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Abstract 

 In the past 30 years zero-valent iron (ZVI) has become an increasingly popular reducing 

agent technology for remediating environmental contaminants prone to chemical degradation. Azo 

dyes and chlorinated organic compounds (COCs) are two classes of such contaminants, both of 

which include toxic compounds with known carcinogenic potential. ZVI has been successfully 

applied to the surfaces of permeable reactive barriers, as well as grown into nanoscale particles 

(nZVI) and applied in-situ to chemically reduce these contaminants into more environmentally 

benign compounds. However, the reactivity of ZVI and nZVI in these technologies is limited by 

their finite supply of electrons for facilitating chemical reduction, and the tendency of nZVI 

particles to homo-aggregate in solution and form colloids with reduced surface area to volume 

ratio, and thus reduced reactivity. The goal of this project was to combine reactive nanoparticle 

and membrane technologies to create an electro-catalytic permeable reactive barrier that 

overcomes the weaknesses of nZVI for the enhanced electrochemical filtration of azo dyes in 

solution. Specifically, nZVI was successfully grown and stabilized in a network of functionalized 

carbon nanotubes (CNTs) and deposited into an electrically conductive thin film on the surface of 

a polymeric microfiltration support membrane. Under a cathodic applied voltage, this thin film 

facilitated the direct reduction of the methyl orange (MO) azo dye in solution, and regenerated 

nZVI reactivity for enhanced electro-catalytic operation. The electro-catalytic performance of 

these nZVI-CNT membrane surface composites to remove MO was validated, modelled, and 

optimized in a batch system, as well as tested in a dead-end continuous flow cell system. In the 

batch experiments, systems with nZVI and a -2 V applied potential demonstrated synergistic 

enhancement of MO removal, which indicated the regeneration of nZVI reactivity and allowed for 

the complete removal of 0.25 mM MO batches within 2-3 hours. Partial least squares regression 
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(PLSR) modelling was used to determine the impact of each experimental parameter in the batch 

system and provided the means for an optimization leading to maximized MO removal. Finally, 

tests in a continuous system yielded rates of MO removal 1.6 times greater than those of the batch 

system in a single pass, and demonstrated ~87% molar removal of MO at fluxes of approximately 

422 L/m2h. The work herein lays the foundation for a promising technology that, if further 

developed, could be applied to remediate azo dyes and COCs in textile industry effluents and 

groundwater sites respectively.    
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Chapter 1  

Introduction 

The remediation of water sources polluted by organic contaminants presents a significant 

challenge for modern wastewater treatment [1], [2], [3]. Within the category of organic pollutants, 

chlorinated organic compounds (COCs) and azo dyes represent considerable threat, due to their 

toxicity, carcinogenic potential [1], [4]–[6], and widespread contamination of groundwater sites 

and textile industry effluents respectively [7], [8]. Furthermore, both types of compounds have 

proven highly resistant to conventional wastewater treatment practices, and biodegradation in 

aquatic ecosystems [1], [5]. 

Membrane technologies have become ubiquitous over the past few decades and are now 

the method of choice for accomplishing a wide variety of wastewater separations [9]–[14]. Among 

the types of conventional membranes, reverse osmosis (RO) have been applied to successfully 

remove COCs and azo dyes from the environments they contaminate [15], [16]. While RO 

membranes demand large pressure gradients (and thus significant degree of energy) to conduct a 

separation, membranes with larger pores and less demanding energy constraints cannot be used 

due to the small size of the aforementioned organic contaminants. The buildup of biofouling and 

scaling on the surface of these membranes increases the transmembrane pressure (TMP) and thus 

energy requirements to conduct a given separation [14], [16]–[18]. The accumulation of rejected 

contaminants and other ions in solution can also damage the membrane through concentration 

polarization, and further increase the TMP requirements through a buildup of osmotic pressure. In 

light of these limitations and costly energy requirements, methods other than RO have been 

explored for remediating azo dyes and COCs in wastewaters. The current industrially favoured 
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solutions for remediating these contaminants are advanced oxidation processes in azo dye textile 

industry effluents [19], and the use of chemical reductants in groundwaters and soils contaminated 

with COCs [20]–[23]. 

Metallic iron possessing an oxidation state of zero, otherwise known as zero-valent iron 

(Fe0, or ZVI), is a chemical reductant capable of remediating both azo dyes and COCs in solution 

[22], [24]–[28]. ZVI accomplishes the remediation of these compounds by degrading the azo 

linkages and chloride bonds of azo dyes and COCs respectively [20], [26], [29]. ZVI has become 

a viable technology for organic remediation due to its high reactivity, low toxicity, low cost, and 

natural abundance [21], [27], [30]–[32]. 

The performance of ZVI can be improved by fabricating this material in nano-scale 

particles. Doing so results in nano zero-valent iron (nZVI) which possesses enhanced reactivity 

due to its vastly increased surface area to volume ratio (>1000 times) [22], [26], [29], [33]–[36]. 

However, nZVI’s reactivity is limited by two main challenges. The first of these challenges is the 

aggregation of nZVI particles into colloids, which significantly decreases their collective surface 

area to volume ratio, and thus their reactivity [26], [31], [32], [34], [37], [38]. Secondly, while 

nZVI is an effective reducing agent, it is not selective in the compounds it reacts with. As such, 

much of nZVI’s reactivity can be wasted reducing compounds in solution other than the target 

contaminants [22]. Regardless of whether nZVI spends its reactivity on target contaminants or 

other scavenging compounds in solution, nanoparticle oxidation inevitably limits nZVI’s ability 

to operate in a continuous setting. 

Graphitic materials such as carbon nanotubes (CNTs) may offer a solution to the challenges 

facing both membrane technologies and nZVI in the face of remediating azo dyes and COCs. Prior 

work has shown that CNTs can be used to construct electrically conductive, permeable thin film 
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composites on the surface of polymeric support membranes [39]. With an applied voltage, these 

composites demonstrate remarkable resistance to biofouling [14], [39]–[45]. Additionally, 

functionalized CNT networks have also been used as a substrate for stabilizing metal nanoparticles 

to prevent their homoaggregation [31], [46], [47]. CNT networks accomplish nanoparticle 

stabilization by sterically segregating them across their large surface areas, and by electrostatically 

stabilizing the positive charge of their metal ion precursors with negatively charged functional 

groups [31], [46]–[50]. Furthermore, CNT thin films have shown promise as electrodes for 

effectively degrading azo dyes through electrochemical reaction under applied electric potentials 

[51], [52]. 

The objective of this thesis was to produce electrically conductive CNT membrane surface 

composites with embedded nZVI, capable of electrochemically removing azo dyes in solution 

under a negative applied potential. In this system, polymeric membranes with pore sizes in the 

microfiltration regime were used simply as a porous support for an nZVI-CNT nanocomposite thin 

film. Rather than facilitating contaminant separation based on size exclusion or solution diffusion 

mechanisms, these nZVI-CNT composite membranes serve as reactive barriers with which to 

electrochemically degrade contaminants under an applied voltage. While COCs remain an 

important and prevalent hazard to the environment, azo dyes were studied exclusively in this 

project because they are substantially safer to work with and their concentration change is easier 

to evaluate. The contaminant removal techniques developed herein are applicable to both azo dyes 

as well as COCs. 

We investigated whether it was possible to channel electrons to the embedded nZVI 

particles via the conductive CNT network and continuously regenerate their reactivity for the 

enhanced electrocatalytic contaminant degradation. A simple batch system was devised to 
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accomplish this task, in which membrane surface composites were employed as a cathode opposite 

a graphite foil anode in a stirred azo dye solution.  

The results of the simple batch experiments, as well as other tests with varying 

experimental parameters were analyzed using Partial Least Squares Regression (PLSR) modelling. 

The models developed provided 1) insight into the impact of each experimental parameter on 

contaminant removal, 2) the opportunity to determine the optimal set of system parameters for 

achieving maximum contaminant removal, and 3) an extended timeseries projection of 

contaminant removal at that optimum.  

Finally, the nZVI-CNT composite membrane cathode/graphite anode batch system was 

redesigned into a dead-end flow cell to evaluate this technology’s performance in the continuous 

removal of an azo dye feed. Contaminant removal and transmembrane flux were used in 

combination as metrics to assess this performance, and design of experiments was conducted to 

assess the impacts of feed concentration, and feed pressure on contaminant removal. The observed 

success in continuously remediating an azo dye contaminant with nZVI CNT surface composite 

membranes shows promise for applying this technology as a final excess dye removal step in 

textile industry effluent wastewater treatment processes. 
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Chapter 2  

Background 

2. 1 Chlorinated Organic Compounds 

2.1.1 Organic Contamination in Soils and Groundwater 

The organic contamination of soils and groundwater systems poses one of the largest 

challenges in modern environmental remediation [1], [2]. Volatile organic compounds (VOCs), 

chlorinated organic solvents, pesticides, and other chlorinated aromatics all pose significant threat 

to human health through the soils and groundwaters they contaminate [1], [2]. Among these types 

of organic pollutants, chlorinated solvents are the most common [21], [53]. Studies have shown 

that many of these compounds become hazardous to human health after being processed in the 

liver [1]. Chlorinated organic compounds (COCs) such as trichloroethylene (TCE), 

perchloroethene (PCE), and  polychlorinated biphenyls (PCBs), are found in thousands of soil and 

groundwater sites in North America and Europe alone [38]. Such contamination is the by-product 

of various industrial activities including pesticide run-off, discharge from metal degreasing, dry 

cleaning, and chemical spills [1], [23], [33], [38]. 

2.1.2 Difficulties in Remediating Chlorinated Organics in Soils and Groundwater 

Without even considering the mechanisms of contaminant remediation, the treatment of 

soils and groundwater remains a complex challenge due to the wide variety of organic pollutants 

and the sites in which they are found. Many chlorinated solvents are heavier than water (including 

TCE, 𝜌𝑇𝐶𝐸 = 1.46 g/mL) and therefore permeate downward through groundwater systems and 

form plumes of dense non-aqueous phase liquid (DNAPL) [1]. In 2005 the United States 

Environmental Protection Agency estimated that the number of groundwater sites contaminated 
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with DNAPLs in the US ranges from 15 000 to 20 000 [7]. DNAPLs are capable of migrating 

vertically and laterally through aquifer systems, and leave a trail of contamination in their wake 

[1]. The ability of these contaminants to spread through groundwaters raises the difficulty of 

developing methods that efficiently capture and remove them from solution. 

Furthermore traditional wastewater treatment techniques such as coagulation, 

sedimentation, filtration, etc. have proved ineffective for reducing the concentrations of TCE 

below hazardous levels [1]. Due to its chemical structure, TCE is not easily biodegraded or 

otherwise transformed through chemical reactions into environmentally benign compounds  [1]. 

2.1.3 Current Treatment Strategies for COCs 

2.1.3.1 Ex-situ Treatment 

Ex-situ remediation technologies are often referred to as “pump-and-treat” methods, 

because they involve the removal of polluted groundwaters and soils from their site to remediate 

them with technologies on the surface. Air stripping is an ex-situ technique that takes advantage 

of the low Henry’s constant and solubility of VOCs, and uses a counter-current stream of air to 

remove those contaminants from the liquid phase and into the gas (air) phase [1]. However, 

concentration targets for TCE removal often require an infeasible flow rate of air to obtain. 

Furthermore, in this method the contaminant compound is simply transferred into another phase, 

rather than being degraded or otherwise transformed into something less harmful [1]. 

2.1.3.2 In-situ Treatment 

Soil Venting relies on the same mechanism as air stripping, but forces air into the soil in-

situ. Once the air streams have stripped contaminants from the groundwater, they are directed to 

wells where the COCs can be collected or released to the atmosphere [1][2]. This technology faces 
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the same limitations as air stripping, with the added challenges that it is more expensive to build 

and operate in-situ. 

Permeable reactive barriers (PRBs) are loose obstacles to flow possessing reactive metallic 

iron in its zero-valent state. Zero-valent iron (ZVI) is capable of degrading COCs through a 

reduction mechanism in which the chloride bond is broken down (also known as dechlorination) 

[20]–[23]. PRBs are an attractive technology because ZVI is effective at reducing contaminants 

and because once installed PRBs require no energy to operate. However, PRBs rely on the 

transport of contaminants passed their surface, and can take a long time to accomplish the 

remediation of aquifers that have COC contamination spread out over large distances [7]. 

Furthermore, since the ZVI lining a PRB permanently uses up its reactivity on contaminants and 

scavenging compounds alike, PRBs are single use. Add in the high capital costs for installation, 

and PRBs quickly become a very expensive option [20]. 

The targeted injection of chemical reductants is another method for remediating soils in-

situ [23]. Electron-donating reduced metal species such as Fe0, Fe2+, Fe3O4, FeS, and FeS2 are 

capable of degrading chlorinated organic compounds by chemical reduction [23]. Highly reactive 

nanoscale iron particles can be stabilized in a clay matrix [20], [54], [55] and mixed with 

contaminated soils for their in-situ remediation. At least nine full scale plants have been developed 

to treat COC contaminated soils this way, but the technology is limited to applications less than 

50 feet deep where the soil can be easily mixed [20]. 
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2.2 Azo Dye Contamination 

2.2.1 Classification and Usage of Azo Dyes 

Dyes exhibit a wide range of structural diversity and are commonly classified by their 

solubility in water. Acid, basic, direct, metal-complex, mordant, and reactive dyes are soluble in 

water, while the insoluble class is made up of azoic, disperse sulfur, and vat dyes [8]. Azo dyes 

are defined as aromatic compounds possessing one or more -N=N- azo linkages [3]. The azo 

linkage is a chromophoric chemical group, and is largely responsible for giving the dye its colour 

[3]. The dye’s colour is further dependent on what kinds of auxochromic substituents it has on the 

aryl rings in its chemical structure [56]. Over 100 000 types of commercial dyes exist, and global 

dye productions are estimated to be between 7 × 105 – 1 × 106 tons per year. Azo dyes constitute 

the large class of commercial synthetic dye [3], and account for approximately 70% of the dyes 

used by humans as a whole [8].  

