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ABSTRACT OF DISSERTATION 
 
 
 
 
 
 
 
 
 
 
 
 

 
IRON AND IRON OXIDE FUNCTIONALIZED MEMBRANES WITH 

APPLICATIONS TO SELECTED CHLORO-ORGANIC AND METAL REMOVAL 
FROM WATER 

The development of functionalized membranes with tunable pores and catalytic 
properties provides us an opportunity to manipulate the membrane pore structure, 
selectivity and reactivity. By introducing the functional groups into membrane pores, 
dissolved metal ions and reactive particles can be effectively immobilized within the 
polymer matrix for toxic chloro-organic and heavy metal remediation in water. 

A polyelectrolyte functionalized membrane platform with tunable pore size and 
ion exchange capacity has been developed for iron/iron oxide nano-catalyst synthesis and 
chlorinated organic compound (trichloroethylene, TCE and polychlorinated biphenyls, 
PCBs) degradation. Highly robust polyvinylidene fluoride (PVDF) microfiltration 
membranes are used as the support with cross-linked polyacrylic acid (PAA) filled in the 
pores. By varying the environmental pH, PAA hydrogels have either swelling or 
collapsing behavior, resulting in different effective membrane pore sizes for different 
separation purposes. Cation exchange groups (i.e. carboxyl groups) in PAA chains 
prevent the aggregation and leaching of nanoparticles (NPs) during in-situ synthesis and 
reaction. Depending on the catalyst loading and residence time, TCE and PCBs can be 
completely degraded by reduction of zero-valent iron and bimetallic iron/palladium NPs, 
or iron oxide catalyzed free radical oxidation at near-neutral pH. Biphenyl from PCB 
dechlorination can be further oxidized by hydroxyl radicals (OH•) generated from 
hydrogen peroxide (H2O2) decomposition. Hydroxybiphenyls and benzoic acid are 
identified as oxidation products. Line scan and elemental mapping in transmission 
electron microscopy (TEM) and X-ray photo electron spectroscopy (XPS) 
characterizations are conducted to understand the effect of iron surface transformation on 
NP reactivity, and to optimize the membrane functionalization. 

The same platform can also be used to remove toxic metal selenium in the 
scrubber water of coal-fired power plants. By reducing the salt concentration in water or 
increasing the residence time and temperature, the concentration of selenium oxyanions 
in functionalized membrane permeate can be reduced to less than 10 µg/L. Selenium is 
captured in membranes by both iron reduction to metallic selenium and iron oxide 
adsorption. The full-scale flat sheet functionalized membranes and spiral wound modules 
have also been developed. Iron NPs with alterable loadings are successfully synthesized



inside the membrane module for real water applications. 
 

KEYWORDS: Membrane separation, water treatment, surface modification, advanced 
oxidation, pH responsive 
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Chapter One Background and Objectives 

This chapter provides critical literature reviews on functionalized membrane 

synthesis, chlorinated organic remediation, and selenium removal technologies. It starts 

with an introduction of membrane separation technology. This is followed by a 

discussion about the existing problems in traditional membrane separation. Then an 

overview of functionalized membrane and its applications is given to explain how to 

improve the membrane performance via controlling the pore structure. Next, the different 

methods for chlorinated organic remediation were detailed, with a focus on reductive and 

oxidative pathways. Finally, the existing selenium removal technologies are discussed 

since it’s an important application of functionalized membranes. 

1.1 Membrane Separation Technologies 

A membrane is a selective and semi-permeable barrier between two adjacent 

phases, which can let some substances pass through while retaining the others. 

Depending on the pore structure and size, commercial membranes can be classified as 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), forward/reverse osmosis 

(FO/RO), and pervaporation (PV) (Ho and Sirkar 1992; Bernardo, Drioli et al. 2009). 

Figure 1.1 shows the typical pore size range for membranes used in water treatment. For 

different separation purposes, different membranes are selected to combine throughput 

with content. The state-of-the-art membrane technology allows the separation of species, 

mainly based on size exclusion (MF, UF and NF), charge exclusion (NF), and 

solubility/diffusivity difference (FO/RO and PV). The driving force is mainly from 

chemical potential difference across the membrane, including pressure, concentration, 

and electrical field (e.g. electrodialysis, ED) (Baker 2004; Baker, Wijmans et al. 2010). 
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Initially inspired by biological membranes existing in nature and human body, 

various synthetic membranes have been developed since then. However, the poor 

stability and selectivity of early membranes limited their industrial applications, until the 

first breakthrough in 1960s when Loeb and Sourirajan synthesized the first practical 

cellulose acetate (CA) RO membrane (Loeb Sidney 1964). This asymmetric membrane 

was made with a thin active layer and highly porous substrate, which gave high flux and 

good stability. However, the hydrolysis and biodegradation of CA could significantly 

lower the rejection. Later, the stability and performance were further improved by the 

development of thin-film composite membranes (TFC) with an ultrathin aromatic 

polyamide skin supported by UF polysulfone membrane on top of non-woven backing 

materials such as polyester (Lau, Ismail et al. 2012). 

Different technologies have been applied to membrane synthesis to form various 

pore sizes and internal structure. For dense and nonporous membranes like RO and NF, 

interfacial polymerization is mainly used to create a highly cross-linked aromatic 

polyamide layer. For porous membranes such as MF and UF, nonsolvent and thermally 

induced phase separation can create more open structure with “finger” or “spongy” shape 

(vandeWitte, Dijkstra et al. 1996; Guillen, Pan et al. 2011). Although most membranes 

are made of organic polymer, some inorganic materials like zeolite (Kosinov, Auffret et 

al. 2014), alumina (Zhan and Lei 2014), graphene oxide (Huang, Liu et al. 2014; Joshi, 

Carbone et al. 2014), carbon nanotube (Majumder, Chopra et al. 2005; Walther, Ritos et 

al. 2013), ceramic (Wei, Fan et al. 2013), and supported liquid film (Patil, Kandwal et al. 

2013) also provide the benefits such as improved permeability, selectivity, thermal 

stability and mechanic strength (Li, Fane et al. 2008). 
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Today, commercial membranes are playing an important role in energy and 

environmental applications such as oil and gas, pharmaceutical, medical, and water 

treatment, especially seawater desalination and industrial wastewater reuse. In industrial 

plants, membrane modules such as spiral wound and hollow fiber are widely used for 

different processes. They provide large effective areas for separation, and most 

importantly their well-designed structure can reduce the membrane fouling such as 

concentration polarization. Compared to other separation processes, membrane separation 

is a low energy consumption technology, but there is still a lot of space for improvement. 

For seawater desalination with RO membranes, the minimum energy calculated from a 

reversible thermodynamic process is 1.06 KWh/m3, while the best designed and 

controlled pilot-scale studies can get about 1.8 KWh/m3 (Elimelech and Phillip 2011). 

The growing demand for developing next generation membrane has resulted in the 

development of membrane functionalization technologies (Ulbricht 2006; Bhattacharyya, 

Schafer et al. 2013). It provides improved physical and chemical properties, such as high 

water flux under normal temperature (permeability), precise pore size for molecule 

separation (selectivity), excellent long-term performance in different water matrix 

(stability), and ability to capture or degrade specific compounds through chemical 

reactions (reactivity). 

1.2 Functionalized Membrane and Its Applications 

There is always a trade-off between permeability and selectivity for traditional 

membranes. Due to the fouling and polymer degradation with organic and inorganic 

substances in water matrix, the membrane rejection will decline. Additionally, 

commercial membranes are not effective for removing some organic compounds with 
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high solubility/diffusivity in membrane materials. With improvement in membrane 

formation procedure or post treatment, the functionalized membrane is a potential 

solution to above issues (Figure 1.2). 

1.2.1 Membrane Formation 

The membrane pore structure can be manipulated in membrane synthesis, 

resulting in enhanced permeability and selectivity (Park, Yoon et al. 2003; Nunes, 

Behzad et al. 2011; Qiu, Yu et al. 2013). Block polymers have been used to create highly 

ordered pores through direct patterning and self-assembly (Marques, Vainio et al. 2013). 

Polystyrene-block-polyisoprene (PSt-b-PI) (Hashimoto, Tsutsumi et al. 1997), 

polystyrene-block-polylactide (PSt-b-PL) (Zalusky, Olayo-Valles et al. 2002), and 

triblock polyisoprene-block-poly (2-cinnamoylethyl methacrylate)-block-poly(tert-butyl 

acrylate) (Liu, Ding et al. 1999) have been reported to create nanoporous membranes 

with high porosity and tunable pores. Average pore size between 20 and 30 nm was 

obtained.  

Another important functionalized membrane is the mixed matrix membrane 

(MMM). MMMs are mainly made of nonporous organic polymer incorporated with 

dispersed inorganic particles for gas separation (Nunes and Peinemann 2006). Embedded 

particles such as molecular sieves or zeolites have higher diffusivity than polymeric 

materials, and also improve the selectivity of gas molecules in polymer membrane due to 

their accurate size and shape (Chung, Jiang et al. 2007). Silica particles have also been 

used to increase the free volume in polysulfone membrane, resulting in a significant 

enhancement in permeability (Ahn, Chung et al. 2008). With thiol-functionalized silica 

particles, MMMs can also be expanded to the capture of heavy metals like silver (Ladhe,  
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Frailie et al. 2009) and mercury (Meeks, Davis et al. 2013) in water.  

Additionally, clays can also enhance the membrane performance when they are 

added in polymeric membranes to form nanocomposite (Paul and Robeson 2008). Clays 

act as a semi-permeable filter due to the diffuse double layer (DDL) in pores (Malusis, 

Shackelford et al. 2003). Although clays are negatively charged, the compensation of 

excess cations can generate the positively charged electric fields surrounding the clay 

minerals. The electric fields will reject the charged ions such as K+, Na+, and Ca2+ via 

electrostatic repulsion. Those properties provide an opportunity for water desalination 

and contaminant removal (Prince, Singh et al. 2012). The incorporation of clays also 

causes the change of glass transition temperature and crystallinity of polymers. The 

addition of layered-silicate (phyllosilicate) improved the permeability and mechanical 

strength of polysulfone membranes (Monticelli, Bottino et al. 2007). Due to the ability of 

improving the proton conductivity, clays have also been applied in the field of fuel cells. 

Nafion (perfluorosulfonylfluoride copolymer resin)/montmorillonite (MMT) 

nanocomposite membranes were made via direct melt intercalation of Nafion into MMT 

or organic modified MMT for methanol fuel cell (Jung, Cho et al. 2003). 

1.2.2 Polymer Fabrication 

Membrane pore structure including density, shape, size, and size distribution can 

all be fine-tuned through post fabrication. The development of polymer processing and 

microfabrication technology provides us an opportunity to create vertically aligned pores 

with uniform pore size. The track-etched polycarbonate (PC), polypropylene (PP), and 

polyethylene tetrephthalate (PET) membranes with vertical pores and narrow pore size 

distribution are already commercial available (Apel 2001; Sartowska, Orelovitch et al. 



8 

 

2012). Those membranes were synthesized by irradiation followed by a controlled 

chemical etching (e.g. alkali with additives) to make pores. The pore size ranges from 10 

nm to 1 micron. The cylindrical pore shape of track-etched membrane makes it an ideal 

filter to study the transport and adsorption of cells and proteins fouling (Tracey and Davis 

1994). Another example with well-controlled internal structure is the anodically oxidized 

alumina membrane, which has much higher porosity (up to 50%) than track-etched 

membrane (up to 15%). This membrane is made of a thin layer on top with smaller pore 

size (down to 10 nm) supported by a thick layer with large pore size (up to 100-200 nm) 

from the same material. The synthesis process involves the controlled growth of 

membrane as well as pore development and propagation (Thompson 1997). It is 

frequently used as support materials for novel separation processes such as biomimetic 

enzyme immobilization (Chen, Zhang et al. 2014). Some other membranes synthesized 

via lithography were also reported to have low thickness, uniform pore size, and higher 

permeability (Han, Xu et al. 2005; Girones, Lammertink et al. 2006).  

1.2.3 Membrane Surface Modification 

In recent years, membrane surface modifications have become a very important 

area of activities. By attaching novel functional groups such as carboxyl and amine 

groups or introducing hydrophobicity/hydrophilicity on membrane top/pore surface, 

undesired surface interactions such as membrane fouling can be effectively reduced, 

while useful properties such as reactivity, affinity and responsive behavior can be 

introduced for improving the selectivity, stability and longevity of membranes. It also 

extends the membrane separation technology to new application areas such as toxic 

organic and heavy metal removal. 
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Grafting 

One approach is to graft polymers or functional groups on membrane surface. By 

using the high energy electron beam, plasma, UV irradiation, or chemical treatment 

(oxidation), the base membrane materials are activated with the formation of hydroxyl or 

carboxyl groups on their surface. Those functional groups can attach ligands or polymers 

through covalent binding such as 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide/N-

hydroxysulfosuccinimide (EDC/NHSS) mediated two-step amine coupling (Guan and 

Zhang 2011). PAA was successfully grafted on PVDF membranes to create negatively 

charged pores with ion exchange capacity and pH responsive behavior (Gupta and 

Chapiro 1989; Gupta and Chapiro 1989; Hautojarvi, Kontturi et al. 1996; Clochard, 

Begue et al. 2004; Nasef and Hegazy 2004; Grasselli and Betz 2005). To better control 

the growth of polymer gains and reduce the polydispersity, advanced polymerization 

techniques such as reversible addition-fragmentation transfer (RAFT) and atom transfer 

radical polymerization (ATRP) were used to attach PAA and poly(2-vinylpyridine) in 

MF membrane pores (Betz, Begue et al. 2003; Singh, Husson et al. 2005; Singh, Wang et 

al. 2008; Karppi, Akerman et al. 2010; Zhang, Zhu et al. 2014). Acrylic and sulfo-

containing vinyl were also grafted on RO and NF membranes to introduce the 

hydrophilicity on aromatic polyamide skin surface, and to improve the fouling properties 

(Belfer, Purinson et al. 1998; Belfer, Purinson et al. 1998). At high degrees of grafting, 

the monomers such as acrylic acid could penetrate the active layer of NF and RO 

membranes, and acrylic acid polymerization also took place inside the pores of the 

support (Freger, Gilron et al. 2002). With functional groups from graft polymerization 

incorporated in pores, membrane adsorptive chromatography has been developed for 
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high-throughput antibodies, protein, dye, and metal purification (Bhut and Husson 2009; 

Orr, Zhong et al. 2013). Compare to ion exchange resin chromatography, adsorptive 

membranes provide high permeability and shorter diffusion times for molecules to meet 

active sites in convective mode (Charcosset 2012). 

Polymer Blending 

Polymers with functionalized groups can be mixed with base polymer for 

membrane synthesis. Nanofibrous composite membranes (NFC) made by electrospinning 

of cross-linked hyperbranched polyethyleninimine (PEI) supported by PVDF nanofibrous 

scaffolds onto commercial PVDF MF membranes had high permeate flux and salt 

rejection at low pressure (Park, Cheedrala et al. 2012). Positively charged amine groups 

on PEI enhanced the ion-selectivity of NF membrane via charge exclusion. A 

temperature and pH responsive membrane was synthesized by phase inversion of PVDF 

and poly (N-isopropylacrylamide-co-acrylic acid) (PNA) microgels in N, N-

dimethyformamide (DMF) (Chen, He et al. 2014). The improved hydrophilicity and 

antifouling properties were obtained due to PNA microgels incorporated. PAA-

polysulfone (PSf) membranes prepared by phase inversion (with DMF as solvent) were 

studied in heavy metal and dye rejection (M'Bareck, Nguyen et al. 2006). By varying the 

ratio of polysulfone and polyarylic acid, asymmetric membranes could be obtained with 

high ion exchange capacity and retention of lead. 

Reactive Coatings 

Another approach is to coat the membrane pore surface with functional groups via 

adsorption/adhesion. Layer-by-layer (L-b-L) assembly with polyelectrolytes is an 

emerging technique for creating a reactive coating on membrane surface. Polycations and 
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polyanions can interact with each other through electrostatic binding. To enhance the 

stability of coatings, polyelectrolyte multilayer is always needed (Bruening, Dotzauer et 

al. 2008; Qiu, Qi et al. 2011; Joseph, Ahmadiannamini et al. 2014). By changing the 

number of layers and types of functional groups, membranes show enhanced selectivity 

during solute transport. Highly permeable and ion selective membranes were prepared 

from poly(L-glutamic acid)/poly(L-lysine) (PLGA/PLL) multilayer, with the first layer 

covalently attached to PC track-etched membrane (Hollman and Bhattacharyya 2004). 

The multilayer adsorption of poly(N,N'-dicarboxymethyl) allylamine (PDCMAA) and 

protonated poly(allylamine) (PAH) shows high Cu2+/Mg2+ selectivity (up to 50) due to 

the facilitated transport of iminodiacetic acid (IDA) groups in PDCMAA (Sheng, 

Wijeratne et al. 2014). The same phenomenon was also observed in poly (sodium 4-

styrenesulfonate) PSS/PAH membrane diffusion dialysis with K+/Mg2+ selectivity larger 

than 350 (Cheng, Yaroshchuk et al. 2013). The multilayer obtained from L-b-L assembly 

can also be used for catalytic particle synthesis and enzyme immobilization. Enzymes 

such as glucose oxidase (GOx) were immobilized in PAA/PAH and PSS/PAH 

functionalized PVDF membrane pores for hydrogen peroxide in-situ generation and 

groundwater remediation (Datta, Cecil et al. 2008; Lewis, Datta et al. 2011; Palai and 

Bhattacharya 2013; Palai, Singh et al. 2014). Uniformly dispersed Au nanoparticles were 

also immobilized in PAA/PAH functionalized membranes, showing high reactivity in 4-

nitrophenol reduction (Dotzauer, Dai et al. 2006). 

In-situ Polymerization 

In-situ polymerization technique allows the direct synthesis of cross-linked 

polymer with functional groups in porous MF or UF membranes such as PVDF and 
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polyethersulfone (PES) (Xu, Dozier et al. 2005; Madaeni, Zinadini et al. 2011). Typically, 

monomers are mixed with initiator and cross-linker in aqueous or organic phase, 

followed by dip-coating to let polymerization solution diffuse into membrane pores and 

thermal polymerization. Instead, polymers can be dissolved in solvent followed by cross-

linking reaction to form macroscopic entanglement. By incorporating stimuli-responsive 

polymers such as PAA and poly(N-isopropylacrylamide) PNIPAAm in MF membranes, 

membrane pores become tunable with environmental pH and temperature. Additionally, 

PAA provides high ion exchange capacity for membranes, which allows the capture of 

heavy metals and in-situ synthesis of reactive particles for water remediation. 

Extensive research has been done on iron based nanomaterial synthesis in PAA 

functionalized PVDF membranes, including Fe2+/Fe3+ chelates, Fe, Fe/Pd, Fe/Ni, and iron 

oxides (Li, Bachas et al. 2007; Tee and Bhattacharyya 2008; Venkatachalam, Arzuaga et 

al. 2008; Li, Li et al. 2010; Smuleac, Bachas et al. 2010; Parshetti and Doong 2012; 

Seteni, Ngila et al. 2013; Wang, Yang et al. 2013; Xiao, Isner et al. 2013; Yang, Wang et 

al. 2014). Those functionalized membranes act as a cost-effective platform for 

simultaneous reaction and separation.  

1.3 Chlorinated Organic Compound Remediation 

Chlorinated organic compounds such as trichloroethylene (TCE) and 

polychlorinated biphenyls (PCBs) are potentially carcinogenic and widely distributed in 

hazardous waste sites. Most of them were used as industrial solvents before being banned 

by 1980s. However, significant amount is still present in soil and groundwater today. 

Lots of effort has been put into the remediation of those compounds. Physical 

treatments like air stripping, soil venting, activated carbon adsorption, and in-well 
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aeration are capital intensive (Russell, Matthews et al. 1992), and those organics are 

released to the environment without degradation. Bioremediation under aerobic or 

anaerobic conditions can completely destruct TCE by reduction, but the growth of 

microorganism has to be well controlled (Bowman, Jimenez et al. 1993; Wood 2008; 

Hazen 2010). To date, chemical remediation is considered as one of the most promising 

methods. Depending on the reaction mechanism, either reductive pathway with zero-

valent iron (Wang and Zhang 1997; Bezbaruah, Krajangpan et al. 2009; He, Zhao et al. 

2010; Freyria, Bonelli et al. 2011), or oxidative pathway with hydrogen peroxide, ozone, 

permanganate and persulfate (Gates and Siegrist 1995; Laine and Cheng 2007; Ahmad, 

Simon et al. 2011) can be used. 

1.3.1 Reductive Pathway 

In reductive pathway, zero-valent iron (ZVI) acts as an electron donor. In the 

presence of chloro-organics such as TCE, iron can directly reduce TCE to ethylene. The 

overall reduction can be written as, 

−+ ++→++ + ClRHFeHRClFe 20                            (E1.1) 

where RCl represents the chlorinated hydrocarbon. Iron can also be corroded in water, 

forming ferrous ions and hydrogen gas, depending on the aerobic or anaerobic conditions 

(Johnson, Fish et al. 1998). 

OHFeHOFe 2
2

2
0 2242 +→++ ++                            (E1.2) 

−+ ++→+ OHHFeOHFe 22 2
2

2
0                              (E1.3) 

Ferrous iron released from iron surface can precipitate as ferrous hydroxide, maghemite 

and magnetite, which inhibit the electron transfer. TCE degradation rate decreases as the 
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concentration of ferrous ion increased. (Liu, Tseng et al. 2006). However, dissolved 

hydrogen gas can’t be activated without a suitable catalytic surface. 

