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Abstract 

Zero Valent Iron (ZVI) systems are used to treat chlorinated phenols (CPs) contaminated 

waters. In these systems CPs removal occurs by different pathways with a complex 

dependence on many variables. This research studied pentachlorophenol (PCP) removal 

by ZVI and Ni/Fe bimetals to decipher some of the complex dependencies and resolve 

contradictions reported in the literature. The influence of key variables was studied; 

including the mineralogy of the iron oxides on the ZVI surface, methods of preparing 

Ni/Fe bimetallics, dissolved oxygen (DO), and the presence of nitrate. PCP removal was 

also compared with that of lower CPs including tetra-, tri- and di-chlorinated phenols. 

Batch and column experiments were performed. Gas chromatography was used to analyse 

the solution phase CPs and Raman spectroscopy was used to identify the oxides on the 

ZVI surface. 

At least two different theories have been promoted about the fundamental CP removal 

processes in ZVI based systems; CP dechlorination and CP incorporation with the oxides 

which includes sorption, co-precipitation and/or physical entrapment. This thesis provides 

insights that both incorporation and dechlorination can be dominant depending on the 

system characteristics. For example, CPs with higher degree of chlorination tended to 

exhibit greater dechlorination while CPs with lower degree of chlorination showed 

greater incorporation with the oxides. Nitrate competed with PCP for electrons, led to the 

formation of lepidocrocite, hematite, goethite within the first 24 hours of reaction and 

significantly decreased the PCP dechlorination using ZVI and bimetallic system of ZVI 

mixed with Ni (Nis/Fe). When nitrate was present, PCP removal occurred mainly due to 

incorporation with the oxides and only partial PCP dechlorination transpired. Further, the 

DO competed with PCP for electrons and led to the formation of maghemite, hematite, 

lepidocrocite, which resulted in significantly lower PCP dechlorination by ZVI or Ni 

coated ZVI (Nic/Fe) bimetallic system. 

In preparing the Nic/Fe, immersing ZVI that had coatings of wustite/magnetite or only 

magnetite in a NiSO4/H2SO4 solution resulted in Ni
0 

depositing, as discrete Ni particles or 

a thin film, respectively. The deposited Ni
0 

particles led to enhanced PCP dechlorination, 

while, the thin film led to decreased PCP dechlorination compared to the unmodified 

ZVI. The Nis/Fe bimetal, prepared with ZVI consisted of only magnetite, resulted in a 

significant increase in PCP dechlorination compared to the Nic/Fe and ZVI systems. The 

Nis/Fe bimetal achieved complete dechlorination of PCP and 2,3,4,6-tetrachlorophenol as 

well as their lower CPs daughter products with phenol and/or cyclohexanol being the 

final product(s). 
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Chapter 1. Introduction 

 

1 

 

Chapter 1. Introduction 

 

1.1. Introduction 

Chlorinated phenols (CPs) are industrial chemicals that have been widely used in 

pesticides, herbicides, disinfectants, biocides and wood preservatives (Arcand et al., 1995, 

Czaplicka 2004, 2005). However, despite their wide application, due to their 

environmental persistence, low biodegradability, and potential health hazard CPs are also 

listed among the priority toxic pollutants by the US EPA under the Clean Water Act 

(Keith and Telliard 1979, Pera-Titus et al., 2004, USEPA 2011b, c). This chapter presents 

an overview of chlorinated phenol usage and their potential hazardous effects on humans 

and environment along with an assessment of available technologies for chlorinated 

phenols removal from contaminated water. While the main focus of this study is on the 

use of Zero Valent Iron (ZVI) and its modifications for reductive dechlorination of CPs, 

this chapter evaluates the application of ZVI for CP degradation and the processes and 

mechanisms by which these transformations occur along with the enhancement in CP 

degradation using bimetallic systems. In addition, the effect of iron oxide formation and 

the presence of co-contaminants in solution on CP degradations are discussed. Finally, 

substantial gaps in knowledge related to CP degradation using ZVI and bimetals are 

summarised and the specific objectives of this research are presented. Parts of this chapter 

have been published in Gunawardana et al., (2011). 

1.2. Use of Chlorinated Phenols and Their Potential Hazardous Effects 

The group of CPs comprise 19 different chlorinated phenolic compounds, which includes 

pentachlorophenol (PCP), 3 tetrachlorophenols (TeCP), 6 trichlorophenols (TCP), 6 

dichlorophenols (DCP) and 3 monochlorophenols (MCP) (ATSDR 1999) (Figure 1.1). 

CPs are industrially produced by direct chlorination of phenol with chlorine gas, by 

hydrolysis and/or hydrodechlorination of highly chlorinated phenols, or by chlorination of 

less chlorinated phenols in the presence of aluminum or iron trichloride (Kim and 

Carraway 2003, Pera-Titus et al., 2004). CPs are also by-products of industrial processing 

such as the bleaching of pulp using chlorine or chlorine dioxide (Patel and Suresh 2008b) 
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and during the production of higher chlorinated phenols (ATSDR 1999). PCP and TeCPs 

have been commonly used as plant protecting chemicals (Czaplicka 2004). Besides the 

use as wood preservatives, MCPs have also been used as antiseptics (Czaplicka 2004). 

CPs have been detected in groundwater, surface water, wastewater, air and soils as a 

result of improper disposal, leaching from landfills, and incineration of chlorinated wastes 

(ATSDR 1999). 

 

 

Figure 1.1 Schematic of chlorophenols. 
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The toxicity of CPs increases with the increased degree of chlorination and diminishes 

with the increased degree of dissociation of the CP molecules (Czaplicka 2004, Pera-

Titus et al., 2004). As a result, at low pH, where the non-dissociated form of CP is 

dominant, CPs have greater toxicity. While PCP is identified as the most toxic 

chlorophenol (Tanjore and Viraraghavan 1994), many CPs have environmental concerns 

due to their acute toxicity and their resistance to degradation (Arcand et al., 1995, Keane 

2005). In addition to PCP, which has a maximum contaminant level in drinking water of 

1 ppb, 2,4,6-TCP and 2,4-DCP are also included in the US EPA list of Drinking water 

contaminants (USEPA 2011a). Many CPs have been identified by the International 

Agency for Research on Cancer as possible carcinogens (ATSDR 1999) and some of the 

studies involving an exposure to PCP via inhalation and dermal contact have shown the 

development of specific cancers such as non-Hodgkin‟s lymphoma, multiple myeloma, 

soft tissue sarcoma, and liver cancer (USEPA 2010). A case study of PCP exposed 

sawmill workers in New Zealand reported neuropsychological effects and respiratory 

diseases in some cases (McLean et al., 2009). PCP has been identified as being acutely 

toxic to aquatic microorganisms and fish (Tanjore and Viraraghavan 1994). Even though 

the implementation of legislative controls and discharge standards in several countries has 

curtailed the emission of CPs from commercial applications, CPs continue to be identified 

as common contaminants in surface and ground water bodies worldwide (Wightman and 

Fein 1999). 

The environmental prevalence of CPs is attributed to their recalcitrance resulting from the 

carbon-halogen bond, which can be cleaved with great difficulty, and the stability of 

aromatic structure. Some of the environmentally significant physical-chemical properties 

of CPs are presented in Table 1.1 (Olaniran and Igbinosa 2011, Shiu et al., 1994). There 

is an inverse relationship between the solubility of CPs and the degree of chlorination; 

CPs with higher degree of chlorination has a lower solubility in water (Table 1.1) (Shiu et 

al., 1994). The acidity of CPs increases with increased degree of chlorination on the 

phenol ring (Table 1.1) (Olaniran and Igbinosa 2011). The octanol-water partition 

coefficients of CPs demonstrate a similar behaviour to acidity where an increase in degree 

of chlorination on the phenol ring leads to an increase in the octanol-water partition 

coefficient (Table 1.1). The lower aqueous solubility and higher octanol-water partition 

coefficient of higher chlorinated phenols indicates their tendency to accumulate in the soil 

and sediments in the water environments (Olaniran and Igbinosa 2011).   
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Table 1.1 Selected physical-chemical properties of chlorophenols at 25
0
C. 

‡
 Compound pKa 

*Solubility in 

water (mg/L) 
log Kow 

Pentachlorophenol 4.60-5.25 14 5.05 

2,3,5,6-Tetrachlorophenol 5.03-5.48 100 4.90 

2,3,4,6-Tetrachlorophenol 5.22-5.62 183 4.45 

2,3,4,5-Tetrachlorophenol 5.30-6.96 166 4.80 

3,4,5-Trichlorophenol 6.57-7.74 NA 4.30 

2,4,6-Trichlorophenol 5.97-7.42 434 3.69 

2,4,5-Trichlorophenol 6.70-7.43 948 3.72 

2,3,6-Trichlorophenol 5.80-7.13 450 3.80 

2,3,5-Trichlorophenol 6.43-7.37 500 3.69 

2,3,4-Trichlorophenol 6.50-7.66 500 3.80 

3,5-Dichlorophenol 6.92 7394 3.20 

3,4-Dichlorophenol 7.39 9256 3.37 

2,6-Dichlorophenol 6.80 2652 2.66 

2,5-Dichlorophenol 6.45 NA 3.20 

2,4-Dichlorophenol 7.68 4500 3.20 

2,3-Dichlorophenol 6.44 8215 3.15 

4-Chlorophenol 9.18 27000 2.40 

3-Chlorophenol 8.85 22000 2.50 

2-Chlorophenol 8.49 20000 2.17 

Phenol  9.89 88360 1.46 

Kow: Octanol–water partition coefficient; pKa: dissociation constant; NA: Not available. 

*The pH values related to the solubility of CPs are not listed in the respective literature.  

‡
The selected physical-chemical properties of chlorophenols at 25

0
C compiled from Olaniran and 

Igbinosa (2011) and Shiu et al., (1994). 
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1.3. Available Technologies for Removal of Chlorinated Phenols from 

Contaminated Water 

Several methods have been developed for treating CP-contaminated media. These include 

sonication, ozonation (Anotai et al., 2007, Dai et al., 2006, Tamer et al., 2006), 

electrochemical treatment (Dabo et al., 2000, Patel and Suresh 2008b), advanced 

chemical oxidation by Fenton reagent (De et al., 2006, Pera-Titus et al., 2004), advanced 

oxidation (Pera-Titus et al., 2004), bioremediation (Singh et al., 2008, Tamer et al., 2006, 

Van Nooten et al., 2008, Yang and Lee 2008), phytodegradation (Headley et al., 2008), 

reductive dechlorination by zero valent metals (Cheng et al., 2010, Choi et al., 2008a, 

Choi and Kim 2009, Kim and Carraway 2003, 2000, Marshall et al., 2002, Morales et al., 

2002, Patel and Suresh 2008a), and sorption by materials such as almond shell residues 

(Estevinho et al., 2006), coal fly ash (Estevinho et al., 2007) and biosorbents (Deng et al., 

2008, Mathialagan and Viraraghavan 2009). Furthermore, combinations of treatments 

have also been used to enhance CP degradation. Examples of such an approach include 

nanoscale zero valent iron coupled with microwave energy (Jou 2008), ultrasound (Zhang 

et al., 2006) or organobentonite (Li et al., 2011), biodegradation following chemical 

oxidation pretreatment (Lee and Carberry 1992), sequencing chemically reactive media 

(palladium coated iron) with biological reactive media (sand seeded with anaerobic 

bacteria) (Choi et al., 2007), and simultaneous anaerobic-aerobic biodegradation 

(Armenante et al., 1999, Chen et al., 2005). 

Field scale implementation of some of the above-mentioned technologies is fraught with 

difficulties. For example, bioremediation techniques can require long residence times for 

microorganisms to degrade the contaminants due to the toxic effects of CPs on 

microorganisms. Ozonation treatment leads to the accumulation of less chlorinated 

compounds during CP treatment. If the chemical oxidants are applied to achieve complete 

removal of the targeted CP, then the application of chemical oxidation strategies incur 

high material and operational costs. Treatment of CPs using advanced oxidation processes 

has limited applications and is only suitable for treating waters containing low 

concentrations (relative to the target contaminant) of other radical scavenging organic or 

inorganic material (Glaze et al., 1992). The use of nano ZVI in real applications is 

hindered by the rapid agglomeration of nano particles to micro scale particles and then 

larger aggregates in water and the propensity of nano ZVI particles to interact with the 
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subsurface media (Lim and Zhu 2009). These processes may affect the mobility and 

reactivity of the nano particles, limiting their capacity to dechlorinate the contaminants. 

1.4. Use of Zero Valent Metals Process 

Of the various treatment approaches, treatment of CP contaminated groundwater using 

Zero Valent Metals (ZVMs) is particularly attractive for its low cost coupled with high 

efficiency and passive mode of treatment. Accordingly, CP degradation by various 

ZVMs, including iron, zinc, magnesium, and aluminum has been previously investigated 

(Bokare and Choi 2009, Choi and Kim 2009, Kim and Carraway 2003, 2000, Marshall et 

al., 2002, Morales et al., 2002). CP degradation is dependent on the choice of the metal(s) 

(Boronina et al., 1995). Table 1.2 lists standard electrode reduction potentials relative to 

the standard hydrogen electrode of various metals in aqueous solution at 25
0
C (Arning 

and Minteer 2007, Speight 2005). 

 

Table 1.2 Selected Standard Electrode Reduction Potential values relative to the standard 

hydrogen electrode in aqueous solution at 25
0
C. 

Metal Half Reaction 

‡
Standard Electrode 

Potential (E
0
) V 

Fe Fe    2e   Fe -2   -0.440 

Ni Ni    2e   Ni -2   -0.257 

Si O2H  Si    4e   4H  SiO 2

-

2    -0.909 

Al Al    3e   Al -3   -1.676 

Zn   Zn  2e   Zn -2   -0.763 

Mg Mg    2e   Mg -2   -2.356 

Pd Pd    2e   Pd -2   0.915 

Pt Pt    2e   Pt -2   1.188 

Cu Cu    2e   Cu -2   0.340 

‡
 The standard Electrode Reduction Potential values compiled from Arning and Minteer (2007) 

and Speight (2005).  
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Dechlorination of CPs is a reduction reaction involving the gain of electrons and this 

reaction is coupled with the oxidation of the ZVM.  Therefore, metals with a greater 

negative reduction potential (i.e. a more positive oxidation potential) have a higher 

potential ability for degrading chlorinated contaminants in water. However, the use of 

some metals with a large negative reduction potential can be constrained by concerns 

over the environmental impact of the metal or the loss in surface reactivity due to the 

formation of oxides acting as passivation layers. For example, despite the high reduction 

potential of Zero Valent Zinc (ZVZn) (-0.763 V) (Table 1.2), its use has been less than 

Zero Valent Iron (ZVI) because of the concern over water contamination by Zn
2+

 ions and 

the decrease in ZVZn reactivity by passivation due to rapid formation of zinc oxide layers 

upon reaction with oxygen (Zhang et al., 1998). Also, the use of Zero Valent Aluminum 

(ZVAl) for oxidative degradation of CPs is limited to acidic conditions due to the 

insolubility of aluminum oxide layers in the 4 to 9 pH range. Furthermore, concerns over 

Al
3+

 ion toxicity to aquatic systems and humans limit the application of ZVAl for CP 

treatment. In addition, when ZVMs are used in aqueous media, a balance between metal 

reactivity with contaminant and with water needs to be maintained. For example, Sn and 

Zn are preferable to Mg for treating chlorocarbons, such as CCl4, as their reactivity with 

water is lower, but they maintain sufficient reactivity with the contaminant; the high rate 

of Mg oxidation by water limits its reactivity with the contaminant (Boronina et al., 

1995).  

Among the different ZVMs, ZVI stands out for its relatively high reactivity with 

halogenated compounds, low material installation and operation cost and low 

environmental impact (Choi et al., 2008a, Gillham and Ohannesin 1994, Kim and 

Carraway 2000). Accordingly, ZVI is commonly used as a reactive media in permeable 

reactive barriers (PRBs) (Gavaskar 1999, Henderson and Demond 2007, 

Thiruvenkatachari et al., 2008), a cost-effective passive treatment approach often used for 

in-situ remediation of contaminated soil and groundwater (Choi et al., 2007), and has 

been shown to treat chlorinated aliphatics (Gillham and Ohannesin 1994), including 

chlorinated methane (Matheson and Tratnyek 1994), higher alkanes and alkenes (Johnson 

et al., 1996). A PRB system consists of a subsurface zone (water permeable treatment 

wall), which is filled with a reactive material and allows the contaminated plume to 

intercept through the reactive medium. PRBs can be installed as permanent or semi-

permanent units across the contaminant plume. As groundwater moves passively 
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(following the natural gradient) through the in-situ treatment zone, contaminants are 

removed through physical, chemical and/or biological processes and subsequently 

degraded into potentially non-toxic products (USEPA 1998). The application of a PRB is 

a cost effective passive treatment approach as it is an in-situ treatment system with 

contaminant plumes flowing through under the natural groundwater gradient and 

eliminates the need of pumping the contaminated groundwater for treatment (Scherer et 

al., 2000); for the most part, PRB operation does not depend on input of external energy 

and labour (Gavaskar 1999).  

The following sections review the literature and highlight the main features of reductive 

degradation of CPs by ZVI. Special consideration is given to CP removal mechanisms, 

characteristics and role of iron oxides in CP degradation, and the effect of environmental 

parameters and matrix characteristics. In addition modifications to improve the efficacy 

of ZVI are described with an emphasis on the use of bimetallic systems in which ZVI is 

combined with catalytic metals such as palladium (Pd) or nickel (Ni) (Choi et al., 2008a, 

Jovanovic et al., 2004, Ko et al., 2007, Liu et al., 2001, Morales et al., 2002, Tong et al., 

2005, Wei et al., 2006, Zhou et al., 2010). 