2.2.2 Threats Posed by Azo Dye Contamination 

Azo dyes are commonly used in the textile, pharmaceutical, and printing industries [4], 

[29], [35], and up to 10-15% of azo dyes used in these applications are discharged to aquatic 

environments [8]. Thus, incorporating the production data provided in the previous subsection 

(2.2.1), approximately 77,000 tons of azo dyes are discharged to aquatic environments per year. 

Azo dyes and the compounds they are transformed into by the human body have been found to be 

toxic, and in many cases carcinogenic [4], [5], [6]. Regulations set by the European Union Water 

Framework Directive and the Department for Environmental Food and Rural Affairs are 

combating this pollution by tightening regulations on textile industry effluents [57].  
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2.2.3 Current treatment Strategies for Azo Dyes 

Azo dyes and other synthetic dyes are resistant to photolysis, able to withstand high 

temperatures, and are not easily biodegraded [5]. These attributes make the removal of azo dyes 

from water difficult. Instead of relying on conventional wastewater treatment techniques such as 

filtration, sedimentation, and aerobic/anaerobic digestion, azo dyes are currently removed from 

industrial wastewaters through advanced oxidation processes, adsorption, electrochemical 

reaction, and advanced biodegradation. The most industrially used type of these methods are 

advanced oxidation processes, which remove dyes by oxidizing the azo linkages and the aryl rings 

found in their structures [19]. These strong oxidants are typically compounds that can produce 

hydroxyl radicals in solution, such as O3 and H2O2 [3]. The oxidative removal of azo dyes can be 

improved through increasing hydroxyl radical concentrations using Fenton’s reagent (Fe3+/H2O2) 

and/or applying ultraviolet light to promote degradation by photolysis [58]. However, the high cost 

of these oxidizing agents is a limiting factor for conducting large scale dye remediation [59].  

Instead of applying pre-synthesized oxidizing agents to remediate azo dyes, 

electrochemical cells can be used to generate strong oxidants that degrade dyes in solution. 

Electrochemical systems can achieve dye removal in a variety of other ways, including by direct 

reduction at a cathode, electrochemical oxidation, electrocoagulation, and electro-Fenton 

reactions, just to name a few [51], [60]–[63]. The electrodes in these systems are made from a 

diverse array of conductive materials, with metals like platinum and titanium, and graphitic 

materials such as graphite, graphene, and carbon nanotubes [51], [52], [64].  Microbial fuel cells 

build upon these systems by using microbes that catalyze dye oxidation at the anode, and reduction 

at the cathode [61], [65]. 
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Azo dye adsorption using activated carbon, peat, wood chips, etc. as sorbents presents an 

alternative technology and removal mechanism, but also struggles due to the economic cost and 

the difficulty of sorbent regeneration [59], [66]. 

2.3 Membrane Technologies 

2.3.1 Overview of Membrane Principles and Technologies 

Membrane technologies can be broadly described as semi-permeable barriers that separate 

a pressurized contaminated feed stream into two parts: a retentate stream rejected by the 

membrane, and a permeate stream permitted by the membrane.  Over the past few decades, 

membrane separation technologies have risen to prominence in both the academic and industrial 

sectors for their success in treating wastewaters from a variety of sources, as well as for the 

opportunities they present for process intensification [9]–[14]. Their applications include, but are 

not limited to, municipal, industrial, and textile wastewater treatment, as well as desalination, 

distillation, food processing, gas separations, and fuel cells [44], [67]–[73]. 

Conventional membranes achieve the removal of contaminants in a feed under an applied 

pressure by the mechanism of size exclusion; denying the passage of contaminants too large to 

travel through the membrane’s pores [13], [71]. Size exclusion is the most common mechanism 

for conducting membrane separations, and as such, membranes are often classified based on the 

size of their pores. In order of decreasing size, these categories are microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) [71]. Importantly, reverse 

osmosis membranes stand apart from these other categories in that they do not possess pores for 

separation through size exclusion, and instead rely on the mechanism of solution diffusion [12], 

[71]. Figure 2.1 below shows a variety of common waterborne contaminants, as well as the general 

pore sizes of the different conventional membrane classifications [74]. 
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While conventional size exclusion remains the most common separation mechanism 

utilized in membrane technologies, a wide variety of other bases for membrane selectivity exists 

in industry and academia. For instance, membranes used in gas separations are non-porous and 

selective based on the diffusivity of the feed particles in the membrane material [72], while 

membranes for ion exchange conduct separation based on charge [75]. 

Membranes are typically made of polymers such as polyvinyl alcohol (PVA), 

polyvinylidene fluoride (PVDF), polyether sulfone (PES), as well as biopolymers like cellulose 

nitrate and cellulose acetate [71], [76]. However, the material used to construct a membrane can 

vary widely depending on the separation it is intended for. 

Figure 2.1. The relative size of common contaminants, and the membrane separation 

pore size regimes used to separate them. Reproduced from [74]. 
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2.3.2 Challenges for Membrane Technologies 

While membranes have been proven to be highly effective, economically favourable, and 

customizable in achieving a variety of separations, they are universally limited by the problem of 

fouling. Fouling is a buildup of material on or inside the membrane’s matrix that obstructs flow 

through its pores. This obstruction leads to decreased flux and permeability for constant TMPs 

[14], [71], [73], [77]. Depending on the system and the compounds present in the feed, fouling can 

be either reversible (by cleaning with methods such as back-washing) or non-reversible. Foulants 

can be divided into four main types: micro-biological organisms, organics, inorganics, and 

particulates [14]. 

Biofouling is when bacteria in solution cause the formation of one or more layers of biofilm 

on the membrane’s surface [14], [78], [79] and is generally considered the most ubiquitous type 

of fouling in membrane applications. Though the process of biofouling has been found to have 

many stages [78], it can be generally divided into following two steps: 1) the irreversible 

attachment of bacteria to a membrane’s surface and 2) the generation of an extracellular polymeric 

substance (EPS) by those bacteria that covers the surface [80]. Biofouling is further problematic 

because the EPS layer formed is resistant to many common membrane cleaning procedures [80]. 

Particulate and colloidal fouling involves the buildup of organic or inorganic compounds 

between 0.001 𝜇m and 1 𝜇m in size [14]. Depending on the size of the solids involved, colloids 

can either cause blockages in the pores themselves or merely develop a layer of material on the 

membrane surface [73], [81], [82]. The rate and extent of colloidal fouling is highly dependent on 

the shear rate, bulk concentration, and particle size of the feed solution [83]. 
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Organic foulants can be either dissolved or colloids, but share the commonality of attaching 

to the membrane’s surface through adsorption [14]. While inorganic foulants also refer to 

dissolved components, these compounds are metals that precipitate onto the surface of the 

membrane due to either oxidation or change in pH [14], [84], [85]. This phenomenon is also known 

as scaling. 

Broadly speaking, the rate and extent of fouling is highly dependent on the operating 

conditions, as well as the bulk concentration, and particle size of the feed solution [83].  

2.3.3 Modern Membrane Applications for Remediating COCs & Azo dyes 

Conventional reverse osmosis membranes have been used to completely remove 

chlorinated solvents [15] and dyes [16] from wastewater effluents but are limited by a variety of 

problematic factors. These factors include high energy costs required to drive the separation 

(particularly in high-salinity solutions that result in large osmotic pressures), membrane damage 

due to concentration polarization, and biofouling that is incurred without expensive pre-treatment 

steps [16]–[18].  

Membrane technologies have also been utilized for removing COCs from wastewaters 

through pertraction. Pertraction is a method in which a contaminant is transferred through liquid-

liquid extraction across a membrane barrier from a flow of contaminated wastewater feed to a 

solvent flowing in countercurrent [86]–[88]. A good solvent for this technique is one that has high 

affinity for the contaminant, very low solubility in water, is non-toxic, and is easily reused [86]. 

The main costs associated with pertraction are the energy required to flow the streams across the 

membrane, the cost of the solvent, and the energy cost for regenerating the solvent (with methods 

such as evaporation). While this method has been shown to be more cost effective than air-
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stripping and adsorption using activated carbon [86], it requires the use of hazardous solvents, and 

– like adsorption – merely transfers the contaminant to another phase without degrading it. 

Furthermore, the often dilute concentrations of COCs in soils and groundwaters require high 

solvent flow rates for efficient extraction, which drives up energy costs [86], [87]. 

To subvert the challenges facing the removal of azo dyes and COCs with conventional 

membrane separation, membrane technologies using mechanisms other than size exclusion such 

as adsorption, biodegradation, membrane distillation, and degradation by reactive oxygen species 

(ROS) have been explored [89]–[92].  

2.4 Electrically Conductive Membranes 

2.4.1 Introduction to Conductive Membranes and Their Benefits 

Recent work has shown that applying an electric field across a membrane can combat 

organic and colloidal fouling. Additionally, the application of small pulsed electric potentials to a 

surface has been shown to prevent the attachment of bacteria, and thus prevent the onset of 

biofouling [14], [40]–[43]. This phenomenon is not yet completely understood, as several 

mechanisms likely contribute to its result. For instance, the application of negative (cathodic) 

potentials has been shown to repel negatively charged bacteria through electrostatic interactions 

[39], [93], [94]. Alternatively, the application of negative potentials to electrodes in an aqueous 

medium can generate ROS [51], [95] capable of killing bacteria that would otherwise foul the 

surface [51], [96]. Whatever the mechanism, the success of this phenomenon in fouling mitigation 

has led to the investigation of electrically conductive membrane materials. 

Aside from biofouling prevention, electrically conductive membranes have been 

investigated for their effectiveness in applications as electrodes, for charged particle selectivity, 



M.A.Sc. Thesis | Alexander Sutherland  McMaster University | Chemical Engineering 

15 

 

for generating ROS in solution, and in a variety of other electrocatalytic separations [39], [51], 

[52], [94], [97], [98]. 

2.4.2 Graphitic Materials for Conductive Thin Film Surface Composites 

While modern conventional membranes are commonly made from polymers, conducting 

polymers such as polypyrrole are limited in their use as a membrane material by physical properties 

that result in poor processing and separation characteristics [39]. Membrane thin film surface 

composites made of conductive materials such as graphene oxide (GO) and carbon nanotubes 

(CNTs) have received interest as an alternative to conductive polymers and their limitations [44], 

[39], [45]. CNTs are essentially 2D graphene seamlessly rolled into a 3D tube configuration with 

one or multiple walls. These materials owe their high conductivity  to the delocalized nature of 

their pi electrons, and their high length-to-diameter aspect ratios (typically >1000:1) [39], [93], 

[94], [97], [99].  Dispersions of CNTs can be easily vacuum filtered onto the surface of a polymeric 

support membrane to form a porous, electrically conductive thin films capable of simultaneously 

preventing biofouling, and removing azo dyes through electrochemical filtration, adsorption, and 

the production of ROS in solution [39], [97]. 

2.5 Growing Reactive Nanoparticles 

2.5.1 Zero Valent Iron  

Both chlorinated organics and azo dyes can be degraded through redox reactions with 

strong reducing agents. Among these reducing agents, elemental iron in its zero valent state (Fe0 

or ZVI) remains an established choice for applications in remediating groundwaters and soils 

contaminated by chlorinated organics, as well as textile effluents contaminated by azo dyes [22], 

[24]–[27][28]. ZVI stands out from other reducing agent remediation technologies due to iron’s 
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natural abundance, low cost, high reducing potential (𝐸0= -0.44 V), low toxicity, and capacity to 

adsorb compounds such as dyes and heavy metals [21], [27], [30]–[32]. 

2.5.2 Reactive Nano Zero-Valent Iron Particles 

The efficacy of ZVI and other reactive metals can be further improved by synthesizing 

those materials into spherical particles with diameters in the nanoscale. Nano zero-valent iron 

(nZVI) has been the focus of more recent work due to its increased reactivity [22], [26], [29], [33]–

[35]. nZVI and other nanoparticles are relatively more reactive than their macroscale counterparts 

because of their increased surface area to volume ratios. This is because as particle size decreases, 

there is an increase in the proportion of atoms on the surface of that particle available for reaction, 

adsorption, etc. [36].  

The high reactivity presented by nanoscale particles has been explored for a variety of 

materials and applications. For instance, silver nanoparticles have proven to be effective in 

antimicrobial sterilization [25], [36], [100], [101],  and have been investigated alongside gold and 

platinum nanoparticles for applications in catalysis [49]. Titanium dioxide nanoparticles have also 

been applied as adsorbents [49], as well as used for coatings that impart UV protection and self 

cleaning properties [36].  

nZVI particles generally have diameters less than 100 nm and exhibit a core-shell structure. 

While the  nanoparticle core consists of highly reactive zero-valent iron, there exists an outer shell 

of Fe2+ and Fe3+ oxides and hydroxides [24], [26], [102].  

2.5.3 Methods for nZVI Synthesis 

The synthesis of nZVI particles can generally be categorized into top down or bottom up 

approaches.  Top down methods involve physical and chemical methods of breaking down – and 
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in some cases chemically reducing – iron to a nanoscale zero-valent state. The simplest top down 

method consists of mechanically grinding (or milling) macroscale bulk ZVI down into the 

nanoscale [102][103].  Thermal reduction is a technique in which iron oxide nanoparticles are 

reduced to nZVI at high temperatures (> 500℃) by gases such as H2, CO2, and CO that are 

produced from the thermal decomposition of carbon based materials [36][104]. 

Bottom up methods facilitate the growth of nZVI particles from iron salts. The most 

common bottom up methods use strong reducing agents such as sodium borohydride to precipitate 

nanoparticles from iron ions in solution [32], [105]. This method is highly effective, however, the 

toxicity and cost of sodium borohydride has encouraged researchers to explore polyphenolic plant 

extracts as an environmentally friendly reducing agent alternative [36], [55]. Thermal reduction 

can also be applied as a bottom up method, by instead using hydrous iron salts as the source for 

the precipitated nanoparticles [36]. Electrolysis is a third bottom up method that produces nZVI 

from iron salts in solution using an electrochemical cell. Positively charged iron ions are reduced 

into nZVI particles at the cathode, and subsequently removed with ultrasonication [80]. 

