

 

tt 

(min) 

 

% Removal 

 

HUNB 

 

DL×107 

(m2/s) 

 

Pe 

 

χ2 

0.8 50 7.5 5 210 360 70.5 3.1 1.07 147 0.10 

1.2 50 7.5 5 112 221 67.1 3.7 4.81 33 0.11 

1.5 50 7.5 5 78 174 64.4 4.1 7.54 21 0.15 

0.8 75 7.5 5 130 260 66.6 3.75 5.55 42 0.16 

0.8 100 7.5 5 96 189 66.3 3.8 9.51 32 0.16 

0.8 50 3.5 5 85 198 63.7 2 1.27 63 0.10 

0.8 50 2.5 5 45 122 61.4 1.6 1.85 25 0.11 

0.8 50 7.5 3.5 87 196 64.2 4.17 0.75 209 0.07 

0.8 50 7.5 1.5 31 87 60.8 4.82 0.55 283 0.19 

 

3.5.3.2.1 Effect of the flow rate  

 

Figure 8 shows the effect of varying the feed flow rate (0.8, 1.2, 1.5 mg/L) with a constant bed-

depth of 7.5 cm and inlet CRD concentration of 49 mg/L on the adsorption of CRD using 5D-PEI-

PNPs. This effort was performed to achieve maximum removal of CRD and to investigate flow 

rate effect as an important parameter on the pilot or an industrial scale. The flow rate is an 

important parameter since the length over diameter of the column was so small that characteristics 

of dispersion are strongly affected via changing the velocity distribution [155,156]. The trend of 

the obtained BTCs as presented in Figure 3.8 can be observed by three steps; in the first step, the 
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BTCs showed that the adsorption was rapid at the beginning, which refers to presence of sorption 

sites able to capture CRD molecules. The next step was occupancy of these sorption sites by CRD 

molecules, which reduces the uptake. The final step was progressive accumulation of CRD even 

after occurring the breakthrough on the obtained BTCs [126]. 

As seen in the figure, with the increased flow rate the BTC became steeper, with which the 

breakpoint time and the adsorbed CRD concentration decreased. The reason behind this is that 

when the residence time of CRD in the column is not enough for adsorption equilibrium to be 

reached at that flow rate, the adsorption zone quickly saturates the top of the column, then, CRD 

left the fixed-bed column before the equilibrium. Therefore, the contact time of CRD is very short 

at a high flow rate. That subsequently reduced the CRD removal efficiency. On the other hand, 

when the influent flow rate is low, the CRD had more time to contact the sorption sites of adsorbent 

that leaded to achieving a higher removal of CRD molecules in the column [126,156,157].  
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Figure 3.8. Breakthrough curves (BTCS) for adsorption of CRD into 5D-PEI-PNPs at different 

flow rate. the symbols represent the experimental data, and the solid lines are convection-axial 

dispersion model (eq 3.15). Experimental operational conditions: initial CRD concentration 

=50mg/L, bed height =7.5 cm, temperature=298 K, pH=8. 

Thus, as Table 3.3 displays, the CRD percentage removal was decreased with increasing the flow 

rate. The table also shows that tb values were deceased from 210 to 78 min for flow rate ranging 

between 0.8 to 1.5 ml/min, respectively, which is in a good agreement with the obtained trend of 

results that have been reported by the other researcher [126,156–158]. On the basis of mass transfer 

fundamentals, the slope of BTCs can also be explained. For instance, the amount of CRD adsorbed 

onto the bed height (MTZ) increased with increasing the flow rate, which led to faster saturation 

of bed at a higher velocity [126]. At a higher velocity also, the contribution of the convective 

dispersion becomes the dominant over the molecular diffusion [159]. But the molecular diffusion 

is significant for the Reynold numbers (Re) of 0.0016-55 [160]. Since Re values here were 0.356, 

0.54, and 0.67 at the flow rates of 0.8, 1.2, and 1.5 ml/min, respectively, therefore, it is very 

convenient to develop this model, which takes into account the molecular diffusion that was 
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represented by the axial dispersion term (eq 3.15). Consequently, the proposed model was able to 

predict the dispersion coefficients values (DL) and the corresponding Peclet numbers (Pe) values 

that are given in Table 3.3. As illustrated, DL values increased and Pe decreased with increasing 

flow rate. This is expected, because with increasing the flow rate causes less time for the molecular 

diffusion to occurred and subsequently the dispersion significantly increases [3,126].  

3.5.3.2.2 Effect of adsorbate inlet concentration 

 

Figure 3.9 illustrates the sorption BTCs obtained for different inlet CRD concentrations of 50, 75, 

and 100 mg/L at bed height of 7.5 cm and flow rate of 0.8 ml/min. This series of experiments 

aimed to study the effect of varying the inlet concentration on the performance of BTC in the 

column experiment. In the figure, it is observed that as inlet CRD concentration increased from 50 

to 100 mg/L, the breakthrough was steeper because of lower mass transfer-flux from the bulk to 

the adsorbent surface. This is due to the weaker driving force in mass transfer process [126,161]. 

In addition, more CRD molecules can be available at higher concentration, which led to higher 

uptake then it followed more quickly saturation in the column, leading to earlier breakthrough time 

[3,62,161]. 
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Figure 3.9. Breakthrough curves (BTCs) for adsorption of CRD onto 5D-PEI-PNPs at different 

initial CRD concentration. The symbols represent experimental data, and the solid lines are the 

convection-axial dispersion model (eq 3.15). Experimental operational conditions: CRD flow 

rate=0.8 ml/min, bed height=7.5 cm, temperature=298 K, pH=8. 

 

Table 3.3 presents the various BTCs parameters of the fixed-bed column for the plotted BTCs in 

Figure 3.9 The table shows that with an increase in the inlet CRD concentration, the percentage of 

removal of the CRD influent decreased from 70.5 to 66.3 % and the fitting parameter represented 

by the values of DL were increased. This can be explained by the fact that all adsorbents have a 

limited number of binding sites, which were saturated at a certain concentration. Before this 

concentration, a higher driving force was provided that was enough to overcome the mass transfer 

resistance. After that, more CRD molecules were left unadsorbed, leading to decrease the 

percentage removal of CRD with increasing the CRD influent concentration and this is due to 

decreased the diffusion coefficient [3,18,73,159]. 
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3.5.3.2.3 Effect of adsorbent bed height 

 

The quantity of adsorbent that accumulates on the fixed-bed column is an important parameter in 

column design, this because the steepness of the BTCs is a strong function of bed height 

[126,161,162]. Therefore, the performance of the BTCs by varying the bed height at 7.5, 3.5, and 

2.5 cm was investigated as shown in Figure 3.10. This study was implemented at influent CRD 

concentration and flow rate of 50 mg/L and 0.8 ml/min, respectively. The figure reveals that the 

breakthrough time increased from 45 to 210 min, with increasing the bed height from 2.5 to 7.5 

cm. The explanation for this is that as the bed height increased, the residence time for the dye 

inside the column increased, which allows for the dye molecules to diffuse deeper into the 

adsorbate particles, resulting in high dye removal efficiency [126,128,156]. The removal 

efficiency as shown in Table 3.3 increased from 61.4 to 70.5% by increasing the bed height. The 

profile of the breakthrough curve at different bed height shows a similar shape regardless of the 

chosen bed height. This suggests that no any back-mixing problem or axial dispersion exist in the 

column. This assert is accordance with the approximately equal DL values showed in Table 3.3 at 

different bed heights. A similar trend of results was reported by García-Mateos et al. for  the 

removal of paracetamol on biomass-derived activated carbon [163]. 
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Figure 3.10. Breakthrough curves (BTCs) for adsorption of CRD onto 5D-PEI-PNPs at different 

bed heights, the symbols represent the experiments data, and the solid lines are the convection-

axial dispersion model (eq 3.15). Experimental operating conditions: initial CRD 

concentration=50 mg/L, CRD flow rate=0.8 ml/min, temperature=298 K, pH=8. 

 

3.5.3.2.4 Effect of the concentration of nanoparticles embedded into Diatomite   

 

Concentration of the PEI-PNPs type of nanoparticles strongly effects the steepness of the obtained 

BTCs. As shown in Figure 3.11, with increasing the concentration of the embedded nanoparticles 

on D4500 from 1.5 to 5 wt%, the breakthrough time accordingly increased. This referred to the 

fact that more sorption sites must be available inside the fixed-bed column with increasing the 

concentration of nanoparticles. Then, more mass transfer surface area was provided, which 

subsequently, increasing the rate of diffusion [156,159,164]. Table 3.3 supports this fact. As seen 

clearly, the percentage of dye removal efficiency increased from 60.8 to 70.5% with increasing the 

concentration of nanoparticles from 1.5 to 5 wt%. However, the MTZ decreased from 4.82 to 3.14 

with increasing the concentration of nanoparticles from 1.5 to 5 wt%. These obtained results reflect 
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the dependence of the rate of diffusion with increasing the number of sorption sites. This is also 

increased the DL values, which is not surprizing, it was indicated that by more binding sites was 

provided with an increase in the nanoparticles embedded on D4500. 

 

Figure 3.11. Breakthrough curves (BTCs) for adsorption of CRD at different weight of PEI-PNPs 

concentration (5 wt.%, 3wt.%, and 1.5 wt.%). The symbols represent experimental data, and the 

solid lines are the convection-axial dispersion model (eq 3.15). Experimental operating conditions: 

initial CRD concentration= 50mg/L, CRD flow rate=0.8 ml/min, bed height= 7.5 cm, 

temperature=298 K, and pH=8. 

 

3.5.3.3 Length of unused bed (HUNB) and Peclet number (Pe) correlations  

 

The length of unused bed (HUNB) or the length of mass transfer zone (MTZ) is considered an 

important design parameter [4] It is used to indicate the full-scale adsorbent bed as sum of the 

length of the ideal fixed-bed absorber. To produce a desired adsorption capacity, there is a dire 

need to take into account the stoichiometric length of the bed, based on the ideal-step function 

behavior as well as the additional length of unused bed (HUNB) [4,165] Peclet number (Pe), on the 
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other hand, is a dimensionless number that dedicates the dominating of the process during the 

operation of the fixed-bed column [142,166]. For instance, the high value of Pe number with a 

very low value axial dispersion (DL) suggests that the influence of the mass transfer phenomenon 

can be neglected [167]. Also, the sharpness of the breakthrough increased with decreasing Pe. 