1.5. Use of Zero Valent Iron for Reductive Dechlorination of 

Chlorophenols 

1.5.1. Processes and Mechanisms of Organic Contaminant Removal in Iron-

Water Systems 

In the most general terms the removal of dissolved contaminants in iron-water systems 

occurs by the following four mechanisms:  

1. Transformation: degradation of the contaminant and formation of intermediates 

2. Sorption: accumulation of the contaminant molecules by adsorption or complex 

formation without their degradation 

3. Precipitation: immobilization of the contaminant by formation of insoluble 

compounds 
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4. Co-precipitation: nonspecific removal of the contaminant via entrapment in the 

matrix of precipitating or recrystallizing iron oxides/hydroxides on the ZVI 

surface. 

These general reaction pathways for removal of dissolved contaminants (RX) in 

ZVI/water systems based on above mechanisms are listed in Table 1.3 (Noubactep 2008). 

Mechanisms of dechlorination, sorption and co-precipitation are discussed in sections 

1.5.1.1, 1.5.1.2 and 1.5.1.3, respectively but precipitation is ignored as the literature lists 

this mechanism primarily in relation to the removal of heavy metals. 

Furthermore, in this thesis, the mechanisms: sorption, co-precipitation and/or physical 

entrapment of CPs and/or their degradation products with the oxide layers are grouped 

and referred to as incorporation. 

 

Table 1.3 Summary of possible reaction pathways for aqueous phase contaminant (RX) removal 

in a ZVI/water system (Noubactep 2008). 

Mechanism  Reaction  Reversibility  

Precipitation 
)()( )(          snaq HORXOHnRX    Reversible  

Adsorption RXSRXS sitesorption          ) (  Reversible  

Co-

precipitation 

  (3x-y)   (3 )

y  n 
    ( )       RX  -   ( ) x y

x x yRX n Fe OH Fe OH       Irreversible  

Reduction by 

ZVI 
0 2

( ) 2   H O          aqFe RX RH Fe X OH         Irreversible 

Reduction by 

Fe
2+

(aq)  

  XOHFeRHRXFe aqaq  2       OH     2 )(
3

2)((aq)
2  Irreversible 

Reduction by 

Fe
2+

(s) 

2 3

(s) ( ) ( ) ( )       Re     aq s sFe RX d Fe     Irreversible 

Reduction by 

Fe
2+

(org) 

2 3

(org) ( ) ( ) ( )       Re    aq s orgFe RX d Fe     Irreversible 

Red - reduced form of chlorinated organic compound, FeOOH and Fex(OH)y
(3x-y)

 – iron 

(oxy)hydroxides   
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1.5.1.1. Dechlorination 

The chemical reduction of chlorinated organic compounds by ZVI in aqueous solution is 

a surface mediated reaction that results in direct reduction of the contaminant (Henderson 

and Demond 2007, Matheson and Tratnyek 1994, Weber 1996). Consequently, organic 

contaminant removal by ZVI requires direct contact between the contaminant and 

reactive sites on the ZVI surface. Several steps involved during the reaction of a 

chlorinated contaminant with ZVI (Su and Puls 1999) are schematically illustrated in 

Figure 1.2. 

The contaminant molecules first diffuse through the solution to the ZVI surface and are 

adsorbed on the surface (Figure 1.2A). Secondly, the electrons are transferred either 

directly and/or indirectly from ZVI to the contaminant molecules producing lower 

chlorinated compounds and various oxides on the surface as well as releasing chloride 

(Figure 1.2B). Lastly, some lower chlorinated products diffuse from the ZVI surface to 

the solution (Figure 1.2C). Based on measurements of large activation energy for the 

reaction, Deng et al., (1999) concluded that the reduction of vinyl chloride (VC) by ZVI 

in aqueous systems is controlled by chemical reaction at the iron surface, instead of VC 

diffusion to the bulk solution. CP dechlorination by ZVI generally follows first order 

kinetics relative to the aqueous CP concentration (Choi et al., 2008a, Dai et al., 2006, 

Kim and Carraway 2000). 
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Figure 1.2 Schematic of dechlorination of chlorinated organic compounds by ZVI. 

 

Equations 1.1 to 1.3  below represent mechanism of removal of a model chlorinated 

compound, RCl, via ZVI oxidation coupled with reductive dechlorination of the organic 

compound (Matheson and Tratnyek 1994). The anodic reaction of dissolution of ZVI is 

illustrated in equation 1.1, reductive dechlorination of the chlorinated compound by ZVI 

in the presence of proton donors (for example water) is presented in equation 1.2 and the 

net reductive dechlorination of the chlorinated compound by ZVI is given in equation 1.3. 
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When oxygen is present, cathodic reduction of oxygen occurs (equation 1.4) while ZVI is 

oxidised to Fe2+, with a rise in solution pH (equation 1.5). Furthermore, under weak 

acidic to near neutral conditions in oxygenated waters Fe2+ ions further oxidise to ferric 

hydroxide decreasing the solution pH (equation 1.6) (Xu et al., 2005). In addition, water 

can act as the oxidant (equation 1.7) and under anoxic conditions ZVI corrosion results in 

hydrogen production and increase in solution pH (equation 1.8) (Matheson and Tratnyek 

1994). Furthermore, under anoxic conditions and at ambient temperatures, 

thermodynamically unstable Fe(OH)2 converts to magnetite (equation 1.9) and promotes 

the hydrogen gas formation (Odziemkowski et al., 1998, Reardon 2005). The presence of 

ZVI has shown to catalyse the transformation of Fe(OH)2 to magnetite (Odziemkowski et 

al., 1998). 

                                                                          
 

                                                             
 

                                                      
 

                                                                         
 

                                                               
 

                                                                 
 

 

Reactions 1.5, 1.7 and 1.8 lead to an increase in the solution pH while producing 

reductants (Fe
2+

 and H2) that have a potential to enhance dechlorination. However, 

dechlorination by dissolved Fe
2+

 occurs slowly and can be further decreased by ligands 

present in solution by formation of complexes with Fe
2+

 ions (Doong and Wu 1992). In 

the absence of a catalyst, H2 is not an effective reductant of RCl (Matheson and Tratnyek 

1994) and H2 build-up on metal surface can inhibit ZVI corrosion, thereby slowing the 
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dechlorination reaction (Matheson and Tratnyek 1994). A review of the literature relating 

to reduction of chlorinated hydrocarbons by iron materials indicates that direct electron 

transfer as well as an indirect mechanism involving atomic hydrogen may participate in 

dechlorination (Li and Farrell 2002, Wang and Farrell 2003). The rate of dechlorination 

of chlorinated organic compounds by ZVI has been reported to decrease with a lowering 

in the degree of chlorination (Gillham and Ohannesin 1994, Matheson and Tratnyek 

1994); the more chlorinated CPs are expected to dechlorinate faster (Kim 1999, Kim and 

Carraway 2003). 

Chloride ions released during dechlorination can adsorb on the iron oxide films and 

penetrate through the pores/defects present on the oxides. This can cause dispersion of the 

oxide films, thereby, increasing their permeability and enhancing the movement of ions 

across the oxide films. Chloride is an essential element for the initiation of pitting 

corrosion (Kim et al., 2007). Enhanced degradation rates of chlorinated compounds by 

ZVI can be due to enhanced metal dissolution and electron transfer due to pitting 

corrosion (Kim et al., 2007). Furthermore, the chemistry of ZVI surface during 

dechlorination reaction may be similar to the classical crevice corrosion of steel in the 

presence of chloride ions (Fontana and Greene 1978). The oxidation of iron provides 

electrons that reduce dissolved oxygen to hydroxide ions. In addition, dissolved oxygen 

depletion in crevices leads to an increase in the concentration of metal cations in the small 

crevices, which attract and increase the diffusion of negatively charged chloride ions from 

bulk solution into the crevices. This process leads to an increase in the rate of metal 

dissolution (Jones 1996). On the other hand, during this process formation of insoluble 

metal hydroxides can lead to coating of the exterior surface of ZVI, reducing the rate of 

metal dissolution (Gotpagar et al., 1999). 

1.5.1.2. Sorption  

In addition to dechlorination, dissolved CPs can be removed from solution via sorption to 

ZVI-related surfaces (Choi et al., 2008b, Kim and Carraway 2000). Possible sorbents for 

the sorption of CPs in ZVI/H2O systems include, (1) the ZVI surface itself (Burris et al., 

1998, Choi et al., 2008b, Kim and Carraway 2000), (2) iron oxides films on the ZVI 

surface (Bandara et al., 2001, Burris et al., 1998, Choi et al., 2008b, Kung and McBride 

1991) and (3) the graphite carbon that can be present on the ZVI surface (Burris et al., 

1998, Dries et al., 2004, Lin and Lo 2005, Sinha and Bose 2008).  
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Researchers have proposed the presence of reactive and non-reactive sites on the ZVI 

surface (Bi et al., 2010, Burris et al., 1998, Burris et al., 1995, Deng et al., 2003, Gotpagar 

et al., 1999). Reactive sites represent locations on the ZVI surface where contaminat 

molecules come into contact thereby allowing for degrading the solute by breaking the 

bonds in the reactant (Burris et al., 1998, Burris et al., 1995, Deng et al., 2003). Following 

the literature on corrosion of metals, Gotpagar et al., (1999) hypothesised that 

defects/abnormalities present on iron surface contribute to the reactive sites. On the other 

hand, the non-reactive sites are assumed to be largely responsible for adsorption of 

contaminant molecules onto the ZVI (Deng et al., 2003), without causing chemical 

degradation (Burris et al., 1995). Previous research suggested that embedded graphite 

nodules and/or flakes coluld act as the non-reactive sorption sites on the ZVI surface 

(Burris et al., 1998). Based on the available literature on modelling of trichloroethylene 

(TCE) sorption to reactive and non-reactive sites and degradation only by reactive sites, 

the reactive sites were estimated as only 2% of the total concentration of available sites 

on the ZVI surface (Deng et al., 2003), while Bi et al., (2010) estimated that only about 

2% of the TCE sorption occurred onto the reactive sites. To complicate matters, when 

iron is in contact with water, formation of oxide films on the ZVI surface may lead to 

blocking of reactive and non-reactive sites (Noubactep 2008). This oxide film formation 

can continue to sustain or impede (only when the reactive sites are blocked) the transport 

and degradation of the organic contaminants by ZVI (Section 1.6). 

Halogenated hydrocarbons usually sorb on to oxides via hydrophobic bonding instead of 

complex formation with the reactive sites on the oxide surfaces (Brown et al., 1998). 

Hydrophobic bonding occurs when structural changes of water transpire near the 

chlorinated molecule and the oxide surface when chlorinated molecules and oxide 

surfaces are in close proximity (Brown et al., 1998). Some studies have reported that TCE 

and tetrachloroethylene (PCE) sorption occurred primarily to the graphite present on the 

ZVI surface (Burris et al., 1995, Dries et al., 2004). Chlorinated hydrocarbons, which are 

more hydrophobic, were found to be more susceptible to sorption onto non-reactive sites, 

irrespective of their reactivity to ZVMs (Burris et al., 1995, Dries et al., 2004). 

Furthermore, in multi-compound systems of chlorinated hydrocarbons (e.g. TCE and 

PCE), competition for hydrophobic sorption sites by the compounds present had a 

detrimental effect on the compound with a lower affinity to the ZVI or oxide surfaces 

(Dries et al., 2004). 
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Chlorophenols are a group of hydrophobic chlorinated organic compounds containing 

ionizable functional group(s). Unlike non-ionic, non-polar hydrocarbons, ionizable 

organic molecules and ions can sorb relatively strongly on to iron oxide surfaces because 

of interactions of functional groups with the reactive sites on the iron oxide surfaces 

(Brown et al., 1998). Consequently, when dealing with the sorption of CPs, mechanisms 

other than the hydrophobic sorption must be considered. Such other mechanisms can 

include, individually and/or in combination, electrostatic attraction, ion exchange, ligand 

exchange, and formation of ion pairs or ion complexes (Bandara et al., 2001, Brown et 

al., 1998, Daqing et al., 2006, Kone et al., 2011, Shimizu et al., 1992). The sorption of 

CPs onto iron oxides is reported to occur via the phenolate group (Bandara et al., 2001, 

Kung and McBride 1991). 

Kone (2011) reported that PCP sorption occurred mainly due to the surface adsorption 

with the green rusts. On the other hand, Daqing et al. (2006) studied the pH dependence 

of PCP adsorption onto goethite, lepidocrocite and hematite, and reported that both 

electrostatic attraction and surface complexation are involved when PCP is adsorbed onto 

iron oxides. Another study on bonding of CPs onto iron oxides reported both 

chemisorption (inner-sphere complexation) and physical adsorption (H-bonding) as the 

sorption mechanisms (Kung and McBride 1991). In addition, sorption of CPs is 

influenced by the degree of their dissociation (Kung and McBride 1991) so that the 

solution pH and CPs‟ pKa affect the CPs sorption onto oxides on the ZVI surface (Daqing 

et al., 2006, Kung and McBride 1991). Furthermore, CPs with lower pKa values have a 

low solubility in water (Table 1.1) and showed greater tendency to sorb onto iron oxides 

(Kung and McBride 1991). 

The iron oxide mineral surface hydroxyl (>FeOH) undergoes protonation (>FeOH2
+
) or 

deprotonation (>FeO
-
) with the change in solution pH as detailed in the following 

equations (equation 1.10 and equation 1.11, respectively) (Daqing et al., 2006): 

                       
                                           

>                                                                     
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As the solution pH changes from acidic to neutral or basic, the molecular form PCP 

(PCP
0
) get ionized to the anion form PCP (PCP

-
). The surface electrostatic adsorption 

reaction may take place between the PCP
-
 and the protonation form of surface hydroxyl 

(>FeOH2
+
) on iron oxide surfaces as follows (equation 1.12) (Daqing et al., 2006): 

>      
                                                       

In addition, the surface complexation reactions may take place as illustrated in the 

following equations (equation 1.13 and equation 1.14) (Daqing et al., 2006): 

a. Hydrogen bond may be formed between the phenoxy oxygen atoms of PCP
-
 

(C6Cl5O
-
) and the hydrogen atoms of >FeOH (equation 1.13): 

>              
                                      

b. Hydrogen bond may be formed between the oxygen atoms of deprotonated 

hydroxyl FeO
-
 and the phenoxy hydrogen atoms of neutral molecular PCP 

(equation 1.14): 

>                                                    

Due to the relatively stronger sorption mechanisms discussed above, PCP could 

demonstrate stronger sorption and/or retention to ZVI or oxide surfaces compared to other 

organic compounds (e.g. TCE, PCE) that are remediated using ZVI based treatment 

systems. Sorption of PCP to ZVI can be a significant removal mechanism with some 

studies reporting the removal of over 50% of the initial PCP mass via this process (Kim 

and Carraway 2000); anion exchange to iron mineral surfaces has been suggested as the 

main sorption mechanism in the ZVI/water/PCP systems (Kim and Carraway 2000). In 

some cases, the sorption of CP molecules onto the graphite inclusions on the ZVI surface 

can be sufficiently strong to prevent the diffusion of sorbed CP molecules back to the 

solution thus attenuating the CP degradation process (Sinha and Bose 2008). 

Nonetheless, sorption could likely be a transient process for PCP removal in PRBs. The 

sorption capacity of ZVI material used in the PRBs could be limited and therefore, may 

deteriorate over time due to the formation of various oxides. Furthermore, the sorption 

capacity of ZVI material may decline due to the competitive sorption of PCP and/or its 

lower chlorinated phenol degradation products and other co-contaminants present in the 
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contaminated plume. Therefore, since leaching of PCP and/or degradation products may 

occur from PRBs post ZVI surface passivation, careful consideration should be given to 

the sorption process during the design of PRBs for PCP removal.    

1.5.1.3. Co-precipitation 

Co-precipitation refers to contaminant entrapment in the iron oxides/hydroxides 

precipitating or recrystallizing on the ZVI surface. Some studies suggested that co-

precipitation of contaminants during iron corrosion could be a fundamental mechanism of 

dissolved contaminant removal by ZVI (Noubactep 2009, 2008, 2010a, b, 2007). At pHs 

of 4 to 9 ZVI corrosion results in oxide film formation on its surface (Noubactep 2008). 

At lower pH values, the oxide films are relatively porous, unstable and detachable. At 

higher pH (e.g. pH > 5.6) the iron hydroxide precipitates are more likely to passivate the 

ZVI surface (Zhou et al., 2010). At neutral pH various iron oxides (green rusts, 

hydroxides and oxyhydroxides) can precipitate, potentially entrapping dissolved organic 

compounds on the ZVI surface. Earlier studies reported that oxide films are inhibitory to 

contaminant removal process (Matheson and Tratnyek 1994, Weber 1996). A review on 

the oxides formation and their role on contaminant removal in ZVI/H2O system is 

presented in Section 1.6. In addition, some studies demonstrated that co-precipitation 

process can lead to the oxide films acting as contaminant scavengers (Noubactep 2008, 

2007, Noubactep and Schöner 2010). Therefore, the review on co-precipitation concept 

provide evidence that contaminant removal may not necessarily be limited to surface 

mediated processes (Noubactep 2007).  