Electrolysis is relatively fast and cost effective when compared to chemical reduction, but often 

results in nanoparticle aggregation during formation at the cathode [106]. 

2.5.4 Challenges Surrounding Nanoparticle Technologies 

nZVI nanoparticles rapidly homo-aggregate due to their strong magnetic properties and 

low surface charge [32], [38], [102], [107]. Aggregation reduces their high surface area to volume 

ratio, which causes a significant loss in reactivity [26], [31], [32], [34], [37], [38]. Furthermore, 

colloids formed from nZVI aggregates have significantly reduced mobility in soils, which limits 

their use for applications such as in the in-situ remediation of groundwaters [26], [102]. 
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A second limiting factor that nZVI faces is passivation, which is the inevitable loss of the 

nanoparticle’s reactivity caused by donating electrons to other species [22]. nZVI particles are thus 

a one-time-use nanomaterial, requiring continuous resupplying to treat large volumes of 

contaminated water. 

2.6 Stabilizing Reactive Nanoparticles 

nZVI can be stabilized against aggregation through the application of surface coatings, 

doping the nanoparticles with other metals, and immobilizing the particles on supports. 

2.6.1 Surface coatings 

A wide variety of compounds have been tested as nanoparticle coatings to encourage their 

dispersion and consequently prevent aggregation [102]. Materials chosen for coatings are 

generally those that suppress the tendency and/or ability of the nanoparticles to agglomerate by 

electrostatic, magnetic dipole-dipole, and DLVO interactions [107], [108]. Surface coating 

molecules achieve this stability by enhancing the repulsive forces between particles with either or 

both of electrostatic and steric stabilization. In electrostatic stabilization, charged molecules are 

adsorbed to the metal nanoparticle surface to create a double layer that repels the other stabilizer-

covered particles. Steric stabilization, on the other hand, relies on coatings with external structures 

that physically impede particle attraction, as well as by osmotic force [32], [37], [108]. 

Stabilizers can be added during the nano-particle growth before aggregates are formed 

(pre-agglomeration) or after nanoparticles have grown and aggregated (post agglomeration) [32]. 

In both cases the addition of a stabilizer can result in nanoparticle dispersion, however, pre-

agglomeration addition has been shown to be more successful in doing so [104]. Table 2.1 below 
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provides an overview of several different types and examples of surface coatings used to stabilize 

nZVI [7], [28], [116]–[123], [108]–[115].  

 

Table 2.1. nZVI surface coating types with examples [7], [28], [112]–[119], [104]–[111]. 

Coating Type Examples 

Hydrophilic biopolymers Starch, guar gum, alginate, aspartame, chitosan 

Natural Organic Matter 

(NOM) 
Humic acid 

Polyelectrolytes 
Carboxymethyl cellulose (CMC), polyacrylic acid, resins, block 

coplymers 

Oil-based Microemulsions Food grade surfactant 

 

Coatings are of further use for lessening the passivation of nZVI that would occur through 

side reactions. nZVI coated with polyelectrolytes such as CMC, are less prone to side reactions 

with dissolved oxygen and oxygen rich compounds in solution, and therefore allow the 

nanoparticles to save their reactivity for the target compounds [32], [36], [102], [109]. Naturally, 

surface coatings detract slightly from nanoparticle reactivity by covering a portion of their 

available surface area, however, the reactivity of stabilized particles that remain dispersed exceeds 

those that are uncovered but have been allowed to aggregate [32]. 

2.6.2 Substrate-Supports 

With the proper substrate, nanoparticles can be stabilized against aggregation through 

steric and electrostatic mechanisms [48]–[50]. Suitable substrates for nZVI and other metal 

nanoparticles are those that have a high surface area and negatively charged functional groups to 
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attract the positively charged metal ions and serve as nucleation sites during nanoparticle growth 

[31], [35], [37], [49], [50], [124], [125]. Nano-porous materials can provide stabilization through 

the physical segregation of nZVI particles in their structure [49]. A variety of solids have been 

explored as substrates for stabilizing nanoparticles , such as cellulose nanocrystals and nanofibers 

[49], [50], [126], silica [122], [127], [128], high surface area pyrolyzed carbon materials such as 

biochar and activated carbon [129], [130], and graphite materials such as graphene, and carbon 

nanotubes [31], [46], [47].  

2.7 Objectives 

 The aim of this project was to fabricate a porous, electrically conductive, catalytic, reactive 

surface composite for removing an azo dye model contaminant in solution. The nZVI particles 

were grown using a bottom up chemical reduction method and stabilized by a network of COOH-

functionalized carbon nanotubes serving as a substrate. The specific goals of this research include: 

• Proof of concept validation for using an applied voltage to regenerate embedded nZVI 

reactivity for the enhanced electrocatalytic degradation of contaminants in a simple batch 

system. 

• Demonstrating the ability of nZVI-CNT surface composite membranes to 

electrochemically degrade azo dyes in solution under an applied voltage in batch and 

continuous systems. 

• Modelling the contaminant removal performance of nZVI-CNT surface composite 

membranes in a batch system, to analyze and optimize the contributions of operating 

parameters such as applied voltage and nZVI content. 
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Chapter 3  

Proof of Concept Validation of the Electrocatalytic Properties of nZVI-CNT 

Surface Composites through Dye Removal in a Batch System 

 

Abstract 

Azo dyes and Chlorinated Organic Compounds (COCs) like trichloroethylene (TCE) are 

environmental contaminants found in textile industry effluents and groundwater sites respectively. 

Both compounds are carcinogenic to humans and hazardous to the environments they contaminate 

and are difficult to treat by conventional wastewater processes. In this study, electrocatalytically 

active nanocomposite membranes were fabricated and evaluated for their ability to remove azo 

dyes. Nano zero-valent iron (nZVI) particles were grown and stabilized within a network of 

dispersed single and double-walled carbon nanotubes (CNTs), and this mixture was filtered onto 

the surface of a microfiltration PES support membrane to form a porous, conductive, reactive 

surface nanocomposite. These catalytic surface nanocomposites were tested as a cathode alongside 

a graphite anode for their ability to remove methyl orange (MO) dye in a batch system under -2 V 

applied voltage. In a well-mixed batch, it was found that complete removal of 0.25 mM MO (7.5 

mMoles in 30 mL) by the charged membranes occurred within 2-3 hours of operation. The 

performance of these nZVI-CNT cathodes alongside controls suggests that the application of an 

applied current regenerates the spent reactivity of the embedded iron nanoparticles. Continuous 

regeneration of nZVI reactivity on a membrane surface offers substantial advantages over single-

use approaches for the treatment of azo dyes and COCs in solution.   
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3.1 Introduction 

 Chemical reductants such as ZVI have been proved to be effective in remediating organics 

such as azo dyes and COCs into less toxic compounds by degrading their characteristic bonds 

(their azo linkages and chloride bonds respectively)  [23], [29], [59]. Among these technologies, 

nZVI has emerged as an increasingly attractive option for facilitating reductive remediation of 

these organics, due to its enhanced reactivity [26], [35], cheap source material, and non-toxicity 

[4], [76]. A mechanism for the direct and ROS mediated reduction of azo dyes and COCs using 

zero valent iron is shown in Figure 3.1. 

 

  

  

Figure 3.1. Mechanisms for the degradation of azo dyes by a) direct reduction 

and c) ROS mediated reduction, and mechanisms for the degradation of COCs by 

b) direct reduction and d) ROS mediated reduction. 
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Unfortunately, the nZVI’s ability to remediate contaminants is limited by two main 

problems. The first of these problems is the tendency of nanoparticles to homo-aggregate into 

colloids, resulting in the loss of high surface area to volume ratio and thus decreased reactivity 

[32], [131]. Secondly, nZVI’s high potential for oxidation allows many oxygen rich compounds 

in solution can scavenge its reactivity, limiting its potential for reducing and remediating target 

contaminants [22], [36], [38]. Furthermore, even if nZVI were able to selectively reduce 

contaminant compounds in solution, it still faces the issue of loss in reactivity through reducing 

contaminants in its intended operation [22]. Thus, technologies utilizing nZVI lack the ability to 

operate continuously without nanoparticle replacement. 

Recent work has shown that nanoparticle aggregation can be mitigated by growing and 

stabilizing those particles on surfaces and in the pores of substrates [31], [35], [37], [49], [50], 

[124], [125]. CNTs have been investigated as a nanoparticle stabilizing substrate [132] due to their 

high surface area, and ability to possess functional groups that aid in stabilization [79], [84], [132].  

This study focuses on developing conductive CNT membrane surface composites with 

embedded stabilized catalytic nZVI particles for remediating methyl orange in solution. The 

permeable network of CNTs in this surface composite layer allows for the passage of a 

contaminated feed, while the nZVI particles stabilized in the CNT network facilitate a reduction 

reaction to degrade the contaminants. Furthermore, when a negative voltage is applied to the 

conductive surface composite, the CNTs function as an electrode capable of both directly reducing 

azo dyes in solution and channeling electrons to regenerate the reactivity of the embedded nZVI 

particles. Thus, with an applied pressure and voltage, nZVI-CNT membranes can continuously 

electro-catalytically degrade azo dyes from a aqueous feed stream. 
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3.2 Materials and Methods 

3.2.1 Materials 

 All solutions used for synthesis, characterization, and testing were prepared in de-ionized 

water from a Sartorious Arium Mini device. Single/double walled COOH-functionalized carbon 

nanotubes (1-4 nm diameter, 5-30 𝜇m length, 2.73 wt% functional content) were purchased from 

Cheaptubes. The following chemicals used were all of lab grade purity (> 98% pure). Iron sulfate 

pentahydrate and sodium chloride were both purchased from Sigma Aldrich. Sodium borohydride 

was purchased from Alfa Aesar.  

All nitrogen gas used came from Air Liquide compressed nitrogen tanks (100% pure). The 

circular flat sheet polyether sulfone microfiltration membranes were purchased from Sterlitech 

(0.45 𝜇m pore size, 47 mm diameter). Methyl orange powder was purchased from Sigma Aldrich. 

3.2.2 Catalytic Membrane Composite Preparation 

Single/double walled COOH-functionalized carbon nanotubes were dispersed in a round 

bottom flask of deoxygenated (DO) water using a QSonica probe sonicator for 30 minutes effective 

time (two seconds dormant alternating with two seconds active). During sonication, nitrogen gas 

was bubbled into the flask at low pressure to maintain a nitrogen-rich solution and minimize the 

concentration of dissolved oxygen.  

After sonication, the flask was closed with a septum cap. Nitrogen was continuously 

bubbled into the solution through a needle which pierced the septum and extended into the solution. 

A second shorter needle which pierced the septum did not reach the solution and was used as a 

pressure release. Low pressures and low gas flow rates were used to facilitate bubbling/stirring 

and to maintain a nitrogen atmosphere within the flask to prevent the oxidation of nZVI in 
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subsequent steps. Iron Sulfate Pentahydrate was added in a ratio of 3:1 Fe2+ ions to -COOH 

functional groups of the dispersed CNTs. After an hour of mixing time – over which the positively 

charged iron ions became associated with the negatively charged functional groups – sodium 

borohydride dissolved in DO water was added dropwise to the round bottom flask at a controlled 

rate of 0.5 mL/minute for 10 minutes using a KdScientific syringe pump. An appropriate amount 

of NaBH4 was added to achieve a BH4
-: Fe2+ ratio of 2:1, with 10% excess of NaBH4 to account 

for undesirable side reactions with water. The NaBH4 reduces iron ions into zero-valent iron 

nanoparticles on the surface of the CNTs. The mixture was kept bubbling under nitrogen for one 

hour past the addition of sodium borohydride to ensure the reaction reached completion. Once the 

reaction was assumed complete, the round bottom flask containing the dispersed nZVI-CNT 

mixture was sealed under nitrogen atmosphere.  

In an N2-enriched glovebox, the nZVI-CNT mixture was filter-deposited onto the surface 

of 0.45 𝜇m pore size flat sheet polyether sulfone (PES) membranes using a vacuum pump 

following the same protocol as previously published [133]. The surface composites of each 

membrane consisted of 10 mg of nZVI-CNT mixture, and were each approximately 35.5 mm in 

diameter. The newly fabricated nZVI-CNT membranes were dried under the ambient N2 

environment inside the glovebox then stored separately in air. It should be noted that during 

storage, the nZVI within the membrane surface composite oxidized due to exposure to ambient 

air. Exposure to air was expected to cause the formation of a shell of iron oxides and hydroxides 

around an inner core of nZVI that will slowly oxidize over time. 

3.2.3 Membrane Characterization 

 The prepared catalytic membranes and the nZVI-CNT material used to fabricate them were 

characterized with both Scanning Electron Microscopy (SEM) and Transmission Electron 
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Microscopy (TEM). For TEM studies, newly prepared nZVI-CNT mixtures were diluted with DO 

water before being drop-deposited and dried on the surface of holey carbon-coated copper grids 

inside a glovebox under a nitrogen atmosphere. These grids were subsequently analyzed under 

TEM-EDS (Jeol2010F) to show the structure and elemental composition of the catalytic composite 

material. For examining the catalytic membrane cross-section, nZVI-CNT membranes were cut 

into small pieces (< 20 mm2) and frozen with liquid nitrogen for approximately 5 minutes under 

vacuum. These frozen membrane pieces were cracked in half using tweezers, sputter coated with 

5 nm thick coatings of Au and imaged under SEM (JEOL JSM-7000F).  

 Sheet resistivity measurements were taken using a HALL HL5500PC four point-probe 

device to measure the electrical conductivity of the nZVI-CNT membrane surface composites. 

These sheet resistivities were converted to conductivity values by taking the inverse of each 

measurement and dividing by an average surface composite thickness estimated from cross-

sectional SEM images. 