These changes are very pronounced in low Pe (<100) [167]. Thus, it is worth to study HUNB as a 

function of Pe, which can be accomplished by plotting HUNB against the corresponding Pe value 

that are listed in the Table 3.3. Figure 3.12a and 3.12b represents this relation in two cases. The 

first case is the obtained correlation by changing the influent flow rate and CRD concentration 

(Figure 3.12a). The data obtained in this case was very well correlated with an exponential decay 

function with R2 = 0.92. The resulting expression for the correlation is: 

𝐻𝑈𝑁𝐵 = 4.08 𝑒−0.002 𝑃𝑒                                                                                                                        (3.17) 

It is important to note that this correlation does not include the whole range of the experimental 

data especially when Pe < 50. This correlation explains the fact that as Pe becomes larger, HUNB 

decreased exponentially and the adsorption column approaches plug flow behavior at high value 

of Pe. This correlation matches with that obtained in the literature at very low Pe [4,167]. The 

second case is the obtained correlation by varying the bed height and the concentration of the 

nanoparticles embedded on the Diatomite (Figure 3.12b). In this case, a very big change in Pe was 

obtained with changing HUNB and the obtained data was very well correlated with a linear function 

that had R2=0.99. The resulting expression for this correlation is:  

𝐻𝑈𝑁𝐵 = 0.013 𝑃𝑒 + 1.25                                                                                                                     (3.18) 

This correlation suggests that HUNB increased linearly by increasing Pe. Hence, Pe is strongly 

influenced by changing the bed height and the concentration of nanoparticles embedded on 
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Diatomite. This is expected due to presence of a direct relationship between the bed length and the 

Pe at constant flow rate and approximately equal values of DL. However, the presence of more 

nanoparticles embedded on D4500 decreased sharply Pe. This was occurred because of increased 

the axial dispersion by increasing the nanoparticle concentration. Interestingly, the presence of 

nanoparticles embedded on Diatomite, as a dynamic parameter, considered as a best way to provide 

a column with less HUNB. 

 

Figure 3.12. BTC data correlation between length of unused bed (HUNB) and Peclet number (Pe). 

a) Varying influent flow rate (q) and CRD concentration (co), and (b) varying the bed height (Z) 

and the concentration of the nanoparticles embedded on the diatomite (% nps). 

 

3.6 Conclusions  

 

Poly(ethyleniminine)-functionalized pyroxene nanoparticles embedded into Diatomite (D4500), a 

commonly used filter aid, was prepared successfully, obtaining an active adsorbent with improved 

surface functionality. Adsorption of commercial red dye (CRD) has been studied in discontinuous 

(batch) and continuous flow column experiments. The adsorption isotherms were well described 

using the Sips model. Kinetic studies in the batch experiments have been employed to calculate 
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the breakthrough profiles in the fixed-bed adsorption column. In the continuous experiments, the 

effects of operational variables (e.g., inlet concentration of CRD, inlet flow rate, bed height, and 

nanoparticle concentration in Diatomite) have been analyzed using one factor at one time (OFAT) 

design of experiment method. 

It was shown that adsorption performance of the CRD in continuous fixed-bed by using filter aid 

of D4500 that was functionalized by very low mass percentages (< 5 wt%) of functionalized-PEI 

pyroxene nanoparticles was improved very well. It is because this nanoparticle type had very high 

adsorption capacity toward the CRD, which led to improve the sorption surface area and 

subsequently the adsorption capacity of the D4500. In the fixed-bed column experiment, the 

breakthrough curves for CRD removal were very well represented using the convection-dispersion 

model, which enabled us to determine the axial dispersion coefficient (DL) and Peclet number (Pe). 

The obtained fitting parameter values of DL are in a good agreement with that obtained from the 

correlation available from the literature. Analysis of the breakthrough data using the equivalent 

length of unused bed (HUNB) approach have shown that HUNB is very well correlated with Pe using 

the relations: 𝐻𝑈𝑁𝐵 = 4.08 e−0.002 Pe  when the inlet flow rate and the inlet CRD are the 

operational parameters, while the relation: 𝐻𝑈𝑁𝐵 = 0.013 𝑃𝑒 + 1.25 was obtained when the bed 

height (Z) and concentration of nanoparticles embedded on Diatomite (%nps) are the operational 

parameters.  To the best of our knowledge, our technique can be considered as a synergistic process 

as it could combine the adsorption and the filtration techniques into one process, and subsequently, 

it avoids the drawbacks of the previously reported techniques. 
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CHAPTER FOUR 

Poly(Ethylenimine)-Functionalized Pyroxene Nanoparticles Embedded on 

Diatomite for Removal of Total Organic Carbon from Industrial 

Wastewater 
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4.1 Abstract  

 

 In this study, the adsorption of total organic carbon (TOC) from an industrial wastewater using 

poly(ethylenimine)-functionalized pyroxene nanoparticles (PEI-PNPs) embedded into Diatomite 

(D4500) at <5 wt% was investigated.  FTIR followed by ICP-AES, characterization methods, were 

used to gain insight into the main organic and metallic composition of the considered industrial 

wastewater. By FTIR and ICP-AES, it was obtained that the RWWT sample is mainly composed 

of an aromatic amine, alkyl benzene and small fractions of unknown functional groups in addition 

to very low concentrations of Fe, K, and Mg. The adsorption of TOC over the diatomite embedded 

with 1.5, 3, and 5 wt% of PEI-PNPS was conducted in a batch equilibrium adsorption that was 

very well presented using the Sips model. In the continuous fixed-bed column, the adsorption 

performance was investigated to determine the breakthrough behavior under different operational 

conditions (e.g., inlet concentration of CRD, inlet flow rate, bed height, and nanoparticle 

concentration in diatomite, %nps). A convection-axial dispersion model was applied to the 

experimental data to predict the breakthrough curves and to determine the characteristic 

parameters based on mass transfer phenomena. The axial dispersion coefficient (DL) and group of 

dimensionless numbers include Renold number (Re), Schmidt number (Sc), and  Sherwood 

number (Sh) were all determined and correlated by Wilson-Geankoplis correlation, which can be 

used at 0.0015<Re<55. This correlation was used to find the external film diffusion coefficients 

(Kc) that followed by finding Biot number (Bi). The obtained values of Bi were able to describe 

the mass transfer process inside the fixed-bed column under various operational conditions. Thus, 

the values of Bi were all low, indicating that external film diffusion was the dominant for the mass 

transfer process inside the packed-bed column. Furthermore, the ability of reusing and 
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regenerating the spent adsorbent was studied and it was obtained that at low pH, incomplete and 

rapid kinetic of desorption were carried out for the considered industrial wastewater.  

4.2 Introduction 

 

Treatment of total organic carbon from industrial effluents has received a lot of attention in the 

last few decades [6,168–170]. Industries such as petroleum refining, petrochemical, pulp and 

paper, food, and textile involve processes that generate a wide variety of effluents [102,103,171]. 

This wastewater coming from these types of effluents typically has high levels of colloidal 

suspended and dissolved organic pollutants.  These pollutants, which show a great difference in 

chemical composition, often need to be treated [172,173]. If these chemicals are not treated 

adequately, they can have a strong negative impact on water resources [10,174]. Synthetic dyes in 

textile wastewater, for instance, depending on the exposure time and concentration, can cause 

chronic and acute effects on exposed organisms [105,108,175,176]. Also, the presence of a small 

amount of these dyes in the textile wastewater limits the techniques that can be used for their 

treatment [41,47,104]. These techniques are effective in some cases but fail completely in others, 

especially if they are applied individually [9,21,47].  For example, biological treatment, on its own, 

did not show outstanding results in removing the color from the textile wastewater [22,47,102]. 

However, after integrating it with adsorption by activated carbon (AC) into one synergistic stage, 

the process significantly improved [22,177]. Likewise, coagulation/flocculation showed some very 

satisfactory results when it was followed by adsorption [23]. AC, even though it is a good 

adsorbent in many cases, has disadvantages [2,111,112]. Indeed, it has a low efficiency due to its 

slow mass transfer kinetics in adsorbing the heavy molecules, which lengthens the adsorption 

equilibrium time [24–26]. Furthermore, production and regeneration of the AC are not 

environmentally safe nor cost-effective in industrial applications [24–26]. Thus, numerous studies 



 
 

84 
 

focus on developing an adsorbent with unique properties that is able to provide better performance 

than AC [15,27,28,33,35,98,113–117]. Alternatively, nanoadsorbents offer good sorption 

efficiency, large surface area, and easily accessible sorption sites with organic contaminants. 

Hence, using nanoparticles may allow for better and more affordable wastewater process 

development [15,28,33,35,115–117]. Using nanoparticles in synergistic combination with other 

conventional techniques provides a greater possibility for large-scale applications of wastewater 

treatment [68,98,120]. For multi-functionality and stability purposes, nanoparticles, especially the 

magnetite, have been anchored during or after the synthesis with a wide range of stabilizers like 

polymers, surfactants, and inorganic materials [178,179]. Nevertheless, the magnetite type of 

nanoparticles need an initiator that primarily attaches to the surface of the nanoparticles [178,180]. 