The development of nanotechnology allows the synthesis of nanomaterials with 

high specific surface area for heterogeneous catalysis. For example, iron nanoparticles 

are more effective electron donors than bulk iron (Wang and Zhang 1997). A second 

metal such as palladium and nickel is usually added to form bimetallic Fe/Pd and Fe/Ni, 

acting as catalysts for hydrogen activation. Highly reductive hydrogen radicals (H•) can 

be generated on Pd or Ni surface, and reduce the chloro-organics via hydrodechlorination 

(He and Zhao 2008; Meyer, Hampson et al. 2009). TCE is reduced to ethane, and PCBs 

are converted to biphenyl. Iron is continuously consumed to provide the hydrogen gas. 

++ +→+ 2020 FePdPdFe                                        (E1.4)  

•+•→ HHH 2                                               (E1.5) 

−+ ++→•+ ClHEthaneHTCE 338                              (E1.6) 

−+ ++→•+ nClnHBiphenylmHPCB                            (E1.7) 

The field study with carboxymethyl cellulose (CMC) stabilized iron nanoparticles 

and trace Pd coating shows that chlorinated ethene concentrations were reduced first by 

chemical reduction, followed by biological dechlorination for sustained enhanced 

destruction of chlorinated ethenes in the subsurface (He, Zhao et al. 2010).  

To extend the long-term performance of iron nanonparticle, iron sulfides were 

synthesized on iron surface to preserve the capacity of the system and to maintain 

strongly reducing conditions (Kim, Kim et al. 2011; Fan, Anitori et al. 2013; Kim, Kim et 

al. 2014). Fe/FeS has advantages over iron oxide coated iron (Fe/FeO) with respect to 

reactivity and longevity. 



15 

 

1.3.2 Oxidative Pathway 

In-situ chemical oxidation (ISCO) has been widely used in water remediation 

(Huling and Pivetz 2006) with oxidants such as permanganate (MnO4
-), ozone (O3), 

persulfate (S2O8
2-), and hydrogen peroxide (Fe2+/H2O2, UV/H2O2). Permanganate can 

mineralize many contaminants by direct or free radical oxidation over a wide pH range 

(3.5-12.0). However, it’s not effective on some recalcitrant organics such as benzene and 

PCBs. Ozone is also a strong oxidant, but its on-site generation is required due to its 

instability (Amarante 2000). Persulfate has been proven effective for BTEX oxidation. 

To enhance the production of sulfate radicals, iron containing catalysts are usually added 

(Ahmad, Teel et al. 2012). 

Fenton Reaction 

Fenton reaction has been extensively studied due to its applicability in different 

scenarios. In aqueous phase, hydroxyl radicals (OH•) are produced via the reaction of 

ferrous ions with H2O2 under the acidic conditions (pH 3-4). Ferric ions formed in this 

process can also react with H2O2 to regenerate the ferrous ions. OH• can immediately 

oxidize most organic contaminants nonselectively (k=107 to 1010 M-1s-1) (Pignatello, 

Oliveros et al. 2006), resulting in low concentration at the steady sate (10-6 to 10-4 M). In 

large-scale treatment, H2O2 and ferrous salts can be co-injected to the subsurface directly, 

and low concentration of H2O2 solution is preferred and can be added continuously to 

reduce its overall consumption. However, a rapid decomposition of H2O2 is always 

observed due to its reaction with minerals and microorganism in soil. The transport 

distance of reactants from injection wells is limited by the side reactions and formation of 

ferric hydroxide precipitates. 



16 

 

Modified Fenton Reaction 

A lot of work has been done to improve the Fenton system and among them two 

ways are most promising. One is to extend the useful pH range to the near neutral 

conditions by adding the ligands. The nontoxic iron-chelating agents such as sodium 

pyrophosphate (Venny, Gan et al. 2012), chitosan (Lee and Lee 2010), citrate (Seol and 

Javandel 2008; Lewis, Lynch et al. 2009), gluconic acid (Ahuja, Bachas et al. 2007), and 

phosphotungstate (Lee and Sedlak 2009) can stabilize iron in aqueous phase without 

forming iron hydroxide precipitates.  

The other way is to use the heterogeneous Fenton reaction with iron oxides as the 

catalysts for H2O2 decomposition (Tyre, Watts et al. 1991; Ravikumar and Gurol 1994; 

Miller and Valentine 1995; Lin and Gurol 1998; Valentine and Wang 1998; Huang, Lu et 

al. 2001; Yeh, Chen et al. 2004; Hartmann, Kullmann et al. 2010). The reactions of iron 

oxide with H2O2 are shown in Table 1.1. Different forms of iron oxide have been studied 

such as goethite, ferrihydrite, hematite and magnetite. The Fenton-like reaction forms 

free radicals such as OH• or ferryl ions (IV) based on different mechanisms (Keenan and 

Sedlak 2008), which further oxidize the aliphatic and aromatic organics. Magnetite is one 

of the most efficient iron oxide catalysts due to the existence of reactive Fe(II) sites in its 

structure. Fe0/Fe3O4 composites prepared by mechanical grinding and thermal treatment 

show enhanced reactivity towards the oxidation of methylene blue via electron transfer 

between Fe0 and Fe(III) (Costa, Moura et al. 2008). The surface area normalized rate 

constants are similar for most iron oxides (Valentine and Wang 1998; Huang, Lu et al. 

2001; Kwan and Voelker 2003). Therefore, iron oxide nanoparticles and nanowires with 

high specific surface area were synthesized to create more catalytic sites (Ai, Lu et al.  
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Table 1.1. Modified Haber-Weiss mechanism for H2O2 decomposition on iron oxide 
surfaces. ≡Fe(II) and ≡Fe(III) stand for iron oxide surfaces.  

≡Fe(II) + H2O2 → ≡Fe(III) + OH- + OH• 

≡Fe(II) + OH• → ≡Fe(III) + OH- 

H2O2 + OH• → H2O + HO2• 

OH• + OH• → H2O2 

OH• + HO2• → H2O + O2 

HO2• + HO2• → H2O2 + O2 

H2O2 + HO2• → H2O + O2 + OH• 

≡Fe(III) + H2O2 → ≡Fe(II) + H+ + HO2• 

≡Fe(III) + HO2• → ≡Fe(II) + H+ + O2 

≡Fe(II) + HO2• → ≡Fe(III) + HO2
- 
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2007; Zelmanov and Semiat 2008; Giraldi, Arruda et al. 2009). Silica and alumina 

supports further improved the performance of iron oxide catalysts in dye and phenol 

degradation due to the interaction of Fe with Si and Al (Pham, Lee et al. 2009; Pham, 

Doyle et al. 2012). The soil normally contains all three elements, which provides a 

benefit for PCB oxidative degradation (Ahmad, Simon et al. 2011). Iron nanoparticles in 

oxygenated water can also produce H2O2 and OH• for the oxidation of molinate (Joo, 

Feitz et al. 2004), benzoic acid (Joo, Feitz et al. 2005; Lee, Keenan et al. 2008) and 

methanol (Keenan and Sedlak 2008; Lee and Sedlak 2008). A recent study further proved 

that the free radical production is primarily produced by surface catalysis of iron oxides 

instead of the dissolved iron released from the particle surface. The catalytic sites are 

much more effective than the dissolved ferric ions in terms of producing OH• (Voinov, 

Pagan et al. 2011). In addition to iron oxide, some other iron related materials were also 

studied for heterogeneous Fenton reaction (Pouran, Raman et al. 2014). FeOCl can 

generate the free radicals 2-4 orders of magnitudes greater than that over iron oxides due 

to its unique structural configuration of iron atoms and the reducible electronic properties 

(Yang, Xu et al. 2013). 

1.4 Selenium Oxyanion Removal Technologies 

Selenium (Se) is an essential trace element in human and animal nutrition. 

However, the recommended selenium intake for human is limited between 40 µg and 400 

µg per day. Higher level of Se turns out to be toxic for human due to its tendency to 

accumulate in soft body tissue. Selenium is widely distributed in soil and rock at ppm 

(mg/L) level, and can easily be accumulated in mining and manufacturing wastewater 

and agriculture drainage (Lemly 2004; Zhang, Wang et al. 2005). Depending on redox 
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and pH conditions, selenium can exist in different valence states. The potential-pH 

equilibrium (Pourbaix) diagram of selenium-water system is shown in Figure 1.3 

(Bouroushian 2010). The oxyanions selenate (VI) and selenite (IV) are two main species 

in the environment, while elemental selenium (Se0) and selenide (-II) have low water 

solubility and are usually found under reducing conditions. Other forms can be found in 

organism as amino acids and enzymes such as selenocysteine.  

Conventional water treatment technologies such as coagulation with ferric sulfate 

and alum are not effective for selenium in pilot plant studies (Lalvani 2004). The other 

existing physical and chemical methods include ion exchange (Maneval, Klein et al. 

1985), membrane filtration (Oppelt 2001), biological reduction (Hageman, van der 

Weijden et al. 2013), adsorption (Zhang and Sparks 1990; Jordan, Ritter et al. 2013), and 

chemical reduction (Olegario, Yee et al. 2010; Yoon, Kim et al. 2011). 

1.4.1 Ion Exchange 

The electrostatic binding between strong-base anion exchanger resins and 

selenium oxyanions is highly dependent on environmental pH and ionic strength in water. 

The removal efficiency is related to the concentrations of other anions such as sulfate and 

nitrate in water. Sulfate behavior in ion exchange is identical to selenate, and the selenite 

removal is also limited by sulfate and nitrate. 

1.4.2 Membrane Filtration 

Commercial membranes such as NF membrane have been studied for selenium 

removal (Kharaka, Ambats et al. 1996). More than 95% removal was achieved. 

Compared to RO membrane, NF membrane is more cost-effective since it has higher 

water permeability with lower pressure drop. However, the concentrated selenium in the  
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retentate requires further treatment like crystallization or cementation. Additionally, 

selenium always exists with high concentrations of salts, which increase the osmotic 

pressure significantly, resulting in higher energy consumption during the membrane 

separation. 

1.4.3 Biological Reduction 

Biological treatment such as bacterial/enzymatic reduction by using sulfate 

reducing bacteria (e.g. Pseudomonas stutzeri) has been proved to have long-term 

treatability. Sulfate with concentration below 4000 mg/L doesn’t show any significant 

interference towards selenium reduction by using this method. Previous studies show that 

Se (VI) was first reduced to Se (IV), followed by further reduction to Se0 by anaerobic 

bacteria (Maiers, Wichlacz et al. 1988; Oremland, Hollibaugh et al. 1989). Commercial 

selenium removal processes such as ABMet (GE) can reduce more than 99% selenium in 

flue-gas desulfurization (FGD) water through biological reduction (Sonstegard, Pickett et 

al. 2008). The core part is a biofilter system, which includes an activated carbon packed 

bed impregnated with selenium reducing bacteria. Selenium concentration below 5 µg/L 

was achieved. Additionally, nitrate and nitrite were also reduced to nitrogen gas. 

However, the growth of microorganism has to be well controlled, and thus the cost of this 

treatment is relatively high. 

1.4.4 Adsorption 

Selenium oxyanion adsorption with alumina, activated carbon and iron oxides has 

been established. Activated carbon adsorption is not effective for selenium, while 

alumina only works for selenite. Iron oxides forms either inner- or outer-sphere surface 

complexes with selenate (Yamaguchi, Okazaki et al. 1999; Peak and Sparks 2002; Das, 
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Hendry et al. 2013), but these complexes are not stable in the presence of other anions 

such as sulfate. Although ferrihydrite was selected by US EPA as the Best Demonstrated 

Available Technology (BDAT) for selenium (selenite) removal, its adsorption capacity 

was low (around 10 mg Se/g ferrihydrite). Polymers with positively charged amine 

groups such as chitosan can attract negatively charged selenium oxyanions by 

electrostatic interactions. However, previous study shows that low pH environment is 

required to achieve high removal efficiency (Qian, Huang et al. 2000). 

1.4.5 Chemical Reduction 

Zero-valent iron (Fe0) and its bimetallic nanoparticles (Mondal, Jegadeesan et al. 

2004; Huang, Peddi et al. 2013) were reported to reduce Se (VI, IV) to Se0 or Se (-II), 

which primarily precipitates on iron surface. Ferrous ions released in electron transfer 

reaction will precipitate as hydroxide, and some other iron oxides can also be formed due 

to subsequent oxidation. Those Fe(II) bearing materials could also reduce Se (VI, IV) to 

Se0 (Murphy 1988; Myneni, Tokunaga et al. 1997; Zingaro, Dufner et al. 1997; Scheinost 

and Charlet 2008; Schellenger and Larese-Casanova 2013). High salt concentration can 

lower the reduction rate through the competing adsorption (Zhang, Wang et al. 2005). 

1.5 Research Objectives 

Although nanomaterials such as iron and iron oxide nanopaticles have been 

extensively studied in the lab scale for groundwater remediation and industrial water 

treatment, their applications in real world are limited due to the potential threat to 

environment and the unknown toxicity to human. For underground water treatment such 

as chloro-organic remediation, the direct injection of unsupported nanoparticles may 

cause serious environmental issues due to the particle leaching, such as 
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oxidation/reduction potential, turbidity, local pH/temperature, and dissolved heavy metals. 

Additionally, those particles will stay in groundwater system for a long period, and no 

effective way exists to completely remove them after remediation. For aboveground 

water treatment, the separation of particles from treated water is critical since 

nanoparticles can easily get access to the drinking water source. The aggregation and 

oxidation of particles may also significantly lower the reactivity. Therefore, a support or 

stabilizer is needed to enhance the stability of nanoparticles and facilitate the separation 

step. Although many supporting materials such as silica (Zheng, Zhan et al. 2008; Meeks, 

Smuleac et al. 2012), activated carbon/carbon nanotubes (Tseng, Su et al. 2011; Zhan, 

Sunkara et al. 2011), polyelectrolytes (Kanel, Goswami et al. 2008; Phenrat, Kim et al. 

2009; Golzar, Saghravani et al. 2014) and polysaccharides (Dalla Vecchia, Luna et al. 

2009; Gong, Liu et al. 2014) have been used to control the particle size and reduce the 

aggregation, the functionalized membranes provide added benefits such as highly porous 

structure and convective flow treatment (Figure 1.4). With functionalized membrane 

supported iron and iron oxide, pollutants can be removed when they are permeated 

through the membranes. 

The overall objective of this research is to integrate nanotechnology with 

membrane separation for developing a functionalized membrane platform with reactive 

nanomaterials in different water applications, especially in toxic organic and metal 

removal (Figure 1.5). The specific objectives include: 

• To develop and optimize membrane pore functionalization methods with 

polyelectrolytes (e.g. PAA) for metal capture and reactive particle in-situ 

synthesis; 
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• To study the synthesis of stabilized iron (Fe, Fe/Pd) and iron oxide (ferrihydrite, 

magnetite) nanoparticles in aqueous phase and in functionalized membranes 

(PVDF-PAA); 

• To understand the effects of pore functionalization on membrane transport 

properties including membrane permeability, pH responsive behavior and ion 

exchange capacity; 

• To establish the surface analysis methodologies for both polymeric membrane and 

iron related nanomaterial characterization, with a focus on understanding the role 

of surface oxidation and iron/iron oxide core-shell structure in enhancing the 

nanoparticle reactivity for free radical generation; 

• To correlate the membrane pore and surface structure with membrane synthesis 

for scale-up formulation;   

• To evaluate the reactivity of membrane supported iron and iron oxide 

nanoparticles in reductive/oxidative dechlorination of TCE and PCBs; 

• To establish the reaction kinetics of TCE and PCBs with polymer stabilized and 

membrane supported iron and iron oxide naonparticles; 

• To determine the reaction intermediates and understand the subsequent oxidation 

mechanism during the free radical oxidation of selected chloro-organics and 

related compounds (e.g. biphenyl) with iron and iron oxide as catalysts; 

• To evaluate the reactivity of membrane supported particles for TCE removal in 

real groundwater and selenium oxyanion removal in coal-fired power plant 

scrubber water. 
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Chapter Two Materials and Methods 

This chapter gives the details of materials, experimental methods, equipment and 

set-up used, and analytical methods, with a focus on membrane pore functionalization, 

iron based nanoparticle synthesis in membranes, and dechlorination experiments. 

2.1 Materials 

All chemicals used in the study were reagent grade without further purification. 

Sodium borohydride, sodium carboxymethyl cellulose (MW=90000), γ-Fe2O3 

nanoparticles, 1,2-dibromoethane (EDB), potassium tetrachloropalladate (II), titanium 

(IV) oxysulfate (15 wt% in dilute sulfuric acid) and selenium powder were purchased 

from Sigma-Aldrich. Hydrogen peroxide (30 wt%), sodium chloride, sodium sulfate, 

calcium chloride dihydrate, magnesium sulfate heptahydrate, sodium hydroxide, sulfuric 

acid, hydrochloric acid, nitric acid (trace metal grade), iron and selenium reference 

standard (1000 mg/L), pentane, trichloroethylene (TCE), and ferrous chloride 

tetrahydrate were obtained from Fisher Scientific. Acrylic acid, ammonium persulfate, 

N,N’-methylenebisacrylamide (NNMA), ethanol, and sodium selenite were purchased 

from Acros Organics. Sodium selenate was purchased from Alfa Aesar. Potassium 

persulfate was purchased from EM Science. Ethylene glycol (EG) was purchased from 

Mallinckrodt. Sodium nitrate (5 M) was obtained from LabChem Inc. PCB standards 

such as 2-chlorobiphenyl, biphenyl, and hydroxylated biphenyls were obtained from 

Ultra Scientific. 

Hydrophilized PVDF microfiltration membranes (DVPP14250, average pore size: 

0.65 µm, thickness: 125 µm, porosity: 70%, diameter: 142 mm) were obtained from 

EMD Millipore. Full-scale hydrophilized PVDF400HE and functionalized PVDF400HE-
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PAA microfiltration membranes were synthesized in Ultura Inc. Membrane thickness is 

200±5 µm, including PVDF (70±5 µm) and polyester fabric backing (125±5 µm). The 

average pore size from bubble point tests is 420 nm for non-functionalized membranes 

and 124 nm for functionalized membranes. Membrane porosity is 50±5%. The spiral 

wound module of PVDF400HE-PAA has an effective area of 5 ft2. All solutions were 

prepared with Milli-Q ultrapure deionized (DI) water (18.2 MΩ•cm at 25 °C). 

Deoxygenated water was obtained by purging nitrogen gas into DI water for 30 min. 

2.2 Experimental Methods 

2.2.1 Membrane Functionalization 

Lab-scale Membrane Synthesis 

PVDF membrane was functionalized by in-situ polymerization of acrylic acid 

(AA) in aqueous phase (Figure 2.1). The polymerization solution contained the monomer 

acrylic acid (AA, 0.9-4.9 M), initiator ammonium persulfate (1 mol% of AA), cross-

linker NNMA (1 mol% of AA), and deoxygenated water. PVDF membranes (diameter: 

14.2 cm) were dipped into this solution for 5 min, sandwiched between two glass plates 

after removing the solution from top surface of membranes with nitrogen purging, and 

put in the oven at 70 °C for 1 h. The membrane was kept under an atmosphere of nitrogen 

to minimize the oxygen inhibition of polymerization. With thermal treatment, the cross-

linked PAA was formed within 30 min. Membranes were rinsed with DI water to remove 

the unreacted monomers and byproducts before use. 

PVDF membranes were also functionalized by PAA with ethylene glycol as a 

cross-linker. The polymerization solution consisted of monomer AA (2.9-4.8 M), initiator 

potassium persulfate (1 mol% of AA), cross-linker ethylene glycol (6 mol% of AA), and  



 

Figure 2.1. 
acid (AA) a

 

PVDF mem
and synthes

mbrane pore
sis of Fe/Pd 

 

2

e functional
bimetallic n

29 

lization by i
nanoparticle

in-situ polym
es.  

merization of acrylic 

 



30 

 

deoxygenated water. After the same dip-coating in polymerization solution, membranes 

were put in the oven at 90 °C for 4 h. After polymerization, membranes were washed 

with ethanol (70 vol%) and DI water before use. 

Full-scale Membrane Synthesis (Flat sheets and Modules) 

To establish that functionalization steps could be scaled up, full-scale PVDF-PAA 

flat sheets (40 inches wide and 300 feet long) and spiral wound modules were developed 

by collaborating with Ultura Inc. in Oceanside, CA. The full-scale PVDF membranes 

were made with nonwoven polyester backing (highly open structure, thickness: 120 µm) 

to increase the material stability for ease of making spiral wound modules. The 

polymerization solution was similar as that used in lab-scale study except lower amount 

of acrylic acid to reduce the viscosity of solution. A small amount of PAA aqueous 

solution was also added to accelerate the formation of cross-linked PAA. During the 

manufacturing, the solution was pulled through PVDF membranes by applying vacuum 

from the backing side, followed by surface cleaning with air knife. 

2.2.2 Membrane Permeability and pH Responsive Behavior Study 

Water permeability of PVDF-PAA membranes was evaluated by using a stainless 

steel pressure cell (Sepa ST, GE Osmonics, effective membrane area: 13.2 cm2) in dead-

end mode (Figure 2.2) or a cross-flow setup in convective mode (Figure 2.3). Water flux 

was measured at three different pressures with three replicates at each pressure, and the 

average values were shown here. For pH responsive experiments, no buffer solution was 

used. DI water at different pH was passed through the membrane until the permeate pH 

was identical to feed pH. Water permeability was determined at this equilibrium. 

2.2.3 Iron Based Nanoparticle Synthesis in Aqueous Phase 
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Unsupported Iron and Iron/Palladium (Fe/Pd) Bimetallic Nanoparticles 

Fe and Fe/Pd nanoparticles were synthesized in aqueous phase via borohydride 

reduction and post-coating. NaBH4 (90 mM, 5mL) was added into FeCl2/FeSO4 solution 

(12 mM, 15 mL) to form zero-valent iron. Those particles were separated with a magnet 

and washed with deoxygenated water twice. Pd was coated on iron surface by mixing 

freshly made iron nanoparticles with K2PdCl4 solution (153 µM, 20mL) for 30 min. A 

mixture of ethanol and water (9:1, v/v) was used as solvent, and K2PdCl4 was dissolved 

in deoxygenated water first. 