Catalytic membrane iron content was determined through a mass balance and 

measurements taken using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-

OES). These tests analyzed the permeate samples obtained from the vacuum filtration step of the 

catalytic surface composite synthesis process. The permeates were diluted to volumes of 12 mL 

and tested with a Vista-Pro CCD Simultaneous ICP-OES device over a measuring range of 20 – 

100 ppm. Once the iron concentration of the permeate is known, the mass of iron in the surface 

nanocomposite can be calculated by subtracting the mass of iron in the permeate sample from the 

iron assumed to be in the aliquot of well mixed nZVI-CNT mixture filter deposited onto the PES 

support membrane. 
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3.2.4 Electrochemical Batch Removal of Methyl Orange Dye 

The azo dye, methyl orange (MO), was chosen as a model contaminant. The UV-Vis 

absorbance of MO is approximately linearly proportional to its concentration. A calibration curve 

(Figure S1) was generated using a UV-Vis spectrophotometer to determine the concentration of 

MO after exposure to the catalytic membranes. Figure 3.2 shows the experimental batch system, 

in which a conductive membrane composite (nZVI-CNT or CNT) as the working electrode, and 

graphite strip (VWR, 𝑙 × 𝑤 × 𝑡 = 5 cm × 2 cm × 0.5 mm) as the counter electrode 

electrochemically degrade a batch of MO. The electrodes were spaced 3 mm apart with a parallel 

overlapping area of ~3.8 cm2. 

 

  

Figure 3.2. The experimental setup for testing nZVI-CNTs 

performance in removing MO in solution under an applied 

voltage. 
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A constant negative voltage (-2 V) was applied between the membrane composite cathode 

and the graphite strip anode using an Autolab potentiostat/galvanostat to form an electrochemical 

cell. Over the course of a three-hour period, 200 µL samples were taken from the well-mixed batch 

(stirring at 900 rpm) at 10-minute intervals. The absorbances for these samples were measured at 

464 nm in a Tecan Spark 10M UV-Vis Spectrophotometer, and the corresponding concentration 

was calculated from the absorbance-concentration calibration curve (Figure S1). 

3.2.5 Cyclic Voltammetry 

 Cyclic voltammetry (CV) tests were conducted to assess the nature of the electrochemical 

reactions taking place in the batch and continuous MO removal systems. Using an experimental 

setup identical to the batch removal system, a CV test was conducted between -2 V and 2 V at a 

scan rate of 10 mV/s using an Autolab Potentiostat. A sufficient amount of sodium chloride was 

dissolved in the batch system to ensure a solution conductivity of 1000 𝜇S/m. 

3.3 Results and Discussion 

3.3.1 nZVI-CNT Membrane Composite Morphology  

 Dark-field TEM images show CNTs with adsorbed nZVI particles (Figure 3.3), which are 

accompanied by TEM-EDS scans showing the carbon and iron content. The elemental analysis of 

this image yields carbon, oxygen, and iron atomic percentages of 56.3%, 13.7%, and 5.5% (with 

the remaining percentage being composed of copper from the TEM grid, and Na from the addition 

of NaBH4 during nanoparticle synthesis). Figure 3.3 and its corresponding atomic % breakdown 
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confirm that the structure observed on the CNTs is an iron nanoparticle with a diameter of ~57 

nm.  

 

 

3.3.2 Catalytic Membrane Conductivity and Iron Content 

 The results of the conductivity tests performed are shown in Figure 3.4 (left), which show 

that membranes with nZVI-CNT and CNT composites are highly conductive (40 098 ± 3570 S/m, 

and 97 877 ± 7714 S/m respectively.  

 

Figure 3.3. TEM-EDS images showing an nZVI-CNT mixture (left) and its main elemental 

composition in terms of carbon (middle) and iron (right). 
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Figure 3.4. Left: Conductivity results from 4-point probe measurements on nZVI-CNT and CNT 

membrane composites, and right: Cyclic voltammetry on the batch removal system using an nZVI-

CNT cathode, with a grey dotted line shown to outline the MO reduction peak. 
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These results in Figure 3.4 (left) indicate that the 10 mg nZVI-CNT membrane composites 

are on average 2.4-times less conductive than 10 mg CNT membrane composites. We hypothesize 

that the lower nZVI-CNT composite conductivity values are a result of the presence of oxidized 

iron within the composite. Although nZVI nanoparticles are highly conductive, the corrosion layer 

of iron oxides and hydroxides that develops on the surface of these nanoparticles with exposure to 

oxygen in storage is electrically insulating. Incorporating an electrically insulting material to the 

surface composite reduces the overall conductivity of the network. While nZVI-CNT membrane 

composites are less conductive than those made up solely of CNTs, the catalytic membrane thin 

films are still highly conductive and effective as an electrode material for facilitating the 

electrochemical degradation of azo dyes and COCs [51]. Figure 3.4 (right) shows the results of a 

CV scan between -2 V and 2 V using an nZVI-CNT cathode, a graphite strip anode, and a 1 mM 

MO solution brought to 1000 𝜇S/m through the addition of NaCl. The peak around -0.5V in the 

scan is indicative of the direct reduction of methyl orange occurring at the cathode [64].  

 The mass of iron remaining in the surface composite was determined by measuring the iron 

concentration in the liquid permeates of the vacuum deposition stage during the membrane surface 

composite fabrication process. ICP-OES was used to quantify the permeate iron content. The 

results of these measurements yielded negligible concentration of iron in the permeate samples. 

We concluded that the iron vacuum deposited onto the membrane surface remains either within 

the CNT network of the surface composite, or within the pores of the PES support membrane. 
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3.3.3 MO Batch Removal Performance of Catalytic Membranes 

 Membranes with catalytic nZVI-CNT surface composites were first tested in a batch 

system rather than a continuous system for a few important reasons. First and foremost, a batch 

system, lacks parameters that complicate comparisons of experimental results, such as feed 

pressure and flow rate. Since the retention time of MO in a continuous membrane flow cell affects 

the extent to which the model contaminant is degraded, differing flow rates between the various 

experiments complicates comparisons between them. Thus, the relatively simpler batch system is 

preferable for examining the ability of an applied voltage to regenerate the reactivity of the 

embedded nZVI particles. Secondly, a batch system allows for the examination of a given 

membrane composite’s affinity to adsorb MO over time, and further distinguishes the contributions 

of adsorption and chemical reaction.  

Figure 3.5 shows the concentration of 0.25 mM MO over a three-hour batch test using 

conductive membrane composites as a cathode and a graphite strip as an anode. 0.25 mM (~82 

ppm on a mass basis) was chosen to reflect common textile industry effluent concentrations (50 – 

80 ppm) [134]. This data corresponds to triplicate tests for batch removal using an nZVI-CNT 

surface composite membrane as well as data for three controls: membranes without nZVI, without 

applied voltage, and without nZVI or applied voltage. The systems, shown in Figure 3.5 were 

tested in triplicate, with each test using a new membrane sample.  
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From the nZVI-CNT (-2 V) test results displayed in Figure 3.5, MO dye concentration 𝐶 

over time 𝑡 can be described as decaying exponentially from the initial concentration 𝐶0 by the 

relation: 𝐶 = 𝐶0𝑒𝛼𝑡, where 𝛼 is some parameter 𝛼 < 0 encapsulating the contributions of 

regenerated and/or added catalytic nZVI reactivity, direct reduction at surface of the CNTs (in the 

presence of an applied voltage), ROS reactivity, and adsorption. A model describing the decrease 

in MO concentration over time in the presence of an nZVI-CNT cathode and -2 V applied voltage 

was fit with linear-in-parameters regression and is given by 𝐶 = 0.25𝑒−0.023𝑡 (𝑅2 = 0.996). 

 Comparing the series in Figure 3.5, it is evident that MO removal is achieved in all systems 

with and without nZVI and with and without applied voltage. However, the rate of MO removal 
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varies significantly. Applied voltage and the presence of nZVI both contributed to greater MO 

removal. With no applied voltage, both systems with and without iron-particles managed to 

remove MO, however, the systems with nZVI achieved higher removal than those without. This 

indicates that the presence of nZVI enhances MO removal. The removal of MO without applied 

voltage can be explained by two phenomena. Firstly CNTs and iron nanoparticles (in both nZVI 

and iron oxide states) have demonstrated high affinity for the adsorption of dyes [29], [35], [52]. 

Secondly, MO removal in the absence of applied voltage could indicate the reduction of MO by 

nZVI remaining beneath the oxidized shell covering the nanoparticles [26]. The added adsorptive 

capacity and remaining reactivity of nZVI particles could provide evidence as to why systems with 

nZVI-CNT cathodes remove more MO than systems with CNT cathodes. However, it should be 

noted that at the 95% confidence level, there is currently insufficient statistical evidence to suggest 

that a difference exists in the true mean removal of MO from systems using nZVI-CNT composites 

and systems using CNT composites when there is no applied voltage to the system. 

 The results of Figure 3.5 indicate that applying -2 V to the batch system causes a large 

increase in MO removal and highlights the impact of CNT membranes with nZVI as compared 

with those without. Comparing the two systems without nZVI – labelled CNTs (0 V) and CNTs (-

2 V) on Figure 3.5 – it is evident that CNT systems with an applied voltage achieved increased 

MO removal. This elevated MO removal is due to the reductive electrochemical degradation of 

the dye at the surface of the CNT cathode [64]. Furthermore, examining the nZVI-CNT results 

with -2 V applied, elevated removal of MO is observed when nZVI is included and a voltage is 

applied, suggesting that a synergistic effect exists between the two. This finding lends support to 

the hypothesis that an applied voltage regenerated the reactivity of the nZVI particles thereby 

causing enhanced electro-catalytic MO removal. Furthermore, the aforementioned exponential 
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rate at which the nZVI-CNT system removes MO dye resembles the kinetics of nZVI’s 

degradation of azo dyes in the literature [29]. This elevated removal allows an nZVI-CNT system 

with -2 V applied to fully remove 0.25 mM MO from a 30 mL batch within 2-3 hours (100% 

removal), while a CNT system with -2 V applied only reduces MO concentrations of batches with 

identical specifications to 0.05-0.07 mM within 2-3 hours (70-79% removal). 

3.4 Conclusions 

 nZVI nanoparticles can be grown and stabilized onto a network of functionalized carbon 

nanotubes. This nZVI-CNT mixture can be readily deposited onto a support membrane to form a 

conductive, continuously reactive, and adsorptive thin film composite. Results of batch tests using 

conductive membrane surface composites as a cathode and graphite foil as an anode have shown 

that these membranes can remove MO by electrochemical reaction and adsorption, at an 

exponentially decaying rate. These same results indicate that an applied voltage to a membrane 

surface composite possessing nZVI enables increased removal of MO. The enhanced removal of 

MO through an applied voltage to embedded nZVI nanoparticles suggests the partial restoration 

of nZVI reactivity lost to passivation. With -2 V applied to a system using a 10 mg nZVI-CNT 

cathode, batches of 0.25 mM MO can be fully removed within 2-3 hours. 
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Chapter 4  

Application of Catalytic Membranes in a Continuous Dead-End Flow 

System 

 

Abstract 

 Effluents from textile industry processes using azo dyes require continuous treatment to 

comply with increasingly strict environmental regulations. In this study, membranes with 

conductive catalytic nZVI-CNT composites are employed as electrochemically reactive barriers 

to continuously remediate a pressurized feed of methyl orange dye. These tests were conducted in 

a custom-built dead-end flow cell at feed pressures ranging between 20 and 80 psi, with a -2 V 

voltage applied to the electrochemical cell formed by a membrane surface composite cathode 

opposite a graphite strip anode. Systems using nZVI-CNT membranes achieved ~87 mole % 

removal of methyl orange and demonstrated a 2.7 times greater removal rate than batch tests of 

analogous parameters, and 1.6 times greater than other continuous tests using membrane surface 

composites that lacked nZVI. Furthermore, the application of  voltage to the membrane thin film 

surface composite increases the transmembrane flux through system, allowing for increased 

throughput at a given feed pressure. The results of these experiments show promise in the 

continuous removal of contaminants from wastewaters through reductive degradation, such as azo 

dyes and chlorinated organic compounds.  
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4.1 Introduction 

 Membrane separations have become prevalent and ubiquitous in modern wastewater 

treatment applications. RO membranes have proven to be capable of removing dyes and 

chlorinated solvents from wastewaters [15]–[18]. However, this conventional method of 

membrane separation is plagued by issues such as high transmembrane pressure gradients (and 

thus high energy costs), membrane damage due to concentration polarization, and biofouling [14], 

[16]–[18], [71], [73], [77]. 

 Electrically conductive membranes have shown promise in preventing biofouling [14], 

[40]–[43]. Such membranes have been prepared by filter depositing graphitic materials such as 

CNTs into conductive, porous thin films on the surface of conventional polymer support 

membranes. Additionally, CNT films have been shown to facilitate the electrochemical 

degradation of dyes under an applied voltage. 

 Nano zero-valent iron particles represent an alternative technology for remediating COCs 

and azo dyes and can be grown and stabilized on the carboxylic acid groups of functionalized 

CNTs. Furthermore, the results of studies presented in Chapter 3 suggest that the reactivity of 

nZVI embedded within a thin film nanocomposite of CNTs can be regenerated through the 

application of a negative voltage. These regenerated nanoparticles add electro-catalytic reactivity 

to the electrochemical capabilities of the CNTs for enhanced removal of organic contaminants 

under an applied voltage. 

 The objective of this work was to develop a conductive, porous, reactive nanoparticle-

embedded membrane surface composite capable of remediating an azo dye feed solution. The 

membrane surface composite achieves this remediation using electrochemical reaction under an 
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applied voltage rather than conventional size exclusion. The performance of these membranes 

regarding membrane flux, permeability, and contaminant removal was tested in a continuous dead-

end flow configuration under an applied voltage. The reliance of contaminant removal on an 

applied voltage for electrochemical degradation rather than size exclusion presents the opportunity 

for operations using membranes with larger pores. This effectively means that the application of a 

low negative voltage undercuts the need for vastly greater transmembrane pressures, and thus 

offers savings in terms of operating energy requirements.  