This initiator works as a bridge or binding agent before the end-grafting [15]. This concept is a 

strong drawback of using the magnetite in the wastewater treatment fields. Thus, both the 

magnetite and AC should be replaced. Alternatively, pyroxene or iron silicate-based nanoparticle 

type occurs naturally, and is known as aegirine (NaFeSi2O6) [80,81]. The superficial ion exchange 

properties for the pyroxene allows it to do the interest in utilising it as an adsorbent [80,81]. It can 

be simply stabilized via direct end-grafting [121]. Our previous studies were successful in making 

this application effective and economical [121,181]. In details, by the first study, 

polyethyleneimine (PEI) was used to stabilize the pyroxene (PNPs) without modifying its surface 

via primary coating [121]. Also, the prepared PEI-PNPs showed an excellent adsorption removal 

and fast adsorption kinetics of a commercial red dye from a textile wastewater in batch mode of 

adsorption compared with that of magnetite nanoparticles and a commercial AC [121]. While in 

our second study, PEI-PNPs was embedded at <5 wt% on diatomite, a commercial filter aid, to 

test the dye adsorptive removal in continuous fixed-bed column and it was obtained that the 



 
 

85 
 

adsorption performance of the dye was greatly improved under the effect of variable dynamic 

conditions [181]. The objective of the current study is to investigate the possibility of utilizing our 

previous novel adsorptive technique in batch and contentious fixed-bed in cleaning-up a real and 

locally provided industrial effluent. Batch adsorption experiments for the removal of total organic 

carbon (TOC) were conducted to determine the adsorption capacity as well as kinetic parameters 

at equilibrium that are helpful to estimate the breakthrough profiles for the adsorption column 

operation. The adsorptive removal of TOC in a fixed-bed column was also conducted under 

influence of controlled operational parameters of bed depth (Z), influent TOC concentration (Co), 

flow rate (Q), and the concentration of the embedded nanoparticles on the Diatomite. Then, the 

experimental results under different test conditions (i.e., Z, Co, Q, and nanoparticle concentration 

in Diatomite) were fitted with the convection-dispersion model from our previous study to describe 

the breakthrough curves (BTCs) [181]. More efforts were made herein, which mainly consider the 

pH effect in the adsorption. Considering pH effect is beneficial because it not only shows a 

guidance to optimize the adsorption, but it also plays an important role in reusing the adsorbent by 

desorption. For this purpose, point of zero charge (PZC), or isoelectric point, was estimated 

experimentally by using Zeta-potential analyzer. After that, a regeneration study was accomplished 

by the back-wash of the spent adsorbent with an aqueous solution has pH at the minimum 

adsorption removal of TOC value.  

4.3 Material and Methods  

 

4.3.1 Adsorbate chemical analyses 

 

An industrial wastewater sample was kindly supplied by Executive Mat Ltd, Calgary, Canada. To 

date, reviews have been unable to describe the exact structure of any real wastewater sample due 

to its complexity. This complexity did not permit to identify the exact pollutant and its effect on 
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the adsorption behavior. Therefore, it is advisable before conducting any adsorption experiment to 

apply as many independent methods as possible to gain insight into the structural information of 

the supplied wastewater sample. As mentioned, the industrial wastewater might contain plenty of 

suspended and colloids organic and metals and the presence of them has a negative impact on our 

focus study. Because of this negative impact, we filtered the mother wastewater sample to 

eliminate these suspended colloids and metals. Then, the filtrate was analyzed to get an indication 

about its organic and metallic compositions.  Briefly, detecting the presence of metals was carried 

out by inductively coupled plasma-atomic emission spectroscopy, ICP-AES (IRIS Intrepid II 

XDL, Thermo-Instruments Canada, Inc., Mississauga, ON, Canada). In addition to that, the 

concentration of the total organic carbon (TOC) was estimated using a Shimadzu Total Organic 

Carbon Analyzer (TOC-L CPH/CPN). Then, the main organics in the industrial wastewater were 

determined by performing infrared spectroscopy (FTIR) analysis by a Nicolet 6700 FTIR 

instrument that was produced by the Thermo Electron Corporation. For FTIR analysis, the 

industrial wastewater from the mother solution was vacuum dried, resulting in powder. Then, 

approximately 5 mg of that powder was mixed with 500 mg of KBr. After that, the mixture was 

mounted in the DRIFTS sample holder. FTIR spectra were measured at the range of 400-4000 cm-

1, with a resolution of 2 cm-1 and the spectrum was the average of 128 scans.   

4.3.2 Adsorbent preparation  

 

The detailed description of the preparation of poly(ethylenimine)-functionalized pyroxene 

nanoparticles (PEI-PNPs) by a two-step preparation method is reported in our previous studies 

[121,181]. In the first step, a conventional hydrothermal synthesis at mild conditions was carried 

out to prepare the pyroxene nanoparticles (PNPs). In summary, iron and silicate solutions are A 

and B solutions. Solution A contained 18.067 g of sulfuric acid in 90 g of deionized water and 
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20.793 g of iron tri-chloride, while solution B comprised of 21.413 g of sodium hydroxide to 60.0 

g deionized water and 30.707 g of sodium silicate. The iron solution was added slowly to the 

silicate solution while stirring for 15 min to produce a homogeneous orange-yellowish gel. Then, 

a hydrothermal crystallization for the produced gel was carried out at 433 K and 300 rpm for 72 h 

inside a 300-ml reactor vessel (A2230HCEB, Parr Instrument Company, Moline, Il, USA). The 

resulting gel was carefully discharged from the reactor vessel, filtered and washed with deionized 

water. Finally, the gel was left overnight, producing the pyroxene nanoparticles for further usage. 

In the second step, functionalization was accomplished by anchoring poly(ethylenimine) (PEI) 

onto a pyroxene suspended solution by adding 50 ml of a solution of the PEI having different 

concentrations to 1.0 g of nanoparticles suspended in 100 ml of water. The mixture was stirred for 

3 h at room temperature to allow the anchoring of the PEI onto the surface of the nanoparticles. 

Finally, the suspension was filtered, washed, and dried by vacuum overnight at room temperature. 

Accordingly, PEI-PNPs were denoted for the anchored pyroxene with PEI.  After that, PEI-PNPs 

were embedded on Diatomite. A suspended 5 wt% of Diatomite was prepared first. Then, the 

nanoparticles were added to the suspended solution under stirring for 15 min. The suspended 

solution was filtered, and dried. Finally, the product was recovered for the batch and column 

adsorption studies. Diatomite was also embedded with 1.5 and 3 wt% of PEI-PNPs to study the 

influence of embedding various concentration of nanoparticles on it, resulting in functionalized 

adsorbents of Diatomite that are donated as 5D-PEI-PNPs, 3D-PEI-PNPs, and 1.5D-PEI-PNPs for 

the Diatomite that was embedded with 5, 3, and 1.5 wt% of PEI-PNPs, respectively.    
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4.3.3  Adsorbent characterization 

 

An array of characterization techniques including X-ray diffraction (XRD), high-resolution 

transmission electron microscopy (HRTEM), infrared (IR) spectroscopy, and thermogravimetric 

analysis (TGA) were reported in our prevoius study [121,181], followed by textural properties for 

the synthesized PEI-PNPs nanoparticles. The same was also carried out for the Diatomite before 

and after embedding it with 5 wt% of PEI-PNPs. As a result, PNPs were successfully 

functionalized by using the PEI. Also, they had granulated-like morphologies with average 

crystaline domain sizes around 10 nm and a low BET surface area (~18 m2/g) that increased 

reasonably to ~119 m2/g by drying using Lyophilizing as the solution instead of conventional 

drying of the synthesized materials [121]. Also, it was shown that the filter aid of Diatomite was 

mainly composed of amorphous diatomaceous earth; its adsorption surface area was improved 

significantly via embedding more nanoparticles [181]. Furthermore, the surface textures of the 

Diatomite sample were observed using a scanning electron microscope (SEM) with a field 

emission Quanta 250 electron microscope, which was manufactured by FEI. Figures 4.1a, 4.1b 

illustrate the SEM micrographs of the Diatomite, before and after embedding 5D-PEI-PNPs, 

respectively. Similar to our previous study [181], it is clearly shown that the PEI-PNPs were 

successfully embedded with diatomite without destroying the structure. It is also very obvious that 

the presence of the open voids plus the high adsorptive capacity of the PEI-PNPs led to an increase 

in the ability of Diatomite to trap TOC from the industrial wastewater solution.     
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Figure 4.1. SEM images (a) Diatomite, and (b) 5D-PEI-PNPs (the line mark in the images 

corresponding to 10 µm). 

In this work, the point of zero charges (PZCs) of the PEI-PNPs and the 5D-PEI-PNPs were also 

measured by using a Nano- Zetasizer (Nano-ZS) instrument that was manufactured by Malvern. 

In our present study, PZC was beneficial as evidence for the feasibility of the regeneration of the 

used adsorbent because desorption of the spent adsorbent can be maximized by selecting the proper 

pH, which provides a proper surface charge to attract opposite charge pollutants [117,182]. This 

can be indicated via creating an environment that has a surface charge or pH beyond the pH at 

PZC [68,117,120,182]. The analysis for PZC was as follows: 10 mg of each sample was suspended 

into 10 ml of deionized water inside a 20-ml vial. Then, sonication was carried out for 2 min to 

overcome any static aggregation that might occur. Then, each sonicated sample was injected into 

a disposable folded capillary cell.  The analysis was done three times for each sample to ensure 

reproducibility. The pH was gradually adjusted using a few drops of NaOH or HCl; then, pH at 

PZC was recorded.  
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4.3.4  Batch adsorption experiments 

 

 The adsorptive removal of TOC from the industrial wastewater sample was tested for the 

adsorbents of 1.5D-PEI-PNPs, 3D-PEI-PNPS, and 5D-PEI-PNPs by a simple batch-mode of 

adsorption. Each experiment was carried out at 298 K by adding a fixed amount of adsorbent (100 

mg) to a series of 25-ml glass vials filled with 10 ml of diluted solutions, resulting in different 

standard solutions having different initial concentrations of TOC. A batch adsorption was carried 

out for these solutions when the vials were sealed and placed in a Wrist Action shaker (Burrel, 

Model 75-BB) for 4 h, which is enough to attain equilibrium. After that, all of the vials were left 

overnight on the lab bench. After settling the adsorbents, all samples were centrifuged for 10 min 

at 5000 rpm in the Eppendorf Centrifuge 5804 to separate the residuals after adsorption. The 

supernatant was analyzed for the final TOC concentration by the same TOC analyzer as mentioned 

earlier. The adsorbed amount of TOC, in terms of mg TOC/g of dried adsorbent, was estimated by 

mass balance analysis as per eq 4.1:  