CMC-Stabilized Iron and Iron Oxide Nanoparticles  

With carboxymethyl cellulose (CMC) as a stabilizer, iron nanoparticles with small 

particle size can be synthesized (He and Zhao 2008). Typically, 0.5 g CMC was dissolved 

in deoxygenated water (100 mL) followed by the addition of FeCl2 solution (0.2 M, 20 

mL) with mixing for 15 min. Nitrogen gas was purged to prevent the oxidation of Fe2+ in 

complexes. NaBH4 (0.2 M, 50 mL) was then added into this precursor solution dropwise 

(5 mL/min), and black iron nanoparticles were formed immediately (Figure 2.4). After 

reduction, the compressed air was blown in the solution at a flow rate of 40 mL/min. The 

oxidation time was varied from 15 min to 2 h to form partially and completely oxidized 

iron. Next, the particles obtained were centrifuged at 20000 rpm and washed with a 

mixture of deoxygenated water and ethanol twice. Finally, particles were redistributed in 

ethanol and dried in the oven under nitrogen atmosphere at 90 °C. 

2.2.4 Iron Based Nanoparticle Synthesis in Functionalized Membranes 

PVDF-PAA-Fe0  

To directly synthesize iron in membrane pores, iron precursors (e.g. Fe2+) were  
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 immobilized in functionalized membranes first through two-step ion exchange. PVDF-

PAA membranes were preloaded with Na+ in NaCl solution (50 mM, pH 10-11), 

followed by a second ion exchange with Fe2+ in FeCl2 solution (3.57 mM, pH 5.0-5.2) 

under an atmosphere of nitrogen. With the addition of NaBH4, Fe2+ was reduced to Fe0, 

and PAA in the membrane was reloaded with Na+. The iron loading in membrane pores 

can be increased by repeated ion exchange and reduction. 

PVDF-PAA-Fe/Pd 

The post-coating of Pd on iron surfaces was conducted in a mixture of ethanol and 

water (9:1, v/v) to prevent the oxidation of iron. PVDF-PAA-Fe0 membranes were 

soaked in K2PdCl4 solution (153 µM, 20mL) with mixing. After 2 h, membranes were 

rinsed with deoxygenated water, and stored in ethanol. 

PVDF-PAA-Iron Oxide 

Following the iron formation in PVDF-PAA membranes, the compressed air was 

purged at a flow rate of 20 mL/min. After 2 h, membranes were rinsed with 

deoxygenated water, and stored in ethanol. 

2.2.5 Dechlorination Experiments 

TCE Oxidative Degradation 

All experiments were conducted in 20 mL EPA glass vials. Feed pH was adjusted 

to 6.9±0.1 before the reaction, and measured throughout the reaction. Iron oxide was 

sonicated for 30 s in DI water (15 mL) before use. TCE (1.08 mM, 5mL) and H2O2 (9.75 

M, 85 μL) were added in sequence. Sample vials were wrapped with the lightproof paper 

and shaken at 300 rpm. Two control experiments were conducted to quantify the TCE 

loss due to volatilization and free radical oxidation via auto-decomposition of H2O2. 
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PCB Reductive Dechlorination 

To determine the reactivity of Fe/Pd nanoparticles, 2-chlorobiphenyl (PCB1) was 

selected as a model compound, and both batch and convective flow experiments were 

conducted. To make the feed solution, 2-chlorobiphenyl powder was dissolved in 

deoxygenated water with heating (up to 60 °C) and vigorous stirring for one day. The 

solution was filtered through regenerated cellulose UF membrane (NMWL=100,000) to 

remove undissolved powder. 

Batch experiments were conducted in 20 mL EPA glass vials. PVDF-PAA 

membranes (external area: 17.3 cm2) containing Fe/Pd were soaked in feed solution with 

mixing at 300 rpm. Convective flow experiments were conducted in the solvent-resistant 

filtration cell (Sepa ST from GE Osmonics) with a nitrogen gas tank to supply the 

pressure. The feed solution was permeated through membranes (effective external area: 

13.2 cm2), and reacted with Fe/Pd in membranes. The residence time of 2-chlorobiphenyl 

can be varied by changing the pressure applied. The adsorption of model compounds in 

PVDF-PAA membranes was also studied. 

Biphenyl Oxidation 

The reactivity of membrane supported Fe/Pd (after PCB dechlorination), freshly 

made iron, and iron oxide nanoparticles with H2O2 for free radical generation was studied 

in batch mode. The same amount of biphenyl (26.5 µM) and H2O2 (10 mM) was added in 

each system, and pH was monitored through the reaction. 

2.2.6 Selenium Removal by Iron Functionalized Membranes 

Selenium removal was performed with iron nanoparticle suspension and iron 

functionalized membranes in both batch and convective modes. The effects of total 
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dissolved solids (TDS) on selenium reduction were studied in different water matrix, 

including DI water, synthetic water containing salts (e.g. CaCl2, NaCl, Na2SO4 and 

MgSO4) and power plant scrubber water. The scrubber water contained selenium between 

0.6 and 1.4 mg/L, while selenium concentrations in DI water and synthetic water were 

made as 2 mg/L. The batch reaction was conducted in an incubator shaker with mixing 

(250 rpm).  Temperature variation experiment was conducted in the same incubator 

shaker at 40 °C. In convective mode, feed solution was passed through membranes by 

applying pressure in cell with compressed nitrogen gas. 

2.2.7 Full-scale Functionalized Membrane Module Study 

Membranes in module were already functionalized by PAA, and thus can be used 

for ion exchange directly. To load iron nanoparticles in this module, NaCl solution (50 

mM, pH 10) was permeated through the module for 30 min to convert the carboxyl 

groups in PAA to Na+ form, followed by permeating FeCl2 solution (3.57 mM, pH 4.9-

5.2) through the module. After removing the residual solution from the system, NaBH4 

(12 mM) was passed through the membrane module for 15 min. To load more iron, 

repeated steps of ion exchange and reduction were conducted. To prevent the iron 

corrosion, the membrane module was stored in Fe2+/ascorbic acid solution (3.57 mM, pH 

3.5) after reduction. 

2.3 Analytical Methods 

2.3.1 Membrane and Nanoparticle Characterization 

The hydrodynamic diameters and zeta-potentials of nanoparticles were 

determined by dynamic light scattering (DLS) and electrophoretic light scattering (ELS) 
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in Delsa™Nano submicron particle size and zeta potential analyzer, with DI water or 

ethanol as a solvent. 

Brunauer-Emmett-Teller (BET) surface areas of nanoparticles were determined 

by N2 adsorption-desorption results obtained in Micromeritics TriStar 3000 surface area 

and pore size analyzer. The samples were degassed in N2 overnight at 120 °C before the 

analysis. 

Hitachi S3200 and S4300 Scanning Electron Microscopes (SEM) coupled with an 

energy dispersive X-ray spectrometer (EDX) were used to study membrane surface and 

cross-section structure (pore size, porosity and thickness) as well as the aggregated 

particle size and elemental composition. The membrane cross-sectional samples were 

prepared via freezing and fracturing the membrane in liquid N2. All samples were coated 

with gold and palladium via sputtering. 

JEOL 2010F Transmission Electron Microscope (TEM) (accelerating voltage: 

200 kV) coupled with an energy dispersive X-ray spectrometer (EDX, Oxford INCA) and 

an electron energy loss spectroscopy (EELS, Gatan GIF 2000) were utilized to study the 

morphology and composition of iron related nanoparticles. To understand the phase 

transformation and composition change on particle surface, line scan and elemental 

mapping were conducted on iron nanoparticles using either EDS or EELS in scanning 

TEM (STEM) mode.  The crystal structure of iron/iron oxide nanoparticles was studied 

by using the selected area electron diffraction (SAED). 

Mössbauer spectroscopy with 57Co γ-ray source was also conducted to identify 

the composition of iron/iron oxide. 57Fe spectra were collected over 1024 channels at 

22 °C. The powder samples were directly filled in plastic holders with compression, 
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while the membrane samples were cut and stacked to fit in the same holders. The 

percentage of each form of iron was determined by peak area ratio after peak fitting. 

The composition of membrane top surface was studied with X-ray photoelectron 

spectroscopy (XPS) (K-Alpha, Thermo-Scientific). Depth profile analysis with ion beam 

etching was also performed to study PAA functionalization in membrane pores. 

X-ray diffraction (XRD) analysis was performed with Cu-Kα (1.5418 Å) radiation 

using a Bruker-AXS D8 Discovery diffractometer to study the iron oxidation products 

based on crystal structure change. 

Fourier Transform Infrared spectroscopy (FTIR) with attenuated total reflectance 

(ATR) was used to verify the functional groups on membrane or particle surface. The 

samples were dried in the vacuum oven at 40 °C before test. Data were collected using 

128 scans at a resolution of 4 cm-1. 

2.3.2 Chlorinated Organic and Degradation Product Analysis 

For TCE analysis, 1, 2-dibromoethane (EDB) was used as an internal standard. 

EDB was premixed with pentane (1:10000, v/v), which was used for extracting TCE. 

Samples were extracted (euqi-volume) for 30 min to achieve the equilibrium. TCE 

concentration was determined by HP 5890 Series II GC-MS with a 60m×0.25mm×14μm 

film thickness Supelco SPB624 fused silica capillary column. The calibration curve was 

obtained via plotting the peak area ratios of TCE to EDB with standard concentrations 

from 0.027 mM to 0.270 mM (R2=0.997). The average analytical error was less than 7%. 

2-Chlorobiphenyl and biphenyl were analyzed by GC-MS (Varian CP3800 GC 

with DB-5 column and Saturn 2200 MS) with naphthalene-d8 as the internal standard 

(1:100, v/v). The calibration curve was made up of 12 points from 0.05 mg/L to 10 mg/L 
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with R2=0.9999. Samples from reduction experiments were extracted with hexane (equi-

volume, 2 h) twice before analysis, including membranes. The samples obtained in 

biphenyl oxidation were first acidified (pH 2) by sulfuric acid to make all organic acids in 

their unionized form, followed by extraction with hexane twice (equi-volume, 2 h per 

extraction). All liquids in hexane phase were combined and concentrated under nitrogen 

gas flow, followed by the derivatization with N,O-Bis(trimethylsilyl) trifluoroacetamide 

(BSTFA) and pyridine (1:1 v/v, 200 µL). The efficiency of hexane extraction was 95±3% 

for 2-chlorobiphenyl and biphenyl, and 90±2 % for hydroxylated biphenyls (2- and 2,2’-

dihydroxylbiphenyl). 

2.3.3 Metal Content Analysis 

Total iron and palladium immobilized in the membranes during the ion exchange 

and post-coating were quantified via material balance by using a Varian SpectrAA 220 

fast sequential atomic absorption spectrometer (AAS). Fe lamp was operated at the 

wavelength of 386.0 nm and the Pd lamp was at 247.6 nm. The amount of iron 

immobilized and ion exchange capacity (IEC) of membranes were determined by 

concentration change during the ion exchange. The results were checked by digesting the 

reacted membrane in nitric acid (35%) and analyzing the metal concentrations directly. 

The metal loss due to dissolution was also measured by AAS. The analytical error was 

less than 2%. 

Calcium, magnesium and sodium in scrubber water were diluted and quantified 

by inductively coupled plasma optical emission spectrometry (ICP-OES, Varian VISTA-

PRO) after acidification with 1% nitric acid. The wavelengths selected for analysis were 
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318.127 nm (Ca), 285.213 nm (Mg), and 568.821 nm (Na), respectively. Yttrium chloride 

(1 mg/L) was used as the internal standard. The analytical error was less than 1.5%. 

2.3.4 Hydrogen Peroxide Analysis 

The concentrations of H2O2 were determined by a colorimetric method developed 

by Clapp et al. (Clapp, Evans et al. 1989). Samples were filtered through 0.45 μm PVDF 

autovial syringeless filters (Whatman), and analyzed by Varian Cary Bio300 UV-Visible 

absorption spectrophotometer at the wavelength of 407 nm. Titanium oxysulfate was 

used as an indicator (10 µL/mL sample). The analytical error was less than 3%. 

2.3.5 Chloride Analysis 

The amount of chloride formed in the oxidation of TCE was measured using an 

Orion Chloride Electrode (Thermo-Scientific). The calibration curve was obtained by 

diluting the chloride standard (100 mg/L) with DI water and plotting the electrode 

potentials E (mV) as a function of log[Cl-]. Based on the Nernst equation, E has a linear 

relationship with log[Cl-] (R2=0.994). Sodium nitrate (2 vol%) was added as an ionic 

strength adjuster (ISA) to ensure that each sample had similar ionic strength. The results 

were checked by adding an aliquot of chloride standard to the samples. From the values 

after the addition, the chloride concentrations in original samples could be determined. 

2.3.6 Selenium and Scrubber Water Anion Analysis 

Selenium concentrations above 50 µg/L were quantified by ICP-OES at the 

wavelength of 196.026 nm after acidification with 1% nitric acid. Selenium 

concentrations below 50 µg/L were determined by graphite furnace atomic absorption 

spectrometer (GFAAS, Varian 880Z) after digesting the samples at 110 °C for 2 h. To 

reduce the interference of TDS in water, selenium standards were made with synthetic 
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salt water similar to water matrix in samples. Anions including chloride (0.4 to 200 

mg/L), sulfate (0.4 to 200 mg/L), nitrate (0.2 to 100 mg/L as N)  and nitrite (0.2 to 100 

mg/L as N) were analyzed by DIONEX IC25 ion chromatograph (column: IonPac AS18 

4x250 mm) with Na2CO3/NaHCO3 buffer solution as mobile phase (1 mL/min, 2000 psi). 

For scrubber water used in combined nanofiltration and functionalized membrane 

treatment, selenium speciation analysis was performed by ion chromatography 

inductively coupled plasma collision reaction cell mass spectrometry (IC-ICP-CRC-MS). 

Total elemental analyses were performed via inductively coupled plasma dynamic 

reaction cell mass spectrometry (ICP-DRC-MS) in Applied Speciation and Consulting, 

WA. 
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Chapter Three Iron Oxide Nanoparticle Synthesis in Aqueous and Membrane 

Systems for Oxidative Degradation of Trichloroethylene from Water 

 

In this chapter, the potential for using hydroxyl radical (OH•) reactions catalyzed 

by carboxymethyl cellulose (CMC) and membrane supported iron oxide nanoparticles to 

remediate toxic organic compounds was investigated. Iron oxide was synthesized by 

controlled oxidation of iron prior to their use for contaminant oxidation (by H2O2 

addition) at near-neutral pH. Cross-linked polyacrylic acid (PAA) functionalized 

polyvinylidene fluoride (PVDF) microfiltration membranes were prepared by in situ 

polymerization of acrylic acid in membrane pores. Nanoscale iron and iron oxide (80±20 

nm) were directly synthesized in the polymer matrix of functionalized membranes, which 

prevented the particle aggregation and controlled the particle size. The conversion of iron 

to iron oxide in aqueous solution with air oxidation was studied based on X-ray 

diffraction (XRD), Mössbauer spectroscopy, and BET surface area test methods. 

Trichloroethylene (TCE) was selected as the model contaminant because of its 

environmental importance. Degradations of TCE and H2O2 by iron oxide surface 

generated OH• were enhanced by nanoscale iron oxide catalysts synthesized in CMC and 

functionalized membrane support. Iron chelates formed between PAA and dissolved iron 

also improved the efficiency of H2O2 consumption. Depending on the ratio of iron and 

H2O2, TCE conversions as high as 100% (with about 91% dechlorination) was obtained. 

TCE dechlorination was also achieved in real groundwater samples from superfund site. 

The graphic abstract of Chapter Three is shown in Figure 3.1. 
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Although iron oxides have been extensively studied as catalysts in heterogeneous 

Fenton reaction, the efficiency of free radicals is lower than that obtained in the 

homogeneous reaction. Membrane supported iron oxide prevents the benefits of reducing 

the particle aggregation, controlling the particle size, and enhance the hydroxyl radical 

(OH•) generation. This chapter starts with a brief introduction to recent progress on iron 

oxide based free radical oxidation. This is followed by results and discussion on the 

performance of stabilized iron oxide in TCE oxidation. Next, it focuses on iron oxide in-

situ synthesis in functionalized membranes. The reactivity of membrane supported iron 

oxide with H2O2 towards free radical generation is evaluated, with a highlight on 

successful TCE degradation in groundwater from a Superfund site in Paducah, KY. 

Finally, an adsorption-reaction-desorption model is developed to determine the TCE 

degradation kinetics. 

3.1 Introduction 

Nanoscale particles have been widely studied in environmental separations and 

catalytic reactions due to their unique physical and chemical properties (Bell 2003). Their 

high surface area to volume ratio provides more catalytic sites than bulk particles. In 

addition, more crystal defects are generated on particles via controlled synthesis, 

resulting in enhanced reactivity. Iron-based nanoparticles have attracted a growing 

attention in recent years due to their high reactivity in chlorinated organic dechlorination. 

TCE and PCBs can be degraded by reductive (Wang and Zhang 1997; Zhang 2003; Xu, 

Dozier et al. 2005; Savage and Diallo 2005; Tratnyek and Johnson 2006) and/or oxidative 

pathways (Gates and Siegrist 1995; Pignatello et al. 2006; Laine and Cheng 2007), 

depending on the state of iron. 
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In oxidative degradation, heterogeneous Fenton reaction using granular size iron 

oxides such as goethite, ferrihydrite, hematite and magnetite activated by H2O2 has been 

extensively studied for water remediation (Tyre et al. 1991; Ravikumar and Gurol 1994; 

Miller and Valentine 1995; Lin and Gurol 1998; Valentine and Wang 1998; Watts et al. 

1999; Huang et al. 2001; Yeh et al. 2004; Costa et al. 2008). It takes place on iron oxide 

surfaces and very little iron is dissolved at near-neutral pH. Hydroxyl radicals (OH•) or 

ferryl ions (IV) can be formed based on different mechanisms (Keenan and Sedlak 2008). 

These oxidants further oxidize various recalcitrant organics. A recent study (Voinov et al. 

2011) further proved that the free radical production in heterogeneous Fenton reaction 

was primarily attributed to the surface catalysis of iron oxide instead of the dissolved iron 

(Fe2+ or Fe3+) released by the particles. The catalytic sites were much more effective than 

dissolved ferric ions in the production of OH•. The catalytic decomposition of H2O2 with 

goethite, ferrihydrite and hematite has similar surface area normalized rate constants 

(Valentine and Wang 1998; Huang et al. 2001; Kwan and Voelker 2003). Therefore, iron 

oxide nanomaterials with high specific surface area were employed to promote the 

production of intermediate oxidants (e.g. OH•) from H2O2 decomposition (Ai et al. 2007; 

Zelmanov and Semiat 2008; Giraldi et al. 2009; Sun and Lemley 2011). To obtain smaller 

particles, different stabilizers (Peng et al. 2006; Guo et al. 2006; He et al. 2007) and 

supports can be used in iron oxide synthesis, such as membranes (Xu and Bhattacharyya 

2008; Smuleac et al. 2010; Lewis et al. 2011), copolymers (Dhananjeyan et al. 2001), 

silica (Meeks et al. 2012), and alumina (Lim et al. 2006; Pham, Lee et al. 2009). 

The recent development of functionalized membrane provides an opportunity for 

in-situ catalyst synthesis. Membranes functionalized with ion exchange groups such as 
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carboxyl groups (Hu and Dickson 2007; Singh et al. 2008) and sulfonyl groups (Wycisk 

and Pintauro 1996; Wang et al. 1998) have been developed. Iron and Fe/Pd bimetallic 

nanoparticles were successfully synthesized in PAA functionalized PVDF and polyether 

sulfone (PES) membranes (Xu, Dozier et al. 2005; Xu and Bhattacharyya 2007; Smuleac 

et al. 2010). However, the direct oxidative synthesis of iron oxide nanoparticles in 

polymeric membranes for water treatment has not been explored. 

3.2 Properties of CMC-Stabilized Iron Oxide Nanoparticles 

The average particle size of CMC-stabilized iron oxide is 30±5 nm (Figure 3.2A). 

Mössbauer Spectra clearly show iron nanoparticles made in aqueous phase had a core-

shell structure (Figure 3.2B), which was formed by a pure iron core and an iron oxide 

shell (Nurmi et al. 2005). After air oxidation (1 h), iron was completely converted to two-

line ferrihydrite (Figure 3.2C). The Fe-B alloy compounds were also formed in 

borohydride reduction. 

With CMC coating on particle surface, the hydrodynamic size of iron oxide 

increased, resulting in a larger z-average diameter (76 nm) in DLS (Figure 3.3). 

The base particle size of iron obtained in high-resolution TEM (HRTEM) images 

was 10±2 nm with Fast Fourier Transform (FFT) filter treatment (Figure 3.4). After 

oxidation (1 h), iron oxide exhibited irregular shapes in the form of agglomerate (Figure 

3.5A), and the base particle size decreased to 5±2 nm (Figure 3.5D). SAED pattern 

(Figure 3.5C) shows that iron oxide contained mainly two-line ferrihydrite (Miller indices: 

110 and 300; d-spacing: 0.252 nm and 0.151 nm) as well as some magnetite or wüstite 

(Sun, Li et al. 2006). As expected, the atomic ratio of oxygen and iron (O/Fe) increases 

from 1.07 (Figure 3.4B) to 1.94 (Figure 3.5B) during the oxidation. The digestion of  
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particles shows the iron content in iron oxide was 0.49, suggesting the existence of 

hydrated iron oxide.  

BET surface area of freshly made iron nanoparticles was 37.8 m2/g. It increased to 

253.4 m2/g after 2 h air oxidation (Figure 3.6). Both iron and iron oxide had the type IV 

isotherms, showing the formation of porous particles. With the increase of oxidation time, 

the pore volume also increased while the average pore size decreased (Figure 3.7), 

resulting in high specific surface area. Those are consistent with the formation of 

ferrihydrite, which is a naturally existing, highly porous and defective material. The 

nonporous commercial γ-Fe2O3 nanoparticles had a different isotherm (type II) compared 

to ferrihydrite (Figure 3.6F), and the specific surface area was much smaller (28.4 m2/g). 