4.2 Materials and Methods 

4.2.1 Materials 

Pure water flux measurements were conducted with reverse osmosis (RO) filtered water. 

Apart from these pure water flux tests, all solutions used for synthesis, characterization, and testing 

were prepared in de-ionized water from a Sartorious Arium Mini device. Single/double walled 

COOH-functionalized carbon nanotubes (1-4 nm diameter, 5-30 𝜇m length, 2.73 wt% functional 

content) were purchased from Cheaptubes. The following chemicals used were all of lab grade 

purity (> 98% pure). Iron sulfate pentahydrate and sodium chloride were both purchased from 

Sigma Aldrich. Sodium borohydride was purchased from Alfa Aesar. Sodium dodecyl sulfate was 

purchased from Anachemia.  

All nitrogen gas used came from Air Liquide compressed nitrogen tanks (100% pure). The 

circular flat sheet polyether sulfone microfiltration membranes were purchased from Sterlitech 

(0.45 𝜇m pore size, 47 mm diameter). Methyl orange powder was purchased from Sigma Aldrich. 
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4.2.2 Catalytic Membrane Composite Preparation 

The procedure to fabricate nZVI-CNT membrane surface composites for continuous tests 

was nearly identical to that for the batch tests explained in Section 3.2.2, with three notable 

differences. Firstly, the line of nitrogen gas placed into the solution for mixing and preserving a 

deoxygenated environment in the process for fabricating membranes for batch tests was instead 

kept above the solution in the void space of the round bottom flask. Mixing was instead 

accomplished by bath sonication. Secondly, membrane composites used for continuous tests 

contained 4 mg of nZVI-CNT, rather than 10 mg. A lower composite mass was chosen for the 

continuous tests to achieve higher fluxes, to increase membrane fabrication throughput, and to 

lower the extent to which contaminant removal was facilitated by adsorption rather than 

electrochemical reaction. Thirdly, sodium dodecyl sulfate (SDS) was added in a 1:1 mass ratio 

with CNTs before the probe sonication step to ensure proper dispersion of the CNT network. While 

the addition of SDS was assumed to decrease surface composite conductivity, it is necessary for 

maintaining nZVI-CNT dispersion to fabricate uniform membrane surface composites with 

reproducible permeabilities. 

4.2.3 Membrane Characterization 

 The prepared catalytic membranes and the nZVI-CNT material used to fabricate them were 

characterized with Scanning Electron Microscopy (SEM). To examine the catalytic membrane 

cross-section, nZVI-CNT membranes were cut into small pieces (< 20 mm2) and frozen with liquid 

nitrogen for approximately 5 minutes under vacuum. These frozen membrane pieces were cracked 

in half using tweezers, sputter coated with 5 nm thick coatings of Au and imaged under SEM 

(JEOL JSM-7000F).  
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4.2.4 Membrane Flow Characterization 

The permeabilities of the membranes possessing catalytic surface composites were 

determined from pure water flux measurements. In these experiments a membrane was placed 

inside a Sterlitech flow cell (37 mm inner diameter) and subjected to a pressurized flow of DIW 

from a reservoir. The pressure gradient driving this flow was supplied by pressurized nitrogen gas. 

Before testing, each membrane was pressurized for one hour under 90 psi. Flux was measured for 

each pressure in the range of 20 – 80 psi at 10 psi increments. When testing at a given pressure, 

the cumulative mass of permeate was recorded at 10 second intervals up to one minute. From these 

measurements, the average volumetric flux in each interval was calculated. Flux was calculated 

using the surface area of the membrane. Membrane permeability was determined from the linear 

regression of the slope of the flux measurements plotted against their corresponding pressures. 

4.2.5 Continuous Electrochemical Removal of Methyl Orange Dye 

Figure 3.1 (a) and (b) show the electrochemical membrane flow cell and its schematic 

representation, respectively. Within the custom-built dead-end electrochemical flow cell, the 

electro-catalytically active membrane is positioned at the bottom of the cell chamber opposite a 

graphite anode. A more detailed description of the electrochemical flow cell can be found in the 

SI and is similar in design to several other cells in the literature [94], [135], [136].  
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The membrane separated a N2-pressurized MO feed from an external reservoir. The 

spacing between cathode and anode can be adjusted as the graphite anode is attached to a stainless-

steel electrode protruding from the top of the cell. Using an Autolab potentiostat attached to the 

stainless-steel electrodes, -2 V was applied to the membrane composite cathode and graphite 

anode. Permeate from the flow cell was collected in beakers stirred at 300 rpm over 10-minute 

intervals. At the end of each interval, the collected mass was weighed, and flux was calculated. 

Three 200 𝜇L aliquots of permeate sample were taken at the end of each 10-minute interval to test 

the concentration of MO in that sample by the same method discussed for the batch system 

experiments. 

Figure 4.1. a) A visual and b) a schematic of the continuous dead-end flow system used 

to test the catalytic membrane’s performance in electrochemically degrading MO. 
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4.2.6 Contact Angle Experiments 

 The contact angle of 0.25 mM MO droplets on the surface of 4 mg nZVI-CNT surface 

composite membranes was measured using an Optical Contact Angle device (OCA 35). These 

tests were completed to examine the wetting and electro-wetting characteristics of MO on the 

nZVI-CNT composite surface with and without an applied voltage. During electro-wetting tests, 

2 V was applied to the surface through contact with the probes of a GW Instek GPS-1850D DC 

power supply. 

4.3 Results and Discussion 

4.3.1 nZVI-CNT Membrane Composite Morphology  

 The SEM image in Figure 4.2 shows a cross section of an nZVI-CNT membrane. 

Analyzing this image, and others taken on membrane samples of identical specifications, the 

average thickness of the 10 mg nZVI-CNT membrane surface composite was found to be 

approximately 6 𝜇m.  

Figure 4.2. An SEM image of an nZVI-CNT membrane 

cross section at 5,000x magnification, showing both the thin 

film surface composite and the PES support membrane 

beneath it. 
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4.3.2 Catalytic Membrane Flux and Permeability 

The pure water flux of membranes coated with 4 mg nZVI-CNT surface composites are 

shown in Figure 4.3, alongside the flux of a bare 0.45 𝜇m pore size PES membrane which serves 

as a control.  

 

Both the nZVI-CNT membranes and the PES support membranes show linear relationships 

between flux and applied pressure that is consistent with membrane theory [9]. Membrane 

permeabilities were obtained from the slopes corresponding to their flux vs. pressure data using 

linear regression. Calculated permeabilities indicate that membranes with 4 mg nZVI-CNT 
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Figure 4.3. Pure water flux measurements for 0.45 μm pore size PES membranes (grey) and 0.45 

μm pore size PES membranes with 4 mg of nZVI-CNT surface composites at 20-80 psi 

pressures. 
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composites are ~7.5 times less permeable than their PES support membranes alone, with 

permeabilities of 565.7 ± 8.0 L/m2h·bar and 4258 ± 371.6 L/m2h·bar respectively. 

4.3.3 Continuous Removal of MO Using Catalytic Membranes 

With the results of the batch system experiments having provided a proof-of-concept of the 

regenerative electro-catalytic performance of nZVI-CNT surface composite membranes, tests in a 

continuous system were carried out to determine the impact of flow through the catalytic 

membrane surfaces on reductive degradation efficacy. Figure 4.4 shows the mole % decrease in 

concentration between the MO in the feed and MO in the permeate, as well as volumetric flux for 

the continuous removal of 0.25 mM MO in a dead-end flow cell at 40 psi. These tests used nZVI-

CNT surface composites as a cathode opposite a graphite anode with -2 V applied voltage. The 

results of the following three types of control experiments are also included in Figure 4.4 for 

comparison: systems without nZVI, without applied voltage, and without nZVI or applied voltage.   
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flow cell tests at 40 psi with various membrane surface composite cathode types and applied 

voltages. Error bars represent the 95% confidence interval on each set of triplicate tests. 
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Systems with nZVI-CNT composites operating at -2 V achieved 87.3 ± 3.2 % removal of MO on 

average. These results were closely comparable to those of control experiments lacking nZVI (92.6 

± 3.6%). It should be noted that within the 95% confidence interval there is no statistical difference 

between the mean percentage removal of MO by these systems. Control systems operating without 

applied voltage using nZVI-CNT and CNT composites achieved insignificant removal of MO and 

were closely comparable to one another (2.9% and 2.6% removal, respectively). 

While systems with nZVI-CNT composites operating at -2 V and those without nZVI at -2 V 

achieved statistically similar MO removal, the nZVI-CNT membranes had significantly higher 

flux than the pure CNT membranes (422 ± 93.2 
L

m2h
, and 247 ± 55.8 

L

m2h
 respectively). With a 

greater transmembrane flux and the same MO removal, this suggests that systems with nZVI-CNT 

composite membranes degrade MO at a higher rate. Based on the time-dependent nature of the 

chemical reaction observed in the batch system experiments, it is logical to assume that a 

compromise exists between throughput (flux) and degradation (mole % of MO removed) in the 

system. A lower throughput enables a higher retention time of MO within the catalytic membrane, 

and thus greater contact time for degradation. Thus, the removal rate 𝑅, of MO is a more 

informative metric than mole % removal for describing a catalytic membrane’s ability to remove 

contaminants in the permeate. The trade-off between throughput and degradation suggests that 

removal rate is the system’s target objective to be maximized, as it is the product of throughput 

and contaminant concentration reduction. The removal rate 𝑅𝑖 over any given time interval 𝑡𝑖 is 

given by 𝑅𝑖 = (𝐶0 − 𝐶𝑖)
𝑉𝑖

𝑡𝑖
 , where 𝑉𝑖 represents the permeate volume collected over the 𝑖th 

interval, and 𝐶0 and 𝐶𝑖 represent the molar concentrations (M) of the feed and the permeate 

collected over the 𝑖th interval, respectively. Figure 4.5 shows the average values for removal rates 
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over the course of continuous removal tests for the same experimental and control systems as 

outlined in Figure 4.4.  

 

 

Cross examining Figure 4.4 and 4.5, it is evident that although the systems using nZVI-CNT 

composites and those containing only CNTs show similar results in percent removal, the higher 

fluxes through the nZVI-CNT composites indicate that those systems are removing MO at a 1.6 

times higher rate on average. 

The results from Figure 4.5 also suggest that higher fluxes are achieved when a voltage is 

applied to the membrane surface composite. To investigate the effect of applied voltage on flux, 

an experiment was carried out in which a voltage was applied mid-test, and MO removal and flux 

were tracked throughout. Specifically, 0.25 mM MO was transported through nZVI-CNT 
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composite membranes under 40 psi with no applied voltage. After 30 minutes had elapsed, a -2 V 

voltage was applied to the nZVI-CNT membranes and the test was continued for two more hours. 

The flux and mole % removal throughout this test are presented in Figure 4.6. 
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Figure 4.6. MO Mole % Removed (orange) and Average Flux (blue) for a dead-end 

continuous flow cell tests at 40 psi using an nZVI-CNT membrane composite cathode, in 

which a step change in applied voltage of 0 V to -2 V is made after 30 minutes elapsed. 
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From Figure 4.6, it is apparent that both MO removal and volumetric flux increased with the 

application of -2 V voltage. The response of flux to the step change in applied voltage appears 

similar to that of a first order response [137] and reached a steady state value nearly twice that at 

0 V applied after approximately one hour. MO removal responded more rapidly to the step change 

in voltage, reaching a steady state (~76% moles removed) value after approximately 20 minutes 

(two sampling periods). Interestingly, the steady state flux achieved through the nZVI-CNT 

membrane composite post application of-2 V did not achieve the same flux as when the voltage 

was applied from the beginning of flux measurements.  

Through a phenomenon known as electro-wetting, wetting of electrically conductive surfaces 

can be enhanced by inducing a charge on a capacitor or electrode in the presence of conductive 

liquids [131], [138]. Thus, it possible that the increased transmembrane flux was caused by 

enhanced adhesion forces of MO to the conductive surface composites when cathodic voltages 

were applied during membrane flux tests [131]. Contact angle experiments were carried out to 

investigate this effect using 0.25 mM droplets on an nZVI-CNT surface composite with and 

without an applied 2 V DC voltage. The observed contact angles were found to be 56.7 ± 4.3° and 

68.2 ± 4.0° for surface composites with and without applied voltage, respectively, indicating that 

an applied voltage does encourage MO wetting. However, the 0.25 mM solution used in this study 

was prepared with DIW and therefore was not very conductive (~28 𝜇S/m). As such, electro-

wetting may not account for all the increased flux observed in the continuous MO removal 

experiments, and that other mechanisms may be at work, such as alterations to the CNT network 

under an applied voltage. 

Removal rate, 𝑅, can also be used to compare the performance of the continuous and batch 

systems. However, since the batch system has no permeate volume collected over time, its rate of 
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removal is instead determined by 𝑅(𝑡) =
𝑑𝐶(𝑡)

𝑑𝑡
𝑉𝑏𝑎𝑡𝑐ℎ, where 𝐶(𝑡) represents the concentration of 

the batch as a function of time (modelled by linear-in-the-parameters regression), and 𝑉𝑏𝑎𝑡𝑐ℎ 

represents the volume of the batch. As previously discussed, the concentration of a batch system 

as a function of time takes the form of 𝐶(𝑡) = 0.25𝑒𝛼𝑡, where 𝛼 < 0 and is representative of the 

system parameters. Thus, removal rate is a monotonically decreasing function of time, and the 

instantaneous removal rate, 𝑅(0), can be used for establishing the maximum, most optimistic 

estimate of removal rate for comparison against the average removal rate of its continuous system 

counterpart. 𝐶(𝑡) = 0.25e−0.023t represents the relationship of concentration over time for a nZVI-

CNT composite cathode system operating at -2 V. The maximum, instantaneous rate of removal 

for that system is given by: 𝑅(0) =
𝑑𝐶(0)

𝑑𝑡
(0.03L) = 2.875 × 10-9 moles/s. This removal rate is 

approximately 2.7 times less than that of its continuous counterpart, indicating that the continuous 

system is more effective than a batch system operating at its theoretical maximum MO removal 

rate. Additionally, the continuous system out-performs the batch system by achieving higher 

throughput. For instance, the continuous system can reduce the concentration of 30 mL of 0.25mM 

MO (the volume and molar concentration of the batch system) by ~87% in approximately 10-20 

minutes, while the batch system requires approximately 90 minutes to achieve the same MO 

removal.  