 𝑄𝑒 =
𝐶𝑜 − 𝐶𝑒

𝑚
 𝑉                                                                                                                                      (4.1) 

where Co is the initial concentration of TOC in the solution (TOC, mg/L), Ce is the equilibrium 

concentration of TOC in the supernatant (TOC, mg/L), V is the solution volume (L), and m is the 

dry mass of the adsorbent (g). As the most important factor in the adsorption, the pH effect was 

tested following the same batch adsorption experiments for the stand-alone adsorbent of PEI-

PNPs. This is because Diatomite works as an inert without containing binding sites. In this study, 

an undiluted standard solution of the textile wastewater mother solution was used for each sample 

after gradually pre-adjusting the pH of each sample with a few drops of HCl and NaOH. However, 

the industrial wastewater is very sensitive towards changing the medium pH [183,184]. This 
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sensitivity occurs because it contains various molecules that have different net charges and 

solubility that by varying the pH, both the net charge and the isoelectric point (IEP) of these 

molecules change. This often leads to minimize the solubility and precipitate them out of the 

solution [185]. This fact strongly hinders the adsorption by adsorbent particle. Therefore, filtration, 

as one more step, is required after pre-adjusting the pH before conducting any adsorption 

experiments. Hence, the removal efficiency of TOC after filtration or due to adsorption can be 

calculated as follows:  

𝑅𝐸 (%) =
𝐶𝑖 − 𝐶𝑓

𝐶𝑖
× 100                                                                                                                       (4.2) 

where RE (%) is the removal efficiency of TOC, Ci (mg/l) and Cf (mg/l) are the TOC 

concentrations before and after filtration or adsorption experiments, respectively.   

4.3.5  Column adsorption study  

 

Figure 4.2 shows a schematic diagram of setup for the contentious adsorption study. The fixed-

bed column was made of a glass tube with a length of 15 cm and internal diameter of 0.9 cm. The 

adsorbents of 1.5 D-PEI-PNPs, 3D-PEI-PNPs, and 5D-PEI-PNPs were packed inside the column 

until the desired bed height was obtained. The adsorbent for each experiment was supported and 

closed by packing with an approximately 1 cm of cotton layer at the bottom and the top of the 

column to improve the flow distribution and avoiding the scape of the adsorbent from the column. 

The uniform influent was fed to the column in an up-down mode by a 50-ml high pressure stainless 

steel syringe pump with 1/8” Swagelok fitting (HARVARD). The effluent samples were collected 

periodically from the bottom of the column during the experiment. Then, each sample 

concentration was measured using the TOC analyzer. The flow was continuously provided to the 

column until no further TOC adsorption occurred that is obtained when the outlet concentration 
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(Cf) is approached to the inlet concentration (Ci). To investigate the Dynamic parameters, 9 

separated experiments were carried out at room temperature (298 K) by varying the operating 

conditions of flow rate (Q), inlet TOC concentration (Co), bed height (Z), and nanoparticle 

concentrations (% nps) on the Diatomite following one factor at one time (OFAT) design of 

experiment method. Particularly, 3 experiments under various flow rates of 0.8, 1.2, 1.5 ml/min in 

addition to 3 experiments with predetermined TOC concentrations of 290, 195, and 145 mg/L. 

Also, 3 experiments with bed heights of 2.5, 3.7, and 7.3 cm. Finally, 3 experiments with 

nanoparticle concentrations of 1.5, 3, and 5 wt%. 

 

Figure 4.2. Schematic representation of the fixed-be experimental set up. (a) Influent feed tank, 

(b) syringe pump, (c) fixed-bed column, and (d) Nanoparticles embedded on Diatomite. 

. 
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In order to ensure the feasibility of reusing the adsorbent, one exhausted bed from the previous 

experiments was regenerated to recover the adsorbent for further use. This experiment was done 

by using 0.5 M HNO3 at a flow rate of 0.8 ml/min in down flow mode. It is worth it to mention 

that the back flow of H NO3was conducted at the pH value < PHpzc. 

4.3.6 Breakthrough analysis and modeling   

 In the fixed-bed adsorption system, the breakthrough curve (BTC) behavior is affected by the 

operational parameters (Q, Co, Z, and % nps) and the designed parameters (length over diameter) 

of the column as well as the characteristic of the adsorbent (size and shape) [126,127,161]. The 

performance of any obtained BTC can be indicated from its breakthrough time (tb) and saturation 

time (ts). tb, and ts are chosen when the influent and effluent and concentrations approach 5 and 95 

% of Co, respectively [110,163]. These times are useful to estimate the percentage removal of the 

TOC. Therefore, more equivalent parameters need to be calculated [126,162]. For instance, the 

time equivalent to stoichiometric capacity (tt) can be expressed as follows: 

𝑡𝑡 = ∫ (1 −
𝐶𝑡

𝐶𝑜

𝑡=∞

𝑡=0

) 𝑑𝑡                                                                                                                             (4.3) 

  The time equivalent to usable capacity (tu) can be expressed as 

𝑡𝑢 = ∫ (1 −
𝐶𝑡

𝐶𝑜

𝑡=𝑡𝑏

𝑡=0

) 𝑑𝑡                                                                                                                            (4.4) 

The equivalent length of unused bed (HUNB) is calculated as follows:  

𝐻𝑈𝑁𝐵 = (1 −
𝑡𝑢

𝑡𝑡
) 𝐻𝑇 = (1 −

𝑡𝑏

𝑡𝑡
) 𝐻𝑇                                                                                                  (4.5) 

where HT is the total bed height (cm). Used bed length HB up to break point is also 
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𝐻𝐵 = (
𝑡𝑏

𝑡𝑡
) 𝐻𝑇                                                                                                                                             (4.6) 

Furthermore, the adsorbed quantity (qtotal) of TOC, using the adsorbent particles inside the column, 

can be estimated under the given operational parameters for each BTC from multiplying the area 

under the BTC and the flow rate [126]. It can also be determined by calculating the adsorbed 

concentration (Cads) against the effluent time (min). Cads is the difference between the inlet (Co) 

and the outlet (Ct) concentrations (Cads=Co-Ct), where Co, Ct, and C ads are in mg/L. Thus, qtotal can 

be calculated as [126,162] 

𝑞𝑡𝑜𝑡𝑎𝑙 =
𝑄 𝐴

1000
= (

𝑄𝐶𝑜

1000
) ∫ 𝐶𝑎𝑑𝑠  𝑑𝑡                                                                                        (4.7)

𝑡=𝑡𝑡𝑜𝑡𝑎𝑙

𝑡=𝑡𝑜

 

where Q is the flow rate (ml/min), A is the area under the BTC, and t (min) represents the ttotal.  

Moreover, the total amount of TOC that was sent to the column can be calculated by eq. 4.8: 

𝑊𝑡𝑜𝑡𝑜𝑙 =
𝐶𝑜 𝑄 𝑡𝑡𝑜𝑡𝑎𝑙 

1000
                                                                                                                               (4.8) 

Thus, the total removal percentage of TOC (% Removal) is the ratio of the maximum capacity of 

the column (qtotal) to the total amount of TOC sent to the column (Wtotal). This is expressed in eq  

4.9 as follows: 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 = (
𝑞𝑡

𝑊𝑡𝑜𝑡𝑎𝑙
) × 100                                                                                                             (4.9)                                                      

The parameters tt, tu, HUNB, HB, qtotal, Wtotal, and %Removal describe the performance of the fixed-

bed column through the experimentally obtained BTCs [62,126,129,186,187]. They are also very 

important characteristic parameters for determining the dynamic behavior of the adsorbent. 

However, calculating these parameters is insufficient for successfully designing a column 
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adsorption process since the column experiments require predicting the concentration-time profile 

as well as the breakthrough curve for the effluent [3,126,158]. Therefore, models like Adams-

Bohart [188], Thomas [189], Bed depth service time (BDST) [190], and Clark [124] models have 

been developed to predict the dynamic behavior by considering the characteristic of the fixed-bed 

performance. Unfortunately, these models do not accurately describe the dynamic behavior of 

adsorption inside the column [3,191]. These reported models, though successful in some cases, 

sometimes led to errors when they were used to model the adsorption process in the fixed-bed 

column [3,192]. The Thomas solution [189], for instance, is limited due to being derived from a 

second-order reaction following Langmuir kinetics of adsorption under plug flow behavior in the 

bed. Because of these assumptions, the Thomas model neglects the axial dispersion in column 

adsorption [189,193]. The bed depth service time (BDST) model [190], on the other hand, 

considers surface reaction as the rate limiting step on adsorption. For this reason, it neglects intra-

particular diffusion and the external mass transfer resistance [190,194]. Therefore, using a more 

suitable and descriptive model under the given dynamic conditions is necessary. A convection-

axial dispersion model was suggested in our previous study [181] that showed a very satisfactory 

prediction of the dynamic behavior in the column experiment, as well as giving a good estimation 

of the axial dispersion effect in continuous fixed-bed removal of the organic pollutant from 

wastewater. In that model, the adsorption equilibrium is described by the Sips isotherm model. 