By controlled oxidation, porous iron oxide nanoparticles were synthesized, which can 

provide more reactive sites than bulk or nonporous iron oxides for subsequent adsorption 

and catalysis.  

XRD spectra show that the freshly made iron nanoparticles were mainly made of 

body centered cubic α-Fe crystals, and they were transformed to two-line ferrihydrite via 

air oxidation (Figure 3.8). Some other iron oxide phases such as lepidocrocite and wüstite 

were formed as evidenced by new peaks in Figure 3.8d (Furukawa et al. 2002; Hwang et 

al. 2010). Iron aged for 120 d in a sealed 20 mL vial  had both α-Fe and iron oxide 

characteristic peaks (Figure 3.8e), which originated from its core-shell structure. The 

particle size calculated from XRD patterns by Scherrer’s formula (Cullity and Stock 2001) 

were 7.8 nm for iron and 3.1 nm for iron oxide, which were consistent with those 

obtained in TEM.  

ATR-FTIR spectrum of CMC-stabilized iron oxide shows that the O-H stretching 
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 was shifted significantly, and the asymmetric CH2 stretching was missing compared to 

pure CMC (Figure 3.9). Both of them indicate an enhanced intermolecular hydrogen 

bond was formed between CMC and the particle surfaces (He et al. 2007) to enhance the 

stability of nanoparticles. The point of zero charge (PZC, pHPZC) of iron was reported to 

be around 7.80 (Kanel et al. 2005), which suggests the iron surface is positively charged. 

Therefore, negatively charged CMC can also be adsorbed on iron surface through 

electrostatic interaction. Zeta-potential results show CMC stabilized iron had a lower 

PZC than unstabilized one (Figure 3.10). After aging for 120 d, PZC of CMC stabilized 

iron decreased to 7.05, suggesting the formation of negatively charged materials after 

oxidation. PZC of natural ferrihydrite is between 5.30 and 7.50 (Schwertmann and 

Fechter 1982) while the freshly-made and Si-free ferrihydrite is around 7.60 (Saleh and 

Jones 1984), which is slightly lower than that of iron due to the existing of hydroxyl 

groups. Therefore, CMC can stay on the particle surfaces during the oxidation. 

3.3 H2O2 Decomposition with CMC-Stabilized Iron Oxide 

The decomposition of H2O2 with iron oxide catalysts is highly pH-dependent, and 

can be described by a modified Haber-Weiss mechanism (Kitajima et al. 1978; Lin and 

Gurol 1998). 

≡Fe(II) + H2O2 → ≡Fe(III) + OH- + OH•                             (E3.1) 

≡Fe(III) + H2O2 → ≡Fe(II) + H+ + HO2•                             (E3.2) 

H2O2 + OH• → H2O + HO2•                                                (E3.3) 

where ≡Fe(II) and ≡Fe(III) stand for two different valence states on iron oxide surfaces. 

At the neutral pH, it has been established that H2O2 decomposition in the presence of iron 

oxide can often be approximated by pseudo-first-order reaction. 
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22

22
OHobs

OH Ck
dt

dC
=−                                             (E3.4) 

Where CH2O2 is the concentration of H2O2 in bulk solution, and kobs is the observed first-

order reaction rate for H2O2 decomposition. In the absence of TCE, H2O2 decomposition 

with different loadings of iron oxide could fit the pseudo-first-order approximation 

(Figure 3.11A), with the values of kobs as 0.0170 h-1 (0.67 g/L) and 0.0421 h-1 (1.33 g/L) 

for different loadings. kobs is proportional to the specific surface area and loading of iron 

oxide as well as reaction conditions such as pH and temperature. Therefore, E3.4 can be 

expanded as 

22

22
OHSmSA

OH Cak
dt

dC
ρ=−                                            (E3.5) 

where as is the specific surface area of particles, ρm is the loading in the system, and kSA 

is the surface-area-normalized rate for H2O2 decomposition. As expected, kSA values 

obtained for two different iron oxide loadings (1.46×10-4 L/(h·m2) and 1.80×10-4 L/(h·m2)) 

were almost identical. This shows that iron oxide catalyzed H2O2 decomposition is a 

surface-initiated reaction, and a high specific surface area will result in high reactivity. 

The dissolved iron concentration was less than 60 μM. Control experiments show that 

less than 2% H2O2 was lost via auto-decomposition. 

3.4 TCE Oxidation with Iron Oxide/H2O2 

TCE (0.27 mM) oxidative degradation was conducted in iron oxide (1.33 

g/L)/H2O2 (41.4 mM) system. TCE conversion was 98.3% after 24 h reaction, with the 

consumption of H2O2 around 83.7% (Figure 3.11). The solution pH decreased to 4.60 

from 6.95. TCE degradation rate was not affected as its concentration decreased, which is 

consistent with the previous report of phenol oxidation (Miller and Valentine 1999; Pham,  
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Lee et al. 2009). The control group shows that less than 6% TCE was lost due to the 

volatilization. TCE loss due to H2O2 auto-decomposition could be neglected. Those 

results show that the reactive oxidants (e.g. OH•) were indeed formed in this system. 

Generally, TCE oxidation by OH• forms chloroacetic acids, which are further 

oxidized to generate the hydrochloric acid, formic acid and carbon dioxide (Watts and 

Teel 2005; Huling and Pivetz 2006; Pignatello et al. 2006; Li, Stefan et al. 2007; Lewis, 

Lynch et al. 2009). Chlorine atoms are removed during the free radical oxidation. Three 

moles of chloride will be formed in the complete oxidation of one mole of TCE. The 

chloride yield ([Cl-]obtained/[Cl-]max) in TCE oxidation was 80.7% after 24 h, and 91.5% 

after 48 h (Figure 3.12). As each mole of TCE was oxidized, 2.74 moles of chloride was 

obtained. Chloride concentration changed faster than TCE concentration, and their ratio 

increased with reaction time (Figure 3.13). It could be explained by the formation of 

chlorinated intermediates in the initial period of TCE oxidation, followed by continuous 

release of chloride from those intermediates.  

When iron oxide loading was halved (0.67 g/L), TCE conversion was 74.7% after 

24 h (Figure 3.11). The total consumption of H2O2 was reduced by 45.6%. The chloride 

yield was 80.5% after 24 h, and 83.2% after 48 h. Therefore, as each mole of TCE was 

degraded, 2.50 moles of Cl- was obtained in solution. H2O2 decomposition was nearly 

unaffected in the presence of TCE. 

3.5 H2O2 Efficiency of Heterogeneous Fenton Reaction 

The efficiency of H2O2 consumption in TCE oxidation can be defined as the 

amount of TCE degraded per mole of H2O2 consumed. 
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This efficiency was reported to be below 0.1% in the oxidation of phenol (Pham, Doyle et 

al. 2012), and between 0.19% and 0.95% in the oxidation of quinoline with unstabilized 

iron oxides at the near neutral pH (Valentine and Wang 1998), depending on the reactivity 

of model compounds and the ratio of those compounds to H2O2 in the system. Low 

efficiency was mainly attributed to the conversion of H2O2 to oxygen and water based on 

a non-radical electron transfer mechanism as well as the free radical scavenging by iron 

oxide surfaces (Lee et al. 2001; Pham, Lee et al. 2009; Xue et al. 2009). The formation of 

ferryl ions (IV) could result in a lower production of OH•. Ferryl ions are less reactive 

than OH•, and may unable to oxidize the recalcitrant organics such as TCE. Alternatively, 

OH• could be partially quenched by H2O2 or other free radicals. It should be noted that 

those parallel reactions have the rates slightly lower or in the same order of magnitude as 

that of TCE with OH• (k=4×109 M-1s-1). E was 1.21±0.19% for CMC-stabilized iron 

oxide nanoparticles (0.67 g/L). A higher catalyst loading (1.33 g/L) gave a lower 

efficiency due to the scavenging of free radicals on iron oxide surfaces (Figure 3.13). 

3.6 Reuse of Iron Oxide Nanoparticles 

After the first use, the particles were washed with deoxygenated water and 

ethanol, and dried in the oven under nitrogen atmosphere at 90 °C. They were reused in 

TCE oxidation after sonication (1.33 g/L) with the same amount of TCE (0.27 mM) and 

H2O2 (41.4 mM). TCE conversion was 98.0% after 24 h, while the consumption of H2O2 

increased to 99.7%. Therefore, the efficiency of H2O2 consumption went down to 

0.74±0.09%. The chloride yield was 73.9% (i.e. 2.22 moles of Cl- were obtained as each 

mole of TCE was oxidized). In this surface-catalyzed reaction, iron oxide exists in the 

forms of ≡Fe(II) and ≡Fe(III), which were interconverted by reacting with H2O2. Iron 
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hydroxides are formed due to the precipitation of Fe2+/Fe3+ released from particle 

surfaces. The composition of iron oxide has been changing through this catalytic reaction, 

and it will affect the specific surface area of iron oxide and its reactive sites. This is 

indeed the case, since BET surface area of iron oxide decreased from 175.5 m2/g to 142.0 

m2/g after TCE oxidation. Iron oxide could also agglomerate due to the degradation of 

CMC coating with free radicals. Therefore, the change of particle size and composition 

was attributed to the decline of oxidation efficiency. 

3.7 Properties of Functionalzied Membrane Supported Iron Oxide Nanoparticles 

PVDF microfiltration membranes were used as a support here due to its excellent 

thermal stability and solvent resistance. When PVDF was functionalized by in situ 

polymerization of acrylic acid, cross-linked PAA was formed inside the membrane pores. 

The cross-linker (i.e. ethylene glycol) reacted with carboxyl groups on PAA, forming the 

ester bonds. The free carboxyl groups captured the dissolved ferrous ions via ion 

exchange (Figure 3.14). To prevent the pH drop during the direct iron capture, 

functionalized membranes were preloaded with Na+, followed by ion exchange with Fe2+. 

Both AAS and ICP-OES results show great material balance (Table 3.1). The atomic ratio 

of Na+ released from the membrane over Fe2+ bound to the membranes was 1.9 ± 0.05, 

close to the maximum ratio 2. Nitric acid digestion further proves that iron picked up by 

PAA was completely converted into iron/iron oxide.  

SEM images show that iron oxide was also formed on the membrane top surface 

due to the formation of PAA there in dip-coating process. The resulting particles 

agglomerated with each other (Figure 3.15A), compared to uniformly distributed particles 

in membrane pores (Figure 3.15B). This shows that the entangled PAA network indeed  
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Table 3.1. Iron capture and sodium release by PVDF-PAA membranes during the ion 
exchange. The concentrations of metal ions were measured by atomic absorption 
spectrometer (AAS) and inductively coupled plasma atomic emission spectroscopy (ICP-
OES).  

 
AAS ICP-OES  

 Fe: 386 nm Fe: 238.204 nm Na: 568.821 nm 
Metal concentration before ion 
exchange (mM) 3.480  3.700  0.037  
Metal concentration after ion 
exchange (mM) 2.810  3.021  1.353  
Metal in PVDF-PAA by mass 
balance (mmol) 0.134  0.136  0.263  

Atomic ratio (Na/Fe) 1.937  

Blank nitric acid (35 wt%) (mM) 0  0.018  0.136  
Digested metal in nitric acid (35 
wt%) (mM) 3.340  3.461  6.657  
Metal in PVDF-PAA by 
digestion (mmol) 0.134  0.138  0.261  

Atomic ratio (Na/Fe) 1.894  
 

  



 

Figure 3.15
membrane 
membrane 
section). W

 

 

5. SEM ima
top surface
pores (cros

White circles

ges of iron 
; (B) iron in
s section); (
 highlight th

 

6

and iron ox
n membrane
(D) iron oxi
he particles

68 

xide function
e pores (cro
ide after rea
s.  

  

nalized mem
ss section);

acting with H

mbranes: (A
 (C) iron ox
H2O2 (48 h,

A) iron on 
xide in 
, cross 

 



69 

 

prevented the particle aggregation. The iron oxide particle size after 1 h air oxidation was 

80±20 nm (Figure 3.15C). However, the near-spherical iron oxide was transformed into 

nano-aggregates after reacting with H2O2 (Figure 3.15D). It could be explained by the 

formation of iron hydroxide precipitates from the dissolved iron. 

ATR-FTIR spectra of PVDF-PAA membranes show the C=O bond stretching in 

carboxyl groups at 1710 cm-1 compared to pristine PVDF membranes (Figure 3.16). This 

proves the successful functionalized of PVDF membranes. When iron oxide was 

immobilized in functionalized membranes, this peak shifted to 1560 cm-1 due to the 

interaction of carboxyl groups with particle surfaces. The strong C-F bond stretching 

from PVDF has been shown at 1000-1360 cm-1, and didn’t shift during the in-situ 

polymerization and particle synthesis. It again shows that PVDF is a stable supporting 

material. 

3.8 TCE Oxidation in PVDF-PAA-Iron oxide/H2O2 system 

TCE (0.27 mM) oxidation was conducted in functionalized membrane system 

through activation of H2O2 (41.4 mM). Iron oxide loading in the membrane was 0.88 g/L 

as iron. After 48 h, TCE concentration decreased by 74.7% (Figure 3.17). The conversion 

of H2O2 was 86.6% after 24 h, and 96.7% after 48 h. H2O2 decomposition could be fit in 

pseudo-first-order reaction law with kobs=0.0842 h-1. The chloride yield was 40.9%, and 

the ratio of [Cl- formed] to [TCE degraded] was 1.23 (Figure 3.18). The concentration 

changes of TCE and chloride with H2O2 consumption were almost identical (Figure 3.19). 

The ion exchange capacity of functionalized membrane makes it as a buffer during TCE 

oxidation, and the solution pH only decreased from 7.0 to 6.8 after 48 h. Less than 20 μM 

of iron was dissolved in the reaction. Without the pH drop, the rate of TCE degradation  
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was slower, and some chlorinated intermediates might not release the chloride completely. 

Some chloride could also be adsorbed in the polymer matrix. The efficiency of H2O2 

consumption was 0.36±0.08%, which was much higher than that obtained with 

unstabilized iron oxide catalysts (Pham, Lee et al. 2009). TCE was partially extracted (up 

to 14.8%) by PVDF-PAA membranes. 

3.9 Reuse of Membranes 

After reaction, membranes were washed with deoxygenated water, and dried in 

vacuum oven for a second use. The same amount of TCE and H2O2 was used. After 48 h, 

TCE conversion was 60.4%, and H2O2 consumption increased to 98.4%. The chloride 

yield was 38.9%. The efficiency of H2O2 consumption went down to 0.32±0.07%. 

3.10 Real Groundwater Study with PVDF-PAA-Iron oxide 

To demonstrate that membrane supported iron oxide could be used in the chloro-

organic treatment in groundwater, a batch experiment was conducted using the real 

groundwater taken from Paducah Gaseous Diffusion Plant Superfund Site in Western 

Kentucky. It should be noted that this water contains a small amount of Fe2+/Fe3+ (5.36 

μM), Ca2+ (600 μM) and Cl- (1.55 mM) with pH at 7.4. After 33 h, TCE conversion was 

53.5% with H2O2 consumption as 93.4%. The chloride yield was 66.7%, and the 

efficiency of H2O2 consumption was 0.22±0.07%. Iron oxide loading in this system was 

lower (0.435 g/L as iron), which explained the lower TCE conversion than that obtained 

in DI water. The groundwater may also contain the free radical scavengers such as 

carbonate, bicarbonate and other chloro-organics with less chlorine atoms, which reduced 

the oxidation efficiency, but resulted in a higher chloride yield. 

3.11 Benefits of Functionalized Membrane Platform 
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Both CMC-stabilized and membrane supported iron oxide show the promising 

reactivity in groundwater remediation. Nonaggregated particles with uniform size were 

obtained. Complete degradation of TCE was achieved via the continuous addition of 

H2O2. However, CMC coating was not stable in free radical oxidation, and could detach 

from particle surfaces. The cleanup of dissolved CMC will require extra separation steps. 

Although PAA is also soluble in water, the addition of cross-linker creates an entangled 

polymer network, which has an enhanced stability. The functionalized membrane can also 

retain the dissolved metal ions via carboxyl groups in PAA, and maintain the solution pH 

as a buffer. After iron oxide synthesis, the functionalized membrane still had the ion 

exchange capacity due to the existence of carboxyl groups. However, as the amount of 

immobilized particle increased, the diffusivity of ferrous ions from the bulk phase to 

membrane pore area would become more difficult, especially for a dense membrane with 

small pore size. The ion exchange capacity of membrane would decline, and this was 

indeed the case (Figure 3.20). 

3.12 Reaction Mechanism and Modeling 

The oxidative degradation of TCE is attributed to the highly reactive OH•, and an 

adsorption-desorption effect of reactants on iron oxide surfaces (Pignatello et al. 2006). 

The first step in TCE oxidation was considered as the fast addition of OH• to the double 

bond of TCE (Li, Stefan et al. 2007). It produces the intermediates which are further 

oxidized into organic acids and chloride by OH•. The adsorption of TCE on iron oxide 

surface is critical, since the free radicals may only appear and react with the contaminants 

near the reactive surfaces where they are generated (Huling and Pivetz 2006). Xue et al 

reported the adsorption and oxidation of pentachlorophenol (PCP) on the surface of  
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magnetite. The interaction between iron oxide surfaces and PCP was expressed by the 

equilibrium reaction of sorbed and aqueous species (Xue et al. 2009). 

At high pollutant concentrations, free radicals are mostly scavenged by the model 

contaminants (k=2 to 5×109 M-1s-1). At low pollutant concentrations, OH• can also be 

scavenged by H2O2 (k=3.3×107 M-1s-1) or iron oxide surfaces near the catalytic sites. As 

H2O2 concentration increases, this scavenging effect is expected to be enhanced. The 

oxidation rate of TCE could be estimated by second-order reaction kinetics at high H2O2 

concentrations, 

TCEOH
TCE CCk

dt
dC

•=− ''                                    (E3.7) 

where CTCE is the TCE concentration in water, COH• is the concentration of OH• near the 

reactive sites, and k’’
 is the second-order reaction rate. The pseudo-first-order kinetics can 

be obtained at the steady state (COH• is constant), 

TCETCEobs
TCE Ck

dt
dC

)(=−                                       (E3.8) 

where kobs(TCE) is the observed pseudo-first-order reaction rate of TCE oxidation 

(kobs(TCE)= k1COH•). In this system, TCE concentration could not be fit in the pseudo-first-

order approximation over the full range. The adsorption has to be considered here since 

H2O2 concentration is low (0.13 vol%) and the iron oxide loading is relatively high (0.67-

1.33 g/L). With the assumption that only TCE adsorbed on iron oxide surfaces can react 

with OH•, the following reaction pathway was proposed, 

-- Cl  Cl +≡⎯⎯⎯ →⎯ •+≡⎯⎯⎯ →⎯ •≡ SPOHSIOHSTCE                    (E3.9) 

where ≡S represents the reactive sites on iron oxide surfaces, I is the intermediate formed 

during TCE oxidation, and P is the final products. TCE oxidation rate depends on the iron 
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oxide loading, the equilibrium constant for TCE adsorption, and the amount of OH• 

generated from H2O2 decomposition. 

(E3.9) includes the following reactions: 

STCESTCE aTCEk ≡⎯⎯ →⎯≡+ ,                                        (E3.10) 

STCESTCE dTCEk ≡+⎯⎯ →⎯≡ ,                                        (E3.11) 

−+≡⎯⎯→⎯•+≡ mClSIOHSTCE TCEk                                 (E3.12) 

SISI dink ≡+⎯⎯→⎯≡ ,                                             (E3.13) 

SISI aink ≡⎯⎯→⎯≡+ ,                                               (E3.14) 

−+≡⎯→⎯•+≡ nClSPOHSI ink                                   (E3.15) 

SPSP dPk +⎯⎯→⎯≡ ,                                               (E3.16) 

SPSP aPk ≡⎯⎯→⎯+ ,                                               (E3.17) 

where kTCE and kin are the oxidation rate of adsorbed TCE and reaction intermediate I 

with OH• respectively, and kTCE,a/kTCE,d and kin,a/kin,d are the corresponding adsorption 

and desorption rates on iron oxide surfaces. The number of chloride from the oxidative 

degradation (m and n) varies between one and three, depending on the reaction 

mechanism. At the steady state, the concentration of adsorbed TCE (CTCE≡S) is constant, 

and thus the following relations can be obtained. 