1.5.2. Types of ZVI Used in Previous Research  

The ZVI particles of many sizes have been used over the past decade to effectively 

dechlorinate chlorinated organic compounds (Arnold and Roberts 2000, Chen et al., 2001, 

Cho and Park 2005, Geiger Cherie et al., 2009, Kim and Carraway 2000, Schlicker et al., 

2000). Research has also concentrated on enhancing the degradation using smaller sized 

ZVI with several studies conducted using microscale ZVI (Choi et al., 2007, Choi et al., 

2008a, Kim 1999, Kim and Carraway 2000, Marshall et al., 2002, Morales et al., 2002) 

and recently using nanoscale ZVI (Cheng et al., 2007, Cheng et al., 2010, Lien and Zhang 

2001, McDowall 2005, Noubactep and Caré 2010). A summary of the literature on 

different types of ZVI used is presented in Table 1.4. 



Chapter 1. Introduction 

 

18 

 

 

S
iz

e/
p
u
ri

ty
 

S
o
u
rc

e 
C

o
n
ta

m
in

an
t 

tr
ea

te
d
 

E
x
p
er

im
en

t 
R

ef
er

en
ce

 

Z
V

I:
 1

0
0

 m
es

h
 a

n
d

 s
m

al
le

r 
E

le
ct

ro
ly

ti
c 

F
is

h
er

 S
ci

en
ti

fi
c 

P
C

P
 

B
at

ch
 

K
im

 a
n
d

 C
ar

ra
w

ay
 (

2
0

0
0

) 

Z
V

I:
 <

 1
0

0
 m

es
h
, 

(>
 9

9
%

),
 E

le
ct

ro
ly

ti
c 

F
is

h
er

 (
F

ai
r 

L
aw

n
, 

N
J)

 
P

C
P

, 
2
,4

,6
-T

C
P

, 
2
,6

-D
C

P
, 

4
-C

P
 

B
at

ch
 

M
o

ra
le

s 
et

 a
l.

 (
2

0
0

2
) 

Z
V

I:
 1

0
0

 m
es

h
 

T
ia

n
ji

n
 K

er
m

el
 C

h
em

ic
al

 R
ea

g
en

t 

D
ev

el
o

p
m

en
t 

C
en

te
r,

 C
h
in

a 
P

C
P

 
B

at
ch

  
H

o
u
 e

t 
al

. 
(2

0
0

9
) 

Z
V

I:
 <

 1
0

0
 m

es
h
 (

9
8

%
) 

E
le

ct
ro

ly
ti

c 
K

an
to

 C
h
em

ic
al

 C
o

m
p

an
y
, 

Ja
p

an
 

2
,4

,6
-T

C
P

, 
2
,4

-D
C

P
, 

2
,6

-D
C

P
, 

2
-

C
P

, 
4

-C
P

 
B

at
ch

 
K

o
 e

t 
al

. 
(2

0
0

7
) 

Z
V

I:
 1

0
0

, 
3

0
0
 m

es
h
 (

re
ag

en
t)

 

Z
V

I:
 c

o
m

m
er

ci
al

 r
ed

u
ct

iv
e 

p
o

w
d

er
  

(>
9

8
%

, 
re

ag
en

t)
 

B
ei

ji
n
g
 W

o
ta

i 
T

ec
h
. 

L
td

. 

T
ia

n
ji

n
 J

in
k
e 

F
in

e 
C

h
em

ic
al

 I
n
d

u
st

ry
 

R
es

ea
rc

h
 I

n
st

it
u
te

 

4
-C

P
 

B
at

ch
 

C
h
en

g
 e

t 
al

. 
(2

0
0

7
) 

Z
V

I:
 4

0
, 

1
0

0
, 
3

2
5
 m

es
h
 (

9
9

.5
%

) 
 

A
ld

ri
ch

 C
h
em

ic
al

 C
o

. 
P

C
P

 
B

at
ch

 
M

ar
sh

al
l 

et
 a

l.
 (

2
0

0
2

) 

Z
V

I:
 >

2
0

0
 m

es
h
 (

re
ag

en
t)

  
A

ld
ri

ch
 

M
C

P
s 

B
at

ch
 

L
iu

 e
t 

al
. 

(2
0

0
1

) 

Z
V

I:
 <

 1
0

0
 m

es
h

 

E
le

ct
ro

ly
ti

c 
F

is
h
er

 S
ci

en
ti

fi
c 

(F
ai

r 
L

aw
n

, 
N

J)
 

2
,4

,6
-T

C
P

 
B

at
ch

  
C

h
o

i 
et

 a
l.

 (
2

0
0

8
a)

 

Z
V

I:
 3

2
5

−
4

0
0

 m
es

h
 (

>
9

9
%

) 
B

ei
ji

n
g
 

X
in

g
ro

n
g

y
u

an
 T

ec
h

n
o

lo
g

y 
C

o
.,

 L
td

. 
4

-C
P

 
B

at
ch

 
X

u
 e

t 
al

. 
(2

0
1

2
) 

Z
V

I:
 r

ed
u
ce

d
 p

o
w

d
er

 (
9

9
%

) 
 

Z
V

I:
 1

0
 t

o
 4

0
 m

es
h
 (

9
9

.9
%

) 
 

R
ie

d
el

-d
eH

ae
n

 

A
ld

ri
ch

 
T

C
E

 
B

at
ch

 a
n
d

 

C
o

lu
m

n
  

C
h
en

g
 a

n
d

 W
u
 (

2
0

0
0

) 

Z
V

I:
 4

0
 m

es
h
  

F
is

h
er

 
T

C
E

 
B

at
ch

 
B

u
rr

is
 e

t 
al

. 
(1

9
9
5

) 

Z
V

I:
 0

.4
2

 m
m

 t
o

 1
 m

m
, 

1
 m

m
 t

o
 4

.8
 m

m
 

P
ee

rl
es

s 
M

et
al

 P
o

w
d

er
s 

an
d

 

A
b

ra
si

v
es

 

T
C

E
, 

 c
is

- 
an

d
 t

ra
n
s-

d
ic

h
lo

ro
et

h
yl

en
e 

C
o

lu
m

n
 

M
ac

k
en

zi
e 

et
 a

l.
 (

1
9

9
9
) 

Z
V

I:
 4

0
 m

es
h

 

+
8

 t
o

 5
0
 m

es
h

 

+
2

 t
o

 8
 m

es
h
  

M
as

te
r 

B
u
il

d
er

 

P
ee

rl
es

s 
M

et
al

s 

C
er

co
n
a 

T
C

E
 a

n
d

 U
ra

n
iu

m
 

C
o

lu
m

n
 

 
R

o
h
 e

t 
al

. 
(2

0
0

0
) 

Z
V

I:
 g

ra
n

u
la

r 
p

ar
ti

cl
es

 
C

o
n

n
el

ly
 G

P
M

 (
C

h
ic

ag
o

) 
T

C
E

 
C

o
lu

m
n
  

R
it

te
r 

et
 a

l.
 (

2
0

0
2

) 

Z
V

I:
 n

an
o

p
ar

ti
cl

es
, 

<
1

0
0

 n
m

 
S

y
n
th

es
is

ed
 i

n
-s

it
u

 
P

C
P

 
B

at
ch

 
C

h
en

g
 e

t 
al

. 
(2

0
1

0
) 

Z
V

I:
 n

an
o

p
ar

ti
cl

es
, 

1
0

-1
0

0
 n

m
 

S
y
n
th

es
is

ed
 i

n
-s

it
u

 
4

-C
P

 
B

at
ch

  
C

h
en

g
 e

t 
al

. 
(2

0
0

7
) 

Z
V

I:
 n

an
o

p
ar

ti
cl

es
, 

1
0

-1
0

0
 n

m
 

S
y
n
th

es
is

ed
 i

n
-s

it
u

 
C

h
lo

ri
n
at

ed
 e

th
en

es
 

B
at

ch
  

L
ie

n
 a

n
d

 Z
h
an

g
 (

2
0

0
1

) 

Table 1.4 Summary of different types of ZVI used in previous research. 
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Use of smaller size particles results in larger surface area and potentially increased 

chemical reactivity (Noubactep and Caré 2010) as electronic properties of micro- and 

nano-scale particles can differ from larger particles. The physical and chemical properties 

of micro to nano sized iron particles are influenced by atoms located on the iron surface 

instead of atoms located deeper in the bulk iron material, resulting  in more active 

particles (Geiger Cherie et al., 2009). In addition, nanoparticles, in contrast to micro scale 

particles, offer a higher density of reactive sites due to their larger specific surface area 

(Cheng et al., 2007). The degradation rate of chlorinated contaminants can be expected to 

increase for larger ratios of iron surface area to solution volume (Chen et al., 2001, 

Gillham and Ohannesin 1994). 

1.6. Iron Oxide Films 

1.6.1. Formation and Characteristics of the Iron Oxide Films 

The development of iron oxide films starts naturally when ZVI comes into contact with 

air and/or water. Likewise, when groundwater flows through a reactive barrier filled with 

ZVI or bimetal, iron corrosion and other chemical reactions can lead to formation of 

different iron oxide films on the ZVI surface (Noubactep 2007). In general, oxides 

formation on the ZVI surface can include magnetite, green rust (chloride and sulfate), 

lepidocrocite, goethite, maghemite, akaganeite, wustite and ferrihydrite (Blowes et al., 

2000, Cheng et al., 2010, Erbs et al., 1998, Farrell et al., 2000a, Furukawa et al., 2002, Gu 

et al., 1999, Kamolpornwijit et al., 2004, Kohn et al., 2005, Odziemkowski et al., 1998, 

Phillips et al., 2010, Ritter et al., 2003, Roh et al., 2000, Scherer et al., 1999). The type 

and characteristics of the iron oxide films formed depend on environmental conditions 

such as water chemistry, solution pH, and availability of dissolved oxygen. As an 

example, in a ZVI/water system maintained at near neutral pH, oxides such as magnetite 

and hematite, hydroxides such as ferrous and ferric hydroxide, and oxyhydroxides such as 

goethite and green rusts are formed (Noubactep 2008). Properties of the oxide films such 

as their electronic conductivity and porosity can influence the iron corrosion in natural 

waters (Noubactep 2010c) and the formation of some oxides can enhance or decrease the 

reactivity of iron surface (Odziemkowski et al., 1998). The formation of oxides can also 

lower the porosity of the reactive medium in PRBs; considering the pH range of 4 to 9 in 

natural waters, oxides formed under low pH are relatively porous (i.e., unstable and 

removable) compared to the more stable and protective oxides formed at higher pHs 
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(Noubactep and Schöner 2010). Table 1.5 provides a summary of selected characteristics 

of some of the oxides (Balasubramaniam et al., 2003, Cornell and Schwertmann 2003, 

Hernandez 2002).  

 

Table 1.5 Selected characteristics of iron oxides. 

Species Formula Symmetry Density (g/cm
3
) EBG(eV) 

Magnetite Fe3O4 Cubic 5.18 0.11 

Hematite α-Fe2O3 Rhombohedral 5.26 2.20 

Maghemite γ-Fe2O3 Cubic 4.69 2.03 

Goethite α-FeOOH Orthorhombic 4.28 2.10 

Akaganeite β-FeOOH Tetragonal 3.55 2.12 

Lepidocrocite γ-FeOOH Orthorhombic 4.09 2.06 

Bernalite Fe(OH)3 Orthorhombic 3.35  

Wustite FeO Cubic  5.67 2.30 

Feroxyhyte  δ-FeOOH Hexagonal   1.94 

Ferrihydrite  Hexagonal    

Symmetry compiled from Cornell and Schwertmann (2003); EBG (energy necessary to excite an 

electron from the valence band to the conduction band) from Cornell and Schwertmann (2003) 

and Hernandez (2002); Density values from Balasubramaniam et al., (2003). 

 

1.6.2. Role of the Iron Oxide Films 

As discussed in Section 1.5.1.2, iron oxides can sorb dissolved organic compounds. 

Halogenated hydrocarbons usually sorb on to oxides via hydrophobic bonding instead of 

complex formation with the reactive sites on the oxide surfaces (Brown et al., 1998). On 

the other hand, chlorinated organic molecules containing other functional groups, such as 

CPs, can strongly sorb via interactions between the reactive sites on oxides and the 

functional groups (Brown et al., 1998). Such interactions depend on the affinity of the 

contaminant molecules to sorption sites, shape and polarity of the molecule, and the 

location of functional group (Brown et al., 1998). Furthermore, dissolved organics can 

also be removed from solution via co-precipitation, a process in which contaminants 

initially adsorb onto fresh iron oxides, but are later entrapped within the oxide as it 

matures (Noubactep 2008) (Section 1.5.1.3). In addition, formation of iron oxides and 
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their characteristics can affect the effectiveness of the catalytic metal deposited on the 

ZVI surface when using bimetallic systems (Section 1.9.4). 

The iron oxide films perform different roles during chlorinated contaminant degradation 

(Hansen et al., 1996, Helland et al., 1995, Henderson and Demond 2007, Johnson et al., 

1998, Odziemkowski et al., 1998, Ritter et al., 2002, Ritter et al., 2003, Roh et al., 2000, 

Scherer et al., 1999). Oxide precipitates can passivate the iron surface by creating a 

barrier between the contaminant molecules and the ZVI surface, thereby hindering the 

electron transfer process and suppressing dechlorination reaction (Scherer et al., 1999). 

Passivation of iron surfaces occurs via the formation of oxides/oxyhydroxides such as 

hematite, maghemite, lepidocrocite and goethite (Liu et al., 2006, Ritter et al., 2002, 

Ritter et al., 2003). The passivating oxide films are multi-layered nanocrytalline 

microstructures, typically consisting of an inner magnetite layer and an outer maghemite 

or hematite layer (Davenport et al., 2000, Farrell et al., 2000a, Ritter et al., 2002, Scherer 

et al., 1999). On the other hand, some iron oxides can act as semiconductive films by 

contributing electrons from their conduction band to the dechlorination reaction 

promoting contaminant reduction (Scherer et al., 1999). Oxides such as magnetite and 

green rust allow electron transfer and facilitate the dechlorination reaction (Liu et al., 

2006, Odziemkowski et al., 1998, Ritter et al., 2002, Ritter et al., 2003). However, green 

rusts are unstable compared to most other iron oxides and will transform over time to 

more stable oxides such as goethite, lepidocrocite, maghemite or magnetite depending on 

the solution pH, rate of oxidation and dehydroxylation (Benali et al., 2001, Cornell and 

Schwertmann 2003, Farrell et al., 2000b, Myneni et al., 1997). Similarly, while magnetite 

is electrically conductive, its formation can lead to ZVI passivation if it hinders Fe
2+

 

release to bulk solution (Farrell et al., 2000a). Conversely, precipitation of the passivating 

iron oxides can in some cases (e.g., when it occurs on non-reactive sites of the ZVI 

surface) result in little or no decrease in reactivity of ZVI (Deng et al., 2003). In addition 

to the commonly accepted mechanisms for dechlorination of organic compounds - direct 

electron transfer from ZVI or indirect electron transfer through the oxide layer, iron 

oxides can act as coordinating surfaces to reduce contaminants using electrons 

contributed by surface bound Fe
2+

 or by surface reactive sites of Fe
2+

 ions formed in 

oxide films (structural Fe
2+

) due to the release of electrons (Danielsen and Hayes 2004, 

Scherer et al., 1999). 
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In recent years, the effect of specific oxides on reactivity with chlorinated organic 

compounds has been investigated using pure iron oxides (Amonette et al., 2000, 

Danielsen and Hayes 2004, Gorski et al., 2009, Gorski and Scherer 2009, Vikesland et al., 

2007, Xue et al., 2009). Magnetite degradation of PCP showed the reduction to be 

controlled by surface reaction mechanisms such as sorption and reduction (Xue et al., 

2009) and that reactivity decreased with an increase in the particle size of magnetite 

(Vikesland et al., 2007). The rate of carbon tetrachloride dechlorination by magnetite 

increased as the solution pH was increased from 6 to 10 (Danielsen and Hayes 2004). The 

degree of magnetite oxidation (ratio of structural Fe
2+

/Fe
3+

) affected the reactivity of 

magnetite with nitrobenzene; more reduced magnetite (Fe
2+

/Fe
3+

 = 0.5) showed greater 

reactivity (Gorski et al., 2009, Gorski and Scherer 2009). 

1.7. Challenges to Implementation of ZVI Technology 

Challenges to use of ZVI as a reactive medium for treatment of CP contaminated water 

include: 

1. lack of interaction of ZVI with the dense non-aqueous phase liquids (DNAPLs) 

thus limiting the degradation of contaminants in the DNAPL zone (Geiger Cherie 

et al., 2009); 

2. lower reactivity of ZVI towards degradation of CPs with lower degree of 

chlorination (Kim 1999, Liu et al., 2001); 

3. changes in the iron surface morphology over time (Gotpagar et al., 1999); 

4. surface passivation from saturation of reactive sites with metal oxides or other  

species depending on the solution composition (Kim et al., 2007); 

5. precipitation of metal hydroxides (e.g., Fe(OH)2 and Fe(OH)3) and metal 

carbonates (e.g., FeCO3) on the iron surface (Chen et al., 2001, Kim 1999); 

6. formation and accumulation of less chlorinated by-products (Kim et al., 2007); 

7. higher sorption of contaminants to non-reactive sites and the impeding of 

electron transfer by oxide layers (Gotpagar et al., 1999); 

8. hydrogen gas accumulation on the iron surface (Matheson and Tratnyek 1994); 

and 
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9. inhibition or delay in degradation of chlorinated contaminants due to the 

competition of co-contaminants present in the ZVI/H2O system (Ritter et al., 

2003, Schlicker et al., 2000).   