This is reasonable because the Sips model represents systems for which one adsorbed molecule 

could occupy more than one adsorption site while considering both the heterogeneity of the 

adsorbent surface and the interaction between the adsorbed molecules [81,122].The convection-

axial dispersion model in combination with the Sips kinetic isotherm is presented in eq  4.10 [181]: 

−𝐷𝐿

𝜕2c

𝜕𝑧2
+ 𝑣

𝜕c

𝜕𝑧
+

𝜕c

𝜕𝑡
+

1 − 𝜖

𝜖
(

𝑛 𝐾 𝑄𝑚𝑐𝑛−1

(1 + 𝐾𝑐𝑛)2

𝑑𝑐

𝑑𝑡
) = 0                                                                 (4. 10) 
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where, C is the bulk adsorbate concentration in the fluid flowing through the bed (mg/L), DL is the 

axial dispersion coefficient (m/s2), v is the interstitial velocity (m/s), q is the adsorbed mass of 

adsorbate per unit mass of solid, z is the distance (m), t is the time (min), 𝜖 is the porosity (unitless), 

Qm is the maximum monolayer adsorption capacity (mg/g), K is the equilibrium adsorption 

constant that is related with the affinity of adsorbent-adsorbate binding force ((L/mg)n), and ns is 

the Sips dimensionless heterogeneity factor (unitless), which indicates the adsorbent 

heterogeneity. The following initial and boundary conditions are considered [181]:  

    𝐶(𝑧, 0) = 0                                                     (0 < 𝑧 < 𝐿)                                                             (4.11)                                                                                                                 

  𝑎𝑡 𝑧 = 0, 𝐶𝑖𝑛 = 𝐶 − (
𝐷𝐿

𝑣
) (

𝑑𝐶

𝑑𝑧
)                   (0 < 𝑡 <  ∞)                                                           (4.12)                 

  𝑎𝑡 𝑧 = 𝐿,
𝜕𝐶

𝜕𝑧
=  0                                           (0 < 𝑡 <  ∞)                                                            (4.13)   

Then, eq 10 was solved using a mathematical algorithm was developed using Mathematica (v.10.2) 

software to fit the experimental data with the partial differential equation (Eqn. 10) together with 

the initial and boundary conditions (eqs. 4.11-4.13). The NDSolve code coupled with method of 

lines technique was firstly used to solve the sets of partial differential equations (eqs 4.10-4.13) 

numerically. The proper value of effective diffusivity (DL) for each breakthrough carve was then 

obtained by fitting the experimental data to the numerical solution using Manipulating code by 

minimizing the square root of the sum of the squares of residual.                                                                        

4.4 Results and discussion  

 

4.4.1 Characterization of adsorbate 

 

Figure 4.3 shows the FTIR spectra of the vacuum-dried real industrial wastewater sample sample 

at framework rejoins of 500-1700 cm-1 (Figure 4.3a) and 2500-4000 cm-1 (Figure 4.3b). The FTIR 

analyzer detected significant bands at around 1700-1500 cm-1 and 860-680 cm-1. These bands are 
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assigned to aromatic C=C stretch and aromatic C-H bending [28]. One visible band was obtained 

around 1487-1311 cm -1, which is assigned to a N=C double bond stretching vibration [28].  An 

alkyl C-H stretch was assigned at the region of 2950 cm-1 [195], followed by a band obtained at 

3030 that assigned to the aromatic C-H stretch. The O-H stretch was also assigned at the region of 

3200-3300 cm-1 [178]. All the obtained bands suggest that the considered industrial wastewater 

sample is mainly composed of aromatic amine and alkyl benzene compounds. The presence of 

these compounds is expected because of their use in the textile processing industry. For instance, 

the presence of aromatic amines and alkyl benzene arises from the reduction of the azo bond of 

azo colorant through different processing mechanisms [196]. The sample also contained small 

fractions of unknown functional groups that could not be detected especially in the region of 900-

1300 cm -1.  

The metals Fe, Ni, Pb, Cr, K, and Mg were detected by ICP-AES and the results showed the 

presence of Fe at 67 mg/L, K at 118 mg/L, and Mg at 218 mg/L. The metals Ni, Pb, and Cr could 

not be detected.  
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Figure 4.3. FTIR spectroscopy of dried powder of real industrial wastewater at framework regions 

of (a) 500-1700 cm-1 and (b) 2500-4000 cm-1. 
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4.4.2 Batch adsorption experiments  

4.4.2.1 Effect of pH 

The initial pH value for a wastewater solution is very beneficial during any sorption study because 

the pH has an influence on both the surface charge of adsorbent and the solubility of the adsorbates 

[68,117,120,182]. Figure 4.4 describes the removal of TOC as the pH was changed from 6 to 11. 

No precipitation and colloid formation was observed at a pH of 9 but otherwise was observed as 

pH increased from 6 to 11 in the absence of specific trends because of the complexity of the 

industrial wastewater sample. This complexity, shown by FTIR, caused wastewater instability as 

pH varied. The presence of various complex organic pollutants also controlled the uptake TOC by 

the adsorbent, in contrast to our previous study[121] that showed constant uptake behavior as pH 

was changed in the removal of the dye molecules from the textile wastewater. It is important to 

mention the significance of PZC in the adsorption [68,120]. Through zeta potential analysis, PZC 

occurred at around a pH (pH PZC) of 8 for PEI-PNPs and 5D-PEI-PNPs, which is in a good 

agreement with the obtained results from Figure 4.4. As shown, the obtained removal efficiency 

can be divided into two regions. The first region is at pH > pHPZC and the second region is at pH 

> pHPZC. Thus, the removal efficiency of the TOC was higher when the pH > pHPZC. However, the 

removal efficiency of the TOC was lower at pH <pHPZC. Based on that, at pH 9, the batch and 

continuous adsorption experiments were conducted and the desorption experiment was performed 

at pH 5.    
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Figure 4.4. Effect of initial pH on TOC removal efficiency (% TOC removal) by adsorption (blue 

color) and solubility changing (red color) at range of 6-11 and the temperature of 298 K. 

 

4.4.2.2 Adsorption isotherm 

Testing the adsorption capacity for the adsorbents of 5D-PEI-PNPs, 3D-PEI-PNPs, and 1.5D-PEI-

PNPs is very important. It allows us to construct adsorption isotherms, which are described by the 

Sips model as Figure 4.5 shows. This figure represents the experimental adsorption isotherm for 

the previously mentioned adsorbents at a constant temperature of 298 K along with their fit with 

the Sips model. Then, the corresponding fitting parameters, which were obtained from non-linear 

regression of the experimental data, were estimated as displayed in Table 4.1. 

Statistical analysis was applied by minimizing the sum-squares of the difference between the 

experimentally obtained data and that expected from the Sips model by using OriginPro 8 SR4 

software Version 8.095 to evaluate how well the data fits with the Sips model. This can be obtained 

by finding the value of Chi-square (2), which was manipulated until the best fit was achieved 
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between the experimental data and the Sips model [99]. As illustrated in Table 4.1, the maximum 

adsorption capacity values (Qm (mg/ g)) were in the order of 5D-PEI-PNPs> 3D-PEI-PNPs> 1.5D-

PEI-PNPs. This is because embedding more sorption sites on Diatomite led to increasing 

adsorption capacity of the TOC. Furthermore, the heterogeneity coefficients (n) for all adsorbent 

particles were around unity, which indicated that the isotherms had a langmuirian trend [81].     

 

Figure 4.5. Adsorption isotherms of the TOC onto adsorbents of 5D-PEI-PNPs, and 3D-PEI-

PNPs, and 1.5D-PEI-PNPs. Adsorbent dose: 100mg; shaking rate:200rpm; T:298 K. The symbols 

are experimental data and solid lines are from the Sips model.   

Table 4.1. Estimated Sips isotherm parameters obtained at temperature 298 K and pH = 9. 

Adsorbent type Sips parameters Error analysis 

Qm (mg/ g) K ((L/mg)n) n (unitless) 2
 (unitless) 

5D-PEI-PNPs 

 

5.95 0.012 1.03 0.0078 

3D-PEI-PNPs 

 

5.48 

 

0.0039 

 

1 

 

0.0104 

 

1.5D-PEI-PNPs              3.15 0.0034 1.15 0.0022 
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4.4.3 Column adsorption  

 

Column experiments were successfully implemented for adsorption of TOC from the industrial 

wastewater sample in the D-PEI-PNPs fixed-bed under various dynamic conditions of influent 

flow rate (Q), inlet CRD concentration (Co), bed height (Z), and concentration of nanoparticles 

embedded on Diatomite (%nps). During each column experiment, the experimental data followed 

the typical behavior of the BTC. Initially, all pollutants were adsorbed, resulting in zero solute 

concentration in the effluent. As column operations continued, an adsorption zone appeared and 

moved progressively downward through the bed. Eventually, the adsorption zone reached to the 

bottom of the column. In that moment, the effluent concentration began to increase gradually until 

attaining the saturation point. Then the experiment was stopped and the experimental data were 

plotted in the form of BTC profiles. Figures 4.6-4.10 show BTC profiles obtained from varying 

the values of various operational parameters. Each experimental BTC is identified by points having 

different colors, while the continuous solid blue lines represent the proposed numerical model for 

the mass balance of the fixed-bed column (eq 4.10). As can be clearly seen, these profiles have the 

typical S-shape of BTC, which is a good indication for mass transfer and internal resistance effects 

within the column [3,126]. In addition, the obtained data fit very well with the numerical solutions 

to eq 4.10. Table 4.2 lists the operational parameters during each column experiment as well as 

the calculated designed parameters of tb, tt, %Removal, and HUNB. The table also displays the fitting 

parameter (DL) and the corresponding dimensionless numbers of Renold (Re), Schmidt (Sc), and 

Sherwood (Sh), along with the Biot number (Bi) after estimating the external film coefficient (Kc) 

(m/s). As presented, axial dispersion coefficients (DL) were computed, compared to some previous 

studies that neglected them [189,190,193,194]. In fact, neglecting this parameter may cause 
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considerable error in the evaluation of transfer coefficients while the fluid flows through the 

column, especially at low flow rates [159,166]. The fitting parameters (DL’s) were accurately 

described by the proposed model which can be indicated from the low values of χ2 as displayed in 

Table 4.2. With respect to mass transfer phenomena, it is important to know which mechanism is 

dominant and controlling through the adsorbent particles. Therefore, it is beneficial to use an 

empirical correlation using a group of dimensionless numbers (Re, Sc, Sh, and Bi). Among these 

correlations is the Wilson-Geankoplis correlation [197,198], which can be  used at 0.0015 < Re < 

55, and is given by the expression:  

𝑆ℎ =
1.09

𝜖
(𝑅𝑒 𝑆𝑐1/3)                                                                                                                            (4.12) 

This correlation can be used to estimate the film mass transfer coefficient (Kc). This coefficient 

has a sensitivity analysis in observing the overall effect of each parameter in the column because 

the obtained breakthrough curves have a significant response due to a small change in the Kc values 

[198,199]. The reason for the sensitivity of the film resistance is explained by using the Biot 

number (Bi), which is defined as 

𝐵𝑖 =
𝐾𝑐𝑅 

𝐷𝐿
                                                                                                                                                (4.13) 

where R is the adsorbent size (m). The Bi is a ratio between the intraparticle diffusion and the 

external film diffusion. As listed in Table 4.2, Bi values are low for all cases, indicating that film 

diffusion is the dominant step rather than the intrapaticular mass transfer [197,198]. This fact is in 

good agreement with the results obtained elsewhere [198].     
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Table 4.2. Summary of the experimental breakthrough curves (BTCs) design parameters and the predicted parameters after fitting the 

experimental data with the dispersion-convection model together with standard error analysis of the fitting in terms of the values of χ2 

for TOC removal for industrial wastewater sample at 298 and pH= 9. 