Further comparing the results of the batch and continuous systems, it may seem that the former 

possesses the advantage that it can continue in operation until a given batch of MO is completely 

removed, while the permeate MO concentration of the latter is constant and less than 100%. A 

two-factor design of experiments was devised to address this claim and investigate the 

manipulation of experimental factors on flux and MO removal. Concentration was chosen as a 

factor to investigate its effect on the kinetics of the reduction reaction to degrade MO, and the mass 
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transfer of MO to the membrane surface. Pressure was chosen as a second factor to manipulate 

flow rate through the cell, and thus the retention time of the MO feed. The DOE experimental 

factors and corresponding results are shown below in Table 4.1. 

 

Table 4.1 Structure and results of a design of experiments investigating the effects of feed 

concentration and pressure on the flux and mole % removal of continuous tests using a system 

operating at -2 V with an nZVI-CNT cathode, as well as the results of triplicate tests previously 

discussed for comparison (blue). 

Experiment 
Number 

Order 
Tested 

MO 
Concentration 

(mM) 

Feed 
Pressure 

(psi) 

Flux 
(L/m2h) 

MO 
Removal 
(Mole %) 

Removal Rate 
(Moles/s ×109) 

1 4 0.125 20 229 93.6 2.26 

2 2 0.25 20 280 89.5 5.35 

3 3 0.125 80 485 65.0 3.30 

4 1 0.25 80 505 72.3 7.56 

N/A N/A 0.25 40 422 87.3 7.85 

 

 

The results of this DOE confirm the compromise between flux and the extent to which the 

concentration of the MO feed is degraded. Compared to the nZVI-CNT/-2 V/0.25 mM/40 psi tests 

previously discussed (87.3% removal, as shown in blue in Table 4.1), tests at lower pressures (20 

psi) and thus lower flux achieve slightly higher removal (89.5%), and tests at higher pressures (80 

psi) and thus higher flux, achieve significantly less removal (72.3%). The results of this DOE also 

indicate that the concentration of the MO feed has a limited effect in the flux and mole % removal 

in a continuous system. Thus, if mole % removal remains constant regardless of the feed 
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concentration, a second pass of MO through a system operating at 80 psi would likely achieve 

similar results (92.3 mole % removed) to a single pass of a system operating at 20 psi (89.5 mole 

% removed).  

Finally, the results of Experiment 4 in the DOE (0.25 mM, 80 psi) illustrate the point that 

suitable constraints must be considered when using removal rate as a metric of system 

performance. Since removal rate is the product of volumetric flow rate and change in 

concentration, Experiment 4 yielded a high removal rate due to its high flux through the membrane 

despite its relatively poor decrease in MO concentration (72.3% removal). Removal rate is a 

pragmatic metric for benchmarking system performance because it encapsulates information about 

both flux and mole % removal. Thus, minimum constraints must be applied on those outputs when 

seeking to maximize removal rate to avoid sacrificing either output at the expense of the other. 

4.4 Conclusions 

The membranes with nZVI-CNT composites achieved ~87% molar removal of MO feed 

in a single pass through a continuous dead-end flow cell operated at -2 V and 40 psi. The average 

rate of removal of the continuous system was found to outperform the instantaneous (maximum) 

rate of removal of its batch system counterpart by 2.7 times. The application of a negative voltage 

to the nZVI-CNT composite cathode caused an increase in the transmembrane flux due to electro-

wetting. The concentration of the MO feed in a continuous system appears to have little effect on 

that system’s removal rate. The pressure of the feed, however, has a significant effect on the flux, 

as pressure controls the retention time of MO within the membrane, and thereby the MO removal 

rate, and the total MO mole % removal.  
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Chapter 5  

Statistical Modelling and Optimization of the Batch Removal Performance 

of Catalytic Membranes using Latent Variable Methods 

 

 

Abstract 

Chlorinated organic compounds and azo dyes represent challenging contaminants in 

modern wastewater treatment. We developed electro-catalytic membrane surface composites 

composed of carbon nanotubes (CNTs) and nano zero-valent iron (nZVI) particles to treat these 

contaminants. 41 membranes with varying synthesis parameters were produced and tested in an 

electrochemical cell to evaluate the impact of seven experimental variables in chemically reducing 

methyl orange (MO) dye over a 60-minute period. An electrochemical cell was formed from the 

iron nanoparticle-CNT catalytic membrane composite as the cathode, and a graphite foil strip as 

the anode, in an MO electrolyte. Partial least squares regression (PLSR) was used to develop a 

model relating the membrane characteristics and experimental parameters to the removal of MO 

over time. The importance and effect of each parameter on MO removal was evaluated. The 

validated PLSR model was used to solve for an optimum set of membrane and experimental 

parameters to achieve maximum MO removal. The MO removal under predicted optimum 

conditions closely matched experimental data and achieved approximately 255% more removal 

than that of tests based on a priori chosen parameters. Finally, an Auto-regression partial least 

squares (ARPLS) model was developed to predict MO removal timeseries data beyond the 

experimentally evaluated 60-minute test window.  
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5.1 Introduction 

 Partial least squares regression (or projection to latent structures regression, PLSR) is a 

data driven method for relating input and output data matrices to derive a multivariate linear model 

[139]. A PLSR model takes a data set with 𝑁 observations of 𝐾 number of variables (dimensions) 

and captures the variation in the data by projecting that system into a reduced dimensional space 

of 𝐴 components.  This reduced set of components (𝐴 < 𝐾) is essentially the collection of hidden 

(but physically meaningless) variables within the data that encapsulate its variation and are thus 

termed “latent variables”. Latent variables are useful for both an analysis of the relationship 

between the input and output data matrices, and for quantitative predictions of the outputs given a 

new set of input observations [139], [140]. 

Previous work in Chapter 3 has demonstrated the enhanced electro-catalytic batch removal 

of methyl orange dye using nZVI-CNT surface composite membrane cathodes alongside a graphite 

anode. Having validated this concept, it is desirable to investigate the effects of each of the seven 

experimental parameters in the batch system (listed in Table 5.1) to model and optimize azo dye 

removal performance. In this study, a Partial Least Squares (or Projection to Latent Structures) 

regression (PLSR) model was developed to accomplish these objectives.  

5.2 Materials and Methods 

5.2.1 Materials 

All the solutions used for synthesis, characterization, and testing were prepared in de-

ionized water from a Sartorious Arium Mini device. Single/double walled COOH-functionalized 

carbon nanotubes (1-4 nm diameter, 5-30 𝜇m length, 2.73 wt% functional content) were purchased 

from Cheaptubes. The following chemicals used were all of lab grade purity (> 98% pure). Iron 
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sulfate pentahydrate was purchased from Sigma Aldrich. Sodium borohydride was purchased from 

Alfa Aesar. Sodium dodecyl sulfate was purchased from Anachemia.  

All nitrogen gas used came from Air Liquide compressed nitrogen tanks (100% pure). The 

circular flat sheet polyether sulfone ultrafiltration membranes were purchased from Sterlitech 

(0.45 𝜇m pore size, 47 mm diameter). Methyl orange powder was purchased from Sigma Aldrich. 

5.2.2 Catalytic Membrane Composite Fabrication with Varying Parameters 

The procedure for developing the catalytic nZVI-CNT surface composites used in this 

study built upon the both the procedural foundations established in Section 3.2.2 and the alterations 

to that procedure discussed in Section 4.2.2. Namely the synthesis parameters for the membrane 

composites developed in this study were varied for the purpose of understanding their effect on 

contaminant removal through subsequent modelling. The mass of the nZVI-CNT surface 

composite varied between 5 – 10 mg, and the ratio of SDS surfactant used for CNT dispersion 

varied between 1:1 and 1:1.5 mg of CNT: mg of SDS. 

5.2.3 Methyl Orange Batch Removal Experiments 

A batch test system was devised to test the performance of nZVI-CNT membranes in 

removing contaminants under varying experimental parameters. The azo dye, methyl orange 

(MO), was chosen as a model contaminant so that UV-Vis-measured dye intensity (absorbance) 

data could be correlated to dye concentration via a calibration curve (Figure S1). This calibration 

curve was used to calculate the concentration of samples obtained over the course of a batch test. 

Figure 5.1 shows a schematic of the experimental design, in which a conductive membrane and a 

graphite strip are hung as electrodes in a batch of 0.25mM MO dye. A voltage is applied between 
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the catalytic membrane cathode, and the graphite strip anode, to form an electrochemical cell that 

facilitates the degradation of the 0.25 mM MO dye batch.  

 

200 µL samples are taken from the well mixed batch (stirring at 900 rpm) at 10-minute 

intervals. The absorbances for these samples are then measured at 464 nm using a Tecan Spark 

UV Vis Spectrophotometer and Figure S1 is used to calculate the corresponding concentration and 

moles degraded. The experimental parameters varied are listed below in Table 5.1. 

Figure 5.1. A schematic of the MO batch removal 

experiments, in which voltage is supplied to the 

surface of the composite cathode, and a graphite 

strip anode. 
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Table 5.1. Experimental parameters for electrochemical batch removal tests using catalytic 

nZVI-CNT membrane surface composites. 

Experimental Parameters Range Units 

Batch Concentration 0.025 – 0.25 Millimolar (mM) 

Applied Voltage -2 – 0 Volts (V) 

Electrode Spacing 0.3 – 2 Centimeters (cm) 

Iron Content 0 – 1.07 Mass (mg) 

CNT Content 0 – 10 Mass (mg) 

Surfactant Ratio 1:0 – 1:1.5 mg CNTs: mg SDS 

Batch Volume 0.03 – 0.1 Litres (L) 

 

5.2.4 Modelling Batch Removal Over Time Using PLSR 

 Using data from 41 batch MO removal experiments, a PLSR model was developed in 

Aspen Plus ProMV to relate the seven experimental inputs to seven outcome variables. These 

seven outcome variables are the moles removed from the system at seven 10-minute time 

increments up to one hour, as shown in Table 5.2. 

 

Table 5.2. Input and output variables used to construct a PLSR Model on the batch removal 

system. 

Input 
Variables 

Output 
Variables 

Batch Concentration 

Moles MO 
removed at: 

 

0 minutes 

Applied Voltage 10 minutes  

Electrode Spacing 20 minutes 

Iron Content 30 minutes 

CNT Content 40 minutes 

Surfactant Ratio 50 minutes 

Batch Volume 60 minutes 
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It is important to note that the outcome variables are expected to be highly correlated with 

one another since moles removed is a cumulative measurement. The number of moles removed at 

any given time-step includes the number of moles removed in the last 10 minutes as well as at all 

previous time increments. This would be a problem for methods such as multiple linear regression, 

however a PLSR model does not rely on the assumption of independence between its parameters 

and is thus equipped to handle such highly correlative output data [139]. 

The structure of a generic PLSR Model is visually described by Figure 5.2, and Table 5.3 

serves to clarify and summarize the purpose of each of the blocks in the model [139]. The 

magnitude and sign of the input weights 𝑊 in relation to the output weights 𝐶 provides insight as 

to how each experimental parameter affects removal performance.  

Figure 5.2. A structural visualization of the matrix blocks 

used in a PLSR model. 
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Table 5.3. Definitions, dimensions, and indices for the matrix blocks in a PLSR model. Note that 

𝑊′, 𝐶′, and 𝑃′ denote the transposes of the 𝑊, 𝐶, and 𝑃 matrices respectively. 

 

 

5.2.5 Using PLSR to Predict Optimal Batch Removal Performance 

 Aspen Plus ProMV software was used to conduct an optimization using the model 

developed. The objective of the optimization was to maximize MO removal achieved by the 

completion of the test (i.e. MO moles removed at 60 minutes). Constraints were placed on each of 

the input decision variables so that the software would reach a solution that was experimentally 

feasible. These experimental constraints are listed in Table 5.4.  

 

Dimensions Index Definition 

A 𝑎 The total number of components in the PLS Model 

K 𝑘 The total number of input variables in the PLS Model 

M 𝑚 The total number of components in the PLS Model 

N 𝑖 The total number of observations used in the PLS Model 

Matrix Dimensions Definition 

X N x K Input data with N # of observations of K # of variables 

Y N x M Output data with N # of observations of M # of variables 

T N x A Input scores with N # of observations of A # of components 

U N x A Output scores with N # of observations of A # of components 

W K x A 
Input weights for K # of variables corresponding to A # of 

components, which can be used to calculate T given X: 
𝑇 = 𝑋𝑊 

C M x A 
Output weights for M # of variables corresponding to A # of 

components, which can be used to predict Y given T: 

�̂� = 𝑇𝐶′ 

P K x A 
The loading matrix for the PLSR Model, which can be used to 

predict Y given X and T: 

�̂� = 𝑇𝑃′ 



M.A.Sc. Thesis | Alexander Sutherland  McMaster University | Chemical Engineering 

58 

 

Table 5.4. Input decision variable constraints for optimizing the batch removal of MO at 60 min. 