The ZVI surface is more hydrophilic whereas the contaminants in the DNAPL zone are 

more hydrophobic. Therefore, the interaction between ZVI and DNAPLs is lacking 

(Geiger Cherie et al., 2009). Due to this reason, ZVI is effective at treating contaminants 

dissolved in water but unable in degrading contaminants when DNAPLs are present 

(Geiger Cherie et al., 2009, USEPA 1998). Further, the degradation of chlorinated 

aromatic compounds and compounds with lower degree of chlorination by ZVI occurs at 

slower rates (Kim 1999, Liu et al., 2001). In addition, the rate of contaminant reduction is 

found to be highly influenced by ZVI surface characteristics such as morphology, 

presence of impurities, specific surface area and crystallinity (Su and Puls 1999). The 

above listed limitations (3 to 8) lead to a decrease in ZVI surface reactivity over time. 

Low rates of dechlorination by ZVI have also been partly attributed to excessive sorption 

of the contaminant molecules to non-reactive sites and the impeding of electron transfer 

by oxide layers (Gotpagar et al., 1999). However, the reactivity of ZVI surface can be 

sustained by oxides such as magnetite (Fe3O4) and green rust (Fe [II]/Fe [III] hydroxide), 

while the formation of goethite (α-FeOOH) and hematite (α-Fe2O3) decrease the 

reactivity (Farrell et al., 2000a, Huang et al., 2003, Satapanajaru et al., 2003). The 

formation and role of iron oxides in the CP removal was discussed in Section 1.6. 

Inhibition of  iron corrosion and reduction reaction can also result from hydrogen gas 

accumulation on the iron surface (Matheson and Tratnyek 1994). Also, the accumulation 

of chlorinated by-products due to low ZVI reactivity with lower chlorinated contaminants 

can give rise to toxicological concern. Lastly, competition of co-contaminants such as 

nitrate and chromate can decrease or inhibit the reduction of chlorinated compounds 

(Ritter et al., 2003, Schlicker et al., 2000) and these effects are described in Section 1.10.  
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1.8. Methods to Overcome the Limitations to Use of ZVI 

1.8.1. Acid Pretreatment 

Acid washing of ZVI prior to application has been found to be effective in increasing the 

reactivity of ZVI surface (Lin and Lo 2005, Matheson and Tratnyek 1994, Su and Puls 

1998). Acid washing procedures include: washing iron fillings with Argon-sparged 1N 

HCl, followed by washing the acid washed material with Ar-sparged water and drying at 

100
0
C  in a stream of nitrogen gas (Deng et al., 1999); agitation of iron particles with 1N 

H2SO4 solution and washing with deionised water to prevent any H2SO4 from remaining 

on the iron surface followed by freeze drying and sieved using a 120 mesh (Liu et al., 

2006). The benefit of acid pretreatment has been attributed to factors such as:  

1. dissolution of the non-reactive oxide layer on ZVI particles leaving the 

contaminant molecules a clean surface to get in contact; 

2. enhanced density of reactive surface area due to corrosion etchings and pits; and 

3. acceleration of the corrosion process by sorbed H
+
 and Cl

-
 ions that persist after 

pretreatment with HCl (Agrawal and Tratnyek 1996, Matheson and Tratnyek 

1994). 

Despite the beneficial effects of acid pretreatment, some studies revealed detrimental 

effects of acid pretreated ZVI. Such disadvantages include the loss of initial mass of ZVI 

(Matheson and Tratnyek 1994), acceleration of ZVI corrosion by sorbed H
+
 and Cl

-
 (Lin 

and Lo 2005), and increase in ZVI sorption capacity post acid pretreatment due to an 

increase in the carbon fraction on the iron surface (Lin and Lo 2005). These factors can 

cause high variability in observed reaction rates for different acid washing processes and 

may restrict its application to in-situ remediation of chlorinated contaminants.  

1.8.2. Use of Bimetals 

Bimetallic systems have been investigated as a means of overcoming the limitations of 

unmodified ZVI used to degrade chlorinated organics (Chaplin et al., 2012, Chen et al., 

2008, Choi et al., 2008a, Díaz et al., 2008, Kim and Carraway 2000, Ko et al., 2007, 

Morales et al., 2002, Patel and Suresh 2007, Shih et al., 2011, Wang et al., 2010, Wang et 

al., 2008, Zhang et al., 2006). These systems are a combination of two metals - a primary 
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metal and a secondary metal, selected based on their standard reduction potentials (Table 

1.2) so that the secondary metal is electropositive relative to the primary metal. In 

bimetallic systems the primary metal, such as ZVI, is known to serve as the electron 

donor while the secondary metal (palladium (Pd), platinum (Pt) or nickel (Ni)) acts as a 

catalyst (Zhang et al., 1998). During the reaction the secondary metal is not consumed, 

but increases the rate and efficiency of the reaction (Elliott and Zhang 2001, Li and 

Farrell 2000, Muftikian et al., 1995, Tong et al., 2005, Xu et al., 2012a, Zhang et al., 

1998).  

Several bimetallic combinations have been studied for their efficiency to degrade 

chlorinated organic compounds, including Pd/ZVI (Pd/Fe), Ni/ZVI (Ni/Fe), Copper/ZVI 

(Cu/Fe), Magnesium/Silver (Mg/Ag) and Magnesium/Palladium (Mg/Pd) (Geiger Cherie 

et al., 2009). Table 1.6 summarises degradation rate constants for selected chlorophenols 

by different metallic media. Factors affecting the dechlorination of CPs by ZVI or 

bimetals include the type, grain size, purity and surface area of ZVI/bimetal, temperature, 

mixing speed, experiment conditions (oxic/anoxic), catalyst loading used and the duration 

of the reaction (Table 1.6). Increasing the catalytic metal loading coated on the iron 

surface was seen to increase the dechlorination efficiency (Agarwal et al., 2007, Xu et al., 

2005, Zhang et al., 2006). This effect is attributed to the increased availability of the 

catalyst in which a higher catalytic metal load results in greater dispersion of the catalyst 

on the ZVI surface increasing the surface reactivity of ZVI (Agarwal et al., 2007, Liu et 

al., 2001). The application of bimetallic systems, various methods of bimetal preparation 

as well as processes and mechanisms involved in the CP degradation is discussed in 

Section 1.9. 
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Table 1.6 Summary of reaction rate constants obtained during chlorophenol degradation by 

metals and bimetals. 
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1.9. The Application of Bimetallic Systems for PCP Degradation 

1.9.1. Different Methods of Bimetallic Systems 

Bimetallic systems can be prepared following different methods including:  

1. physically mixing the primary metal and the catalyst based on predetermined 

weight ratios (Cheng et al., 2010, Cheng and Wu 2000, 2001, Marshall et al., 

2002, Schrick et al., 2002, Zhang et al., 1998); and 

2. reductive deposition of a catalytic metal on the primary reactive metal (Choi et al., 

2008a, Kim and Carraway 2000, McDowall 2005, Morales et al., 2002). The 

reductive sorption of the catalytic metal (Pd or Ni) on the iron surface is depicted 

in equation 1.15 (Xu et al., 2005) and equation 1.16 (Ko et al., 2007). 

 

                                                               

                                                                    

 

The simple bimetallic systems prepared by physically mixing the primary metal (for 

example ZVI) and the catalyst (Ni) have shown superior performance in dechlorination of 

various chlorinated compounds (Cheng et al., 2010, Cheng and Wu 2000, 2001, Marshall 

et al., 2002, Schrick et al., 2002). For example, a mix of nano-Ni and nano-ZVI led to 

greater PCP dechlorination than nano-ZVI particles alone (Cheng et al., 2010). However, 

some studies have reported that, physical mixing of two metals did not result in enhanced 

rate of degradation of TCE compared to ZVI alone (Zhang et al., 1998). Comparison of 

the reactivity of a physical mixture of nano-Ni and nano-ZVI with nano-ZVI alone and 

with Ni coated nano-ZVI resulted in the Ni coated nano-ZVI having the highest 

dechlorination activity for TCE (Schrick et al., 2002). On the other hand, Kim and 

Carraway (2000) observed that the bimetallic systems prepared by coating ZVI with Pd 

and Ni performed poorer at PCP dechlorination than unmodified iron, while another study 

showed that Pd and Ni coated ZVI bimetals lead to enhanced dechlorination of 2,4,6-TCP 

than unmodified ZVI (Choi et al., 2008a). 
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1.9.2. Processes and Mechanisms of Organic Contaminant Removal in 

Bimetallic Systems 

Several mechanisms have been proposed for the improved dechlorination rates which are 

sometimes observed for bimetallic systems. Figure 1.3 presents the various mechanisms 

of hydrodechlorination of CPs by bimetallic particles (Cheng et al., 1997, Choi and Kim 

2009). Figure 1.3A illustrates dechlorination through direct electron transfer from ZVI to 

the chlorinated molecule. A common hypothesis attributes the enhanced reactivity of 

bimetals to the formation of galvanic couples between ZVI and catalyst because of 

electron flow from ZVI to catalyst driven by the difference in their electrode potentials. In 

the case of bimetals of iron, ZVI acts as the anode while the catalyst acts as the cathode 

(Elliott and Zhang 2001, Jones 1996, Schrick et al., 2002, Wang and Zhang 1997, Xu and 

Zhang 2000, Zhang et al., 1998). Although a higher rate of ZVI corrosion would be 

expected in the presence of a catalyst, a weaker reductant with a positive reduction 

potential compared to ZVI, the oxidative dissolution of ZVI and Ni were found to be 

significantly lower in the Ni/Fe bimetal compared to individual metals (Schrick et al., 

2002); ZVI presence is reported to inhibit Ni corrosion (Schrick et al., 2002, Xu and 

Zhang 2000). 

Another hypothesis for the enhanced dechlorination by the bimetals is attributed to 

hydrogen adsorption on the catalyst surface. This hypothesis assumes that chlorinated 

organic molecules are adsorbed on the catalyst surface and that reduction of chlorinated 

organic compounds occurs on the surface of the catalytic metal but not at the interface of 

the catalyst and ZVI (Figure 1.3B) (Bransfield et al., 2006, Cheng et al., 1997, Cwiertny 

et al., 2007, Lin et al., 2004, Schrick et al., 2002). In a bimetallic system with ZVI and a 

catalyst (C), (ZVIC), atomic hydrogen adsorbed on the surface (Hads) could be a result of 

dissociative chemisorption of H2 produced by the reduction of water (equation 1.17) or 

produced as an intermediate to H2 (equation 1.18) (Cwiertny et al., 2007). When in 

contact with water, ZVI produces molecular hydrogen by anodic corrosion. This 

molecular hydrogen is dissociatively adsorbed onto the catalyst to form a metal hydride 

(M-H), and the metal hydride in turn dehalogenates the adsorbed target substrate; this 

process is known as hydrodechlorination (Patel and Suresh 2007). The reactions 

occurring in a bimetallic system containing Ni as catalyst can be represented by equation 

1.1 and equations 1.17 to 1.21 (Graham and Jovanovic 1999, Schrick et al., 2002, Tian et 
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al., 2009). H* denotes the formation of atomic hydrogen and its involvement during metal 

hydride formation. 

                                                                          

                                                         

               
  
                                                            

                                                                                       

                                                            

 

Figure 1.3 Mechanisms of hydrodechlorination of chlorophenols by bimetallic systems. 

Figure 1.3 (A) direct electron transfer from ZVI and chlorophenol dechlorination (B) hydrogenation 

of chlorophenol on the catalyst metal surface (C) sorption of chlorophenol onto ZVI surface and 

dechlorination at the catalyst/ZVI interface (Cheng et al., 1997, Choi and Kim 2009). 
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A three step process has been proposed for dechlorination within bimetallic systems 

(Wang et al., 2008). First, hydrogen is produced from ZVI corrosion in water, while the 

second step involves the transport and adsorption of chlorinated contaminant molecules 

on catalyst surfaces and formation of the complex via bonding between catalyst surface, 

chlorine and the contaminant molecule. The last step is dechlorination involving 

incorporation of hydrogen in the contaminant molecule and the release of chloride ions to 

solution. Another hypothesis paralleling the one above is that contaminant molecules 

adsorbed on the ZVI surface are dechlorinated at the catalyst/ZVI interface (Figure 1.3C) 

(Cheng et al., 1997). 

Furthermore, some studies have postulated that rather than the atomic hydrogen adsorbed 

on the reductant surface, the atomic hydrogen absorbed/intercalated within the lattice of 

the catalytic metal is the dominant reductant and is responsible for reductive 

dechlorination of the chlorinated compounds adsorbed on catalyst surface (Cheng et al., 

1997, Cwiertny et al., 2006, Cwiertny et al., 2007, Lien and Zhang 2001). The 

enhancement in reactivity of bimetallic particles is attributed to the adsorption of 

chlorinated contaminant as well as the generation and storage of reactive hydrogen 

molecules on the metal surface. Under this hypothesis the metal with the lower potential 

in the bimetal will preferentially dissolve, thereby releasing electrons (e.g., Zn dissolution 

will occur in the Pd/Zn pair), while the other metal with the relatively higher (positive) 

reduction potential will act as the catalyst (Gotpagar et al., 1999). A consensus on the 

most likely hypothesis for enhancement of dechlorination by bimetals is at present 

lacking; clear experimental studies examining the above hypotheses are limited and 

doping of ZVI with catalytic metals has not always resulted in enhancing the rate of 

degradation. For example, Kim and Carraway (2000) reported a lowering of PCP and 

1,1,1-Trichloroethane reduction rates when ZVI was coated with Pd, Pt, Ni or Cu; these 

experiments were carried out in batch reactors at 23C under oxic conditions and 

continuous mixing (100 rpm).  

The dechlorination of CPs by bimetallics follows first order kinetics (Choi et al., 2008a, 

Jovanovic et al., 2004, Ko et al., 2007, Liu et al., 2001, Wei et al., 2006, Zhou et al., 

2010) with the rate constant showing dependence on the degree of chlorination of the 

organic compound. A hypothesis to explain this behaviour is that the energy required to 

break the C-Cl bond differ for penta- tetra-, tri-, di-, and mono-chlorophenol. Some 

studies reported that in bimetallic systems, the rate and extent of degradation decreases 
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for higher degree of chlorination, i.e., the order for degradation rates is MCP > DCP > 

TCP > PCP (Hoke et al., 1992, Morales et al., 2002, Patel and Suresh 2007). The higher 

chlorinated compounds experience greater repulsion between electrons of the metal 

surface and the negatively charged chlorine of the chlorinated organic molecule, leading 

to greater sorption of the less chlorinated organics (Li and Farrell 2002). As a result in 

bimetallic systems, where indirect reduction through atomic hydrogen predominates, 

higher chlorinated compounds may undergo lower degradation rates compared to the less 

chlorinated compounds (Li and Farrell 2002). However, other studies illustrated the 

opposite trend, with less chlorinated compounds degrading at lower rates with bimetal 

systems compared to the higher chlorinated compounds (Muftikian et al., 1995, Patel and 

Suresh 2006). The use of Pd/Fe in batch reactors under oxic conditions resulted in a 

decline in dechlorination rate as the degree of chlorination in the compound decreased 

(from carbon tetrachloride to chloroform and dichloromethane) (Muftikian et al., 1995). 

Batch studies with Mg/Ag bimetal (oxic, 30C, mixing at 100 rpm) for dechlorination of 

CPs also demonstrated lower dechlorination rates for CPs with lower number of chlorine 

atoms (Patel and Suresh 2006). The review of literature presents evidence regarding the 

dependency of catalytic reactivity of bimetals and the dechlorination rate is based on the 

properties of chlorinated contaminants and the ZVI (Kim and Carraway 2000, Liu et al., 

2001). In addition, difference in molecular structures causes isomers of chlorophenols to 

show different dechlorination rates upon reacting with bimetals (Ko et al., 2007, Liu et 

al., 2001). Therefore, the only consistent conclusion from the published data is that the 

efficiency and rate of dechlorination of CPs by bimetallic systems are dependent on 

factors such as the type and characteristics of metal combinations used and characteristics 

of the target contaminant. 

1.9.3. Advantages of Using Bimetals 

Bimetals can efficiently catalyse dechlorination reactions, reduce the amount of toxic 

chlorinated by-products (Liu et al., 2001, Schrick et al., 2002, Xu et al., 2005) and 

thereby progress the dechlorination reactions to completion (Zhang et al., 1998). The 

dominant reaction for dechlorination of chlorinated compounds in bimetallic systems is 

through hydrogen reduction instead of the electron transfer process from ZVI at 

solid/liquid interface (Li and Farrell 2000, Liu et al., 2001, Xu et al., 2005, Zhang et al., 

1998). Furthermore, the addition of a catalytic metal renders stability to the iron particles 
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by lowering the oxidation of ZVI and formation of iron oxides on the surface (Gotpagar 

et al., 1999, Wang and Zhang 1997). While Fe/Pd particles did not undergo an observable 

colour change upon exposure to air, ZVI particles rapidly transformed from black to 

reddish-brown due to surface oxidation (Zhang et al., 1998). Similarly, ZVI particles lost 

their reactivity within a few days, while Pd/Fe particles activity was maintained over two 

weeks (Lien and Zhang 2001) and Pd doping eliminated the passivation of the Zn surface 

(Zhang et al., 1998). 