 
Experimental conditions  Designed parameters  Modeling parameters  

Q 

(ml/min) 

Co 

(mg/L

) 

Z 

(cm) 

%nps 

(wt%) 

tb 

(min) 

 

tt 

(min) 

 

% 

Removal 

 

HUNB 

 

DL×106 

(m2/s) 

 

Re 

 

Sc Sh Kc 

(m/s) 

Bi  χ2 

0.8 290 7.5 5 15 58 57 5.56 9.82 0.356 0.10  0.73 0.84 0.73 0.03 

1.2 290 7.5 5 8 39 55 5.96 20.5 0.540 0.04 0.65 1.58 0.65 0.05 

1.5 290 7.5 5 3.5 29 53 6.60 32.8 0.670 0.03 0.60 2.33 0.60 0.06 

0.8 195 7.5 5 13 59 56 5.84 7.72 0.356 0.12 0.79 0.71 0.62 0.05 

0.8 145 7.5 5 7 65 53 6.68 4.45 0.356 0.22 0.94 0.50 0.42 0.03 

0.8 290 3.5 5 9 35.5 57 2.61 6.22 0.356 0.16 0.84 0.62 0.84 0.03 

0.8 290 2.5 5 7 24 58 1.81 3.15 0.356 0.31 1.06 0.40 1.06 0.02 

0.8 290 7.5 3 8.5 39.2 56 5.87 9.40 0.356 0.10 0.74 0.81 0.74 0.05 

0.8 290 7.5 1.5 4.5 36.2 53 6.56 9.05 0.356 0.11 0.75 0.80 0.75 0.05 
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4.4.3.1 Effect of flow rate  

 

The effect of the flow rate on adsorption of TOC from the industrial wastewater sample using 5D-

PEI-PNPS was investigated by varying the flow rate (0.8, 1.2, 1.5 ml/min) with a constant 

adsorbent bed height of 7.5 cm and inlet TOC concentration of 290 mg/L. The break thought data 

is presented in Figure 4.6. As shown, it was found that as the flow rate increased (0.8-1.5 ml/min), 

the %Removal of TOC from the wastewater was decreased (57-53 %). The reason behind this is 

that at a high inlet flow rate, there is not enough residence time for adsorption equilibrium to be 

reached and the front adsorption zone rapidly moved to the bottom of the column, which saturates 

the column earlier, leading to less contact time of TOC with the adsorbent binding sites and 

subsequently a reduction in the removal efficiency of the TOC [126,156,186]. At a high flow rate, 

also, the rate of mass transfer increases such that a larger amount of TOC adsorbed onto unit bed 

height by increasing the flow rate [3]. This was indicated by increasing the value of HUNB (Table 

4.2). It is important to explain the breakthrough behavior by changing the flow rate in terms of 

mass transfer phenomena. As shown in Table 4.2, at high flow rate a larger value of Kc was 

obtained. Also, reasonable reduction in the values of Bi was obtained with increasing the flow rate. 

This is because at high flow rates and for short bed, film diffusion is the controlling mechanism 

[4,198]. 
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Figure 4.6. Breakthrough curves (BTCs) for adsorption of TOC onto 5D-PEI-PNPs at different 

influent flow rates. The symbols represent experimental data, and the solid lines are the 

convection-axial dispersion model (eq 4.10). Experimental operating conditions. Influent TOC 

concentration =290 mg/L, bed height=7.5 cm, temperature=298, pH=9. 

 

4.4.3.2 Effect inlet wastewater concentration 

 

Inlet pollutant concentration is a limiting factor due to the presence of a fixed number of binding 

sites for the adsorbent particles, which limits the adsorbed amount of pollutant inside the fixed-

bed column. These binding sites treat a small volume of effluent when the inlet concentration is 

high [3,126,140,161,186]. Figure 4.7 illustrates the sorption BTCs obtained for adsorbate 

concentrations of 145, 195 and 290 mg/L at the bed height and the flow rate of 7.5 cm and 0.8 

ml/min, respectively. As shown in Figure 6, late breakthrough occurred for low inlet TOC 

concentration and longer time required to saturate the surface of 5D-PEI-PNPS. In another 

contrary theory, with increasing the driving force of the mass transfer process inside the bed, the 
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equilibrium, as anticipated, is attained faster [3,4,126]. Table 4.2 shows that with increasing the 

inlet TOC concentration of pollutants (145-290 mg/L), HUNB increased, while the %Removal of 

TOC decreased. This can be explained by the fact of increasing the uptake capacity of the 

adsorbent that might occur due to high inlet TOC concertation that provides a higher driving force 

to overcome the mass transfer resistance [16,126,198]. Thus, at lower TOC concentration, more 

TOC molecules present in the wastewater solution that interacts with the fixed number of binding 

sites. Hence, more TOC molecules left unbounded that subsequently led to decrease the removal 

efficiency [3,113,155,166,200].  

 
Figure 4.7. Breakthrough curves (BTCs) for adsorption of TOC onto 5D-PEI-PNPs at different 

initial TOC concertation. The symbols represent experimental data, and the solid lines are the 

convection-axial dispersion model (eq 4.10). Experimental operating conditions: influent 

flowrate= 0.8 ml/min, bed height= 7.5 cm, temperature=298K, pH=9.  
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4.4.3.3 Effect of bed height  

 

Adsorbent amount or bed height is an important factor because it strongly influences the steepness 

on the BTCs. Therefore, this effort was done to investigate the performance of BTCs by varying 

the bed heights of 2.5, 3.5, and 7.5, wastewater had influent TOC concentration 290 mg/L, pH 9 

and flow rate 0.8 mg/L. As depicted by Figure 4.8, the breakthrough time increased from 7 to 15 

min, with increasing bed height from 2.5 to 2.5 cm. This occurred since by increasing the bed 

height, the residence time of the TOC molecules increased [3,126]. The presence of more residence 

time allows for more molecules to diffuse into the adsorbent particles that increased the removal 

efficiency. This behavior can be explained by the fact of increasing the surface area of the 

adsorbent particle via increasing the bed height, which provided more availability of binding sites 

that interact with more TOC molecules [3,62,126]. As listed in Table 4.2, longer breakthrough 

time was achieved as the bed height increased. This can be attributed to the fact that when there 

was a higher bed height, the better intraparticle phenomena was obtained, even though the 

intraparticle diffusion is function with some physical properties of the bed with bed porosity and 

tortuosity [201]. However,  This trend is not agree with the prevoius studies [3,62,126] and our 

prevoius study in the adsorption of dye from the textile wastewater even though both studies 

occurred under the same conditions [121], because it was expected a reduction in the axial 

dispersion with increasing the bed height (Table 4.2). This trend might be explained due to 

presence of different adsorbed molecules in the considered industrial wastewater sample that had 

a significant contribution in changing the behavior inside the fixed-bed column while the bed 

height increased.    
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Figure 4.8. Breakthrough curves (BTCs) for adsorption of TOC onto 5D-PEI-PNPs at different 

bed-heights. The symbols represent experimental data, and the solid lines are convection-axial 

dispersion model (eq 4.10). Experimental operating conditions: influent TOC concertation =290 

mg/L, influent flow rate =0.8 ml/min, temperature =298 K, pH=9. 

 

4.4.3.4 Effect of the concentration of nanoparticles embedded into Diatomite    

 

 The amount of nanoparticles embedded on Diatomite has a strong influence on the breakthrough 

behavior[156,158,164,181]. Therefore, this study investigates the effect of embedding 1.5-5 wt% 

of PEI-PNPS at the constant influent flow rate of 0.8 ml/min, the influent TOC concentration of 

290 mg/L, and the bed height of 7.5 cm. As shown in Figure 4.9, by increasing the number of 

nanoparticles embedded on Diatomite, longer breakthrough time was obtained due to the presence 

of more sorption sites with increasing PEI-PNPS on Diatomite, which led to providing more 

surface area to attract more TOC molecules from the influent wastewater [156,158,164,181]. As 

listed in Table 4.2, the %Removal of TOC was increased from 53 to 57% by increasing the 
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embedded nanoparticle on Diatomite. HUNB, as an important design parameter, decreased from 

6.65 to 5.65 when the nanoparticle concentration was from 1.5 to 5 wt%. This trend is similar to 

that obtained in our prevoius study [181]. In the phenomena of mass transfer, the obtained axial 

dispersion coefficients were slightly increased and the corresponding Bi was slightly decreased by 

increasing the nanoparticle concentration on Diatomite.  

 

Figure 4.9. Breakthrough curves (BTCs) for adsorption of TOC at different weights of PEI-PNPs 

(5 wt.%, 3 wt.%, and 5 wt.%). The symbols represent experimental data, and the solid lines are the 

convection axial desperation model (eq 4.10). Experimental operating conditions: Initial TOC 

concertation =290 mg/L, influent flow rate=0.8mg/L, bed height=7.5 cm, Temperature=298, 

pH=9. 