Experimental  
Parameters 

Lower 
Constraint 

Upper 
Constraint 

Batch Concentration 
(mM) 

0.025 0.25 

Applied Voltage 
(V) 

--- 0 

Electrode Spacing 
(cm) 

0.03 --- 

Iron Content 
(mg) 

0 --- 

CNT Content 
(mg) 

0 --- 

Surfactant 
Ratio 

1.1 --- 

Batch Volume 
(L) 

0.03 --- 

 

 

Note that while some of the observations used to construct this model had surfactant ratios 

of 1 mg CNTs: 0 mg SDS surfactant, a minimum constraint of 1 mg CNTs: 1 mg SDS is specified 

in the optimization formulation. A non-zero mass of SDS is a necessary experimental parameter 

for synthesizing uniform nZVI-CNT membrane coatings. A lack of surfactant – and thus a lack of 

membrane surface uniformity– is acceptable for batch removal tests since flow through the 

membrane was not examined in this study. However, for continuous trans-membrane contaminant 

degradation, a minimum amount of surfactant is required to ensure a uniform membrane composite 

thickness. Composite uniformity ensures repeatable trans-membrane fluxes of contaminants. Thus 

minimum non-zero constraints were placed on surfactant ratio to ensure that this model would 

reach optimization result that was useful for future continuous systems analysis.  
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 After solving for the optimum experimental parameters, a test was carried out with the 

corresponding optimal decision variables to compare how the maximized MO removal 

performance predicted by the software compared to an experimentally measured value. 

5.2.6 Projecting Batch Removal Performance Using Auto-Regression PLS  

 Auto-Regression Partial Least Squares (ARPLS) was implemented to predict data in the 

optimal batch removal timeseries beyond the experimentally observed data. ARPLS uses 

repeatedly forward shifted timeseries data to create a set of input variables at future times. Each 

variable created at a subsequent time step uses the timeseries data shifted forward by one 

observation. The variable columns created by these shifts are called a lags [141]. The ensemble of 

lagged variables forms a block of input data that can be provided to a PLSR model to predict the 

next point in the timeseries.  

In this study, an ARPLS model was generated using input data blocks of nine observations 

and six variables (𝐾 = 6, one for each lag from 0 to 5) to describe the timeseries data of optimal 

removal performance. After constructing the model, an investigation of the loading plot for 

component 1 showed that each of the lags used in the model made a significant contribution. As 

such, none of these lags were excluded in subsequent analysis. The model was first validated by 

using it to predict MO removal for all time increments between 150 – 180 min inclusive and 

comparing these predicted values to those observed in experimental testing under the same 

conditions. Then the validated model was used to predict batch removal values for ten time 

increments beyond those measured experimentally. Estimates of the error in these predictions were 

determined and are further discussed in Section 5.5. 
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5.3 Results & Discussion 

5.3.1 Modelling Batch Removal Over Time Using PLS 

 A two-component PLSR model was used to describe the relationship between the 

experimental input parameters 𝑋 and the MO removal at different time increments 𝑌. This means 

that the seven variables in the system were projected onto a space with two latent variables that 

best capture the variability in the data. Figure 5.3 shows a summary of the cumulative 𝑅2 and 𝑄2 

values attained with the addition of components 1 and 2.  

 

 

Additional components were not kept in the model, as their addition raised only the 

cumulative 𝑅2 with no change to the cumulative 𝑄2. This is an indication that adding more 
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Figure 5.3. Cumulative 𝑅2 (gray), and cumulative 𝑄2 (black) 

attained by a PLSR model with the addition of a first and second 

component fit to the MO batch removal experiment data. 
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components would overfit the model, increasing the accuracy with which it predicts the training 

data used to make it, but lowering its predictive power for use with future observations due to 

overfitting [139]. Figure 5.3 shows that two components yield a model with an 𝑅2 of 0.64 and a 

𝑄2 of 0.58, which indicates a respectable degree of predictive power [139]. 

 The weights for the input and output variables with respect to the first component (𝑊1 and 

𝐶1 respectively) are shown in a bar plot given by Figure 5.4. As previously explained, the output 

variable weights for the removal of MO at different time increments are highly correlated with one 

another. 

 

 

Based on the input weights relative to the determined output weights, the PLSR model 

suggests that initial batch concentration, negative applied voltage, mass of CNTs in the membrane 

-0.4

-0.2

0

0.2

0.4

0.6

0.8

In
p

u
t 

W
e

ig
h

ts
 W

1
, O

u
tp

u
t 

W
e

ig
h

ts
 C

1

Figure 5.4. Input weights 𝑊1 (gray) and output weights 𝐶1 (black) for the 

first component of a PLS model fit to the MO batch removal experiment data. 
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composite, and mass of iron in the membrane composite are correlated with increasing batch 

removal. By the same analysis batch size, surfactant ratio, and electrode spacing are anti-correlated 

with increasing batch removal. 

 Of the seven input variables, batch concentration possesses the strongest positive 

correlation with MO removal. The magnitude of its weight in the model therefore suggests that the 

rate of MO removal by electrochemical reduction and adsorption is highly dependent on its 

concentration. This indicates that the mass transfer of MO molecules to the surface of the 

membrane cathode is a limiting factor to its removal, which is substantiated by prior work and 

theoretical models for unsteady state diffusion and reaction based on Fick’s law [9], [98]. This 

could be problematic for practical applications, as COCs and azo dyes are often found in trace 

levels of contamination (ppm concentrations) [32]. 

 The correlation of the mass of CNTs and iron mean that both materials are important for 

facilitating the reduction of adsorption of MO. This finding is substantiated by previous work, as 

increasing the mass of those materials in the membrane surface composite increases its surface 

area and thus the sites available for reaction and adsorption [25], [26], [29], [32], [34], [35], [38], 

[49], [124]. The CNTs’ performance as an adsorbent and electrode for the electrochemical 

reduction of azo dyes is well known. Distinguishing the mechanism of nZVI removal of azo dyes 

that is positively correlated to azo dye removal is more challenging. We hypothesize two separate 

mechanisms: 1) the applied voltage to the membrane composite regenerates the reactivity of the 

embedded iron nanoparticles, reducing them back to a zero-valent state such that they can 

continually reduce MO molecules and electro-catalytically remove them from solution; and 2) the 

iron acts as an additional adsorbent and electrical conductor for electrochemical degradation of 

MO. Further experiments and controls are required to explain this correlation, such as X-ray 
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photoelectron spectroscopy (XPS) and the development of an adsorption isotherm. XPS could be 

used to examine the electrochemical state of the iron in the membrane surface composite and 

confirm whether it has been chemically reduced back to nZVI. An adsorption isotherm using 

nZVI-CNT surface composite membranes and MO as the adsorbent and adsorbate respectively 

would help in deconvoluting the contributions made to MO removal by adsorption and reaction. 

 Figure 5.4 implies that applying negative cathodic voltages to the membrane surface 

composite increases MO removal. An increase in the voltage magnitude may speed up the kinetics 

of the reduction reaction, or it may accelerate the iron particle regeneration. Additionally, charged 

electrodes in an oxygenated aqueous medium can produce hydrogen peroxide, a strong reducing 

agent that could be contributing to the removal of MO via a mediated reduction mechanism [142], 

[143]. 

Referring again to Figure 5.4, batch size, the mass ratio of surfactants to CNTs, and 

electrode spacing are anti-correlated to performance to roughly the same degree. It is intuitive that 

increasing surfactant ratio has a negative effect on removal. SDS stabilizes hydrophobic CNTs in 

an aqueous environment by wrapping around them to minimize interactions with water. Surfactant 

wrapping of CNTs reduces their contact with each other in the membrane surface composite 

network. This lowers the conductivity of the composite and thus its performance as an electrode 

and as a scaffold with which to pass electrons to regenerate the reactivity of the iron particles. In 

addition, wrapping CNTs with SDS blocks surface sites for the nucleation of nZVI particles during 

membrane composite fabrication, and blocks potential sites for reaction during testing. The anti-

correlation of electrode spacing with MO removal is a result of the weakening of the electric field 

between the electrodes with increasing distance. Finally, the anti-correlation between batch size 

and MO removal is likely due to the experimental setup, i.e. that the same stirring apparatus and 
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speed (900 rpm) were used for all tests. Assuming the rate of removal is mass transfer limited, 

larger batches will be stirred less effectively than smaller ones, lowering the rate of convective 

mass transfer to the membrane composite surface [9].  

5.3.2 Using PLS to Predict Optimal Batch Removal Performance 

 Having run the optimization problem previously outlined in section 5.3.2, maximized MO 

removal values were predicted by the PLSR model for the optimum set of input parameters. Of 

the constraints placed upon the optimization, only those for batch concentration (maximum of 0.25 

mM) and surfactant ratio (minimum ratio of 1 mg SDS:1 mg CNTs) were active at the solution to 

the optimization problem. A constraint is considered active when the solver used to carry out the 

optimization finds that the optimal value for its corresponding decision variable exists at a limit 

posed by that constraint. An experiment was carried out using those same optimal parameters for 

comparison and validation of the model. The MO removal results predicted by the PLSR model, 

and those determined experimentally are included in Table 5.5. 
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Table 5.5. Results for the predicted and observed values of optimum MO removal. The decision 

variables at the optimum and the constraints they are subject to are also shown. 

Experimental  
Parameters 

Lower 
Constraint 

Upper 
Constraint 

Optimum 

Time 
Interval 

(min) 

Predicted 
Removal 

(𝝁moles) 

Observed 
Removal 
(𝝁moles) 

Batch 

Concentration 
(mM) 

0.025 0.25 0.25 0 0 0 

Applied Voltage 
(V) 

--- 0 -3.2 10 1.84 1.79 

Electrode Spacing 
(cm) 

0.03 --- 1.3 20 2.87 2.89 

Iron Content 
(mg) 

0 --- ~1.0 30 3.72 4.26 

CNT Content 
(mg) 

0 --- ~10 40 4.69 5.09 

Surfactant 
Ratio 

1.1 --- 1:1 50 5.29 5.62 

Batch Volume 
(L) 

0.03 

--- 
 
 
 

0.09 60 5.89 6.05 

 

 

While the experimentally observed MO removal values from the test carried out with 

optimal parameters slightly out-perform the predictions made by the PLS model at the optimum, 

the maximum deviation of the predicted data from the observed data was ~14.3% (occurring at an 

elapsed time of 30 minutes), which speaks to the similarity of the data.  

The model’s success in predicting the optimum membrane performance highlights the 

benefits of this optimization. Figure 5.5 shows the observed vs. predicted MO removal at the 

optimum experimental parameters in relation to experimental trials whose parameters lie within 

the feasible solution space of the optimization (i.e. within the constraints imposed on the 

optimization decision variables).  
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As seen in Figure 5.5, it is evident that the model is not only accurate in predicting MO 

removal, but also successful in determining a set of experimental parameters that substantially 

improved MO removal; the test performance of at the optimum surpassed that of the next highest-

performing observation by 255%. 

5.3.3 Projecting Batch Removal Performance Using Auto-Regression PLS  

 An ARPLS model with 5 lags and one component (𝑅2 = 0.98, 𝑄2 = 0.98) was fit to 

describe the timeseries data for MO removal using the optimum conditions explored in section 

5.3.2. Unlike previous experiments, the batch test carried out under optimum conditions proceeded 

for 210 minutes (3.5 hours) to collect a suitable number of observations for this analysis. The goal 

Figure 5.5. Observed (black circles) vs. predicted (white circles) values for MO 

removal at optimal experimental parameters, as determined by the PLS model. The 

range of other experimental tests is shown for comparison. 
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of this model was to predict timeseries data beyond those experimentally measured to determine 

the amount of time required to completely degrade the MO batch. Figure 5.6 shows an observed 

vs. predicted plot used to validate the performance of the ARPLS model. This figure compares 

predictions made for time increments between and including 150-210 minutes to experimental data 

at those same times.  

 

 

The trajectory of the observed values is steeper than those predicted by the ARPLS model, 

thus the two series diverge overtime. As expected with an auto-regressive method, the accuracy of 

the prediction decreases with each successive time step, as each prediction adds to the cumulative 

error of all those before it. 
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Figure 5.6. An observed (black circles) vs. predicted (white circles) plot used to validate 

the accuracy of the ARPLS model created on the optimum RO removal timeseries data. 
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Figure 5.7 shows the application of the ARPLS model to predict MO removal for ten time-

increments from 210 minutes to 310 minutes, as well as the experimental observations preceding 

those predictions.  

 

 

From Figure 5.7, the values predicted using the ARPLS model appear to match the 

trajectory of the data, with relatively small error as indicated by the prediction intervals. However, 

the error in the model predictions compounds with every time step. Upper and lower conservative 

estimates of this compounded error are shown by the red bars on Figure 5.7. Thus, this model 
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Figure 5.7. A timeseries plot of observed experimental values (black circles) for MO removal 

using optimal parameters, extended using predictions made by the ARPLS model (white circles). 

Error bars on the predictions come from 95% prediction intervals, and the red represent the 

cumulative prediction intervals. 
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succeeds in making accurate predictions approximately 30 to 50 minutes into the future but would 

likely fail in accurately predicting the time required to remove all the MO from the system due to 

the compounding error added with each prediction. 

5.4 Conclusions and Future Work 

 In this study a PLSR model was used to examine the effects of experimental parameters on 

the removal of methyl orange from a batch system with electro-catalytic nZVI-CNT surface 

composite membranes. In order of decreasing importance, initial batch concentration, negative 

applied voltage, mass of CNTs forming the thin film network, and the mass of nZVI embedded in 

the network were all found to be positively correlated with MO removal. Conversely, electrode 

spacing, surfactant ratio, and batch size were all found to be anti-correlated with MO removal. A 

constrained optimization to maximize MO removal was successfully implemented and predictions 

were validated with experimental results. The MO removal operating at these optimal conditions 

was found to be 255% greater than the next highest performing observation within the feasible set. 