                   •≡≡
≡ −−= OHSTCETCESTCEdTCESTCEaTCE

STCE CCkCkCCk
dt

dC
,,  

0)1( 00,0, =−−−= •OHSTCESdTCESTCEaTCE CCkCkCCk θθθ          (E3.18) 

aTCEOHTCEdTCETCE

TCE

kCkkC
C

,, /)( •++
=θ                                         (E3.19) 
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0,0,,, )1( SdTCESTCEaTCESTCEdTCESTCEaTCE
TCE CkCCkCkCCk

dt
dC

θθ +−−=+−= ≡              

2

1

,,

0

/)( kC
Ck

kCkkC
CCCk

TCE

TCE

aTCEOHTCEdTCETCE

TCESOHTCE

+
−=

++
−=

•

•                          (E3.20) 

where COH• is constant at the steady state. CS0 and CS are the concentrations of total 

reactive sites and unoccupied reactive sites, respectively. θ is defined as the fraction of 

occupied reactive sites (θ=CTCE≡S/CS0). k1 represents the reactivity of OH• with TCE in 

this system, and is proportional to the loading of catalysts (k1=kTCECOH•CS0). k2 reflects 

the adsorption and desorption equilibrium of TCE on iron oxide surfaces 

(k2=(kTCE,d+kTCECOH•)/kTCE,a). By using the nonlinear least-square approximation in 

Matlab, the values of k1 and k2 were obtained. k1 was 0.92x10-5 M/h with the catalyst 

loading as 0.67 g/L, and as expected it increased to 1.24x10-5 M/h when the loading was 

doubled (1.33 g/L). k2 maintained at 3.15x10-5 M, suggesting the adsorption and 

desorption equilibrium of TCE was not affected by the amount of iron oxide. For the 

membrane supported iron oxide, the diffusion resistance from the bulk solution to the 

particles in the membrane pores resulted in a smaller k1 value (0.7x10-5 M/h). Iron oxide 

nanoparticles were partially embedded in the PAA network, and some reactive sites might 

not be accessible to TCE. Therefore, the adsorption process was slowed down, and k2 

increased to 5.43x10-5 M. As shown in Figure 3.21, the experimental data fit the model 

fairly well. At a high concentration (CTCE>>k2), the oxidation of TCE was almost a zero-

order reaction (dCTCE/dt=-k1). While at a low concentration (CTCE<<k2), it could be 

approximated as a first-order reaction (dCTCE/dt=-k1CTCE/k2). 
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Chapter Four Reactive Functionalized Membranes for Polychlorinated Biphenyl 

Degradation 

 

Membranes have been widely used in water remediation (e.g. desalination, heavy 

metal removal and selective separations) because of the ability to control membrane pore 

size, thickness, and surface charge. The incorporation of nanomaterials (particularly in 

microfiltration type membranes) into the membranes provides added benefits through 

increased reactivity with different functionality. In this chapter, the dechlorination of 2-

chlorobiphenyl in the aqueous phase by nanoparticle-based reactive membrane systems 

was investigated. Fe/Pd bimetallic nanoparticles were synthesized (in-situ) within 

polyacrylic acid (PAA) functionalized polyvinylidene fluoride (PVDF) membranes for 

degradation of polychlorinated biphenyls (PCBs). Biphenyl formed in the reduction was 

further oxidized into hydroxylated biphenyls and benzoic acid by an iron-catalyzed 

hydroxyl radical (OH•) reaction. The formation of magnetite on Fe surface was observed. 

This combined pathway (reductive/oxidative) could reduce the toxicity of PCBs 

effectively while eliminating the formation of chlorinated degradation byproducts. The 

successful manufacturing of full-scale functionalized membranes demonstrated the 

possibility of applying reactive membranes in the practical water treatment. The graphic 

abstract of Chapter Four is shown in Figure 4.1. 
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In Chapter Three, membrane supported iron oxide nanoparticles have shown high 

reactivity in the catalytic decomposition of H2O2 for free radical generation. TCE is 

degraded with chloride as a final product. However, toxic chlorinated organic acids can 

also be formed during the oxidation step. To eliminate the formation of those toxic 

intermediates, chlorine atoms can be removed through reductive dechlorination before 

the oxidative treatment. This chapter mainly focuses on using a combined chemical 

treatment to reduce the toxicity of polychlorinated biphenyls (PCBs). It starts with a short 

review of challenges presented in reductive and oxidative pathways. Next, the 

dechlorination of 2-chlorobiphenyl with functionalized membrane supported Fe/Pd 

nanoparticles is studied in convective mode, which eliminates the diffusion resistance in 

batch mode. It is followed by the analysis of products in biphenyl oxidation with free 

radicals. Then the free radical reaction mechanism is discussed based on the identified 

products. XRD and TEM-EELS shows the transformation of iron to magnetite during 

H2O2 treatment.  

4.1 Introduction 

Membranes have been used as selective barriers for fluid separation based on size 

exclusion (sieving), charge (Donnan exclusion) and diffusion (solution-diffusion). In 

recent years, membrane functionalization (such as surface and pore modification with 

functional groups) provides us an opportunity to incorporate catalytic particles and 

enzymes in the membrane pores for in-situ reaction (Dai and Bruening 2002; Ulbricht 

2006; Datta, Cecil et al. 2008; Kim and Van der Bruggen 2010). Iron-related particles 

such as iron and iron oxide have drawn more and more attention in the detoxification of 

chlorinated organic compounds. Those compounds can be degraded into less toxic or 
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nontoxic products by reductive (Johnson, Scherer et al. 1996; Wang and Zhang 1997; 

Zhang 2003; Lien and Zhang 2007; He and Zhao 2008; Tee, Bachas et al. 2009) or 

oxidative pathway (Watts, Udell et al. 1999; Pignatello, Oliveros et al. 2006; Costa, 

Moura et al. 2008; Pham, Lee et al. 2009; Sun and Lemley 2011), depending on the 

valence state of iron. 

Zero-valent bulk iron and nanoscale iron particles have been extensively studied 

to reduce chloro-organics in water by electron transfer reaction (Johnson, Scherer et al. 

1996; Lowry and Johnson 2004). However, a second metal such as Pd or Ni is necessary 

to form bimetallic Fe/Pd or Fe/Ni to accomplish the complete removal of chlorine atoms 

from polychlorinated biphenyls (PCBs). The corrosion of iron in water generates the 

hydrogen gas (H2), which is activated by Pd catalyst (H•) for hydrodechlorination (He 

and Zhao 2008). On the other hand, iron oxides are effective free radical catalysts in a 

heterogeneous Fenton reaction. The addition of hydrogen peroxide (H2O2) is required to 

produce the hydroxyl radicals (OH•). 

Both reductive and oxidative pathways present challenges in the dechlorination of 

PCBs. The reductive method can only remove the chlorine atoms from the aromatic ring 

resulting in a biphenyl product, which is mildly toxic. The oxidative method is able to 

convert PCBs into the hydroxylated PCBs (Sedlak and Andren 1991), followed by the 

aromatic ring cleavage (Pignatello and Chapa 1994), eventually forming carboxylic acids 

or even carbon dioxide (Ahmad, Simon et al. 2011). However, the chlorinated 

degradation byproducts formed by hydroxylation and the ring-opening reaction are still 

toxic and have higher water solubility than PCBs. Therefore, a combined pathway is 

more beneficial in terms of first converting PCBs into biphenyl by Fe/Pd reduction, 
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followed by an oxidative treatment involving the free radical generation (Figure 4.2). The 

toxicity of biphenyl is expected to be reduced without forming any chlorinated byproduct. 

We reported the synthesis of Fe (Smuleac, Varma et al. 2011), Fe/Pd (Xu and 

Bhattacharyya 2007; Smuleac, Bachas et al. 2010), Fe/Ni (Xu, Dozier et al. 2005), and 

iron oxide (Gui, Smuleac et al. 2012) immobilized polyvinylidene fluoride 

(PVDF)/polyacrylic acid (PAA) membranes for trichloroethylene (TCE) and PCB 

dechlorination. These functionalized membranes have been used as the porous support to 

control NP synthesis (size, loading), to recapture the dissolved metal ions (ion exchange), 

to minimize the particle agglomeration (in-situ synthesis) and to allow the convective 

flow studies through pores (conversion control by the residence time) (Xu and 

Bhattacharyya 2007; Wang, Chen et al. 2008; Wu and Ritchie 2008). Besides, they can 

be made into modules for on-site applications, and it’s relatively easy to replace and 

regenerate the modules. 

However, the possibility of using a combined pathway with iron immobilized 

membranes for PCB degradation has not been studied. The performance of membranes 

on the reduction of PCBs in aqueous phase and the byproducts formed during the 

oxidation of biphenyl are also unknown. 

4.2 Functionalized PVDF-PAA Membrane and Fe/Pd Nanoparticle Properties 

The in-situ polymerization of acrylic acid inside PVDF membrane pores was 

conducted in the aqueous phase with no organic solvent involved. The cross-linking 

reaction between PAA chains via NNMA bonding created a very stable polymer network, 

which would not collapse under acidic or alkaline environment. PVDF is well-known for 

its excellent chemical resistance to most acids, weak alkalis and oxidizing agents. Both 
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PVDF and PAA can withstand the thermal treatment in this polymerization. 

As expected, the pore size of PVDF membrane decreased to 300±80 nm due to 

the formation of PAA domain inside the pores after polymerization (Figure 4.3). PAA is 

a non-toxic polyelectrolyte with high ion exchange capacity. At a neutral pH, the 

negatively charged carboxylate ions are intended to capture the positively charged metal 

ions such as Fe2+, which is the precursor of iron nanoparticles (Lewis, Datta et al. 2011).  

Based on the weight gain of membranes after polymerization and the amount of 

iron captured by ion exchange, the ratio of carboxyl groups and Fe2+ inside the membrane 

was calculated to be 1.8, which was close to the theoretical ratio 2. After the reduction 

and post-coating, the core (Fe)-shell (Pd) particles were uniformly distributed on the 

membrane surface and inside the pores with the size of 80±20 nm (Figure 4.3). EDX 

spectrum also shows the successful coating of Pd on the surface of Fe, which activates 

the hydrogen gas from iron corrosion for chloro-organic hydrodechlorination. The 

particle size is dependent on the molar ratio of reducing agent (NaBH4) to the precursor 

(Fe2+). Thus the excessive reductant is needed to make small and uniform particles 

(Zhang 2003). The particle loading can be increased by multi-cycle ion exchange since 

the carboxyl groups stay in the membranes during the particle synthesis with Na+ as 

counterions. However, the repeated ion exchange and reduction may result in the 

agglomerated particles, and also cause a significant increase of pressure drop through a 

dense membrane in the convective flow operation. 

The water permeability reduced significantly after Fe/Pd synthesis as the 

membrane pore volume decreased. PVDF membrane pores become more uniform after 

incorporating PAA. To study the membrane reactivity, PVDF-PAA membrane pores are  
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assumed to be cylindrical for calculation purpose, and PAA is uniformly distributed in 

the pores without changing the porosity. The equivalent diameters of PAA functionalized 

and Fe/Pd immobilized membranes can be estimated via the Hagen-Poisseuille equation. 

4

128
D

LQP
π
η

=Δ                                                (E4.1) 

)/(/ PAQPJA mw Δ=Δ=                                         (E4.2) 

4/1
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⎟⎟
⎠
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⎝

⎛
=

A
A

D
D                                                (E4.3) 

where η is the dynamic water viscosity, L is the membrane thickness, Q is the volume 

flow rate, Jw is the water flux, Am is the membrane external area, and ΔP is the 

transmembrane pressure. D0 and A0 are the equivalent diameter (650 nm) and water 

permeability (4400 L/(m2·h·bar)) of PVDF membrane support. D and A are the 

equivalent diameter and water permeability of pore functionalized membranes. After the 

functionalization, A was 8.38 L/(m2·h·bar) at pH=7.7, and D was 110 nm. After 

immobilizing the particles, A decreased to 1.02 L/(m2·h·bar) at pH=7.5, and the 

corresponding pore size was 80 nm. The pore size discrepancies between those calculated 

and observed (PVDF-PAA: 300±80 nm; PVDF-PAA-Fe/Pd: 130±50 nm from SEM 

images) may be due to the fracture of membrane surface during the sample preparation 

(e.g. liquid nitrogen treatment). 

The full-scale PVDF membranes had a uniform pore size distribution based on 

bubble point test, and the average pore size decreased to 124 nm after PAA 

functionalization with ethylene glycol as the cross-linker. The ester bonds were formed 

between ethylene glycol and carboxyl groups (molar ratio 1:2) to prevent the leaching of 

PAA from the membrane (Smuleac, Bachas et al. 2010). The membrane surface was 
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highly negatively charged based on the zeta-potential result (-46.8 mV in 1.7 mM NaCl at 

pH 5), suggesting the successful incorporation of PAA polymer in PVDF membranes. 

4.3 Membrane pH Responsive Behavior 

Polyelectrolytes with weak acid or alkali groups were reported to have the pH 

responsive behavior (Stuart, Huck et al. 2010; Wandera, Wickramasinghe et al. 2010). 

PAA functionalized PVDF membranes were also found to exhibit this interesting 

property. Depending on the environmental pH, carboxyl groups of PAA can be in a 

compact state (low pH) or an ionized state (high pH), which results in different water 

permeability through membranes. The dissociation of carboxyl groups and the elongation 

of PAA network result in the decrease of water permeability as pH increases above the 

pKa of PAA (4.3-4.9). Therefore, when PAA fills in PVDF membrane pores, the pore 

size can be tuned by varying the solution pH. Hu and Dickson have studied the effects of 

mass gain and cross-linking degree on the pH responsive behavior of PVDF-PAA 

membrane (Hu and Dickson 2007). They found that a lower mass gain always resulted in 

higher water permeability and flux ratio at pH 2.5 to that at pH 7.4. To obtain more 

carboxyl groups for particle synthesis while maintaining the water permeability, a 

monomer solution at low AA concentration (1.6 M) was used with 1 mol% cross-linker. 

The water flux of membranes at different pH is shown in Figure 4.4. The ratio of water 

permeability at pH 3.1 to that at 7.7 was 8.6, and the transition pH was between 4.3 and 

5.3. The flux modulation results also proved the pH reversibility of functionalized 

membranes. However, only 85±7% of original water flux was rejuvenated due to the 

change of polymer configuration under the applied pressures. 

The water flux of full-scale functionalized membranes was also reproducible with 
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pH variation (Figure 4.5). The water permeability decreased from 1355 L/(m2·h·bar) to 

383 L/(m2·h·bar) as the solution pH was increased from 3.0 to 7.3, showing that the 

membrane pores were highly tunable. The full-scale functionalized membrane has a 

thickness of 70 µm compared to 125 µm for functionalized Millipore membranes. With 

less PAA incorporated, its average pore size was larger (124 nm compared to 80 nm). 

The water permeability is proportional to the reciprocal of membrane thickness and 

fourth power of pore size (E4.3). Both factors resulted in higher water permeability for 

full-scale membranes. 

4.4 PCB Reductive Dechlorination 

The functionalized membrane provides an opportunity to study the PCB 

dechlorination in both batch and convective mode. Depending on the pore size and 

mixing method, the resulting mass transfer could be critical in PCB dechlorination.  

4.4.1 Batch Study with Longevity Test 

To eliminate the effects of solvent and pH on the dechlorination rate (Fang and 

Al-Abed 2008a; Fang and Al-Abed 2008b), all of the experiments were conducted in the 

deoxygenated water at pH=7.5-8.0. 2-Chlorobiphenyl (PCB1) was selected as a model 

compound due to its relatively high solubility (31.3 µM) in water. After the reduction of 

NaBH4 and post coating of Pd, membranes turned black and were washed with the 

deoxygenated water until the washing solution pH was near neutral. For each vial, two 

pieces of membranes were immersed in the feed solution, giving a total loading of 0.65 

g/L for Fe and 5.85 mg/L for Pd (0.9 wt% as Fe). The conversion of PCB was 93% after 

2 h, and the biphenyl yield was 91% (Figure 4.6). The total carbon balance was 95±3%. 

The membrane surface turned brown after dechlorination, which could be 
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explained by the corrosion of iron. The dissolved Fe(II) could either be captured by 

carboxyl groups of functionalized membranes, or precipitate on iron particles as iron 

hydroxide at the experimental pH. Less than 0.6 µM of Fe (0.005 wt% of total Fe) and 

0.7 µM of Pd (1.1 wt% of total Pd) were released. 

Membranes were reused for dechlorination after washing (with deoxygenated 

water) and drying (with nitrogen gas flow) steps. The conversion of PCB was 56% after 2 

h. The reactivity loss was mainly due to the formation of iron oxide through iron 

corrosion and oxidation. Iron could be regenerated by the acid treatment followed by 

reduction, but the reactivity was restored only partially (Zhu and Lim 2007). 

4.4.2 Convective Flow Study 

The diffusion resistance through a membrane barrier usually made the observed 

reaction rate smaller than the intrinsic rate. To obtain the intrinsic rate of PCB 

dechlorination and to evaluate the stability of membrane supported Fe/Pd nanoparticles 

under the applied pressure, the reduction was conducted in convective mode. 

Functionalized membranes with bimetallic nanoparticles (6.1 mg Fe loading and 

0.9 wt% Pd as Fe) were mounted in a dead-end filtration cell. To eliminate the loss of 

biphenyl product due to the polymer adsorption, the biphenyl solution (26.5 µM) was 

first permeated through the membrane until the adsorption equilibrium (Cfeed=Cpermeate) 

was achieved. The feed solution (31 µM) was then passed through the cell. It should be 

noted that biphenyl doesn’t react with Fe/Pd. 

The residence time of 2-chlorobiphenyl (τ) in the functionalized membrane was 

varied by changing the pressure applied to the cell (5-11 bar). It was calculated as 

τ=Vm/(JwAm), where Vm is the membrane pore volume (Vm =εsAmL), Jw is the water flux 
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at a specific pressure, Am is the external area of membrane (13.2 cm2), εs is the membrane 

porosity (70%) and L is the membrane thickness (125 µm). However, both the polymer 

and particles formed inside membranes occupied some pore volume. Therefore, the pore 

volume after functionalization can be obtained as V= εsAmd-VGEL-VNP, where VGEL is the 

PAA gel volume in the dried state (based on PAA weight gain) and VNP is the volume 

occupied by Fe/Pd particles (calculated from the particle loading and density). 

Each sample was collected after 5 min equilibration flow and one duplicate was 

examined to reduce the error from catalyst deactivation. The water flux was shown in 

Figure 4.7. The presence of PAA on the membrane top surface could cause the particle 

formation. Therefore, the feed concentration was analyzed throughout the reaction and 

the conversion of 2-chlorobiphenyl was normalized. At residence times of 25.7 s, 34.6 s, 

and 50.2 s, the conversions of PCB were 66.3%, 74.2%, and 80.6% respectively (Figure 

4.8). The corresponding biphenyl yields ([biphenyl]/[biphenyl]max) were 59.0%, 65.1%, 

and 69.6%. By increasing the residence time, the complete dechlorination could be 

achieved. The total carbon balance was 90±3%. 

4.4.3 Modeling of PCB Dechlorination in Membrane Pores 

PCB dechlroination by Fe/Pd followed a pseudo-first-order rate law (Lien and 

Zhang 2007), 

)1(,0,, XCkCk
dt

dC
r PCBmSPCBSAPCBPCBobs

PCB −−=−== ρα                 (E4.4) 

where r is the reaction rate (M/h), C0,PCB and CPCB are the concentrations of 2-

chlorobiphenyl in the feed (M) and at time t (h), kobs,PCB is the observed rate constant (h-1), 

kSA,PCB is the surface-area-normalized rate constant (L/m2·h), αs is the specific surface 

area of Fe/Pd particles (m2/g), ρm is the loading of particles (58.5 g/L), and X is the  
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conversion of 2-chlorobiphenyl. If assuming that the particles are spherical with an 

average diameter as 80 nm, the specific surface area is 9.5 m2/g. 

With PAA incorporated in PVDF membrane pores, the heterogeneity of PVDF 

membrane decreases, and the whole membrane can be considered as a packed bed reactor 

with catalysts uniformly distributed inside. It can be further simplified that each 

membrane pore is a packed bed reactor with the same pore size and particle loading. 

Therefore, the overall conversion of 2-chlorobiphenyl is equal to that in a single pore. 

Hence, each membrane pore can be considered as a laminar flow reactor (LFR) due to the 

small Reynolds number (Re<2000) (Chen 1983). Compared to plug flow reactor (PFR) 

and continuous stirred-tank reactor (CSTR), the water flow in LFR has a fully developed 

parabolic velocity profile (Figure 4.9), and is closer to the real situation. The velocity 

distribution is, 

)1( 2

2

0 R
ruur −=                                              (E4.5) 

22

2
0

0

0 u

rdr

rdru
u R

R

r

ave ==
∫
∫

π

π
                                       (E4.6) 

where ur and u0 are the velocities at radius r and pore center, and uave is the average 

velocity in the pore. R is the equivalent pore radius. The volume flow rate (Qr) through an 

annular element of radius r is, 

τ
ππ rLdrdrruQ rr

22 ==                                         (E4.7) 

where L is the thickness of membrane, and τ is the residence time at radius r. The average 

conversion can be expressed as, 
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where Xave and X are the average and fractional conversion. Differentiating E4.9 with r 

gives, 
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where τ0 and τ∞ are the residence time of 2-chlorobiphenyl at the pore center and wall (h). 

The boundary conditions are, 

0
0 u

L
=τ   at r=0 

∞=∞τ    at r=R 

For the first-order reaction, 

τPCBobskeX ,1 −−=                                                (E4.12) 

Therefore, the conversion of reactants with residence time in LFR is, 

∫∫
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The integral term can be estimated through integration by parts. The Hilder’s 

approximation gives an approximated solution (Fogler 2005), 

PCBobs
k

PCBobs
ave kek

X
PCBobs

,
5.0

, 25.0)25.01(
11

, ττ τ ++
−=                 (E4.14) 



102 

 

where τkobs,PCB is the Damköhler number. With the known values of Xave, kobs,PCB can be 

obtained by solving the nonlinear equation with Matlab. Therefore, kSA,PCB is 0.32±0.04 

L/m2h under the convective flow condition, which increased by 1.3 times than that 

obtained in batch study (0.26 L/m2h). The result shows that the convective mode 

operation indeed eliminated the diffusion resistance from bulk solution to pore region. 

The dechlorination rate obtained with Fe/Pd nanoparticle suspension 

(kSA,PCB=0.18 L/m2h) was close to the previous results (0.13±0.03 L/m2h) (Fang and Al-

Abed 2008b), but lower than that obtained in membranes phase (Figure 4.10). The 

functionalized membrane structure could play an important role in enhancing the 

dechlorination by preventing the particle aggregation. Alternatively, the cross-linker 

NNMA might create hydrophobic microdomains inside the polymer, which have strong 

affinity to hydrophobic compounds (Wang and Engberts 1994). PCB partitioning in the 

membrane was also studied, and less than 10% of PCB in feed solution was adsorbed. 