 

4.4.4 Desorption and regeneration study 

 

 Desorption or recovery is an essential concept, especially if the pH has a significant effect, in the 

sustainable manner of adsorption study [13,68,117,120]. But the regeneration process should not 
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damage the adsorbent inside the fixed-bed column otherwise their reuse will be inefficient 

[68,202].  Figure 4.10 shows desorption cycles that were obtained for the spent adsorbent of 5D-

PEI-PNPs through 2 back-wash desorption cycles with 0.5 M of HNO3 at pH 5. This pH and 

concentration, as indicated from the batch adsorption study, were selected to provide the 

opportunity to re-use or regenerate the adsorbent. Also, an efficient desorption only occurs in a 

acidic medium that provides protons, which efficiently compete with the pollutant ions on the 

amino sites of PEI [203]. As shown in the figure, a successful desorption was achieved by 2 back-

wash cycles within 5 min, which indicates that the desorption occurred rapidly. In addition to that, 

the rapid desorption supports the fact that adsorption-desorption occurred at the external surface 

[33]. However, the desorption steps were not complete since the obtained desorption cycles are 

not identical (Figure 4.10). This suggest that the regeneration efficiency decreases with increasing 

the number of cycles. This is expected for the considered industrial wastewater sample because it 

contained various organic molecules that have different adsorption-desorption behavior, which led 

to saturate the sorption sites with molecules that have high affinity for adsorption at low pH.       
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Figure 4.10. Desorption Cycles of 5D-PEI-PNPs with 0.5 M of HNO3 at pH of 5 and temperature 

of 298 K. 

 

4.4 Conclusion  

 

Diatomite (D4500), a type of filter aid, was successfully embedded with < 5wt % of 

poly(ethylenimine)-functionalized pyroxene nanoparticles, following our previously reported 

protocol. The Diatomite was then converted to a novel adsorbent, which had an active and a 

multifunctional surface. This novel adsorbent was tested in batch and continuous fixed-bed column 

experiments for cleaning up a real industrial wastewater sample under an optimal pH value and 

constant temperature. The obtained adsorption isotherms were well observed by the Sips model. 

Furthermore, kinetic study inside a column experiment was employed by using a convection-axial 

dispersion model to determine the breakthrough profiles in the fixed-bed column. The 

breakthrough profile was studied under the influence of various operational parameters that are the 

inlet flow rate, the influent total organic carbon concentration, the bed height, and the nanoparticles 
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concentration embedded on Diatomite. It was obtained that Diatomite, after embedding the 

functionalized nanoparticles, had an outstanding performance in removing the total organic carbon 

from the real industrial wastewater. In the fixed-bed experiments, the data obtained were 

represented very well by using the convection-axial dispersion model under the effect of various 

dynamic conditions. Fitting the obtained breakthrough data with the model allows us to determine 

the axial dispersion coefficient. This coefficient was able to observe the effect of dynamic 

conditions in terms of the mass transfer concepts together with a suitable correlation. This allowed 

us to determine the dominant of the mass transfer process inside the fixed-bed column under the 

effect of different operational parameters. Interestingly, it was obtained that external film diffusion 

is the dominant for the mass transfer phenomena inside the fixed-bed column experiments. 

Moreover, the ability of reusing and regenerating the spent adsorbent was studied and it was 

obtained that at low pH, incomplete and rapid kinetic of desorption was carried out for the real 

industrial wastewater.  
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  CHAPTER FIVE 

Application of Nanoparticles in Industrial-Level Field-Test Experiments: 

Rotary Drum Filter Tests at Executive Mat Ltd 
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5.1 Introduction 

 

Executive Mat Ltd, in Calgary, is using a conventional treatment method by a rotary drum filter 

(RDF) to remove the suspended solids and total organic carbon (TOC) from industrial effluents. 

As shown in Figure 5.1, RDF consists of a drum rotating in a tub of wastewater to be filtered. The 

drum is pre-coated with a filter aid, typically Diatomite. After applying the pre-coat, the 

wastewater is sent to the tub below the drum, which rotates through the wastewater liquid, applying 

a vacuum. The vacuum sucks the wastewater onto the drum’s pre-coated surface, separating it into 

liquid and solid portions. The vacuum sucks the liquid portion through the filter media to the 

internal part of the drum, resulting in a filtrated liquid that is pumped away. Solids, on the other 

hand adhere to the pre-coated surface. The drum then automatically passes a knife through the 

adhered solid and part of the filter media (Diatomite), revealing a fresh surface media. Although 

RDF is effective in some types of wastewater, it is inefficient, especially when the wastewater 

contains a high level of dissolved total organic carbon. This is because the employed Diatomite 

has a very weak adsorption capacity but excellent absorption power. It is therefore widely-used as 

a filter aid in the filtration of suspended solids, but it is ineffective in the adsorption of the dissolved 

pollutants [39]. As a result, there is a dire need for an improvement in the filtration efficiency of 

the Diatomite. This is frequently accomplished by etching the Diatomite with a stronger acid or 

base to modify its adsorption efficiency [40]. Unfortunately, using strong acids or bases is 

environmentally unsafe and their action is corrosive to the RDF. There is therefore a need for an 

innovative and integrated technology to be used with the current one to overcome these problems. 

A practical novel technology was proposed and proven by embedding < 5 wt% of nanoparticles 

with Diatomite so that the nanoparticles, are improving the removal of suspended solids, also 
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increasing the adsorption capacity of the dissolved total organic carbon [181]. In this scalable 

application, we interpreted industrial-level field-test experiments of this proposed technique that 

aims at exploring the possibility of utilizing the novel nanoparticle adsorbents of magnetite (INPs) 

in a continuous mode using a RDF at Executive Mat Ltd. The INPs was prepared and embedded 

into Diatomite in the RDF at mass ratios of 0.5, 1, 2 wt%. Then the removal efficiency was tested 

and the effect of nanoparticle concentration, as one of the dynamic parameters, was investigated. 

To the best of our knowledge, there is no any real wastewater treatment process utilizing 

nanoparticle technology at industrial level.  

 

 

Figure 5.1. Schematic representation of typical design of rotary drum filter (RDF) process. 
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5.2 Materials and methods 

 

5.2.1 Materials  

 

The following chemicals were purchased from Univar Calgary, Alberta, Canada: Iron sulfate 

hepta-hydrate ( 99%), ammonium hydroxide (28-30% NH3) and hydrogen peroxide (30-35%). 

While the Diatomite (filter aid) was supplied from Executive Mat Ltd, Calgary, Canada. All the 

previously mentioned chemicals were used as they are without any purification. 

5.2.2 Methods 

 

Concentration of nanoparticles, as an important operational parameter, was investigated with a 

RDF by running 5 experiments at concentrations of 0 wt% (standalone Diatomite), 0.5 wt%, 1 

wt%, and 2 wt%, respectively, at Executive Mat Ltd, Calgary. These various mass ratios of 

nanoparticles were embedded in Diatomite by preparing them separately in the pre-coat slurry mix 

tank over a period of 65 min, following our modified protocol of preparing the magnetite 

nanoparticles [121]. The standalone Diatomite was pre-coated directly following the typical 

adapted method at Executive Mat Ltd, Calgary. The slurry solution of embedded nanoparticles in 

Diatomite then coated the rotary drum. Afterward, the vacuum sucked the contaminated 

wastewater onto the drum pre-coated surface and the effluent water was pumped to the discharge 

tank. Effluent samples were collected periodically as time proceeding from the tank during the 

experiment. Then, each sample concentration was measured using a Shimadzu Total Organic 

Carbon Analyzer (TOC-L CPH/CPN) to measure the TOC in the aqueous samples to estimate the 

removal efficiency and plot the breakthrough curves. In this application, the concentration of 

nanoparticles embedded on Diatomite was investigated under the same operational conditions for 

the all runs. This study allowed us to find the optimal ratio of nanoparticles embedded on the 
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Diatomite. The other operational parameters include influent flow rate, influent quality (TOC), 

knife cutting speed, and loaded amount of Diatomite were all fixed without being under our 

investigation.  

5.3 Results and discussion  

 

5.3.1 Total organic carbon (TOC) removal efficiency and breakthrough behavior    

 

Figure 5.2 shows the experimental breakthrough curves (BTCs) obtained for the Diatomite before 

and after embedding various mass ratios of nanoparticles (0.5, 1, 2 wt% INPs) in a 22.7 kg of 

Diatomite. Each certain experiment was conducted at constant inlet flow rate, and knife cutting 

speed. As expected, with increasing the concentration of the embedded nanoparticles on Diatomite, 

the breakthrough time accordingly increased that refers to presence of more sorption sites that led 

to presence of more sorption surface area, providing better TOC removal efficiency. However, 

Figure 5.2 shows absence of specific trend in the shape of the breakthrough curve as the 

concentration of the nanoparticles was increased to 2 wt%.  

 

 

Figure 5.2. Breakthrough curves (BTCs) for adsorption of TOC at different weight of INPs (2 

wt.%, 1 wt.%, and 0.5 wt.%). The symbols represent experimental data. 
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This behavior was observed due to formation of a serious crack at nanoparticle concentration of 2 

wt%, because the presence of a high concentration of INPs embedded on Diatomite causes 

formation of pressure drop, leading to block the filter media. Based on that, it was suggested to 

perform other experiments at lower concentrations of INPs embedded on Diatomite. At 0.5 wt %, 

for instance, no crack was obtained but lower performance was achieved. Therefore, an experiment 

at 1 wt% INPs higher INPs was performed. At 1 wt% INPs, better performance in addition to 

formation of the typical breakthrough behavior. Accordingly, embedding 1 wt% of INPs was 

considered as the optimal concentration of the magnetite nanoparticles in the Diatomite. Figure 

5.3a represents the obtained breakthrough curve of the standalone Diatomite, while Figure 5.3b 

shows that of 1.0D-INPs. Both figures also include selected samples, which shows the gradual 

changing in the color from colorless to dark as the time increased from colorless to dark in color. 

As seen, in absence of nanoparticles, very low efficiency in the TOC removal was obtained that 

can be indicated from the rapid changing in the color from colorless to dark. In presence of 

nanoparticle (1.0D-INPs), however, more efficient TOC removal was achieved that was indicated 

from the gradual changing of the samples color from colorless to dark.  