1.9.4. Limitations of Using Bimetals 

Bimetallic surfaces can lose their reactivity over time through, (1) disintegration of the 

catalyst due to ZVI dissolution, (2) formation of hydrogen gas layer on the bimetallic 

surface due to excessive hydrogen production in the system, (3) formation of iron oxides 

on the surface (Jovanovic et al., 2004) and (4) sorption of chlorinated organic compounds 

(Yuan and Keane 2003). During dechlorination, the formation of ferrous and ferric 

hydroxides on iron surfaces can passivate the bimetallic surface by hindering the transport 

of chlorinated molecules as well as blocking access to reactive sites on its surface (Chen 

et al., 2001). Additionally, the dechlorination rate can decrease over time due to the 

formation of nickel hydrates precipitates and oxides on the bimetal surfaces (Jovanovic et 

al., 2004, Schrick et al., 2002, Zhang et al., 2006). Some investigators argue that the iron 

oxide formation, occlusion of organic molecules and accumulation of hydrogen are 

temporary effects and these processes are reversible and can be suppressed by controlling 

the solution pH under anoxic conditions (Jovanovic et al., 2004, Yuan and Keane 2003). 

1.10. Effect of Environmental Parameters and Matrix Characteristics 

Investigating the influence of various environmental parameters and an understanding of 

the characteristics of the contaminated water are crucial in assessing the applicability of 

ZVI and bimetals to treat industrial effluents and/or CPs contaminated waters. Solution 

pH is a critical environmental parameter affecting the degradation of CPs. The solubility 

of CPs in water generally increases for higher pH (Arcand et al., 1995, Wightman and 

Fein 1999) and the solution pH affects the rate of iron corrosion and oxide formation. 

Under acidic conditions iron tends to dissolve, while under basic conditions iron oxides 

are more likely to form, causing surface passivation (Chen et al., 2001, Matheson and 

Tratnyek 1994). The dechlorination efficiency decreases with an increase in solution pH 
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from acidic to neutral and basic (Graham and Jovanovic 1999, Patel and Suresh 2007, 

2008a, Tian et al., 2009, Wei et al., 2006, Zhang et al., 2006). Moreover, at basic pH 

conditions, less atomic hydrogen or metal hydride participates in dechlorination reaction 

(Wang and Farrell 2003). Therefore, extremes of solution pH can influence the 

availability of reactive sites on ZVI and bimetals for dechlorination. 

Dissolved oxygen (DO) is another significant parameter affecting CP dechlorination by 

ZVI and bimetals. The presence of DO can hamper dechlorination by ZVI and bimetals as 

oxygen is the preferred electron acceptor under oxic conditions (Matheson and Tratnyek 

1994). In an oxic system, DO can compete with CPs for electrons produced by ZVI 

oxidation. Previous studies reported potential competition of DO with chlorinated 

hydrocarbons for the electrons in the ZVI/H2O system (Junyapoon 2005). Furthermore, 

the presence of DO can affect the formation and composition of oxide films formed on 

ZVI/bimetallic surfaces (Ritter et al., 2002). Under oxic conditions, dechlorination rates 

tend to be significantly lower compared to the dechlorination rates under anoxic 

conditions (Ghauch et al., 2010, Ghauch and Tuqan 2009, Graham and Jovanovic 1999, 

Helland et al., 1995). 

The composition of the contaminated groundwater can affect the efficiency of a ZVI or 

bimetallic system for treating CPs. Groundwater can contain several constituents that may 

potentially compete with CPs for electrons, such as natural organic matter (NOM) (Liu et 

al., 2008, Tsang et al., 2009) and dissolved inorganic anions such as nitrate, chromate, 

carbonate (Blowes et al., 2000, Mackenzie et al., 1999, Riley and Zachara 1992, Roh et 

al., 2000). Presence of dissolved co-contaminants can affect the ZVI corrosion and the 

interaction between CPs and ZVI/bimetals. Furthermore, behaviour of CPs, when present 

as an individual component, may differ from its behaviour when present in a multi-

component system. Anions such as nitrate and chromate can compete for electrons and 

ZVI reactive sites as well as increase/decrease the sorption capacity and decrease the 

reactivity of the ZVI/bimetallic surfaces due to formation of passive iron oxides on the 

surface (D'Andrea et al., 2005, Devlin and Allin 2005, Ritter et al., 2003, Schlicker et al., 

2000). The presence of co-contaminants affects the reactivity of the iron oxides (Johnson 

et al., 1998, Xue et al., 2009). Different species present in the matrix (e.g. anions, ligands, 

other organic compounds) compete for adsorbing on the reactive sites available on the 

oxide surfaces (Xue et al., 2009) and strong adsorption of such co-contaminants could 

inhibit the dechlorination of the target compounds (Johnson et al., 1998). 
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1.11. Summary and Knowledge Gaps 

Chlorophenols (CPs) are a group of industrially important chemicals. However, due to 

their unique characteristics (for example aromatic stability, hydrophobic nature, toxicity 

to humans and ecosystems as well as environmental persistence) treating CPs post use has 

been and remains a challenge. The use of ZVI is an emerging passive in-situ remediation 

method for treating dissolved CPs. The removal of CPs from solution by ZVI occurs 

through multiple mechanisms: dechlorination and/or incorporation (sorption, co-

precipitation and/or physical entrapment with the oxides). However, some processes (e.g., 

surface passivation) have limited the long term reactivity of ZVI. Iron based bimetallics 

offer an attractive approach for overcoming these limitations. Bimetals prepared by 

physically mixing ZVI and catalyst or depositing the catalyst on ZVI surface can enhance 

the rate and efficiency of CP dechlorination and decrease the accumulation of less 

chlorinated intermediate compounds. Nonetheless, lack of ability of bimetals to improve 

CP dechlorination compared to unamended ZVI has also been reported. Iron oxides can 

play various beneficial/detrimental roles. For example, oxide films can passivate the iron 

surface, act as a semiconductor or as coordinating surfaces. Depending on their distinct 

characteristics, oxide films can enhance or decrease the reactivity of iron surface and 

affect the efficiency of the catalyst and porosity of the reactive medium. In addition, 

solution pH and dissolved oxygen are critical parameters that affect dissolved CP 

degradation by ZVI and bimetals. Furthermore, when co-contaminants with different 

physicochemical properties are present in the solution, they interact with processes at 

reactive and sorption sites on ZVI/bimetallic surfaces. Such interactions impose 

competitive effects and affect the rate of CPs degradation by ZVI or bimetals. 

Although a variety of literature is available on CP degradation by ZVI and bimetals, it is 

difficult to compare the results from different studies due to factors such as variations in 

the type of ZVI and catalyst utilised, catalyst loading, characteristics of the CPs subjected 

to consideration and variations in the experimental methods/conditions applied. 

Consequently, a more detailed study was required to validate the suitability of ZVI and 

iron based bimetals for CP degradation. One such approach was to investigate the 

performance of ZVI and bimetals by using the same batch of ZVI or bimetallic particles 

and examine the dechlorination of various CPs and the nature of degradation products. 

Further, detailed studies on incorporation of CPs onto ZVI and bimetals were essential to 

broaden the understanding regarding the reaction mechanisms occurring in ZVI and 
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bimetallic systems. Additionally, systematic studies were required to investigate the effect 

of dissolved oxygen and co-contaminants on PCP dechlorination by ZVI and bimetals 

since none of the previous studies examined the effect of these factors. Nitrate was 

chosen as the model co-contaminant in this research. Choosing nitrate as the model co-

contaminant was based on several reasons. Nitrate is a strong oxidant and could compete 

with water and PCP for electrons and preferential reduction by ZVI and bimetals as well 

as affect the solution pH and iron oxides phases formed during the reaction. In addition, 

nitrate has been identified as a common groundwater contaminant, especially in New 

Zealand (Ministry for the Environment 2009). About 7% of groundwater monitoring sites 

in New Zealand have reported nitrate concentrations greater than the maximum 

acceptable level in drinking water (11.3 mg/L nitrate-nitrogen), probably as a result of 

agricultural and human activities, such as the leaching of fertiliser and stock effluent. 

Therefore, it is possible that the contaminated plume contains nitrate together with CPs. 

Nonetheless, uncertainty remains regarding the role of competing nitrate on PCP 

dechlorination using ZVI and iron-based bimetals as well as on the reactivity of ZVI.  

Moreover, in the light of ongoing discussion on dechlorination of CPs by ZVI and iron-

based bimetals, more detailed and comprehensive studies were imperative to identify and 

quantify various iron oxides present on the metal surfaces and their formation, 

characteristics and their potential role on PCP dechlorination and incorporation by ZVI 

and bimetals. Additionally, application of a mechanistic model comprising CPs sorption 

and desorption to ZVI non-reactive sites along with dechlorination reaction was 

indispensable in order to assess the magnitude of these mechanisms on dechlorination 

process.  
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1.12. Research Questions and Objectives  

Questions not sufficiently addressed by previous research: 

1. Which mechanism(s) (dechlorination, sorption, co-precipitation and/or physical 

entrapment with the iron oxides) is/are responsible for PCP removal from a 

solution when using ZVI based systems? What influences these PCP removal 

mechanism(s)? Why do different ZVI behave differently during PCP and other 

CPs dechlorination? What ZVI properties affect PCP dechlorination? Why does 

the ZVI reactivity deteriorate over time? Is acid pretreatment of value; if so, can 

the benefit prolong ZVI reactivity? What is the influence of iron oxides in the 

degradation of CPs by ZVI and bimetals? Is it possible to quantify these oxides? 

Which iron oxides are responsible for ZVI reactivity or passivation? 

2. Do factors such as coating the ZVI surface with a catalyst or use of a catalyst as 

separate particles lead to a difference in PCP dechlorination efficiency? What is 

the role of a catalyst: does it control the ZVI corrosion, electron transfer and/or 

hydrogen gas formation? Does the catalyst amount affect the rate of the 

dechlorination reaction? 

3. What effect(s) do dissolved oxygen and nitrate have on PCP dechlorination using 

ZVI and bimetallic systems? Does nitrate and dissolved oxygen compete with 

PCP for electrons and will this competition affect the solution pH, thereby, 

influencing the formation of oxides and indirectly affecting ZVI and bimetal 

reactivity and PCP incorporation and/or dechlorination processes? Do nitrate 

and/or dissolved oxygen affect hydrogen gas production during ZVI corrosion? 

 

Objectives 

The overall aim of this thesis was to study the dechlorination of PCP using ZVI and iron 

based bimetallic media and to understand the reasons behind dissimilarities in 

performance observed by various ZVI and bimetallic systems as well as various 

processes/mechanisms [i.e. dechlorination, incorporation (sorption, co-precipitation  

and/or  physical entrapment with the iron oxides)], that are responsible for PCP removal 

from a solution when using ZVI based systems with or without dissolved oxygen and a 
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co-contaminant (nitrate). Electrolytic iron powder was used to explore various aspects 

(ZVI properties/characteristics, effect of acid pretreatment, influence of iron oxides) 

related to dechlorination and incorporation of PCP as well as three lower CPs. Different 

bimetallic systems were also tested for their applicability and efficiency in PCP and lower 

CPs dechlorination. The performance of ZVI and bimetals were examined under oxic and 

anoxic conditions to understand the effect of dissolved oxygen on PCP dechlorination. 

Furthermore, PCP dechlorination was studied using ZVI and bimetal in the presence of 

nitrate to study the influence of a strong electron acceptor on PCP dechlorination and 

incorporation, hydrogen gas formation, solution pH, and oxides formation.  

 

The specific objectives of this research were:  

1. Performance evaluation of ZVI in PCP dechlorination and mechanistic modelling 

of chlorphenol sorption and desoprtion to ZVI non-reactive sites. 

2. Examination of PCP dechlorination by modified ZVI and assessment of the ability 

of a catalyst to enhance PCP dechlorination using ZVI by alleviating surface 

passivation and promoting ZVI corrosion and hydrogen gas formation. 

3. Identification and quantification of oxides on the ZVI and bimetallic surfaces 

before and after exposure to PCP to assess the relationship between the oxides and 

the reactivity of ZVI and bimetals. 

4. Assessment of the influence of dissolved oxygen and the presence of nitrate on 

PCP dechlorination and incorporation processes. 

5. Comparison of dechlorination and incorporation of PCP with that of three lower 

chlorinated phenols (2,3,4,6-TeCP, 2,4,6-TCP, 2,4-DCP) using ZVI and bimetals. 

6. Evaluation of ZVI and bimetal applicability for PCP dechlorination using column 

reactors under anoxic non-agitated continuous inflow to study the effects of non-

mixing, coninuous inflow of PCP and nitrate, oxides formation and hydrogen gas 

accumulation on PCP dechlorination. 
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1.13. Approach  

Chapter 1 provided a detailed summary of the literature available on the use of 

chlorophenols, their potential hazardous effects, available treatment methods for 

degrading chlorophenols and highlighted the importance of use of ZVI for dechlorination 

of chlorophenols as well as methods and mechanisms involved with using ZVI systems. 

The details pertaining to iron oxides, formation, characteristics and their role in CP 

degradation, were also discussed. The limitations to use of ZVI and methods to overcome 

these limitations, including acid pretreatment and use of bimetals, were clarified with the 

particular emphasis on application of bimetallic systems on CP degradation. The effects 

of environmental parameters and matrix characteristics were also discussed. 

Chapter 2 depicts the materials and methods utilised in this project. Specifically, the 

methods used to prepare the modified ZVI particles (acid pretreated ZVI and bimetals) 

and the experimental approach for batch experiments is described. The techniques used 

for solid-phase characterisation of ZVI and bimetal particles, acid modified chemical 

extraction procedure of iron/water mix prior to sample analysis as well as various 

analytical methods followed for sample analysis are also presented. 

Chapter 3 presents the findings of batch experiments completed under anoxic conditions 

using ZVI and bimetals with a focus on two main objectives: (1) investigating the 

influence of surface oxides present on the ZVI surface and oxides formed during the acid 

washing and dechlorination process and (2) effect of bimetal preparation procedure, on 

PCP dechlorination. The reason(s) as to the potential advantage(s) or disadvantage of acid 

washing of ZVI to the dechlorination of PCP is also explored. The effects of coating Ni 

on the ZVI surface and physically mixing Ni with ZVI (bimetallic systems) are studied 

and the performance of respective bimetallic systems on PCP dechlorination is discussed 

in detail. Formation of oxides, hydrogen gas development and change in solution pH is 

discussed in relation to the effect on PCP dechlorination with ZVI and bimetals. A 

conceptual model is proposed for optimisation of the PCP dechlorination reaction rate and 

the sorption/desorption rates to the ZVI non-reactive sites. The results from the proposed 

model are also described. The proposed model results account for the potential influence 

of oxides and bimetals on optimising PCP dechlorination and sorption/desorption rates to 

ZVI non-reactive sites. 
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Chapter 4 discusses the degradation of four CPs (PCP, 2,3,4,6-TeCP, 2,4,6-TCP, 2,4-

DCP) using four treatments (unwashed ZVI, acid washed ZVI, nickel coated ZVI bimetal 

and bimetal system with physical mixture of ZVI and Ni). The findings of batch 

experiments under anoxic conditions on the dechlorination and incorporation of the four 

CPs, hydrogen gas formation, change in solution pH and formation of iron oxides with 

the respective CPs and four treatments are detailed. The benefits of using a bimetal 

system with physical mixture of ZVI and Ni for complete/enhanced dechlorination of CPs 

are highlighted. The rates of CP dechlorination reaction and sorption/desorption rates to 

non-reactive sites of ZVI are optimised based on the mechanistic model (Chapter 3) and 

the model results are compared among the four CPs with the respective treatments. 

Chapter 5 discusses the effect of dissolved oxygen presence on PCP dechlorination by 

ZVI and nickel coated ZVI bimetallic system using batch experiments under oxic and 

anoxic conditions. The influence of dissolved oxygen on the formation of oxides as well 

as the potential impact of formed oxides on PCP dechlorination and incorporation with 

the oxides when using ZVI and bimetal is also discussed. A mechanistic model (as 

explained in Chapter 3) is used to estimate the rate of PCP dechlorination reaction as well 

as sorption/desorption to ZVI non-reactive sites and the model results are compared in the 

presence and absence of dissolved oxygen.   

Chapter 6 focuses on the influence of nitrate on ZVI and bimetal reactivity on PCP 

dechlorination using batch experiments under anoxic conditions. The PCP dechlorination 

using ZVI and a bimetal system (physical mixture of ZVI with Ni) and/or incorporation 

of PCP and degradation products with the iron oxides in the presence and absence of 

nitrate are assessed and the findings are discussed. The nitrate reduction by ZVI and 

bimetal system in the presence and absence of PCP is also investigated and the results are 

described. Further, the effect of nitrate on formation of hydrogen gas as well as iron 

oxides is presented. The rates of PCP dechlorination and sorption/desorption to ZVI non-

reactive sites are estimated based on the mechanistic model presented in Chapter 3 and 

the model results of ZVI and bimetal systems are compared in the presence and absence 

of nitrate.    

 

 



Chapter 1. Introduction 

 

41 

 

Chapter 7 describes the column experiment procedure along with the findings of the 

column studies on PCP degradation by ZVI and bimetals under a continuous anoxic 

inflow containing PCP. The influence of nitrate, when co-existed with PCP in the 

solution, on PCP degradation is also studied using identical experiment conditions and 

column reactors with ZVI and bimetals and the results are presented. Additionally, the 

fate of nitrate in the combined presence of PCP is also investigated and discussed. 