Finally, experimental data for MO removal using the optimal parameters over a 3.5-hour period 

was modelled with ARPLS. The model proved accurate enough to predict MO removal 30 to 50 

minutes into the future beyond experimentally collected data.  
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Chapter 6  

Conclusions and Future Work 

6.1 Conclusions 

The focus of this project was to develop permeable, electrically conductive, 

electrochemically reactive membrane surface composites capable of facilitating the enhanced 

electro-catalytic degradation of azo dyes in solution. SEM and TEM images have shown that nZVI 

can be grown and stabilized in a network of functionalized CNTs. ICP-OES and 4-point probe 

conductivity tests results confirm that this network can be filter deposited into a conductive thin 

film on the surface of a polymeric support membrane without the loss of iron. The results of batch 

system tests indicate a synergistic enhancement of dye removal is achieved by adding nZVI and a 

negative voltage to the membrane surface composite, as compared to controls. This enhanced dye 

removal could be caused by electro-catalytic reactivity supplied by nZVI reactivity regenerated 

through the application negative cathodic voltages. It is also possible that the enhanced reactivity 

of the solution is caused by electro-Fenton chemistry, however, such an effect would be more 

significant at pH values lower than the neutral pH at which these tests were conducted. 

A statistical analysis of batch system test results using a PLSR model constructed with two 

components showed that the following parameters were positively correlated with increased MO 

removal in order of decreasing importance: initial batch concentration, applied negative voltage, 

mass of CNTs composing the surface composite thin film, and mass of iron embedded in the 

surface composite thin film. Conversely, the model found the following parameters (in order of 

decreasing importance) to be anti-correlated with batch removal: batch size, surfactant ratio, and 

electrode spacing. An optimization of these batch system parameters yielded a timeseries of 
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expected removal results 255% higher (after 60 minutes) than any of the experiments with 

parameters in the feasible set formed by the constraints specified in the optimization formulation. 

The model and its optimization result were validated by conducting a batch test using the optimal 

set of experimental parameters. The observed timeseries results of this experiment closely matched 

those predicted by the model at the optimum, with a maximum deviation of ~14.3% between any 

pair of values in the observed vs. predicted timeseries. 

nZVI-CNT membranes with 4 mg of surface composite mass were employed to remove 

MO in a continuous system utilizing an electrochemical dead-end flow cell. Approximately 87 

mole % removal of MO was achieved in the permeate of systems operating at 40 psi with -2 V 

voltage applied to the nZVI-CNT surface composite cathode opposite a graphite anode. The 

average rate of permeate flux across the nZVI-CNT surface composite membrane at 40 psi was 

422 ± 93.2 L/m2h. While nZVI-CNT surface composite systems achieved similar MO permeate 

concentrations to those using CNT membrane composites with no nZVI, the transmembrane flux 

at 40 psi through the former system type was on average ~1.7 times greater than those achieved 

by the latter. As such, nZVI-CNT surface composite cathode systems at 40 psi and -2 V removed 

MO at a rate ~1.6 times greater than those using CNT surface composite cathodes.  

It was observed that a step change of 0 to -2 V applied to a continuous system using an 

nZVI-CNT cathode approximately doubled the transmembrane flux (from 94.1 ± 4.00 L/m2h to 

199 ± 5.81 L/m2h). Based on relevant theory [131], [138] and the results of contact angle 

experiments showing increased wetting of MO with a 2 V applied voltage to an nZVI-CNT 

membrane surface composite, it is likely that this observed increase in flux is due to electro-

wetting.  
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The results of a design of experiments varying the concentration of the MO feed and the 

feed pressure in a continuous dead-end electrochemical system using nZVI-CNT cathodes with -

2 V applied confirmed that a compromise exists between throughput (transmembrane flux) and 

effluent quality (decrease in MO permeate concentration). Increasing the MO feed pressure 

resulted in higher fluxes, but at the expense of relatively increased MO permeate concentrations. 

Conversely, lower MO feed pressures result in slightly lower MO permeate concentrations but 

result in a much lower transmembrane flux through the system. Contrary to the results of the batch 

system modelling discussed in Section 5.3.1 – which indicated that MO batch concentration had a 

strong correlation with MO removal over time – the concentration of the MO feed to the 

electrochemical continuous tests had an insignificant effect on MO permeate concentration. Flux 

was similarly unaffected by MO feed concentration. Since direct reduction of MO at the surface 

composite cathode is primarily responsible for its removal from the system, it is likely that this 

discrepancy in the importance of MO feed concentration to the batch and continuous systems can 

be explained by the differences in the mass transfer of MO to the cathode. In the batch system, 

MO dye comes into contact with the cathode through solution diffusion and convective mass 

transfer driven by stirring, both of which are directly proportional to dye concentration [9]. In the 

continuous system, however, the pressure applied to the feed drives the mass transfer of MO to the 

cathode’s surface, and therefore the role of concentration in encouraging MO diffusion to the 

cathode is less important. 

Finally, comparing the average removal rate of the continuous system to the maximum 

(instantaneous) removal rate of the batch system, it is apparent that the former removes MO feed 

2.7 times faster. Furthermore, the continuous system demonstrates higher throughput than the 

batch system. A continuous system operating at 40 psi using an nZVI-CNT cathode with -2 V 
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applied can remediate a 30 mL 0.25 mM MO feed by 87 mole % in 10-20 minutes, while a batch 

system with identical specifications (excluding the applied pressure) achieves that same molar 

removal within approximately 90 minutes (1.5 hours). 

6.2 Future Work and Recommendations 

Further studies and experiments are required to understand the adsorptive capacities of the 

membrane surface composites and distinguish the effects of adsorption and degradation on MO 

removal. This can be accomplished by conducting multiple batch tests using nZVI-CNT surface 

composite membranes without a graphite electrode or an applied voltage, in which the steady state 

removal of MO at various concentrations is determined to construct an adsorption isotherm. 

A variety of experiments could be conducted to further analyze the performance of nZVI-

CNT surface composites in a continuous system. The PLSR model for the batch system discussed 

in Chapter 5 indicates that the more negative voltages applied to the cathode result in increased 

MO removal. Continuous removal experiments at varying potentials would yield a greater 

understanding of the relationship between MO removal and increasingly greater magnitudes of 

applied negative voltage. If there are diminishing returns on MO removal at increasingly negative 

potentials, these experiments could serve in determining an optimal operating voltage. 

Furthermore, since various potentials will have different effects on electrochemical MO 

degradation through direct reduction at the CNT cathode, regeneration of nZVI, and ROS 

generation, a larger range of voltages will help to examine how these mechanisms contribute to 

MO Removal. In these experiments, the flow cell would ideally be retrofit with a dissolved oxygen 

probe to continuously monitor the concentration of ROS in solution and its contribution to MO 

degradation. 
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Additionally, experiments with multiple dead-end flow cells in series with different feed 

concentration would help to better understand the capabilities and kinetics of MO degradation in 

a continuous system. This could be accomplished by using permeate from one continuous removal 

test as the feed for a second test using the same cell but cleaned and with a different nZVI-CNT 

surface composite membrane.  

While the decolourization of MO indicates its degradation, the substituents of that reaction 

must still be considered if this technology is to ever be used on a larger scale. Thus, tests analyzing 

the total organic carbon present in permeate samples should be completed in subsequent 

continuous removal tests to determine whether or not this technology can meet environmental 

standards of chemical oxygen demand (COD). 

If this technology is developed and optimized further, the nZVI-CNT composite membrane 

system discussed in this thesis would be best utilized in textile industry outlets and pump-and-treat 

processes for azo dyes and COCs respectively. Textile industry effluents typically possess azo 

dyes in concentrations between 50 and 100 ppm and have few other constituents [134]. Thus nZVI-

CNT membrane modules could be easily retrofitted on the tail end of existing textile industry 

plants. This technology also shows promise for treating contaminated groundwaters, since pump-

and-treat methods are an attractive pathway for remediating chlorinated solvents due to their 

relatively low retardation rate in water. For instance, the retardation rate of TCE is ~2, meaning 

that TCE migrates through aquifers at similar speeds to water (half speed since retardation rate = 

2) and can therefore be removed from aquifers efficiently with pumping [1]. These advantages 

form a basis for how this technology might prove successful in treating these contaminants 

industrially in the future. 
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Appendix A: Supporting Information 

 

 

Repeated batch system experiments using nZVI-CNT Surface Composite Cathodes 

In the series of batch system experiments using nZVI-CNT surface composite membranes 

at -2 V (discussed in Chapter 3), one of the membrane samples was used in a second test with 

identical parameters. This test was carried out to briefly examine whether repeatable values of MO 

batch removal could be achieved using the same nZVI-CNT membrane, anode, and applied 

voltage. The results of these two tests are displayed below in Figure S.2. 
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Figure S.1. A calibration curve generated for correlating absorbance of 

methyl orange samples at 464 nm to concentration (mM). The points 

represent stock solutions measured, while the line represents the result of a 

quadratic model determined with regression: 𝑦 = 0.0075𝑥2 + 0.056𝑥. 
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The results shown in Figure S.2 suggest that the system in the second test is operating at a 

slightly reduced removal rate compared to the first experimental test. This slightly reduced 

performance could indicate that in successive runs of the batch removal system, sites for adsorption 

and reaction on the nZVI-CNT cathode are occupied by the products of the MO degradation 

reaction. However, given the size of the 95% confidence interval error bars in the data of the 

identical nZVI-CNT (-2 V) system shown in Figure 3.5, it is likely that the two series observed in 

Figure S.2 are within error of one another. Therefore, no definitive statistically significant claim 

can be made. More experiments are required to ascertain whether this phenomenon is occurring, 

and to thereby investigate how reusable this technology is. 
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Figure S.2. Batch system results for a first (light) and second (dark) test 

run using an nZVI-CNT surface composite cathode and a graphite foil 

anode at -2 V. 
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Description of the custom continuous dead-end flow cell 

The two-part cell is designed such that the top part screws down to clamp the membrane 

atop a porous support with an O-ring. The purpose of this configuration is such that the area of the 

membrane encompassed by the O-ring is exposed to the feed, while the area outside the O-ring is 

contacted by two stainless steel electrodes. The stainless-steel electrodes protrude from the flow 

cell, such that they can be attached to a voltage generator and conduct current to the surface of the 

membrane surface composite within. 

Note that while the nitrogen gas cylinder was effective in applying a given pressure to the 

feed in the reservoir in which it was held, it is expected that the pressure of the flow just before 

the membrane surface is significantly reduced. This is due to the major and minor losses in fluid 

energy accrued through flow through system tubing, compressions and expansions in the flow 

path, changes in flow direction, and the exiting of flow from the system piping and into the main 

chamber of the dead end flow cell [144]. 

Measurement error in continuous experiments examining the effect of the mid-test 

application of voltage 

It is likely that the MO permeate concentration reached steady state more rapidly than the 

data indicates. The results show that there is one sampling interval between the two steady states 

with permeate demonstrating intermediate MO removal (~68%), but this is likely because 

permeate leaving the membrane does not immediately exit the flow cell and into the permeate 

beaker, as it must first pass through the porous support on which the membrane sits, and then 

through a short channel. Thus, the value of mole % removed in the 30-40-minute interval reflects 

a mixture of MO permeate pre and post application of -2V voltage.  
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Table S.1. Data for 41 batch tests used to construct the PLSR model discussed in Chapter 5. 

Samples are coded according to the contents of their surface composites with the following 

convention: “CT” = nZVI-CNT, “T” = CNT, “S” = None. 

Sample 
Name 

Batch  
Concentration 

(mM) 

Applied 
Voltage 

(V) 

Electrode 
Spacing 

(cm) 

nZVI 
Mass 
(mg) 

CNT 
Mass 
(mg) 

Surfactant 
Ratio 

 (mg SDS: 1 mg CNTs) 

Batch 
Volume 

(L) 
CT25 0.25 -2 0.3 1.07 10 0 0.03 

CT27 0.25 -2 0.3 1.07 10 0 0.03 

CT28 0.25 -2 0.3 1.07 10 0 0.03 

CT29 0.25 -2 0.3 1.07 10 0 0.03 

CT30 0.25 -2 0.3 1.07 10 0 0.03 

CT46 0.25 0 0.3 1.07 10 0 0.03 

CT51 0.25 0 0.3 1.07 10 0 0.03 

CT54 0.25 0 0.3 1.07 10 0 0.03 

T7 0.25 -2 0.3 0 10 0 0.03 

T8 0.25 -2 0.3 0 10 0 0.03 

T9 0.25 -2 0.3 0 10 0 0.03 

T6 0.25 -2 0.3 0 10 0 0.03 

T13 0.25 0 0.3 0 10 0 0.03 

T16 0.25 0 0.3 0 10 0 0.03 

T18 0.25 0 0.3 0 10 0 0.03 

CT62 0.025 -2 0.3 1.07 10 0 0.03 

CT68 0.025 -2 0.3 1.07 10 0 0.03 

CT55 0.025 -2 0.3 1.07 10 0 0.03 

CT57 0.025 -2 0.3 1.07 10 0 0.03 

CT?? 0.025 0 0.3 1.07 10 0 0.03 

CT?? 0.025 0 0.3 1.07 10 0 0.03 

CT?? 0.025 -1 0.3 1.07 10 0 0.03 

CT58 0.025 -1 0.3 1.07 10 0 0.03 

CT63 0.025 -1 0.3 1.07 10 0 0.03 

CT69 0.025 -1 0.3 1.07 10 0 0.03 

CT67 0.025 -1 0.3 1.07 10 0 0.03 

S1 0.025 -2 0.3 0 0 0 0.03 

S2 0.025 0 0.3 0 0 0 0.03 

CT125 0.025 -2 2 0.535 5 1 0.1 

CT124 0.05 -1 1 0.535 5 1 0.1 

CT108 0.025 -2 1 0.535 5 1.5 0.1 

CT109 0.05 -1 2 0.535 5 1.5 0.1 

CT106 0.05 -2 2 1.07 10 1.5 0.1 

CT112 0.05 -2 1 1.07 10 1 0.1 

CT103 0.025 -1 1 1.07 10 1.5 0.1 

CT116 0.025 -1 2 1.07 10 1 0.1 

CT121 0.025 0 1 1.07 10 1 0.1 

CT117 0.05 0 1 1.07 10 1 0.1 

T21 0.025 -2 1 0 10 1 0.1 

T19 0.05 -2 1 0 10 1 0.1 

T25 0.05 0 1 0 10 1 0.1 
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