 

 

(a) 
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Figure 5.3. Breakthrough curves (BTCs) and photographs of selected samples for adsorption of 

TOC by (a) standalone Diatomite, and (b) 1 wt.% of INPs embedded into Diatomite. The symbols 

represent experimental data. 

 

The operational parameters of influent wastewater quality (TOC), influent flow rate, amount of 

Diatomite, and knife speed cutting have a significant influence in the removal efficiency of the 

TOC and subsequently the obtained breakthrough behavior. The loaded amount of Diatomite, 

whether it’s embedded with the nanoparticles or not, has a strong effect on the removal efficiency. 

The explanation for this is that as the bed depth increased, the residence time for the pollutant 

inside the bed increased, which allows for them to be adsorbed by the adsorbate particles, resulting 

in high TOC removal efficiency [3,126,181]. Increasing the influent flow rate and quality, in 

addition, have a strong effect on the obtained breakthrough behavior such that they increased the 

amount of TOC molecules, which led to higher uptake then it followed more quickly saturation, 

leading to earlier breakthrough time and lower removal efficiency [3,126,181]. Depth or speed of 

cutting, also, has a strong a substantial function in the breakthrough behavior because with 

increasing the cutting speed the saturation of the bed can be delayed. However, it reduces the 

loaded amount of Diatomite at the RDF, which impacts the removal efficiency of the TOC. All 

these operational parameters must be under investigation to provide more tangible and outstanding 

results.   

(b) 
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5.4 Conclusion  

 

As a summery, a real wastewater treatment technique using nanoparticle technology was 

implemented at Executive Mat Ltd, in Calgary, Canada. Magnetite nanoparticles at various mass 

ratios (0.5, 1, 2 wt%) were in-situ prepared and embedded into Diatomite at a rotary drum filter in 

order to improve the filtration efficiency of the industrial influents at Executive Mat Ltd. The 

concentration of nanoparticles embedded into the Diatomite, as an important dynamic parameter, 

was investigated and it was obtained that at mass fraction of 1 wt% of INPs embedded on 

diatomite, better performance in the removal efficiency was achieved without formation of any 

crack on the bed. The operational parameters of influent wastewater quality (TOC), influent flow 

rate, amount of Diatomite, and knife speed cutting were all figured out and their influence on the 

removal efficiency of the TOC was observed. Thus, and if successful, this work will be implanted 

industrially for the first time, as the preliminary filed test results confirmed the viability and the 

novelty of our technique.   
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CHAPTER SIX 

Conclusion and Recommendation 

 

6.1 Concluding remarks  

 

Poly(ethylenimine)-functionalized pyroxene (PEI-PNPs) nanoparticles at mild conditions for 

targeting the cleanup of industrial effluents was successfully synthesized. The characterization 

result showed that the prepared PEI-PNPs were sheet-like and spherical like in shape, had a low 

BET surface area (~ 18 m2/g) that increased reasonably to ~119 m2/g by drying using Lyophilizing 

method instead of conventional drying of the synthesized materials. The prepared inorganic part 

of the PEI-PNPs had a small crystalline domain size around 10 nm. The PEI functionality was 

confirmed using FTIR and TGA analysis. Also, during batch-mode adsorption, the adsorption 

isotherm was described using Sips model and the PEI-PNPs had a very high adsorption capacity 

and affinity to organic species compared with other adsorbents like activated carbon and iron 

oxide, without being affected with respect to the medium pH. Moreover, fast adsorption was 

obtained (< 15 min) and the kinetic external mass transfer model fit well with the kinetic 

experimental data and reasonably described the rate of adsorption. 

In our second study, PEI-PNPs were successfully embedded into Diatomite obtaining an 

active adsorbent with improved surface functionality. In addition to that, adsorption of commercial 

red dye (CRD) has been studied in discontinuous (batch) and continuous flow column experiments. 

The adsorption isotherms were well described using the Sips model. Kinetic studies in the batch 

experiments have been employed to calculate the breakthrough profiles in the fixed-bed adsorption 

column. In the continuous experiments, the effects of operational variables (e.g., inlet 

concentration of CRD, inlet flow rate, bed height, and nanoparticle concentration in Diatomite) 
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have been analyzed using one factor at one time (OFAT) design of experiment method. It was 

shown that adsorption performance of the CRD in continuous fixed-bed by using filter aid of 

Diatomite that was functionalized by very low mass percentages (< 5 wt%) of functionalized-PEI 

pyroxene nanoparticles was improved very well. Moreover, in the column experiments, the 

breakthrough curves for CRD removal were very well represented using the convection-dispersion 

model, which enabled us to determine the axial dispersion coefficient (DL) and Peclet number (Pe). 

The obtained fitting parameter values of DL are in a good agreement with that obtained from the 

correlation available from the literature. Analysis of the breakthrough data using the equivalent 

length of unused bed (HUNB) approach have shown that HUNB is very well correlated with Peclet 

number (Pe) under effect of various operational conditions. 

In the third study, the Diatomite was successfully embedded with < 5wt % of PEI-PNPs, 

as a novel adsorbent, was tested in batch and continuous fixed-bed column experiments for 

cleaning up a real industrial wastewater sample under an optimal pH value and constant 

temperature. The obtained adsorption isotherms were well observed by the Sips model. 

Furthermore, kinetic study inside a column experiment was employed by using a convection-axial 

dispersion model to determine the breakthrough profiles in the fixed-bed column under the 

influence of the previously mentioned operational parameters. The results showed that Diatomite, 

after embedding the functionalized nanoparticles, had an outstanding performance in removing the 

total organic carbon from the real industrial wastewater. In the fixed-bed experiments, the data 

obtained were represented very well by using the convection-axial dispersion model under the 

effect of various dynamic conditions. Fitting the obtained breakthrough data with the model allows 

us to determine the axial dispersion coefficient. This coefficient was able to observe the effect of 

dynamic conditions in terms of the mass transfer concepts together with a suitable correlation. This 
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allowed us to determine the dominant of the mass transfer process inside the fixed-bed column 

under the effect of different operational parameters. Interestingly, it was obtained that external 

film diffusion is the dominant for the mass transfer phenomena inside the fixed-bed column 

experiments. Moreover, the ability of reusing and regenerating the spent adsorbent was studied 

and it was obtained that at low pH, complete and rapid kinetic of desorption was carried out for 

the real industrial wastewater.  

In our last study, a real wastewater treatment technique using nanoparticle technology was 

implemented at Executive Mat Ltd, in Calgary, Canada. Magnetite nanoparticles at various mass 

ratios (0.5, 1, 2 wt%) were in-situ prepared and embedded into Diatomite at a rotary drum filter in 

order to improve the filtration efficiency of the influent wastewater at Executive Mat Ltd. The 

concentration of nanoparticles embedded into the Diatomite, as an important dynamic parameter, 

was investigated and it was obtained that at mass fraction of 1 wt% of INPs embedded on 

Diatomite, better performance in the removal efficiency was achieved without formation of any 

crack on the bed. The operational parameters of influent wastewater quality (TOC), influent flow 

rate, amount of Diatomite, and knife speed cutting were all figured out and their influence in the 

removal efficiency of the TOC was observed. Thus, and if successful, this work will be implanted 

industrially for the first time, as the preliminary filed test results confirmed the viability and the 

novelty of our technique.   

6.2 Recommendations  

 

The following recommendations are suggested for future studies in the field based on the obtained 

results:  

  All the adsorption experiments were conducted for an in-house prepared pyroxene 

nanoparticles that have the same particles size under the same conditions. Considering 
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different nanosizes is worth investigating as nanosize effect plays role in adsorption. 

Furthermore, pyroxene, as reported, has a superficial ion exchange properties. It is 

excepted that functionalizing the pyroxene on acidic medium increases the loaded amount 

of the polyethyleneimine, which subsequently can increase the multi-functionality and the 

adsorption capacity for the functionalized nanoparticles.  

 Separation prior all the batch and continuous adsorption experiments is considered as one 

of the drawback of using this type of nanoparticles, leading to use it as once-through 

process. Therefore, it is suggested to increase their magnetic properties by creating a 

magnetic core surrounded by shell of pyroxene nanoparticles that can be functionalized by 

the polyethyleneimine following our protocol.  

  Polyethyleneimine, as reported, has a high adsorption capacity for the heavy metals like 

Pb (II), Cd (II), and Cu (II). Therefore, our innovative adsorption technology can be applied 

for heavy metal removal too.  

 Our continuous fixed-bed column adsorption study was limited at very low flow rates. 

Therefore, increasing the influent flow rate might influence the validity of our proposed 

convection-axial dispersion model.  

  At the rotary drum filter (RDF), the operational parameters of influent wastewater quality 

(TOC), influent flow rate, amount of Diatomite, and knife speed cutting should be all under 

investigation and their influence in the removal efficiency of the TOC. Thus, and if 

successful, this work will be implanted industrially for the first time, as the preliminary 

filed test results confirmed the viability and the novelty of our technique. 

 Our promising results indicated that our innovative technique can be used as an integrated 

technique with sand-bed filtration for suspended and dissolved solids removal so our 

technique can be more mimicable to the industrial application.  
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APPENDIX A 1 

 

S.1 X-ray diffraction (XRD) 

 

Both the original dye sample and the extracted one were analyzed at the same time under the same 

conditions using X-ray diffraction (XRD). The obtained patterns were compared with a NaCl 

reference sample. As shown in Figure. S1 the crystalline patterns confirm the structural peaks of 

halite (NaCl). In the region of 31.71(2Ɵ value) for the plane of 200 (Miller indices), the peak areas 

were 56445, 46762, and 13542 for the halite (NaCl), the commercial red dye, and the extracted 

red dye samples, respectively. Therefore, the weight percentages of the samples were quantified 

based on NaCl for both the commercial dye and the extracted dye, giving 82.8, and 24.0 wt%, 

respectively.   

 

Figure S1. X-ray diffraction in the region 25-85o of the halite (NaCl) compared with the 

commercial dye (CRD) and the extracted by (Ext-CRD) samples. 

 

 