Formation of oxides and hydrogen gas is assessed in the presence of PCP with and 

without nitrate. The impact of oxides and hydrogen gas accumulation on PCP degradation 

as well as the effect of nitrate on oxides and hydrogen gas formation is elaborated. 

Finally, the results of the column studies were compared with the batch experiment 

outcomes of Chapter 6 and the possible reasons for the inconsistencies are presented.  

Chapter 8 summarises the main findings and contributions of this thesis and presents the 

areas of concern for future research. 
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Chapter 2. Materials and Methods 

 

This chapter provides in detail the preparation of testing solids and solutions as well as 

liquid and solid-phase analysis methods used for both the batch and column experiments. 

However, only the methodology pertaining to batch experiments is presented in this 

chapter. Section 2.1 describes the materials and test solutions used, section 2.2 discusses 

the procedures followed to prepare the modified Zero Valent Iron (ZVI), section 2.3 

provides details pertaining to the methodology used for the batch experiments, section 2.4 

depicts the methods adopted for solid-phase characterisation, section 2.5 presents the 

chemical extraction procedure of the samples for CPs analysis and finally section 2.6 

provides details on the analytical methods implemented during this study.  

Methodology for the column experiments is presented in Chapter 7. 

2.1. Materials and Test Solutions 

The ZVI used was electrolytic iron powder with particle size 100 mesh (150 µm) and 

smaller. Mid-way through the study, the initial supplier, Thermo Fisher Scientific 

(ACROS), New Zealand (ZVI-T), was unable to continue to supply the ZVI material. As 

a result, the ZVI was then purchased from North American Höganäs, USA (ZVI-H). 

Analytical grade ethyl acetate, acetone, sulfuric acid (H2SO4, 98%) and hydrochloric acid 

(HCl, 37%) were purchased from Ajax Finechem, New Zealand. Sigma-Aldrich, New 

Zealand supplied the nickel powder (Nis) (<150 µm, 99.99%), PCP powder (ACS grade, 

98%), 2,3,4,6 Tetrachlorophenol (2,3,4,6-TeCP, Supelco, 98%), 2,4,6 Trichlorophenol 

(2,4,6-TCP, Aldrich, 98%), 2,4 Dichlorophenol (2,4-DCP, Aldrich, 99%), cyclohexanol 

(ReagentPlus
®
, 99%), cyclohexanone (ACS reagent, ≥99.0%), standard solutions of PCP, 

phenol and chlorophenol isomers in methanol, standard solutions for atomic absorption 

spectrophotometer (AAS) (1000 mg/L Fe in nitric acid and 1000 mg/L Ni in nitric acid, 

TraceCERT
®
), Nickel sulphate (NiSO4.6H2O, >98%), Sodium bromide (NaBr, 99%), 

Sodium nitrate (NaNO3, 99%), Sodium nitrite (NaNO2, 99%), Sodium chloride (NaCl, 

99.5%), Sodium bicarbonate (NaHCO3, 99.7%) and Sodium carbonate (Na2CO3, 99.9%). 
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Deionised water with resistivity of 18.20MΩcm (Milli-Q
®
 Gradient System, Millipore 

Australia Pty Limited) was used in all experiments. Deoxygenated water (DW) was used 

for anoxic experiments. The DW was prepared by degassing deionised water at 80C for 

1 hour, followed by purging with nitrogen gas for 30 minutes. This preparation method 

ensured that the dissolved oxygen concentration in DW remained below 0.5 mg/L. 

Nitrogen gas used for purging was oxygen free and of 99.9% purity grade. Stock 

solutions (5000 mg/L) of PCP, 2,3,4,6-TeCP, 2,4,6-TCP and 2,4-DCP were prepared in 

ethyl acetate. For the experiments with nitrate, a 1000 mg/L nitrate stock solution was 

prepared by dissolving 1.3708 g of dried at 100C NaNO3 in 1.0 L of deionized water, 

which was diluted using DW and used in the experiments as required. 

2.2. Modifications to Zero Valent Iron 

For batch experiments, acid washed iron particles were prepared following the method of 

Liu et al. (2006) with some modifications. In preparing acid washed iron particles, 500 g 

of unwashed iron powder (ZVI-T or ZVI-H) was added to 1.5 L of 1N H2SO4 solution 

and the mixture was agitated at room temperature on a rotary shaker (Ratek EOM5 

Orbital mixer, 20-200 rpm, Thermo Fisher Scientific, New Zealand) for 30 minutes at 100 

rpm, followed by rinsing with DW. After rinsing, the iron was dried at 100C under 

nitrogen gas for four hours and then stored under nitrogen gas until use. The acid washed 

ZVI particles are denoted by the abbreviation ZVI-T (AW), ZVI-H (AW) and the 

unwashed ZVI particles are represented by ZVI-T (UW), ZVI-H (UW).   

A physical mixture of Nickel-Iron bimetal (Nis/Fe) was prepared by combining 1.00 

(±0.01) g or 0.10 (±0.001) g of Ni powder (Nis) with 1.00 (±0.01) g of ZVI-H (UW) or 

ZVI-H (AW). In both batch and column experiments, the electrolytic iron powder from 

North American Höganäs (USA) (ZVI-H) was used for preparation of Nis/Fe mixtures.  

Nickel coated ZVI bimetallic particles (Nic/Fe) were prepared following the method of 

Kim and Carraway (2000). The Nic/Fe particles were prepared using reductive adsorption 

by adding 2 mL of 2.4% Ni stock solution (prepared using NiSO4.6H2O and 10% H2SO4) 

to 200 mL of DW (final solution pH 1.60) and then adding 100.0 (±0.01) g of acid 

washed iron powder (ZVI-T or ZVI-H) (Kim and Carraway 2000). The contents were 

placed on a rotary shaker for one hour at 100 rpm and then rinsed with DW, followed by 

acetone, air-dried at room temperature and stored under nitrogen gas until use (Kim and 
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Carraway 2000). The abbreviation Nic/Fe (ZVI-T) is used to denote the Nic/Fe prepared 

using ZVI-T and Nic/Fe (ZVI-H) is used to represent the Nic/Fe prepared using ZVI-H.  

2.3. Batch Experiment Procedure 

Batch experiments were performed using Wheaton amber vials (30 mL, Sigma Aldrich, 

New Zealand). PCP degradation was evaluated using ZVI and bimetals under oxic and 

anoxic conditions. The degradation of the CPs (2,3,4,6-TeCP, 2,4,6-TCP, 2,4-DCP) by 

ZVI and bimetals were carried out under only anoxic conditions. Also, the influence of 

nitrate on PCP degradation by ZVI and bimetal was investigated under anoxic conditions.  

During the preparation of vials for PCP, 2,3,4,6-TeCP, 2,4,6-TCP and 2,4-DCP studies, 

either ZVI or bimetal (including unwashed or acid washed ZVI, Nic/Fe bimetal, and Ni 

powder) was weighed (1.00 (±0.01) g) and added into individual vials. Procedure details 

for each respective chapter are presented in Table 2.1 to Table 2.4. In experiments 

involving bimetal (Nis/Fe), 1.00 (±0.01) g or 0.10 (±0.001) g of Ni powder was mixed 

with 1.00 (±0.01) g of unwashed or acid washed ZVI-H. The abbreviation Nis (1.0)/Fe is 

used for the mixture of ZVI and 1.00 g Ni and Nis (0.1)/Fe is used to denote the mixture 

of ZVI and 0.10 g Ni. For the batch experiments with nitrate and PCP, unwashed ZVI-H 

(1.00 (±0.01) g), 0.10 (±0.001) g of Ni powder or Nis (0.1)/Fe mixture was weighed and 

added into individual vials. Following this, 10 mL of deionised water (oxygenated or 

deoxygenated) or 63.3 mg/L nitrate (NO3) solution was added to the vials along with 10 

µL of the specific chlorophenol stock solution to give an initial concentration of 5 mg/L 

for PCP, 2,3,4,6-TeCP, 2,4,6-TCP or 2,4-DCP, respectively. The use of the 63.3 mg/L 

NO3 (= 14.3 mg/L NO3-N) concentration was based on the 2008 New Zealand state of 

Environment study (Ministry for the Environment 2009). The vials were then sealed with 

aluminum capped PTFE/silicone septa (Thermo Fisher Scientific, New Zealand) and 

continuously agitated on a rotary shaker at 100 rpm at 23 (±1)C until sampled. 

Controls of PCP (with or without nitrate), 2,3,4,6-TeCP, 2,4,6-TCP, 2,4-DCP and nitrate 

were similarly prepared, but without the metal addition. All experiments were performed 

in duplicate. Four reaction vials and two controls were sacrificed at each sampling time 

for various analyses (Section 2.6). The solution pH was noted in samples collected for 

analysis. From one vial the solids were retained without HCl/ethyl acetate extraction 

(Section 2.5) for Raman analysis of the iron oxide phases present (Section 2.4.3). 
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Table 2.1 Batch experiment procedure for Chapter 3. 

Experiment 

Part I 

Material Tested 

(Powder) 

Step 1 

(Powder 

Quantity per 

Material) 

Step 2  Step 3 Step 4 

Vial 1 
ZVI-T 

Unwashed 

1.00±0.01 g 

Added   

10 mL of 

deoxygenated 

deionised 

water 

Added 
10 µL of 

PCP stock 

solution* 

Sealed vials with 

aluminum capped 

PTFE/silicone 

septa and 

continuously 

agitated on a 

rotary shaker at 

100 rpm at 23 

Vial 2 
ZVI-T 

Acid washed 

Vial 3 
ZVI-H 

Unwashed 

Vial 4 
ZVI-H 

Acid washed 

Vial 5 
Nic/Fe 

(ZVI-T) 

Vial 6 
Nic/Fe 

(ZVI-H) 

Experiment 

Part II 

Material Tested 

(Powder) 

Step 1 

(Powder 

Quantity per 

Material) 

Step 2 Step 3 

(±1)C until 

sampled. 

 

 

Sampling each 

vial involved 

chemical 

extraction 

(extraction 

procedure, 

Section 2.5) and 

each sample 

analysis for PCP 

and degradation 

products 

completed using 

GC/MS (Section 

2.6). 

 

 

Spent ZVI or 

bimetal particles 

(without 

chemical 

extraction) were 

used for Raman 

analysis of the 

iron oxide phases 

(Section 2.4.3). 

Vial 1 
Nic/Fe 

(ZVI-H) 
1.00±0.01 g 

Added  
10 mL of 

deoxygenated 

deionised 

water 

Added  
10 µL of 

PCP stock 

solution* 

Vial 2 

Nis (1.0)/Fe 
(ZVI-H 

Unwashed) 1.00±0.01 g 

(Nis) 

Vial 3 

Nis (1.0)/Fe 

(ZVI-H 

Acid washed) 1.00±0.01 g 

(Nis) 

Vial 4 

Nis (0.1)/Fe 

(ZVI-H 

Unwashed) 

1.00±0.01 g 

(Nis) 0.10±0.001 g 

Vial 5 

Nis (0.1)/Fe 

(ZVI-H 

Acid washed) 

1.00±0.01 g 

(Nis) 0.10±0.001 g 

Vial 6 Nis 1.00±0.01 g 

*To achieve an initial concentration of 5 mg/L for PCP.  

Control vials with only PCP (without metals) were prepared following Step 2 to Step 4.  

All experiments were performed in duplicate. 
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Table 2.2 Batch experiment procedure for Chapter 4. 

Experiment  

Material 

Tested 

(Powder) 

Step 1 

(Powder 

Quantity per 

Material) 

Step 2  Step 3 Step 4 

Vial 1 
ZVI-H  

Unwashed 
1.00±0.01 g 

Added 

10 mL of 

deoxygenated 

deionised water 

 

Added 
10 µL of 

CP stock 

solution* 

 

Sealed vials with 

aluminum capped 

PTFE/silicone 

septa and 

continuously 

agitated on a 

rotary shaker at 

100 rpm at 23 

(±1)C until 

sampled. 

 

 

Sampling each 

vial involved 

chemical 

extraction 

(extraction 

procedure, 

Section 2.5) and 

each sample 

analysis for parent 

CPs and their 

degradation 

products 

completed using 

GC/MS (Section 

2.6). 

 

 

Spent ZVI or 

bimetal particles 

(without chemical 

extraction) were 

used for Raman 

analysis of the 

iron oxide phases 

(Section 2.4.3). 

 

Vial 2 
ZVI-H 

Acid washed 
1.00±0.01 g 

Vial 3 
Nic/Fe  

(ZVI-H) 
1.00±0.01 g 

 

 

 

Vial 4 

Nis (0.1)/Fe 

(ZVI-H  

Acid washed) 

1.00±0.01 g 

 

(Nis) 

 

0.10±0.001 g 

 
*To achieve an initial concentration of 5 mg/L for 2,3,4,6-TeCP or 2,4,6-TCP or 2,4-DCP. 

CP stock solution was not a mixture of compounds, but individual stock solution of 2,3,4,6-TeCP or 

2,4,6-TCP or 2,4-DCP (5000 mg/L) was prepared in ethyl acetate. 

Each CP was added and tested as a single compound in each vial. 

Control vials containing only the respective CP (without metals) were prepared following Step 2 to 

Step 4.  

All experiments were performed in duplicate. 
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Table 2.3 Batch experiment procedure for Chapter 5. 

Experiment 

Part I 

Oxic  

Material 

Tested 

(Powder) 

Step 1 

(Powder 

Quantity per 

Material) 

Step 2  Step 3 Step 4 

Vial 1 
ZVI-T  

Unwashed 

1.00±0.01 g 

Added  
10 mL of 

deionised (DI) 

water 

 

Added  
10 µL of 

PCP stock 

solution* 

Sealed vials with 

aluminum capped 

PTFE/silicone septa 

and continuously 

agitated on a rotary 

shaker at 100 rpm 

at 23 (±1)C until 

sampled. 

Sampling each vial 

involved chemical 

extraction 

(extraction 

procedure, Section 

2.5) and each 

sample analysis for 

PCP and 

degradation 

products completed 

using GC/MS 

(Section 2.6). 

Spent ZVI or 

bimetal particles 

(without chemical 

extraction) were 

used for Raman 

analysis of the iron 

oxide phases 

(Section 2.4.3). 

Vial 2 
ZVI-T 

Acid washed 

Vial 3 
Nic/Fe 

(ZVI-T) 

Experiment 

Part II  

Anoxic 

Material 

Tested 

(Powder) 

Step 1 

(Powder 

Quantity per 

Material) 

Step 2  Step 3 

Vial 1 
ZVI-T  

Unwashed 

 

 

 

 

 

 

1.00±0.01 g  

Added 
10 mL of 

deoxygenated 

deionised 

water 

 

Added 
10 µL of 

PCP stock 

solution* 

Vial 2 
ZVI-T 

Acid washed 

 

Vial 3 
 

Nic/Fe 

(ZVI-T) 

*To achieve an initial concentration of 5 mg/L for PCP. 

Control vials with only PCP (without metals) were prepared following Step 2 to Step 4.  

All experiments were performed in duplicate. 

Headspace gas used: for oxic experiments – air, for anoxic experiments – nitrogen 

The anoxic reactors were continuously purged with nitrogen gas during Step 2-Step3, immediately sealed (Step 

4) and continuously agitated until sampled. 

The reactors for the oxic experiments were kept under oxic condition (open to air) only initially during setting up 

the experiment. After Step 3, the reactors were sealed and continuously agitated until sampled. The Oxic batch 

reactors were kept sealed during the experiment duration to avoid loss of PCP/degradation products through 

volatilisation as well as to measure the hydrogen gas accumulated in the headspace.  

For oxic experiments: Initial dissolved oxygen (DO) concentration in DI water = 8.5 mg/L. Amount of oxygen 

available in each oxic reactor at the start of the experiment = 175.5 µmole (2.7 µmole oxygen in the 10 mL of the 

DI water + 172.8 µmole oxygen in the 20 mL of air headspace). 

A mass balance was conducted for DO and ZVI consumption using equation 1.5 in the presence of oxygen; 175.5 

µmole of oxygen would consume 351 µmole of ZVI. During the experiment, 1.0 g of ZVI (i.e. 17900 µmole) was 

used. Besides reaction 1.5, other reactions such as formation of lepidocrocite or precipitation of Fe(OH)3 could 

also consume DO in the system. Therefore, the amount of oxygen available in the oxic systems was limited. 

Consequently, oxidation process of PCP was not promoted and/or considered under the above oxic experiments.  



Chapter 2. Materials and Methods 

 

49 

 

Table 2.4 Batch experiment procedure for Chapter 6. 

Experiment 

Part I 

PCP  

Material Tested 

(Powder) 

Step 1 

(Powder 

Quantity per 

Material) 

Step 2  Step 3 Step 4 

Vial 1 
ZVI-H  

Unwashed 
1.00±0.01 g 

Added 

 10 mL of 

deoxygenated 

deionised 

water 

Added 

10 µL of 

PCP stock 

solution* 

Sealed vials with 

aluminum capped 

PTFE/silicone septa 

and continuously 

agitated on a rotary 

shaker at 100 rpm 

at 23 (±1)C until 

sampled. 

 

Spent ZVI or 

bimetal particles 

(without chemical 

extraction) were 

used for Raman 

analysis of the iron 

oxide phases 

(Section 2.4.3). 