For long term water treatment with full-scale membrane modules, the adsorption and 

desorption process of PCB in the membrane can be negligible since the feed 

concentration is much lower (µg/L level) than that used in this study (5.9 mg/L), and the 

equilibrium is achieved fast with the solution circulating through membranes. 

By increasing the metal loading, the dechlorinaton rate can be enhanced (Smuleac, 

Bachas et al. 2010). During the ion exchange, the carboxyl groups were deprotonated, 

forming chelates with Na+ and Fe2+. After reduction, the carboxyl groups were back to 

Na+ form, and the membrane still had the ion exchange capacity. The functionalized 

membranes could retain the metal ions with PAA by ion exchange while maintaining the 

solution pH. However, the ion exchange capacity might drop as the iron loading  
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increased by each cycle. The amount of Pd coating can also vary the reaction rate. The 

percentage of reactive sites decreased when there was more than one layer of Pd on the 

surface of Fe (Xu and Bhattacharyya 2007). 

4.5 Biphenyl Oxidative Degradation 

After the reductive dechlorination, PCB was converted to biphenyl, which 

required further treatment to reduce the mild toxicity. Although there were studies 

showing biphenyl could be decomposed by some bacteria or fungi (Schwartz, Williams et 

al. 1980; Mohn, Westerberg et al. 1997; Yang, Yoshida et al. 2008), the biological 

metabolism was a time-consuming process, and usually required a moderate condition to 

maintain the microorganism activity. Instead, the free radical Fenton reaction was used 

here to degrade biphenyl. 

Iron was partially oxidized after PCB dechlorination. A layer of iron 

hydroxid/oxide was deposited on the surface of Fe/Pd. In the presence of iron oxides, 

OH• is generated in the decomposition of H2O2, and can oxidize the most recalcitrant 

organics at near diffusion-controlled rates. Additionally, iron below the iron oxide layer 

can also react with H2O2, producing OH•. Both dissolved iron and highly reactive iron 

oxide formed in iron oxidation with H2O2 can enhance the free radical generation 

(Keenan and Sedlak 2008). 

The biphenyl oxidation with the membrane supported Fe/Pd (after dechlorination), 

freshly made Fe, and unstabilized iron oxide synthesized via air oxidation of iron (Gui, 

Smuleac et al. 2012) was studied. The same amount of H2O2 was added in each system. 

A small temperature rise (3 °C) was observed. Biphenyl was completely degraded within 

15 min in batch mode by membrane supported Fe/Pd and Fe (Figure 4.11A). The solution  
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pH dropped significantly, and less than 70 µM of Fe (0.6 wt% of total Fe) and 2.3 µM of 

Pd (4.2 wt% of total Pd) were dissolved in the solution. With Pd doping, more H2O2 was 

consumed (Figure 4.11B). It could be explained by hydrogenation and/or decomposition 

of H2O2 to water by catalysis of Pd (Okada, Mori et al. 2011). Hence, Pd doping was not 

preferred in the oxidative step. Both H2O2 and biphenyl were degraded slowly with iron 

oxide, since the rate of free radical generation was highly dependent on the regeneration 

of Fe (II) from Fe (III) (Pignatello, Oliveros et al. 2006). Iron oxide releases less iron 

during the decomposition of H2O2, and thus will not result in a significant pH drop from 

dissolved iron. OH• is produced slowly on iron oxide surfaces with less consumption of 

H2O2, and it will benefit the remediation of pollutants in low concentrations such as 

chloro-organics in contaminated groundwater. 

4.6 Intermediates and Byproducts in Biphenyl Oxidation 

The direct products in biphenyl oxidation with OH• are hydroxylated biphenyls 

including 2-, 3- and 4-hydroxybiphenyl (Chen and Schuler 1993). These intermediates 

can be further oxidized by OH•, forming the secondary products such as 

dihydroxybiphenyls. Sedlak and Andren detected hydroxychlorobiphenyls and 

dihydroxylated chlorobiphenyls in aqueous oxidation of 2-chlorobiphenyl by Fenton 

reaction (Sedlak and Andren 1991). Li et al. reported that biphenyl was successfully 

oxidized by OH• in chelate-modified Fenton reaction (Li, Bachas et al. 2007). Several 

intermediates were determined including the aromatic ring cleavage products such as 

benzoic acid and hydroxybenzoic acid. Therefore, the biphenyl oxidation started with the 

hydroxylation of aromatic rings, followed by the ring cleavage. If enough oxidants are 
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provided, the carboxylic acids or even carbon dioxide are expected to be obtained. 

However, that may not be cost-effective or necessary. 

Phenolic compounds usually have low response in GC due to their polarity. The 

derivatizing agent converts the hydroxyl groups to nonpolar and more volatile groups, 

allowing the GC analysis. The main peaks shown in Figure 4.12 and Figure 4.13 

represent 2-, 3- and 4-hydroxybiphenyl, respectively. 2,2’-Dihydroxybiphenyl (Figure 

4.14) and benzoic acid (Figure 4.15) were also identified. The existence of more polar 

products (such as short chain organic acids) from ring cleavage was not disproven, since 

they might not be amenable to the solvent extraction and/or GC/MS analysis used in this 

study. Another four dihydroxybiphenyls and eight trihydroxybiphenyls were tentatively 

identified (without standards) based on their mass spectra. A typical trihydroxybiphenyl 

spectrum is shown in Figure 4.16. Those results are consistent with that reported by 

Halpaap et al (Halpaap, Horning et al. 1978). They detected mono-, di- and 

trihydroxybiphenyl products during the metabolism of biphenyl in vivo, which were 

mainly due to the oxidative stress.  

Free radicals produced in iron/H2O2 system can degrade biphenyl and its 

oxidation products simultaneously. The intermediates detected in the oxidation are more 

soluble than biphenyl, and normally have a higher reaction rate with OH• than biphenyl. 

This results in only a trace amount existing in the solution. To understand the evolution 

of intermediates during the oxidation, 2-hydroxybiphenyl (0.431 mM), one of the direct 

products in biphenyl oxidation, was used as the model compound in iron oxide/H2O2 

system. The oxidation of 2-hycroxybiphenyl with free radicals can be described as a 

second-order reaction (Valentine and Wang 1998).   
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•=− OHOHBP
OHBP CCk

dt
dC

2
2 ''                                     (E4.15) 

where C2OHBP is the concentration of 2-hydroxybiphenyl in the solution, COH• is the 

concentration of OH•, and k˝2OHBP is the second-order rate constant. Since H2O2 was 

maintained at a constant concentration (50±7 mM), COH• could be assumed constant. 

Therefore, a pseudo-first-order reaction model was obtained. 

OHBP
OHBP Ck

dt
dC

2
2 '=−                                           (E4.16) 

where k′2OHBP is the first-order rate constant (k′2OHBP =k"2OHBP COH•). As shown in Figure 

4.17, the oxidation of 2-hydroxybiphenyl fits the pseudo-first-order approximation well 

(R2=0.96), and k′2OHBP=0.0504 /h. 

All samples were analyzed with the same protocol, and the peak areas of different 

components were compared. For most compounds, the peak areas increased fast at the 

beginning, and maintained constant afterwards. This trend again shows that the 

hydroxylated biphenyls and benzoic acid were indeed the reaction products. 

4.7 Free Radical Oxidation Mechanism 

Both membrane supported Fe/Pd and Fe show high reactivity with H2O2 in free 

radical generation. A significant pH drop was observed due to the formation of dissolved 

iron. Similar results were reported in the degradation of bromothymol blue and methyl 

tert-butyl ether (MTBE) with iron particles (Valentine and Wang 1998; Bergendahl and 

Thies 2004; Hoag, Collins et al. 2009). Ferrous ions were released at acidic condition 

(pH=4-7) via iron oxidation with H2O2, resulting in the enhanced generation of OH•. 

−+ +→+ OHFeOHFe 22
22                                              (E4.17) 

−++ +•+→+ OHOHFeOHFe 3
22

2                                 (E4.18) 
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−+•+→+ OHOHIIIFeOHIIFe )()( 22                           (E4.19) 

22
2

2 )(/2 OHIIFeFeHOFe +→++ ++                             (E4.20) 

As ferrous ions released from the iron surface precipitates as iron hydroxides (II, 

III), heterogeneous Fenton reaction will take place on the iron oxide surfaces (E4.19). 

The reactive sites on iron oxide surfaces were more efficient than dissolved iron (e.g. 

Fe2+ and Fe3+) in the production of OH•  (Bergendahl and Thies 2004; Voinov, Pagan et 

al. 2011). H2O2 can also be generated from iron surfaces directly in oxygenated water 

(E4.20), and it further reacts with iron/iron oxide to degrade the pollutants via free radical 

oxidation (Joo, Feitz et al. 2004; Keenan and Sedlak 2008). 

To understand the iron/iron oxide transformation during the oxidation, H2O2 was 

continuously added into the freshly made iron suspension under the anaerobic condition 

(blowing nitrogen gas). The oxidative transformation of iron was monitored with XRD. 

For freshly made iron, H2O2 was consumed instantly with the formation of Fe(II) from 

iron surfaces. As more H2O2 was added, the reaction slowed down (Figure 4.18A). XRD 

spectra of iron before and after H2O2 treatment shows that some iron oxides were formed 

on iron surfaces (Figure 4.18B). The body-centered cubic α-Fe was mainly converted into 

magnetite Fe3O4, which is one of most reactive iron oxides known in nature. By utilizing 

the STEM-EELS (line scan and elemental mapping), the morphology and composition 

changes of iron nanoparticles during H2O2 treatment were studied. For freshly made iron, 

there was an oxide shell about 3-5 nm (Figure 4.19A), which is consistent with the 

previous report (Nurmi, Tratnyek et al. 2005). After first cycle treatment, the thickness of 

oxide layer increased to 20-30 nm (Figure 4.19B), and the oxide formed had an 

amorphous structure, which was mainly nano-aggregates of magnetite based on XRD 
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results. After six cycle treatment, iron were completely oxidized (Figure 4.19C), and it 

was hard to differentiate the iron core from iron oxide shell. This shows that anaerobic 

treatment with H2O2 resulted in a transformation from iron to magnetite. Iron oxidation 

caused the decline of OH• production, but magnetite formed in the oxidation also 

performed as a catalyst for long-term free radical generation (Watts, Udell et al. 1999; 

Sun and Lemley 2011). For a full-scale process, membrane modules with exhausted 

catalysts can be directly replaced by new modules, or regenerated via acid treatment to 

dissolve iron oxides, followed by ion exchange and reduction to load iron again. 

4.8 Functionalized Membrane Applications 

Iron/iron oxide embedded microfiltration membranes have the potential to 

enhance the degradation efficiency of contaminant in water with a combined reductive 

and oxidative treatment. In real applications, membrane modules such as spiral wound 

and hollow fiber modules can be used. PCBs are reduced to biphenyl when passing 

through the first membrane module (PVDF-PAA-Fe/Pd), followed by mixing with H2O2 

and subsequent oxidation of biphenyl in the second module (PVDF-PAA-Fe or FexOy). 

Each module is accompanied by a circulating device to achieve high conversions. H2O2 

can be continuously supplied by another module with enzyme (e.g. glucose oxidase) 

immobilized via layer-by-layer assembly (Datta, Cecil et al. 2008). This reactive 

membrane platform can enhance the reactivity of particles (no aggregation), while 

eliminating the formation of chlorinated byproducts in the direct oxidation with free 

radicals. 
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Chapter Five Engineered Iron/Iron Oxide Functionalized Membranes for Toxic 

Metal Removal 

 

The removal of toxic metals and organics from water with high concentrations of 

salt has been an emerging area for membrane separation. Cost-effective nanomaterials 

such as iron and iron oxide nanoparticles have been widely used in reductive and 

oxidative degradation of chlorinated organic compounds. Similar procedures can be used 

for metal species change (e.g. metal oxyanions to elemental metal), and/or adsorption of 

species on iron oxide surface. In this chapter, iron functionalized membranes were 

developed for removal of selenium from scrubber water. To prevent the particle 

aggregation and reduce dissolved iron, polyacrylic acid (PAA) coated polyvinylidene 

fluoride (PVDF) membranes were developed in both lab-scale and full-scale for in-situ 

synthesis of iron. Water permeability of membrane decreased rapidly as membrane 

weight gain increased, and the highest ion exchange capacity (IEC) was obtained at 

weight gain around 20 % with highly pH responsive pores. By integration of 

nanofiltration (NF) and iron functionalized membranes, the interferences of sulfate and 

chloride in scrubber water were significantly reduced, and selenium concentration below 

10 µg/L was achieved. Iron nanoparticles were also successfully synthesized in full-scale 

membrane module for selenium removal. The graphic abstract of Chapter Five is shown 

in Figure 5.1. 
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In Chapter Three and Chapter Four, PVDF-PAA functionalized membrane 

supported iron and iron oxide nanoparticles have shown promising results for chloro-

organic degradation in groundwater remediation. In this chapter, the functionalized 

membrane technology is transferred to toxic metal removal for coal-fired power plant 

scrubber water application. It begins with an introduction to the existing technologies for 

toxic organic and metal removal from water containing high total dissolved solids (TDS), 

especially membrane separation and nanotechnology. Next, it focuses on the study of the 

effects of PAA functionalization on membrane transport, pH responsive behavior and ion 

exchange capacity. This is followed by discussion of selenium removal results in lab-

scale iron functionalized membranes. The membrane reactivity is evaluated in DI water, 

synthetic salt water and real scrubber water. Water matrix and temperature effects on 

removal efficiency are discussed. Finally, the first reported iron synthesis in full-scale 

membrane module and successful selenium removal from scrubber water are highlighted. 

5.1 Introduction 

Various water sources contain toxic ingredients such as chlorinated organic 

compounds and heavy metals. Those contaminants are either recalcitrant to 

environmental degradation, or existing with high concentrations of total dissolved solids 

(TDS) like salts, which make them difficult to treat. 

Membrane technologies allow the separation of solutes in water based on size 

exclusion, charge exclusion and diffusivity/solubility difference. Commercial membranes 

such as reserve osmosis (RO) and nanofiltration (NF) membranes have been extensively 

used for water softening and desalination (Elimelech and Phillip 2011). However, RO 

and NF membranes are not effective in removing some chlorination by-products such as 
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trichloroethylene (TCE), carbon tetrachloride, and dichlorobenzene, which have high 

solubility in membrane synthesis materials. Instead, the pretreatment of water with 

activated carbon filtration is often required. Additionally, the concentrated contaminants 

in the retentate need further treatment. Other existed technologies such as physical and 

biological treatment are either energy or capital intensive. One of the most promising 

ways to remove chlorinated organics from water is chemical remediation, including 

reductive and oxidative degradation with iron and iron oxide particles. 

Iron nanoparticles made by borohydride or polyphenol reduction are most 

commonly used materials in chlorinated organic dechlorination (Zhang 2003; He and 

Zhao 2008; Hoag, Collins et al. 2009; Smuleac, Varma et al. 2011). With a second metal 

coating such as Fe/Pd and Fe/Ni, more rapid and complete hydrodechlorination can be 

achieved (Wang and Zhang 1997; Tee, Bachas et al. 2009). Alternatively, chloro-

organics can be destructed by oxidation of hydroxyl radicals (OH•) from iron oxide 

catalyzed hydrogen peroxide decomposition (Pignatello, Oliveros et al. 2006; Xue, 

Hanna et al. 2009; Lewis, Datta et al. 2011; Gui, Smuleac et al. 2012). However, the 

aggregation and leaching of nanoparticles in direct injection are two main issues facing 

us, and the use of engineered nanomaterials already raised public concerns about their 

potential toxicity (Auffan, Rose et al. 2009; Lowry, Gregory et al. 2012; Schug, Johnson 

et al. 2013). 

One possible solution is to synthesize nanoparticles through ion exchange or 

adsorption of precursor ions on porous substrates such as silica (Zheng, Zhan et al. 2008), 

activated carbon/carbon nanotubes (Tseng, Su et al. 2011), and polyelectrolyte pore-filled 

membranes (Winnik, Morneau et al. 1998; Kim, Hong et al. 2008; Lewis, Datta et al. 
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2011), followed by reduction. The functional groups on those substrates can eliminate the 

aggregation during the particle formation and release issues to environment, and allow 

the control of particles size (Xu and Bhattacharyya 2005; Huang, Shi et al. 2008). In our 

group, polyacrylic acid (PAA) functionalized polyvinylidene fluoride (PVDF) membrane 

with iron/iron oxide nanoparticles was developed for combined reductive and oxidative 

degradation of polychlorinated biphenyls (PCBs) (Gui, Ormsbee et al. 2013). 

Our latest efforts focused on developing the full-scale functionalized membrane 

for groundwater remediation. The same membrane can be used for toxic metal removal, 

such as selenium oxyanion removal in scrubber water from coal-fired power plants. 

Selenium is an essential element in human and animal nutrition (Yoon, Kim et al. 2011), 

but it turns out to be toxic at high level due to its interaction with body tissue. Therefore, 

the control of selenium release to environment from mining, oil refineries, manufacturing 

and agriculture drainage has been a critical issue (Lalvani 2004; Lemly 2004). Iron has 

been reported to reduce selenate (VI) and selenite (IV) to elemental selenium (Se0) and 

selenide (-II) (Mondal, Jegadeesan et al. 2004; Olegario, Yee et al. 2010; Yoon, Kim et al. 

2011). However, most studies were conducted in iron particle suspension without the use 

of stabilizers. 

5.2 Membrane Surface Characterization 

To prove that PVDF membrane pores were successfully functionalized with PAA, 

XPS depth profile analysis was conducted from membrane top surface to pore region. 

The atomic percent (N, O, C and F) of functionalized membrane is shown in Figure 5.2A. 

On the top surface (etch time 0 s), F and O content were 2.5% and 31.9% respectively, 

compared to 42.5% and 2.7% for the pristine PVDF400HE membrane. As the ion beam  
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etching started, F content increased quickly while O content declined as approaching the 

pore region. The depth profile results clearly show that there was a thin layer of PAA 

above PVDF membrane. High resolution C1s spectra (Figure 5.2B) further proved that 

the top surface was covered with PAA as evidenced by C-O (286.7 eV) and C=O (289.0 

eV) peaks from carboxyl groups with a tiny C-F2 peak near 290.8 eV. The intensity of C-

O and C=O peaks declined quickly from 0 s to 200 s (Figure 5.2C) with the rise of F 

content to 8.75%. The spectra at 300 s (Figure 5.2D) and 490 s (Figure 5.2E) were 

identical with the exactly same elemental composition, showing the ion beam penetrated 

the PAA layer, and reached the uniformly functionalized pore region. 

An ideal functionalized membrane will have PAA in the pores instead of on the 

top surface. However, PAA formation near the pore mouth always happened due to the 

residual polymerization solution from dip coating. This thin layer reduced the membrane 

porosity significantly. During the manufacturing of full-scale functionalized membranes, 

the polymerization solution was pulled through PVDF membranes by applying vacuum 

from the backing side, followed by surface cleaning with air knife. This improvement 

indeed removed the accumulated polymerization solution above pores effectively. XPS 

spectrum of full-scale functionalized membrane (Figure 5.2G) shows similar C-F2 and C-

N peaks as PVDF membrane substrate (Figure 5.2F), since little PAA was formed on top 

of PVDF membrane. C-N peak could be from the cross-linker or additives during PVDF 

membrane formation such as polyvinylpyrrolidone (PVP). C=O peak was stronger in 

functionalized membrane due to PAA formation inside. As expected, the full-scale 

functionalized membrane had higher F/C ratio from PVDF substrate and lower O/C ratio 

from PAA coating than lab-scale one (Table 5.1). The main carbon source of  
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Table 5.1. XPS surface analysis results of pristine PVDF, PAA functionalized PVDF 
(PVDF400HE-PAA) and iron/iron oxide immobilized PVDF-PAA membranes 
(PVDF400HE-PAA-Fe/Fe(OH)x).  

Membranes 
Atomic Ratio  

Carbon Balance Value of x 
in Fe(OH)x F/C O/C N/C Fe/C 

PVDF400HE (Ultura)  0.79 0.05 0.02 N/A 0.93  N/A  

PVDF400HE-PAA (Ultura)  0.53 0.11 0.03 N/A 0.83  N/A 

DVPP 14250 (Millipore)  0.50 0.26 0.005 N/A 0.88  N/A 

PVDF400HE-PAAa  0.04 0.51 0.02 N/A 0.88 N/A 

PVDF400HE-PAA-Fe after 
Se reduction in DIUF watera  0.22 0.65 0.04 0.16 0.68 (x=3)/ 

1.39 (x=0)  1.66 

PVDF400HE-PAA-Fe after 
Se reduction in synthetic 
water with CaCl2 (75 mM)b  

0.19 2.66 0.05 0.89 0.37 (x=3)/ 
4.39 (x=0)  2.53 

PVDF400HE-PAA-Fe after 
Se reduction in synthetic 
water with MgSO4 (30 mM)b  

0.21 2.62 0.03 1.03 0 (x=3)/ 
4.28 (x=0)  2.12 

a12.5% membrane weight gain; b20.7% membrane weight gain. x values were obtained 
by assuming the carbon balance. DVPP 14250 (Millipore) is hydrophilized PVDF 
membrane with cross-linked polyacrylate coating (average pore size: 650 nm, thickness: 
125 µm). The coating was considered as PAA here for carbon balance calculation. 

 

  



127 

 

functionalized membrane included PVDF (F/C=1/1), PAA (O/C=2/3), and PVP 

(N/O/C=1:1:6). The carbon balance of full-scale PVDF400HE-PAA (Ultura) was close to 

commercial PVDF400HE and DVPP14250, showing the successful scale-up of 

functionalized membranes without blocking the pores. For iron/iron oxide immobilized 

membranes, iron can exist in multiple valence states, depending on the oxidation time 

and water pH. If Fe(OH)x is the overall formula of reacted particle, the value of x could 

vary from 0 (pure iron) to 3 (fully oxidized iron). With the carbon balance assumption, x 

fell between 1.5 and 3, suggesting iron was partially oxidized after selenium removal. 