 

**Procedure below 

not applicable for 

Nitrate Experiment, 

 Part II** 

 

Sampling each vial 

involved chemical 

extraction 

(extraction 

procedure, Section 

2.5) and each 

sample analysis for 

PCP and 

degradation 

products completed 

using GC/MS 

(Section 2.6). 

 

Vial 2 

Nis (0.1)/Fe 

(ZVI-H 

Unwashed) 

1.00±0.01 g 

(Nis) 0.10±0.001 g 

Experiment  

Part II 

 Nitrate
§
 

Material Tested 

(Powder) 

Step 1 

(Powder 

Quantity per 

Material) 

Step 2  Step 3 

Vial 1 
ZVI-H  

Unwashed 
1.00±0.01 g 

Added 

 10 mL of 

deoxygenated 

63.3 mg/L 

Nitrate 

solution
‡
 

 Vial 2 

Nis (0.1)/Fe 

(ZVI-H 

Unwashed) 

1.00±0.01 g 

(Nis) 0.10±0.001 g 

Vial 3 Nis 0.10±0.001 g 

Experiment  

Part III 

PCP+Nitrate
§
 

Material Tested 

(Powder) 

Step 1 

(Powder 

Quantity per 

Material) 

Step 2  Step 3 

Vial 1 
ZVI-H  

Unwashed 
1.00±0.01 g 

Added 

 10 mL of 

deoxygenated 

63.3 mg/L 

Nitrate 

solution
‡
 

Added 
10 µL of 

PCP stock 

solution* 

 

 

 

Vial 2 

Nis (0.1)/Fe 

(ZVI-H 

Unwashed) 

1.00±0.01 g 

(Nis) 0.10±0.001 g 

*To achieve an initial concentration of 5 mg/L for PCP. 

Control vials with only PCP, nitrate or PCP+nitrate (without metals) were prepared following Steps 2 to 4. 

All experiments were performed in duplicate.  

§
Sampling each vial for nitrate experiment (Part II) included filtering reaction solutions using 0.2 µm RC 

(Regenerated Cellulose) membrane filters (Phenomenex NZ Ltd, New Zealand) and each sample analysis 

completed for nitrate and nitrite using IC and for ammonia using the Salycilate method (Section 2.6). 

‡
The nitrate concentration of 63.3 mg/L is equal to 14.3 mg/L Nitrate-Nitrogen (NO3-N). A 2008 NZ national 

state of environment study (Ministry for the Environment 2009) tested 734 groundwater monitoring sites and 

reported that only 51 (6.9%) of the sites tested had nitrate levels greater than the maximum acceptable level in 

drinking water (11.3 mg/L NO3-N) (Ministry of Health 2008). The average nitrate level of these 51 (6.9%) sites 

equalled 14.3 mg/L NO3-N and this average concentration was used for this experiment. 
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2.4. Solid-Phase Characterisation 

2.4.1. Brunauer-Emmett-Teller Specific Surface Area Measurement 

The specific surface area of iron, nickel and Nic/Fe bimetallic particles was measured 

using Brunauer-Emmett-Teller (BET) nitrogen adsorption analysis. The Tristar 3000 

surface area analyser (Micromeritics
®
, UK) was used for the BET analyses. Before 

measuring, all samples were purged with nitrogen gas and dried under vacuum at 120
0
C 

for four hours.  

2.4.2. Environmental Scanning Electron Microscope and Energy Dispersive 

Spectroscopy Analysis 

Surface topography, characteristics and elemental information of selected regions of the 

iron surface as well as the distribution of Ni on the Nic/Fe bimetal surfaces was obtained 

using Environmental Scanning Electron Microscope (ESEM) (FEI Quanta 200 F, USA) 

coupled with Lithium drifted Silicon (SiLi) EDAX Pegasus Energy Dispersive 

Spectroscopy (EDS) with a Super Ultra-Thin Window (EDAX Inc., USA). Images were 

collected using a TSL back-scattered electron detector (EDAX Inc., USA) at a beam 

potential of 20 kV. 

2.4.3. Raman Spectroscopy 

Raman spectroscopy (Renishaw Raman System 1000 spectrometer, Renishaw plc., UK) 

was used to identify and quantify the iron oxides present on the iron and bimetallic 

surfaces pre- and post-PCP or other CPs contact. The Raman system consisted of a single 

grating spectrograph, a Leica DMLM Raman microscope and a Renishaw TEC (thermo 

electrically cooled) charge-coupled device array detector consisting of 400 x 578 Si 

pixels. 

The ten most commonly found iron oxides on the iron metal surfaces were akaganeite [β-

FeOOH], maghemite [γ-Fe2O3], hematite [α-Fe2O3], magnetite [Fe3O4], lepidocrocite [γ-

FeOOH], goethite [α-FeOOH], feroxyhyte [δ-FeOOH], ferrihydrite [5Fe2O3.9H2O], 

chloride green rust [Fe3
II
Fe

III
(OH)8]

+
[ClH2O]

- 
and sulfate green rust 

[Fe4
II
Fe2

III
(OH)12SO4.3H2O]. These oxides were prepared using the established methods 

by Cornell and Schwertmann (2003) and phases were confirmed by X-Ray diffraction 
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(XRD). The XRD analysis was carried out using a Rigaku Mini-Flex II X-Ray 

diffractometer (Rigaku, USA) and the results are presented in Appendix A, Figure A1. In 

addition, a wustite sample was also used, which is a mineral specimen that had been 

previously characterised using EDS and Raman analysis by Nadoll and Mauk (2011). 

Raman spectra of ZVI samples and the eleven reference iron oxides (akaganeite, 

maghemite, hematite, magnetite, lepidocrocite, goethite, feroxyhyte, ferrihydrite, green 

rusts (chloride and sulfate), wustite) were obtained at a resolution of 4 cm
-1

 using the 

Renishaw Diode Laser, emitting a line in the near-infrared region at 785 nm. In addition, 

a fine sand sample, as a reference, was also analysed using the Raman spectroscopy 

following the above procedure. A 50X microscope objective lens was used for analysis 

giving a laser spot size of 2 µm and a laser power of 0.2 mW at the sample. 

Testing of the laser at different powers showed that 0.2 mW power did not transform the 

oxides on the iron samples into another phase. Three different regions were analysed on 

each sample to account for heterogeneity of surface coating under different experimental 

conditions. Each spectrum was a sum of 30 accumulations of 10 seconds each. The 

Raman spectra of reference iron oxides and the fine sand are illustrated in Figure 2.1. The 

main Raman band positions of the iron oxides are listed in Table 2.5. In Figure 2.1, the 

fine sand (quartz) is represented by the highest peak at band position 465 cm
-1

. 

As the bands of different iron oxides overlapped extensively, Multivariate Curve 

Resolution with Alternating Least Squares (MCR-ALS) analysis was performed using 

MATLAB (Version 7.9.0.529, R2009b) (MathWorks
®
, USA) to estimate the proportion 

of the iron oxides present on the iron surface using the reference iron oxide spectra 

(Jaumot et al., 2005). The green rust phases were found not to be stable under the sample 

storage conditions and therefore these spectra were excluded from the reference spectra 

during MCR-ALS analysis. 

The spent ZVI samples collected from column experiments were a mixture of fine sand 

and ZVI or Nis (0.1)/Fe (Chapter 7, Table 7.1). To determine the proportions of sand and 

iron oxides present in each ZVI sample extracted from the column mixtures, the Raman 

spectrum of sand and the nine reference iron oxide spectra (akaganeite, maghemite, 

hematite, magnetite, lepidocrocite, goethite, feroxyhyte, ferrihydrite, wustite) were 

analysed during the MCR-ALS analysis.  
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Figure 2.1 Raman spectra of standard iron oxides and sand.   
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Table 2.5 Main Raman band positions of reference iron oxide compounds (in cm
-1

). 

Compound Band positions / cm
-1

 Reference 

α-FeOOH 

Goethite 

244, 300, 386,480,549 this study 

243, 300, 388, 417, 482, 553  Nieuwoudt et al. (2011) 

205, 247, 300, 386, 418, 481, 549  Oh et al. (1998) 

205, 245, 300, 390, 415, 480, 550, 685 Froment et al. (2008) 

300, 390, 685 Colomban et al. (2008) 

β-FeOOH 

Akaganeite 

310, 388, 412, 537, 605, 720 this study 

311, 390, 415, 537, 614, 717 Nieuwoudt et al. (2011) 

314, 380, 549, 722 Oh et al. (1998) 

310, 390, 535, 610, 720 Colomban et al. (2008) 

 218, 250, 309, 347, 377, 528, 648 this study 

γ-FeOOH 220, 250, 309, 350, 377, 527, 648 Nieuwoudt et al. (2011) 

Lepidocrocite 219, 252, 311, 349, 379, 528, 648 Oh et al. (1998) 

 214, 245, 301, 345, 373, 521, 644 Lee et al. (1998) 

 250, 380, 650 Colomban et al. (2008) 

δ-FeOOH 

Feroxyhyte 

 401, 670, 718 this study 

268, 401, 424,503, 676 Nieuwoudt et al. (2011) 

400, 677 Neff et al. (2006) 

296, 400, 678 Keiser et al. (1983) 

297, 392, 666 Oh et al. (1998) 

γ-Fe2O3 

Maghemite 

370, 508, 670, 715 this study 

377, 510, 670, 715 Nieuwoudt et al. (2011) 

380, 460, 510, 670, 720 Froment et al. (2008) 

381, 486, 670, 718 Oh et al. (1998) 

380, 460, 510, 670, 720 Colomban et al. (2008) 

α-Fe2O3 

Hematite 

223, 244, 292, 409, 493, 610 this study 

228, 244, 296, 413, 497, 611, 659, 819 Nieuwoudt et al. (2011) 

226, 245, 292, 411, 497, 612 De Faria et al. (1997) 

223, 240, 292, 412, 496, 610, 810 Lee et al. (1998) 

226, 245, 292, 411, 497, 612 Oh et al. (1998) 

220, 290, 400, 495, 605  Colomban et al. (2008) 

Fe3O4 

Magnetite 

310, 502, 663 this study 

288, 532, 667 Nieuwoudt et al. (2011) 

310, 540, 670 Froment et al. (2008) 

297, 535, 661 Lee et al. (1998) 

532, 667 Oh et al. (1998) 

5Fe2O3.9H2O 

Ferrihydrite 

360, 372, 510, 710, 725 this study 

347, 493, 692, 725 Lee et al. (1998) 

 370, 510, 710 Neff et al. (2006) 

FeO 

Wustite 

651 this study 

650 Ovsyannikov et al. (2010) 

650 Nadoll and Mauk (2011) 

651 De Faria et al. (1997) 

651 Raman (2006) 

 

Note: Raman band positions of iron oxide and oxyhydroxide standards in the region 200 – 1000 

cm
1 

were recorded with 785 nm excitation. Results obtained from work published in the literature 

have been included for comparison. The strongest peak(s) for each iron oxide compound is 

underlined. 

The strongest peak for sand was obtained at band position 465 cm
-1

.   
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The error in analysis for the Raman spectra of batch experiments was 20% with an R
2
 (at 

the optimum) = 0.93, whilst the error in analysis for the Raman spectra of column 

experiments was 27% with an R
2
 (at the optimum) = 0.92. 

During the initial stage of the research, the regions chosen on the ZVI surface for Raman 

analysis were analysed three times; identical Raman spectra were obtained at each 

analysis. In addition, similar Raman spectra were obtained for the ZVI samples from 

duplicate experiments. These repetitive analyses confirmed the reproducibility of the 

Raman spectra obtained. 

2.5. Chemical Extraction (Total and Dissolved Chlorophenol) 

At all sampling times the remaining total (i.e. dissolved plus incorporated) and aqueous 

(i.e. dissolved) concentrations of the chlorophenols (CPs) were determined using separate 

vials. The total concentrations were determined by extracting the iron/water mixture with 

ethyl acetate and concentrated HCl. The acid modified extraction procedure used to 

recover PCP or other CPs and their daughter products from solution and from the ZVI 

surface was based on the method by Kim and Carraway (2000). Acid modification was 

necessary for dissolving oxides, protonating the chlorophenolates, and releasing the 

incorporated CPs and/or its daughter products (with the oxide phases) into the ethyl 

acetate. For total CP determination 5 mL ethyl acetate was added to each vial, which was 

then placed on a rotary shaker at 100 rpm for 30 minutes. After mixing, 1 mL of 

concentrated HCl was added and then again mixed for an additional 10 minutes. 

Following this, the aqueous and organic phases were allowed to separate and the ethyl 

acetate (1.5 mL) was then collected using a glass syringe with stainless steel needle 

(Thermo Fisher Scientific, New Zealand) and filtered using 0.2 µm RC (Regenerated 

Cellulose) membrane filters (Phenomenex NZ Ltd, New Zealand) prior to analysis for 

CPs. For aqueous (i.e. dissolved) CP determination, aqueous reaction solution was 

removed from a vial and this was filtered using 0.2 µm RC membrane filters and then 9 

mL of this filtered solution was subjected to ethyl acetate extraction as discussed for the 

total CP determination. 

Additionally, stronger acid extraction method using concentrated H2SO4 acid (1 mL and 2 

mL) was also tested during the initial stage of the research. However, no significant 

difference in the extraction efficiency was observed compared to the extraction 
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efficiencies obtained using concentrated HCl. Therefore, concentrated HCl was used for 

acid modified extraction procedure for chlorophenols during all the experiments carried 

out in this research. 

2.6. Analytical Methods 

PCP and its intermediate CPs as well as phenol, cyclohexanol and cyclohexanone  were 

analysed using Gas chromatography-Mass spectrometer (GC/MS) (GCMS-QP2010S, 

Shimadzu Scientific Instruments, USA) equipped with a ZEBRON ZB5-msi capillary 

column (30 m length x 0.25 mm internal diameter x 0.25 µm thickness). The Selected Ion 

Monitoring (SIM) method was used with a split mode injection of 2 µl of sample at an 

80:1 ratio. The carrier gas used was helium at a flow rate of 1 mL/min. The injection 

temperature was determined at the 250C. The column temperature programme was 70C 

for two minutes, increased at 5C per minute to 200C, kept constant at 200
0
C for two 

minutes, and then again increased at 10C per minute to 300C which was maintained for 

five minutes. Data acquisition was carried out using the GCMSsolution software (Version 

2.5, Shimadzu Scientific Instruments, USA). Four-point calibration curves for PCP, 

tetrachlorophenols, trichlorophenols, dichlorophenols, monochlorophenols, phenol, 

cyclohexanol and cyclohexanone were produced using the standard solutions of 

respective compounds. Two of the monochlorophenols (3-CP and 4-CP) were found to 

co-elute at the temperature program above, and thus, were considered as one peak. 

The pH of all reaction solutions were measured using Eutech Instruments CyberScan pH 

310 portable pH meter (Thermo Fisher Scientific, New Zealand). The pH electrode was 

calibrated using 3-point calibration method with pH 4, 7 and 10 buffer solutions.  

The hydrogen gas accumulating in the reactors was analysed using SRI 8610C Gas 

Chromatograph (GC) (SRI Instruments, USA) equipped with a HayeSep Q 80/100 

column (Alltech, 6‟ length x 1/8” internal diameter x 0.085” thickness SS) (Grace 

Davison Discovery Sciences, New Zealand) and a Thermal Conductivity Detector (TCD). 

The column temperature was kept isothermal at 24C. Nitrogen was used as the carrier 

gas at a flow rate of 10 mL/minute. The retention time for hydrogen was 0.80 minutes. 

The PeakSimple software (Version 3.29, SRI Instruments, USA) was used for peak 

analysis and quantification. A five point calibration curve was completed by injecting 
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pure hydrogen gas (99.98%) at different volumes into the GC for quantification. A 

Hamilton SampleLock™ gas tight glass syringe (1.0 mL) (Shimadzu Scientific 

Instruments (Oceania) Pty Limited, New Zealand) was used for sample injection. 

Two millilitres of the reaction solution from each vial was filtered using 0.2 µm RC 

filters for analysis of anions. Anion concentrations (chloride, bromide, nitrate, nitrite) 

were measured using DX-120 Ion Chromatograph (Dionex Corporation, New Zealand) 

containing a conductivity detector, a self-regenerating suppressor (ASRS-ULTRA 4-mm) 

at 100 mA current with an IonPac AS9-HC analytical column (4 mm x 250 mm) and 

IonPac AG9-HC guard column (4 mm x 50 mm). The flow rate of the eluent (5 mM 

NaHCO3 - 12 mM Na2CO3) was 1.2 mL/min. The Chromeleon® software, (Version 6.80 

SR7D Build 2587, Dionex Corporation, New Zealand) was used for data acquisition. A 

five-point calibration curve was performed before each sample analysis session.  

The analysis of ammonia as nitrogen (NH3-N) was based on the Salycilate method 

(HACH 2008). The concentration of NH3-N of the samples (filtered using 0.2 µm RC 

filters) was measured following a colorimetric development using high range Ammonia-

Nitrogen Test N Tube Reagent (HACH Company, USA) (HACH 2008). The HACH DR 

2700 spectrophotometer (HACH Company, USA) was used for the colorimetric 

determination. 