5.3 Functionalized Membrane Properties 

5.3.1 Membrane Permeability with Weight Gain 

The weight gain of functionalized membrane is defined as the ratio of dry weight 

difference through in-situ polymerization to the weight of pristine PVDF membrane. 

%100
'

 
0

0 ×
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gainWeight                                     (E5.1) 

where W0 and W’ are the weight of membrane before and after functionalization, 

respectively. It should be noted that the weight of backing was also included in W0 since 

the control experiment shows that PAA was also formed in the nonwoven backing due to 

its porous structure. The weight gain of PVDF400HE membrane increased linearly with 

the concentrations of monomer in polymerization solution (Figure 5.3A). Meanwhile 

water permeability of membrane dropped rapidly. From 2.2% to 36.3% weight gain, 

water permeability declined from 1220 LMH/bar to 1.9 LMH/bar at pH 3. It was mainly 

due to the decrease of membrane pore volume or effective pore size. With more polymer 

incorporated in pores, the polymer network has less porosity between segments, resulting  
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in denser material. 

The membrane permeability is dependent on the property of cross-linked gel 

formed in pores. Darcy permeability of gel (kgel, m2) is related to membrane permeability 

(km, m2) as, 

)//( SSmgel kk τε=                                             (E5.2) 

where εs is the porosity of substrate PVDF membrane, τs is the tortuosity of membrane. 

The porosity of PVDF400HE membrane is 0.5±0.05 according to manufacturer, and was 

further confirmed by SEM image of membrane top surface. τs can be obtained from 

Kozeny constant, 

*/ KK SS =τ                                                  (E5.3) 

where KS=5 for a substrate membrane with porosity around 2/3, and K*=2 with the 

assumption of parallel capillary-type pores of circular cross-section (Kapur, Charkoudian 

et al. 1996; Mika and Childs 2001). km can be calculated from the following equations, 

LP
J

k w
m /Δ
=

η
                                                 (E5.4) 

mw AQJ /=                                                   (E5.5) 

where Jw is the water flux through the functionalized membrane, Q is the water volume 

flow rate, Am is the membrane area (13.2 cm2), L is the thickness of PVDF (70±5 µm) 

measured with cross-sectional image obtained in SEM, η is the dynamic water viscosity 

(0.89 mPa·s at 25 °C), and ΔP is the transmembrane pressure. 

The gel volume fraction of functionalized membranes (Φ) is defined as the ratio 

of gel volume (Vgel) to total membrane pore volume (Vm). It can be estimated by 
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where ρgel is the density of PAA hydrogel in membrane pores. The volume and weight of 

PAA gel obtained in solution polymerization were measured, and the density was 

calculated to be 1.21±0.1 g/cm3, which was close to reported value of uncross-linked 

PAA (1.37 g/cm3) (Brandrup 2003). The gel volume fraction of membranes is 

proportional to the weight gain from polymerization, increasing from 0.069 (2.2%) to 

0.862 (36.3%). The gel Darcy permeability obtained at pH 3 and 8 (Figure 5.3B) can be 

fit in a power law similar to previous studies, with a correlation coefficient R2=0.981 

( 2523.21810524.1 mkgel
−−×= φ ) at pH 3 and R2=0.965 ( 2844.22010394.2 mkgel

−−×= φ ) at pH 

8. The exponent on Φ represents the rate of permeability change with the gel volume 

fraction. When pH increased from 3 to 8 with the same gel, the exponent varied within 

12.7%, proving the excellent stability of PAA gel.  

Darcy permeability of PAA gel synthesized in aqueous phase decreased faster 

with gel volume increase than previous study (Hu and Dickson 2007). The aqueous 

polymerization used here might cause greater gel heterogeneity, result in a larger 

exponent of Φ. Generally, free radical polymerization of acrylic acid in aqueous phase 

has a higher propagation rate than that in organic phase or in organic/water mixture. 

Water can enhance the reactivity of monomer and free radicals by solvation (Gromov, 

Galperina et al. 1980; Beuermann 2002). Looser polymer coils were formed in water, and 

they could facilitate the water and monomer transport, resulting in high concentration of 

monomer near the active growing center. While in organic phase, denser PAA coils could 

limit the entrance of monomer. Additionally, hydrogen bonding might also enhance the 
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polymerization by creating complexes between monomers, oligomers, and water 

(Chapiro and Mankowski 1981). Therefore, gel formed in aqueous phase may not be as 

uniform as that made in organic phase, but it should give higher water permeability due 

to the formation of loose polymer segments. This is indeed the case. Gel permeability at 

Φ=0.1 was enhanced by 53 time at pH 8, and 510 times at pH 3, compared to gel 

synthesized at cross-linking degree of 4 mol% in 1-propanol (50 wt%) (Hu and Dickson 

2007). PVDF400HE membrane used here has a thinner PVDF layer (70±5 µm) with 

highly porous non-woven backing. This composite structure also enhanced the water 

permeability. Those benefits allow more PAA incorporated in membrane pores for 

nanoparticle synthesis.  

The gel permeability at pH 3 is about 63 times higher than that at pH 8 when Φ=1, 

while this ratio decreased to 30 times when Φ=0.1. This significant difference indicates 

that the gel permeability was also related to the swelling of PAA with environmental pH, 

which can be the control factor when Φ>0.1.  

5.3.2 pH Responsive Behavior with Weight Gain and Its Applications 

PAA is well-known for its pH responsive (swelling/deswelling) behavior due to 

the reversible protonation and deprotonation of carboxyl groups with water pH variation. 

The acid dissociation constant (pKa) of PAA is usually around 4.2-4.9. At very low pH, 

carboxyl groups are in compact state without ionization. With pH increasing, carboxyl 

groups start the deprotonation accompanied by ion exchange with cations in water. The 

mesh size of PAA hydrogel also increased at high pH, resulting in higher swelling ratio. 

Our recent study shows that PAA synthesized through thermal polymerization had a 

swelling ratio around 2 at pH 2 and 17 at pH 9 (Hernandez, Papp et al. 2014). With PAA 
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incorporated in membrane pores as a “smart” valve, one can manipulate the water 

permeability of membranes by adjusting the water pH (Lewis, Datta et al. 2011). 

The fraction of ionized carboxyl groups (degree of dissociation) with water pH 

can be estimated by, 

%100
][][

][  ×
+

= −

−

COOHCOO
COOondissociatiofDegree              (E5.7) 

where [COO-] and  [COOH] are concentrations of ionized and unionized carboxyl groups, 

respectively. They can be calculated from Henderson-Hasselbach equation, 

])/[]([10 COOHCOOLogpKpH a
−+=                           (E5.8) 

At pH 3, only 3.07% of carboxyl groups were ionized (assume pKa=4.5), while 

they are fully deprotonated (99.97%) at pH 8. Water flux ratio (Jw, pH=3/Jw, pH=8) increased 

as the amount of carboxyl groups increased, and reached as high as 92±21 with 0.49 

mmol carboxyl groups (19.9% weight gains) incorporated in functionalized membranes. 

As the amount of carboxyl groups continued to grow to 0.89 mmol (36.3% weight gain), 

Water permeability was only 1.9 L/(m2·h·bar) at pH 3, since membrane pores had been 

filled up with PAA gel. Due to the limited space in pores, some swollen gel was excluded 

from pores, and anchored at the pore mouth with low stability under the applied pressure. 

Some entangled gel was also observed on the top surface of membranes. With pH 

increasing and gel swelling, the gel homogeneity increased. However, the reduced 

draining region between polymer segments limited the gel swelling, resulting in a lower 

flux ratio at higher weight gain (36.3%). 

Similar pH valve effect of PAA functionalized membranes was also reported by 

Hu et.al, with valve ratio up to 112 (Hu and Dickson 2007). At the same gel volume 
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fraction (Φ<0.1), higher cross-linking degree created more heterogeneity and higher 

elastic modulus in polymer segments, resulting in higher water permeability and swelling 

ratio. In our study, the gel volume fraction was mainly higher than 0.1 (0.069<Φ<0.862), 

indicating the formation of less heterogeneous polymer network via overlapping and 

interpenetration. 

The flux modulation of three full-scale functionalized membranes with pH proves 

the successful scale-up of PAA functionalized PVDF membrane (Figure 5.4 inset). As 

expected, the spongy PVDF membranes got more PAA inside due to its larger pore 

volume. 

5.3.3 Ion Exchange Capacity (IEC) of Functionalized Membranes 

During the ion exchange process, the deporotonated carboxyl groups in PAA 

chains chelate with Fe2+ (molar ratio 2:1). Fe2+ can also be absorbed by carboxyl groups 

(molar ratio 1:1) through electrostatic binding. Ion exchange capacity of functionalized 

membranes varied from 0.60 to 7.57 meq/g PVDF, depending on the amount of carboxyl 

groups in membrane pores (Figure 5.4). The swelling of polymer led to the overlapping 

and interpenetration of polymer chains, and the diffusivity of ions in swelling gel was 

much lower than that in bulk. It explains why carboxyl groups were not fully utilized 

during ion exchange. The obtained IEC values were about 30% less than calculated 

values based on the membrane weight gain. 

Higher amount of carboxyl groups in pores did not necessarily result in higher 

IEC. As the amount of PAA increased, some swollen gel came out of pores and lost the 

stability, as evidenced by ion exchange results of membrane with high PAA loading (0.89 

mmol) (Figure 5.4). For full-scale functionalized membrane synthesis, membranes weight  
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gain between 10% and 20% provided the advantages of a high swelling ratio and ion 

exchange capacity without sacrificing too much water permeability. 

5.3.4 Nanoparticle Size Control 

PAA acted as a stabilizer of iron precursor in nanoparticle synthesis, and also 

controlled the particle size. With PAA incorporated in membrane pores, both the rates of 

nucleation and particle growth were retarded. The aggregate formation during the particle 

growth can be effectively reduced as evidenced by SEM images (Figure 5.5). A higher 

molar ratio of carboxyl groups to ferrous ions resulted in smaller particle size and higher 

specific surface area. This property suggests the potential of using the functionalized 

membranes as a stabilizer to manipulate the nanoparticles reactivity via size control. 

5.4 Selenium Oxyanion Removal 

With iron as an electron donor, selenate was reduced to selenite and elemental 

selenium (Se0). In reducing environment, iron selenide formation was also reported 

(Myneni, Tokunaga et al. 1997; Scheinost and Charlet 2008; Olegario, Yee et al. 2010; 

Yoon, Kim et al. 2011). Following are the possible reactions of selenium oxyanions with 

iron. 

VEOHSeOFeOHSeOFe 497.0;2 0
2
3

2
2

2
4

0 =++→++ −−+−              (E5.9) 

VEOHFesSeOHSeOFe 025.1;83)(43 0
20

2
2
4

0 =++→++ −+−           (E5.10) 

VEFeSesSeFe 477.0-;)( 0
2200 =+→+ +−                         (E5.11) 

Ferrous ions released from iron surfaces will precipitate as hydroxides containing 

Fe(II) at near neutral pH. This increasing oxide layer creates more resistance for reactants 

to transfer from bulk solution to iron surfaces. Eventually, iron will be consumed 

completely. Low pH will benefit the reduction by minimizing the formation of iron 
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hydroxide (Klas and Kirk 2013). 

5.4.1 Effect of TDS in Water 

Selenium oxyanion reduction with iron follows a pseudo-first-order law 

( ][/][ , SekdtSed Seobs−= ), where [Se] is the selenium concentration, and kobs,Se (observed 

reaction rate) is related to the particle loading and specific surface area. It is used to 

compare the reactivity of same iron nanoparticles in different water matrix. The average 

particle size synthesized in aqueous phase is 20±0.2 nm based on the obtained BET 

specific surface area (37.8 m2/g). The same feed solution (2 mg/L as Se) was used in DI 

and synthetic water experiments. The concentration of selenate in DI water (pH 4.5) 

decreased to less than 5 µg/L within 10 minutes in the presence of iron (0.5 g/L). Iron 

nanoparticles maintained the reactivity with five cycle treatment, and kobs,Se in DI water 

(32.8 h-1), which is 160 times higher than that obtained in scrubber water (0.204 h-1).  

Based on speciation results, selenium in scrubber water existed in the form of 

selenate (49.9%), selenite (48.3%) and methylseleninic acid (MeSe, 1.8%). The scrubber 

water mainly contains cations such as Ca2+ (90±10 mM), Mg2+ (30±3 mM), and Na+ 

(2.8±1.5 mM), and anions such as Cl- (200±12 mM) and SO4
2- (30±5 mM). Sulfate has 

very similar chemical properties as selenate, and could lower the rate of selenate removal 

via competing adsorption on iron surfaces (Zhang, Wang et al. 2005). It should be noted 

that the sulfate concentration in scrubber water was much higher than selenium (molar 

ratio=1000-1500:1), and thus its interference had to be considered. The experimental 

result in Na2SO4 solution (Figure 5.6) further proved that sulfate indeed inhabited the 

removal of selenate (Mondal, Jegadeesan et al. 2004), and this effect was even enhanced 

at a higher concentration (Table 5.2). A similar trend was observed when studying the  
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Table 5.2. Observed rate constant (kobs,Se, h-1) of selenium oxyanion removal with iron 
nanoparticles in different water matrix. [Fe]0=0.5±0.02 g/L. Specific surface area: 37.8 
m2/g. 

Water matrix  kobs,Se (h
-1

)  

DIUF water  32.8  

Scrubber Water  0.204  

NaCl (75 mM/150 mM) 13.4/3.20  

Na2SO4 (30 mM/75 mM) 1.14/0.626  
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effect of chloride with NaCl solution. Compared to sulfate, chloride had limited 

inhibition on the removal of selenate below 75 mM (kobs,Se=13.4 h-1 at 75 mM). The rate 

constant decreased by 4 times (kobs,Se=3.20 h-1) after increasing its concentration to 150 

mM. Similar results were reported by Mondal et al (Mondal, Jegadeesan et al. 2004), 

showing the selenate removal rate was greatly reduced by competing anions such as 

chloride at 10 g/L and sulfate at 2.5 g/L. In addition to adsorption, sulfate and chloride 

also enhanced the corrosion of iron, which formed an oxide layer and lifted the solution 

pH. Zeta potential measurement shows point of zero charge (PZC) of iron/iron oxide 

nanoparticles was between 7.5-7.8. At high pH (>8), the particle surface was negatively 

charged, and thus the adsorption of SeO4
2- was weakened, resulting in a lower rate 

constant. After deoxygenated water washing, the reactivity of iron from selenate removal 

(100 mM Cl-) was partially rejuvenated, with kobs,Se=4.09 h-1 in NaCl solution and 

kobs,Se=8.69 h-1 in DI water after washing (0.5±0.02 g/L iron). The increase of treatment 

time caused the rapid decline of reactivity in DI water (kobs,Se=0.618 h-1 in the second 

cycle and kobs,Se=0.473 h-1 in the third cycle). Those results provided the evidence that 

both anion adsorption and corrosion contributed to the slow removal of selenium 

oxyanions in scrubber water. Additionally, other ions existed in water such as NO3
- 

(1.5±0.6 mM) and Ni2+ (6.7 µM) could also lower the reactivity of iron through reduction 

and/or adsorption (Su and Puls 2001; Lalvani 2004; Zhang, Wang et al. 2005). 

5.4.2 Convective Flow Results with Functionalized Membranes 

The high specific surface area of iron/iron oxide nanoparticles (20-300 m2/g 

depending on the particle size) enhanced the removal of many toxic metals and organics 

through an adsorption-reduction-desorption process (Tee, Bachas et al. 2009), but the 
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particle aggregation due to ferromagnetic nature of iron, and the toxicity from iron 

leaching also need be evaluated before applying nanotechnology to real water treatment 

(Auffan, Rose et al. 2009; Lowry, Gregory et al. 2012; Schug, Johnson et al. 2013). PAA 

functionalized PVDF membrane provides a tunable platform for metal capture and 

nanoparticle in-situ synthesis, resulting in non-aggregated particles with uniform size (Xu 

and Bhattacharyya 2005). By applying the convective flow operation, the conversion of 

model compound is directly related to its residence time in membranes. Water is forced 

to flow through membranes under pressure, and thus the diffusion resistance from bulk 

solution to membrane pore area can be neglected. Additionally, there is no separation 

need when using membrane supported nanoparticles. 

The residence time (τ) is defined as the ratio of membrane pore volume to water 

volume flow rate, 

QmLA FeFeSm /)/)1(( ρετ −Φ−=                                (E5.12) 

where mFe and ρFe are the mass and density of iron nanoparticles in functionalized 

membranes. With a residence time of 10 s, 91.4% of selenate was removed in DI water at 

25.2±1.9 L/(m2·h·bar), while the conversion was 21.8% in scrubber water within 8.4 s at 

15.3±0.4 L/(m2·h·bar) (Figure 5.7). As discussed, the interference of salts and dissolved 

metal ions in scrubber water lowered the reactivity of iron. To recover the rate, either low 

TDS water (to reduce the competing adsorption) or more reactive iron (to compensate the 

reactivity loss with nitrate and dissolved metal ions) was required. 

5.4.3 Integration of Nanofiltration (NF) and Functionalized Membranes 

By applying NF membrane, divalent cations/anions were retained by charge 

exclusion, and counter ions associated with those ions were also retained due to charge  
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balance (within 5% difference). The total rejection of TDS was 94.0±1.5%. It should be 

noted that chloride rejection in NF membrane is completely different with Ca2+ or Na+ as 

counter ions. Divalent Ca2+ has higher electrical potential than Na+, resulting in higher 

rejection of CaCl2. The scrubber water mainly contains Ca2+ (90±10 mM) and Mg2+ 

(30±3 mM) as cations, with a small amount of Na+ (2.8±1.5 mM). Therefore, NF 

membrane is a better choice here to remove TDS, considering its higher water 

permeability and lower energy consumption than reverse osmosis membrane. Two types 

of nanofiltration membranes were used with different net charge, and the rejections of 

sulfate and chloride were 99.47±0.41% and 93.03±1.90%, respectively. The NF permeate 

had much less sulfate (0.07±0.05 mM) and chloride (13.1±3.6 mM), which didn’t affect 

the removal of residual selenium oxyanions (0.16±0.07 µM). The conversion of selenium 

was 77.5% with a residence time of 8 s (Figure 5.7A). The major ion (i.e. chloride and 

sulfate) concentrations hardly changed when passing through functionalized membranes. 

With this combined technology, selenium concentration in final permeate was below 10 

µg/L, which met U.S EPA’s drinking water standard. This platform also benefited the 

removal of some other toxic metals such as arsenic, nickel and mercury. Arsenic 

concentration as low as 1 µg/L were achieved (Table 5.3). The reduction of Ni2+ by Fe0 

forms Fe/Ni bimetallic nanoparticles, which can enhance the selenium removal via 

hydrogenation (Mondal, Jegadeesan et al. 2004). The same materials were also used for 

hydrodechlorination of chloro-organics (Tee, Bachas et al. 2009).  

5.4.4 Effect of Temperature 

Another possible solution to enhancing the reactivity of iron in scrubber water 

was to conduct the selenium removal at elevated temperatures. Mondal et al. reported that  
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Table 5.3. Selenium and other toxic metal removal from coal-fired power plant scrubber 
water via combined treatment with nanofiltraion and iron functionalized membranes.  

 
Se (µg/L) As (µg/L) Ni (µg/L)  Hg (µg/L) 

Scrubber water-Feed  634  4.7  391 0.17  

NF membrane  treatment-Permeate  9-17  0.7-0.9  22.2-41.7  0.05-0.07 

NF membrane followed by iron 
functionalized membrane treatment-
Permeate  

1.9-9.4  0.5  7.8-16.3 N/A 
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selenium removal increased by 22% when temperature rose from 25 °C to 65 °C (Mondal, 

Jegadeesan et al. 2004). The scrubber water from flue-gas desulfurization (FGD) process 

contains some waste heat with temperature around 40 °C. This could be a benefit for 

selenium removal. Our study shows the first-order rate constant of iron functionalized 

membranes increased by 3.8 times in DI water (Figure 5.8A), and 2.7 times in scrubber 

water at 40 °C (Figure 5.8B). The activation energy of iron in functionalized membranes 

was calculated to be 56.95 kJ/mol in DI water and 42.95 kJ/mol in scrubber water by 

Arrhenius equation and rate constants obtained (Table 5.4). The low activation energy in 

scrubber water can be due to the acceleration of iron corrosion by salts. The frequency 

factor in DI water (1.052x1010 h-1) was three magnitudes higher than that in scrubber 

water (0.935x107 h-1). It again shows the competing adsorption of anions significantly 

inhabited the selenium removal. 

5.4.5 Effect of Membrane Surface Charge 

Iron functionalized membranes shows slightly higher reactivity in scrubber water 

but much lower reactivity in DI water than nanoparticles in suspension (Figure 5.8). Due 

to the incorporation of PAA, the functionalized membrane pores were negatively charged 

at pH 4.5 or above in DI water. Meanwhile, selenium oxyanions mainly existed as SeO4
2- 

(pKa2=1.9) and SeO4
2-/HSeO3

- (pKa1=2.9 and pKa2=7.3) (Goldberg 2011). The repulsive 

electrostatic force between ionized carboxyl groups and selenium oxyanions might retard 

the selenium transport through membrane pores, especially inside the polymer domain 

where iron was immobilized, and thus delay the selenium removal. This assumption was 

proved by experimental results obtained in scrubber water, where membrane supported 

iron had better reactivity than iron suspension. Divalent cations (e.g. Ca2+/Mg2+) from 
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Table 5.4. Observed rate constant (kobs,Se, h-1) of selenium oxyanion removal with iron 
functionalized membranes at different temperatures. [Fe]0=0.47±0.04 g/L. 

T (°C) DI water Scrubber water 

22 0.866 0.234 
40 3.292 0.640  

 

  



148 

 

TDS immediately formed chelates with carboxyl groups, neutralizing the negative charge 

in membrane pores. The excessive cations adsorbed by PAA could also facilitate the 

diffusion of selenium oxyanions through the membrane. Additionally, the aggregation of 

nanoparticles (see TEM images in 5.4.7) could also increase the particle size and lower 

the specific surface area, resulting in lower reaction rate. 

5.4.6 Iron Recapture by Functionalized Membranes 

Iron oxidation in selenium removal and water corrosion can release ferrous ions 

into water, which are further oxidized to ferric ions in the presence of oxygen. Both 

ferrous and ferric ions precipitate as hydroxides at high pH. In DI water at 40 °C, iron 

loss with functionalized membranes (0.20±0.17%) was significantly lower than iron 

suspension result (5.4±0.6%) (Figure 5.9). The carboxyl groups of PAA formed chelates 

with Na+ first, and then with Fe2+ during ion exchange. After NaBH4 reduction, the 

carboxyl groups were back to Na+ form, which could capture Fe2+ again. By taking 

advantage of this property, iron loading continued to grow with repeated ion exchange 

and reduction. However, with more iron immobilized in polymer network, the entry of 

Fe2+ into the carboxyl groups became more difficult, and IEC of membrane decreased by 

43±5% after eight cycles. While in scrubber water, functionalized membranes lost the ion 

exchange ability since carboxyl groups of PAA also had strong binding affinity for Ca2+ 

and Mg2+. With high TDS and an elevated temperature (40 °C), the dissolved iron percent 

also increased to 10.2±0.5% for iron functionalized membrane, and 8.7±1.9% for iron 

suspension. 

5.4.7 Reduction and Adsorption Mechanism 

The reduction of selenate by iron forms the elemental selenium (Se0) and iron 
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selenide deposited on iron surface, as evidenced by X-ray absorption near edge structure 

(XANES) and extended x-ray absorption fine structure (EXAFS) spectroscopy (Scheinost 

and Charlet 2008). The release of ferrous ions due to electron transfer in selenium 

reduction resulted in the formation of an iron oxide layer above iron, which may contain 

ferrous/ferric hydroxides, lepidocrocite, maghemite and magnetite, depending on 

oxidation conditions (aerobic/anaerobic) and pH of solution (Murphy 1988; Olegario, 

Yee et al. 2010; Yoon, Kim et al. 2011). The Gibbs free energy change (ΔG<0) and 

experimental results both shows that iron oxides containing Fe(II) such as green rust, 

ferrous hydroxide, mackinawite, siderite and magnetite could also achieve the transition 

from selenate/selenite to Se0 (Murphy 1988; Myneni, Tokunaga et al. 1997; Zingaro, 

Dufner et al. 1997; Scheinost and Charlet 2008; Schellenger and Larese-Casanova 2013). 

Additionally, iron oxides such as ferrihydrite have been considered as good adsorbents 

for selenium removal, forming inner- and/or outer-sphere surface complexes (Peak and 

Sparks 2002; Das, Hendry et al. 2013). Therefore, selenium removal by iron 

nanoparticles involves both reduction and adsorption mechanism. 

XPS spectra of iron after selenium removal shows both selenate (166.26 eV, 

53.7 %) and Se0 (161.07 eV, 46.3 %) existed on iron surface (Figure 5.10A). The 

oxidation of Se0 deposited on iron surface was much slower compared to that of iron (Qiu, 

Lai et al. 2000). Therefore, selenate was mainly from iron oxide adsorption. Three main 

feature peaks including 2p3/2 (710.6 eV), satellite 2p3/2 (719.3 eV), and 2p1/2 (724.0 eV) 

are shown in Fe 2p spectra (Figure 5.10B), suggesting even the freshly made iron had an 

iron oxide layer (Sun, Li et al. 2006; Gui, Ormsbee et al. 2013). Iron nanoparticles were 

only partially oxidized after selenium removal as evidenced by Fe0 peak at 706.6 eV. 
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TEM image shows the morphology of iron/iron oxide nanoparticles after 

reduction of selenate (Figure 5.11). SAED patterns were similar to that of magnetite, 

suggesting that iron oxide layer contained mostly magnetite. Similar results were reported 

by Olegario et al. from XRD studies of nano Fe0 oxidation during reaction with selenate 

(Olegario, Yee et al. 2010). High resolution image provides more details about the core-

shell structure of partially oxidized iron, which contains an iron core (diameter: 15±2 nm) 

and iron oxide shell (thickness: 10±2 nm). The oxide layer was made of polycrystalline 

magnetite with size around 5 nm. Those iron oxides had high specific surface area, and 

were great materials for selenium adsorption. EDS line scan of particles in STEM mode 

also shows that outside particles had higher O/Fe ratio than those in core, and they were 

stacked on top of each other, forming a highly porous oxide layer. The intensity of Se 

peak was associated with that of iron peak, since the main source of selenium on iron 

surface was Se0 from iron reduction. Even though iron was oxidized, the ratio of Fe/Se 

should have no significant change if there was no selenium dislodging from iron oxide 

surfaces. 

To eliminate the effect of dissolved oxygen on reduction, selenium removal was 

conducted in a mixture of ethanol and deoxygenated water (9:1, v/v) with freshly made 

iron nanoparticles (Figure 5.12A) at high selenate concentration. After treatment, some 

needle-like materials with an amorphous structure was formed on iron surfaces (Figure 

5.12B). Some particles were even embedded in a cotton-like structure (Figure 5.12C), 

which could be a mixture of iron corrosion products such as lepidocrocite and 

ferrous/ferric hydroxides (Olegario, Yee et al. 2010; Yoon, Kim et al. 2011). EDS 

elemental analysis on those reacted particles shows the selenium content was 0.8 at% in  
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Figure 5.12B and 8.6 at% in Figure 5.12C, with most selenium existing in iron oxide 

layer. The existence of iron selenide during reduction confirmed the deposition of Se0 on 

iron surfaces (Myneni, Tokunaga et al. 1997; Scheinost and Charlet 2008; Olegario, Yee 

et al. 2010; Klas and Kirk 2013). Therefore, the diffusion of selenate through porous iron 

oxides and the electron transfer on iron surface could take place simultaneously. Ferrous 

ions are produced via reactions in E5.9-5.11 as well as the hydrogen generation with 

water (Sun, Li et al. 2006). Iron oxide precipitates containing Fe(II) can reduce 

selenate/selenite to Se0, which stays in oxide layer (Myneni, Tokunaga et al. 1997). The 

dark field image clearly shows how iron oxide grew from iron surfaces. EELS mapping 

of a selected area in iron oxide layer gave the distribution of selenium, oxygen, and iron 

(Figure 5.12D). In some area, Se existed with Fe only (marked with arrows). This was 

consistent with XPS results, proving the simultaneous removal of selenium by reduction 

and adsorption. 

5.5 Iron Nanoparticle Synthesis and Selenium Removal in Spiral Wound Module 

The water flux of spiral wound functionalized membrane module (5 ft2) varied 

between pH 4 and 9 with a transition pH at around 6 (Figure 5.13A), suggesting the 

successful pore functionalization. With repeated ion exchange and NaBH4 reduction, 

680±9 mg Fe was immobilized in this module. Synthetic solution with both selenate and 

selenite (same fraction as in scrubber water) was passed through iron functionalized 

membrane module convectively. With water flux of 110.4 L/(m2·h) and a residence time 

of 1.2 s, the conversion of selenium was 0.47 in the permeate after running it for 1 min. It 

decreased rapidly from 1 min to 5 min, and maintained around 0.12 after 15 min (Figure 

5.13B). The total volume of permeate was 17 L, and 27.6% of selenium was removed  
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from synthetic solution, giving a minimum reduction capacity of 14.6±1.1 mg Se/g Fe. 

Feed concentration was measured during test, and the difference was within 3.3%. It 

should be noted that iron loading in the module (0.15 mg/cm2) was half of that in lab-

scale DI water study (0.30 mg/cm2), resulting in a lower conversion. Iron corrosion was 

also faster in the module test since the selenium solution was exposed to air during 

circulation. Instead of using the functionalized membrane, a second NF membrane 

module can also further reduce the selenium concentration. However, the cost will be 

higher since the operating pressure of NF membrane is higher than that of functionalized 

membrane. 

5.6 Membrane Regeneration 

The maximum reduction capacity obtained in membrane convective experiments 

was 32.1±2.0 mg Se/g Fe, and significant amount of iron was not utilized during the 

selenium removal. As the thickness of iron oxide shell increases, neither electrons nor 

selenium oxyanions may transfer through this layer without iron surface regeneration. By 

acid treatment to dissolve the iron oxide, the membrane reactivity should be at least 

partially restored. For long-term treatment, the used membrane modules can be replaced 

by new modules considering the toxicity of selenium deposited on iron/iron oxide surface. 

Selenium can also be recycled via post treatment such as digestion and purification for 

further use in electronics industry.  
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Chapter Six Conclusions 

In the last three chapters, the performance of iron and iron oxide functionalized 

membranes was evaluated in reductive and oxidative treatment of selected chloro-

organics and toxic metals experimentally and mathematically. With the successful 

development of full-scale modules, this functionalized membrane technique potentially 

can be used for groundwater and scrubber water treatment. 

6.1 Fundamental Advancements to Science and Engineering 

The fundamental advancements to science and engineering achieved in this 

research are as follows. 

• A solid proof of the concept that the integration of nanotechnology and membrane 

separation can extend the functionalized membrane applications through the 

creation of a reactive and tunable iron functionalized platform. 

• The understanding of membrane transport in the development of both lab-scale 

and full-scale functionalized membranes for water remediation 

• The use of heterogeneous Fenton reaction at near neutral pH for chlorinated 

organic degradation in groundwater can be achieved with reduced consumption of 

reactants by using engineered catalysts 

• The advanced surface characterization techniques can be applied to functionalized 

membrane and nanocatalyst (metal/metal oxide) synthesis and reaction for better 

understanding the membrane formation and surface reaction mechanism 

• The advantages of combining two chemical remediation methods for complete 

detoxification of selected chlorinated organics are demonstrated with less 

environmental and toxicity concern 
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6.2 Specific Achievements 

The specific achievements made in membrane functionalization and water 

remediation are as follows. 

• With improved in-situ polymerization technique, a highly pH responsive 

functionalized membrane platform is developed, with water permeability change 

up to 92±21 times from pH 3 to 8. 

• Enhanced free radical oxidation efficiency was observed by using polysaccharide 

stabilized or functionalized membrane supported iron oxide nanoparticles. The 

aggregation of iron oxide catalysts can cause the increase of H2O2 consumption. 

• Complete degradation of PCBs can be achieved via a combined 

reductive/oxidative pathway, using reactive membranes incorporated with iron 

related nanoparticles. 

• The particle aggregation was eliminated through membrane synthesis, and 

membrane supported Fe/Pd show enhanced reactivity in PCB reductive 

dechlorination, compared to suspension. 

• Laminar flow reactor model was developed for the prediction of PCB degradation 

through Fe/Pd functionalized membranes. 

• Hydroxylated (Mono-, di- and trihydroxybiphenyls) and ring-open (benzoic acid) 

byproducts were detected as the main products in the subsequent oxidation of 

biphenyl by free radicals, proving the oxidation of PCBs started with the 

hydroxylation of aromatic ring followed by the ring cleavage. 
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• In convective flow mode, the diffusion resistance from bulk solution to membrane 

pore area was eliminated. 2-Chlorobipheyl and selenium can be completely 

removed by iron functionalized membranes in a short residence time. 

• Selenium removal was significantly inhabited by competing adsorption of sulfate 

and chloride on iron surface. However, by lowering TDS concentration with NF 

membranes or applying elevated temperature, the salt interference was reduced or 

eliminated. 

• Nanomaterial and membrane characterization methodologies were developed by 

using XPS as well as EDS/EELS line scan and elemental mapping in TEM. The 

formation of iron/iron oxide core-shell structure during iron controlled oxidation 

was confirmed. Iron oxides containing Fe(II) can enhance the oxidative 

dechlorination of biphenyl as well as the selenium removal through adsorption 

and reduction. 

• For the first time, iron nanoparticles were in-situ synthesized in full-scale 

membrane module. Convective flow reaction results obtained from lab-scale and 

full-scale membranes demonstrated the potential of using this platform for 

groundwater and industrial wastewater treatment. 

 

 

 

Copyright © Minghui Gui 2014 

  



161 

 

Nomenclature 

Chapter Three 

CH2O2 is the concentration of H2O2 in bulk solution (mmol/L) 

kobs is the observed first-order reaction rate of H2O2 decomposition (/h) 

as is the specific surface area of particles (m2/g) 

ρm is the loading in the system (g/L) 

kSA is the surface-area-normalized rate for H2O2 decomposition (L/(m2·h)) 

E is the efficiency of H2O2 consumption in TCE oxidation 

CTCE is the TCE concentration in water (mmol/L) 

COH• is the concentration of OH• near the reactive sites (mmol/L) 

 k’’
 is the second-order reaction rate of TCE oxidation (L/(mmol·h)) 

kobs(TCE) is the observed pseudo-first-order reaction rate of TCE oxidation (/h) 

≡S is the reactive site on iron oxide surfaces 

I is the intermediate formed during TCE oxidation 

P is the final product 

kTCE is the oxidation rate of adsorbed TCE with OH• (L/(mmol·h)) 

kin is the oxidation rate of adsorbed reaction intermediate I with OH• (L/(mmol·h)) 

kTCE,a is the adsorption rate of TCE on iron oxide surfaces (L/(mmol·h)) 

kTCE,d is the desorption rate of TCE on iron oxide surfaces (/h) 

kin,a is the adsorption rate of reaction intermediate I on iron oxide surfaces (L/(mmol·h)) 

kin,d are the desorption rate of reaction intermediate I on iron oxide surfaces (/h) 

CTCE≡S is the concentration of adsorbed TCE on iron oxide surfaces (mmol/L) 

CS0 is the concentration of total reactive sites (mmol/L) 
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CS is the concentration of unoccupied reactive sites (mmol/L) 

θ is the fraction of occupied reactive sites (θ=CTCE≡S/CS0) 

k1 represents the reactivity of OH• with TCE (mol/(L·h)) (k1=kTCECOH•CS0)  

k2 reflects the adsorption and desorption equilibrium of TCE on iron oxide surfaces 

(mol/L) (k2=(kTCE,d+kTCECOH•)/kTCE,a)  

Chapter Four 

η is the water viscosity (mPa·s) 

L is the membrane thickness (m) 

Q is the volume flow rate (L/h) 

Jw is the water flux at a specific pressure (L/(m2·h)) 

Am is the external area of membrane (m2) 

ΔP is the transmembrane pressure (bar) 

D0 is the equivalent diameter for PVDF membrane support (nm) 

A0 is the water permeability for PVDF membrane support (L/(m2·h·bar)) 

D is the equivalent diameter for the pore functionalized membrane (nm) 

A is the water permeability for the pore functionalized membrane (L/(m2·h·bar)) 

τ is the residence time of 2-chlorobiphenyl in the membrane (h) 

Vm is the membrane pore volume (m3) 

εs is the membrane porosity 

VGEL is the polymer volume in the dried state (m3) 

VNP is the volume occupied by Fe/Pd nanoparticles (m3) 

r is the reaction rate (mmol/(L·h)) 

C0,PCB is the concentrations of 2-chlorobiphenyl in the feed (mmol/L) 
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CPCB is the concentrations of 2-chlorobiphenyl at time t (mmol/L) 

kobs,PCB is the observed rate constant (/h) 

kSA,PCB is the surface-area-normalized rate constant (L/(m2·h)) 

αs is the specific surface area of Fe/Pd particles (m2/g) 

ρm is the loading of particles (g/L) 

X is the conversion of 2-chlorobiphenyl 

ur is the velocities at radius r (m/s) 

u0 is the velocities at pore center (m/s) 

uave is the average velocity in the pore (m/s) 

R is the equivalent pore radius (m) 

Qr is the volume flow rate through an annular element of radius r (L/h) 

Xave is the average conversion of 2-chlorobiphenyl 

τ0 is the residence time of 2-chlorobiphenyl at the pore center (h) 

τ∞ is the residence time of 2-chlorobiphenyl at wall (h) 

C2OHBP is the concentration of 2-hydroxybiphenyl in the solution (mmol/L) 

COH• is the concentration of OH• (mmol/L) 

k˝2OHBP is the second-order rate constant (L/(mmol·h)) 

k′2OHBP is the first-order rate constant (/h) (k’
2OHBP =k˝2OHBP COH•) 

Chapter Five 

W0 is the weight of membrane before functionalization (g) 

W’ is the weight of membrane after functionalization (g) 

kgel is the Darcy permeability of gel (m2) 

km is the membrane permeability (m2) 
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εs is the porosity of substrate PVDF membrane 

τs is the tortuosity of membrane 

Jw is the water flux through the functionalized membrane (L/(m2h)) 

Q is the water volume flow rate (L/h) 

Am is the membrane area (m2) 

L is the thickness of membrane (m) 

η is the water viscosity (mPa·s) 

ΔP is the transmembrane pressure (bar) 

KS is the Kozeny constant (=5) for a substrate membrane with porosity around 2/3 

K* is the Kozeny constant (=2) for parallel capillary-type pores of circular cross-section 

Φ is the gel volume fraction of functionalized membrane 

Vgel is the gel volume (m3) 

Vm is the membrane pore volume (m3) 

ρgel is the density of PAA hydrogel in membrane pores (g/m3) 

[Se] is the selenium concentration (mmol/L) 

kobs,Se is the observed first-order reaction rate (/h) 

τ is the residence time of selenium in the membrane (h) 

mFe is the mass of iron nanoparticles in functionalized membranes (g) 

ρFe is the density of iron nanoparticles in functionalized membranes (g/cm3) 

Chemical Abbreviations 

AA: Acrylic acid 

BSTFA: N,O-Bis(trimethylsilyl) trifluoroacetamide 

BTEX: Benzene, toluene, ethylbenzene, and xylenes 
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NNMA: N,N’-methylenebisacrylamide 

PAA: Polyacrylic acid 

PCBs: Polychlorinated biphenyls 

PES: Polyether sulfone 

PSf: Polysulfone 

PVDF: Polyvinylidene fluoride 

PVP: Polyvinylpyrrolidone 

TCE: Trichloroethylene 

 

  



166 

 

MATLAB Programs 

Chapter Three: Adsorption and desorption model 

(1) TCE oxidation in aqueous phase with CMC-stabilized iron oxide nanoparticles: 

% [Iron oxide]=1.33 g/L 
function Aqueous(data,zdata,k) 
xdata = [0.270388155 0.250289146 0.2150186 0.085671083 0.004534603 3.81E-05]; % 
TCE concentration (mM) 
ydata = [0 3 8 17 24 48]; % Reaction time (h) 
zdata = [0 0 0 0 0 0]; 
data = [xdata;ydata]; 
k0 = [1e-10 1e-10]; 
[k,Resnorm]=lsqcurvefit(@myfun, k0, data, zdata) 
for t=0:48; 
    c=fsolve(@(c) k(1)*t+k(2)*log(c./0.27)-(0.27-c),1e-12); 
    fprintf('%s\t',c); 
    plot(t,c,'ko-'); 
    hold on; 
end 
xlabel('Reaction time (h)'); 
ylabel('TCE concentration (mM)'); 
title('TCE oxidation with CMC-stabilized iron oxide nanoparticles (1.33 g/L)') 
%------------------------------------------------- 
function F = myfun(k,data) 
x = data(1,:); 
y = data(2,:); 
F = k(1).*y+k(2)*log(x./0.27)-(0.27-x); 
 
% [Iron oxide]=0.67 g/L 
function Aqueous2(data,zdata,k) 
xdata = [0.27 0.252166089 0.231821421 0.13399678 0.068301921 0.000846259]; % 
TCE concentration (mM) 
ydata = [0 3 7 17.5 25 49]; % Reaction time (h) 
zdata = [0 0 0 0 0 0]; 
data = [xdata;ydata]; 
k0 = [1e-10 1e-10]; 
[k,Resnorm]=lsqcurvefit(@myfun, k0, data, zdata) 
for t=0:48; 
    c=fsolve(@(c) k(1)*t+k(2)*log(c./0.27)-(0.27-c),1e-12); 
    fprintf('%s\t',c); 
    plot(t,c,'ko-'); 
    hold on; 
end 
xlabel('Reaction time (h)'); 
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ylabel('TCE concentration (mM)'); 
title('TCE oxidation with CMC-stabilized iron oxide nanoparticles (0.67 g/L)') 
%----------------------------------------------- 
function F = myfun(k,data) 
x = data(1,:); 
y = data(2,:); 
F = k(1).*y+k(2)*log(x./0.27)-(0.27-x); 
 
(2) TCE oxidation with membrane supported iron oxide nanoparticles: 

function MEM(data,zdata,k) 
xdata = [0.27 0.223721959 0.16103824 0.08627023 0.06819707]; % TCE concentration 
(mM) 
ydata = [0 12 24 33 48]; % Reaction time (h) 
zdata=[0.02 0.05 0.05 0.02 0.02];% TCE adsorbed in membranes 
data=[xdata;ydata]; 
k0=[1e-10 1e-10]; 
[k,Resnorm]=lsqcurvefit(@myfun, k0, data, zdata) 
for t=0:48; 
    c=fsolve(@(c) k(1)*t+k(2)*log(c./0.27)-(0.27-c),1e-12); 
    fprintf('%s\t',c); 
    plot(t,c,'ko-'); 
    hold on; 
end 
xlabel('Reaction time (h)'); 
ylabel('TCE concentration (mM)'); 
title('TCE oxidation with membrane supported iron oxide nanoparticles ([Fe]=0.88 g/L as 
iron oxide)') 
%--------------------------------------------- 
function F = myfun(k,data) 
x=data(1,:); 
y=data(2,:); 
F = k(1).*y+k(2)*log(x./0.27)-(0.27-x); 
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