The analysis of total nickel and iron in the solutions was performed using the graphite 

furnace AAS (GTA-110/SpectrAA50, Varian, Inc., Palo Alto, USA). A four-point 

calibration curve was developed for Fe and Ni prior to each sample analysis session. 
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Chapter 3. Effects of Surface Oxides and Bimetal 

Preparation Procedure on Pentachlorophenol 

Dechlorination by ZVI and Bimetals 

 

3.1. Introduction 

Dechlorination of PCP using ZVI and iron based bimetals has been extensively studied 

(Cheng et al., 2010, Dai et al., 2006, Grittini 1997, Hou et al., 2009, Jou 2008, Kabir and 

Marshall 2001, Kim and Carraway 2000, Marshall et al., 2002, Morales et al., 2002, Shih 

et al., 2011, Zhang et al., 2006). However, there are inconsistencies in the reported 

literature relating to the use of electrolytic iron powder; two studies have reported 

minimal or no PCP degradation (Hou et al., 2009, Morales et al., 2002) while Kim and 

Carraway (2000) reported successful transformation of PCP to tetrachlorophenols. The 

available literature also suggests that the rate of dechlorination is highly influenced by 

ZVI surface characteristics (such as the presence of oxides and the specific surface area) 

(Su and Puls 1999), sorption of the contaminant to non-reactive sites and the impediment 

of electron transfer by oxide layers (Gotpagar et al., 1999). Various modifications to iron 

particles have been explored to overcome the above restrictions. Acid pretreatment has 

been shown to not only increase the specific surface area of ZVI (Agrawal and Tratnyek 

1996, Lin and Lo 2005), but to remove and/or form various oxides on the ZVI surface, 

resulting in a change of surface reactivity and dechlorination rates (Liu et al., 2006). 

Additionally, incorporation of Ni as a catalyst with ZVI has been shown to enhance PCP 

dechlorination efficiency under various conditions (Cheng et al., 2010, Zhang et al., 

2006). However, some studies have reported that bimetals prepared by coating a catalytic 

metal on ZVI actually resulted in a marked decrease in PCP dechlorination compared to 

unmodified iron (Kim and Carraway 2000). The reasons for the apparent discrepancies in 

ZVI performance and the effect of catalytic metal incorporation on dechlorination 

reactions remain unclear and thus require further investigation and clarification. 

The objectives of this chapter are to study PCP dechlorination by ZVI and bimetals and to 

investigate the effects on PCP dechlorination of: 
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1. iron oxides (wustite and magnetite) initially present on the ZVI material and their 

behaviour and 

2. bimetal preparation procedure (physical mixture or coating of ZVI with Ni).  

Experiments were carried out in batch reactors using ZVI (ACROS, Thermo Fisher 

Scientific (ZVI-T) and North American Höganäs (ZVI-H)). These are both electrolytic 

iron powders with particle size of 100 mesh and smaller. ZVI that was unwashed (UW) or 

acid washed (AW) was tested under anoxic conditions to study the effect of acid washing 

on PCP dechlorination and the resulting changes to the iron oxide layers. Bimetal ZVI 

systems were tested for PCP dechlorination using Ni as the catalyst. Bimetallic systems 

with either physically mixed Ni and ZVI (Nis/Fe) or Ni coated ZVI (Nic/Fe) were tested 

to investigate their potential to enhance PCP dechlorination and the effect of bimetal 

preparation procedures. Methodology pertaining to bimetal preparation is presented in 

Chapter 2, Section 2.2, and the batch experiment procedure is described in Chapter 2, 

Table 2.1. PCP dechlorination was confirmed by quantifying the daughter compounds 

produced during each treatment using GC/MS analysis (Chapter 2, Section 2.6). The 

specific surface area of ZVI and Nic/Fe bimetallic particles was measured using BET N2 

adsorption analysis (Chapter 2, Section 2.4). The effects of ZVI type (ZVI-T, ZVI-H) and 

modifications (UW, AW, Nic/Fe, Nis/Fe) on PCP dechlorination, incorporated and 

extractable PCP concentration and hydrogen gas formation at 25 days were compared 

using a two-way analysis of variance model using the SPSS statistical software package 

(IBM SPSS Statistics version 20.0.0 [SPSS Inc., USA]). Significance was determined at 

the 95% level. A mechanistic model was used to optimise the dechlorination reaction rate 

and sorption/desorption rates onto ZVI or bimetal non-reactive sites. Results of this study 

provide greater insight into ZVI and bimetal performance on PCP dechlorination using 

electrolytic ZVI and address some inconsistencies reported regarding PCP dechlorination 

in the literature. Parts of this chapter have been published in Gunawardana et al., (2012). 
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3.2. Results and Discussion 

3.2.1. Part I: Effect of Iron Oxides Initially Present on the ZVI Surface on PCP 

Dechlorination by ZVI and Bimetals 

3.2.1.1. PCP Dechlorination by Unmodified and Modified ZVI 

PCP dechlorination using ZVI-T and ZVI-H that was unwashed (UW), acid washed 

(AW) or nickel coated (Nic/Fe) is shown in Figure 3.1. The total concentrations of PCP 

and its degradation products with ZVI and Nic/Fe bimetals are presented in Figure 3.2. 

The total PCP concentration is the sum of dissolved PCP in the solution and PCP 

incorporated with the oxides and extracted using acid modified extraction. In all systems, 

mass balance recoveries were within 92% to 96%, demonstrating that incorporated PCP 

and degradation products were efficiently extracted using HCl and ethyl acetate. 

The ZVI-T and ZVI-H samples were found to behave surprisingly differently. Among the 

treatments with no Ni coating, ZVI-H (UW) showed significantly higher PCP 

dechlorination than ZVI-T (UW) (p < 0.05) with 79% PCP degraded after 25 days on 

ZVI-H (UW) compared to just 34% on ZVI-T (UW) (Figure 3.1). In fact, the ZVI-T 

(UW) had significantly lower PCP dechlorination (p < 0.05) compared to all ZVI systems 

tested. PCP dechlorination by ZVI-T (UW) and ZVI-H (UW) resulted in accumulation of 

tetrachlorophenols (TeCPs) over the 25 days of reaction (Figure 3.2); 2,3,4,6-TeCP was 

the most dominant of the TeCP daughter products in each system. 

 

Figure 3.1 PCP degradation by two types of ZVI that were either unwashed, acid washed or 

coated with Ni. 
Error bars indicate ± one standard deviation. 
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Figure 3.2 Total concentrations of PCP and its dechlorination products remaining either in 

solution or incorporated in the systems with ZVI and bimetals. 

Figure 3.2 (a) ZVI-T (UW) (b) ZVI-H (UW) (c) ZVI-T (AW) (d) ZVI-H (AW) (e) Nic/Fe (ZVI-T) (f) 

Nic/Fe (ZVI-H). Error bars indicate ± one standard deviation. 
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Acid washing of ZVI-T [ZVI-T (AW)] significantly enhanced the PCP dechlorination 

compared to ZVI-T (UW) (p < 0.05) and resulted in 62% PCP dechlorination and 

accumulation of tetra-CPs (TeCPs), tri-CPs (TCPs), di-CPs (DCPs) and mono-CPs 

(MCPs) after 25 days of reaction (Figure 3.2c). With ZVI-T (AW) system, 2,3,4,5-TeCP, 

2,4,5-TCP, 2,4-DCP and 2-CP were the most dominant of the TeCP, TCP, DCP and MCP 

daughter products. Conversely, acid washing of ZVI-H resulted in a decrease in PCP 

dechlorination compared to ZVI-H (UW) with 75% vs. 79% PCP degradation, 

respectively, obtained after 25 days reaction (Figure 3.1d). However, the PCP 

dechlorination achieved by ZVI-H (UW) and ZVI-H (AW) after 25 days was not 

statistically different. The ZVI-H (UW and AW) systems resulted in accumulation of 

TeCPs as the end product and 2,3,4,6-TeCP was the most dominant of the TeCP daughter 

products (Figure 3.2). The dissimilar effects of acid washing on the dechlorination 

performance of ZVI-T and ZVI-H found here have also been reported in previous studies. 

Enhanced TCE dechlorination was observed with acid washed ZVI compared to 

unwashed ZVI (Lin and Lo 2005, Liu et al., 2006). Acid washing of ZVI has also been 

reported to result in decreased TCE dechlorination (Cheng and Wu 2000, Su and Puls 

1999). The reason(s) why the acid washing of ZVI is sometimes beneficial and sometimes 

detrimental to PCP dechlorination is one question explored in this chapter. 

Nickel coated acid washed ZVI-T [Nic/Fe (ZVI-T)] showed the highest efficiency (p < 

0.05) among all treatments tested (Figure 3.1e). After 25 days, Nic/Fe (ZVI-T) resulted in 

97% PCP dechlorination with phenol as the major degradation product (69% of the end 

products) while trace amount of TeCPs, TCPs, DCPs and MCPs were also present (Figure 

3.2e).  With Nic/Fe (ZVI-T) system, 2,3,4,5-TeCP, 2,3,4-TCP, 3,4-DCP and (3 and 4)-CP 

were the most dominant of the TeCP, TCP, DCP and MCP daughter products. 

Conversely, nickel coated acid washed ZVI-H [Nic/Fe (ZVI-H)] resulted in significantly 

lower PCP dechlorination (p < 0.05) compared to ZVI-H (UW and AW) (Figure 3.1f), 

and only 55% PCP dechlorination and accumulation of TeCPs, TCPs, and DCPs were 

observed after 25 days (Figure 3.2f). With Nic/Fe (ZVI-H) system, 2,3,4,5-TeCP, 2,4,6 

and 2,3,4-TCP, 2,3 and 3,4-DCP were the most dominant of the TeCP, TCP and DCP 

daughter products. 

It is interesting to observe that a deposited Ni coating enhanced PCP dechlorination by 

ZVI-T but inhibited dechlorination by ZVI-H. Such conflicting observations have also 
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been reported in the literature. Coating ZVI with Pd or Ni was reported to enhance 

dechlorination of TCE (Kim 1999) though Kim and Carraway (2000) reported slower 

PCP degradation rates with Ni/Fe bimetal in comparison to unamended iron. Possible 

reasons for the different effects of Ni coating on ZVI-T and ZVI-H materials are further 

discussed under Section 3.2.1.2. 

3.2.1.2. Iron Metal Characterisation 

Specific surface areas of ZVI and Nic/Fe bimetallic particles are presented in Table 3.1. 

Both acid washing and nickel coating of acid washed iron particles increased the specific 

surface area of the material (Table 3.1). The specific surface areas of ZVI-H (UW), ZVI-

H (AW) and Nic/Fe (ZVI-H) were smaller than that of the corresponding ZVI-T (UW), 

ZVI-T (AW) and Nic/Fe (ZVI-T), respectively. Increased ZVI surface area after acid 

washing (Agrawal and Tratnyek 1996, Lin and Lo 2005, Su and Puls 1999) and following 

modification with Ni (Tong et al., 2005) has been previously reported. 

Table 3.1 Specific surface area of ZVI and Nic/Fe bimetallic particles. 

Material Specific surface area (m
2
/g) 

ZVI-T (UW) 0.251 ± 0.004 

ZVI-T (AW) 2.318 ± 0.012 

Nic/Fe (ZVI-T) 4.467 ± 0.021 

ZVI-H (UW) 0.212 ± 0.002 

ZVI-H (AW) 0.910 ± 0.003 

Nic/Fe (ZVI-H) 2.696 ± 0.011 

 

For further characterisation of the ZVI and Nic/Fe materials, Raman spectra were 

measured to identify the oxides on the ZVI surfaces for all samples before and after 

reaction with PCP. In most samples a mixture of oxides were observed and Multivariate 

Curve Resolution with Alternating Least Squares (MCR-ALS) analysis was used to 

estimate the iron oxide composition. Appendix B, Figure B1, shows typical sample 

Raman spectra ranging from pre-reaction to after 25 days of reaction. The relative 

amounts of oxides present on each metal before reaction and after 1, 12 and 25 days of 

reaction with PCP are presented in Table 3.2. 
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Table 3.2 Percentages of iron oxides present on the iron surface at the start, during and end of 

the experiment as estimated by MCR-ALS analysis of the Raman spectra. 

Type of iron/ 

 treatment 

Type of iron oxide 

Hematite Magnetite Wustite Ferrihydrite 

ZVI-T (UW)
 

- 9 72 19 

ZVI-T (AW) - 79 21 - 

ZVI-H (UW)
 

- 74 24 <5 

ZVI-H (AW) - 98 <5 - 

Nic/Fe (ZVI-T) - 88 5 7 

Nic/Fe (ZVI-H) - 100 - - 

ZVI-T (UW)
 

- 27 66 7 

ZVI-T (AW) - 82 18 - 

ZVI-H (UW) - 100 - - 

ZVI-H (AW) - 100 - - 

Nic/Fe (ZVI-T) - 98 <5 - 

Nic/Fe (ZVI-H) <5 57 20 20 

ZVI-T (UW)
§ 

- 33 58 9 

ZVI-T (AW)
§ - 80 18 <5 

ZVI-H (UW)
§ - 100 - - 

ZVI-H (AW)
§ - 97 <5 - 

Nic/Fe (ZVI-T)
§ - 99 <5 - 

Nic/Fe (ZVI-H)
§ 5 64 15 16 

ZVI-T (UW)
¥ 

- 40 47 13 

ZVI-T (AW)
¥ - 76 24 - 

ZVI-H (UW)
¥ - 100 - - 

ZVI-H (AW)
¥ - 93 <5 - 

Nic/Fe (ZVI-T)
¥ - 93 7 - 

Nic/Fe (ZVI-H)
¥ 10 71 13 6 

The iron surface at the start of the experiment.  

The iron surface after 24 hours of reaction. 
§
 The iron surface after 12 days of reaction. 

¥ 
The iron surface after 25 days of reaction. 

- Not detected. 

“<5” means the percentage amount of respective iron oxide(s) detected on the 

metal surface(s) was less than 5%. 

“-” means the respective iron oxide(s) were not detected on the metal surface(s). 



Chapter 3. Effects of Surface Oxides and Bimetal Preparation Procedure on PCP Dechlorination 

 

64 

 

A mixture of oxides (wustite, magnetite and ferrihydrite) was observed on ZVI (UW) 

surfaces. However, the main difference between ZVI-H (UW) and ZVI-T (UW) was that 

while ZVI-H (UW) was predominantly covered with magnetite (≈75% magnetite with 

≈25% wustite), ZVI-T (UW) was mainly covered with wustite (≈70% wustite, ≈10% 

magnetite) (Table 3.2). Wustite is formed on the iron surfaces at high temperatures (e.g. 

600°C) and is metastable for extended periods in ambient conditions (Redl et al., 2004). 

Iron corrosion due to ZVI oxidation results in the formation of various iron oxides/ 

oxyhydroxides (Matheson and Tratnyek 1994). Under anaerobic conditions and at 

ambient temperatures, magnetite forms on the ZVI surface via transformation of Fe(OH)2; 

Fe(OH)2 is thermodynamically unstable and the presence of ZVI catalyses the 

transformation reaction of Fe(OH)2 to magnetite (Odziemkowski et al., 1998, Reardon 

2005). 

The various oxides have differing effects on the ZVI surface properties. Furthermore, the 

performance of ZVI can be affected by the distinct characteristics of oxyhydroxides that 

have formed on the surface. The effect of oxides on ZVI surface reactivity can be 

exemplified by comparing characteristics of wustite and magnetite. Both wustite and 

magnetite act as semiconductors. However, the gap between valence and conduction 

bands of magnetite is only 0.1 eV while the band gap of wustite is 2.3 eV (Cornell and 

Schwertmann 2003, Farrell et al., 2000a). Consequently, magnetite is highly conductive, 

with the highest conductivity of all iron oxides, while that of wustite is much lower 

(Cornell and Schwertmann 2003). Therefore, the lower reactivity of ZVI-T (UW) for PCP 

dechlorination can be attributed to the presence of wustite on the surface, which acts as a 

passivating oxide hindering the electron transfer process. This is further supported by the 

Raman analysis results of the ZVI-T (UW) material carried out during the 25 days 

reaction. Wustite was identified as the main oxide on the ZVI-T (UW) surface throughout 

the experiment duration (Table 3.2). Acid washing of ZVI-T removed wustite while 

increasing the amount of magnetite on the surface (Table 3.2). Magnetite is electrically 

conductive and allows electron transfer, facilitating the dechlorination reaction (Liu et al., 

2006, Ritter et al., 2002). Therefore, the higher reactivity of ZVI-H (UW) and ZVI-T 

(AW) can be attributed to the presence of magnetite. Furthermore, Raman analysis carried 

out on the ZVI-H (UW) and ZVI-T (AW) material during the 25 day reaction period 

showed that magnetite remained as the main oxide on these materials throughout the 
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experiment (Table 3.2), and thus resulted in continuation of higher surface reactivity for 

PCP dechlorination. It was observed that, for ZVI-H, the change in PCP dechlorination 

before and after acid washing was not significant. This observation was consistent with 

Raman spectra showing ZVI-H having predominantly a magnetite layer before and after 

acid washing as well as during the 25 days of reaction with PCP (Table 3.2). The 

observations discussed above are consistent with previous studies on the effect of the 

oxidation state of iron oxides (i.e. Fe(II):Fe(III) ratio) on the kinetics of electron transfer 

process (Gorski et al., 2009, Gorski and Scherer 2009, Stratmann and Müller 1994).  

Nickel acts as a catalyst in the Nic/Fe systems and promotes the formation of atomic 

hydrogen, or a metal hydride, on the ZVI surface. It enhances PCP degradation via 

hydrodechlorination (Ko et al., 2007, Tian et al., 2009) and improves the efficiency of 

hydrogen as a reductant (Cheng and Wu 2001, Feng and Lim 2005, Matheson and 

Tratnyek 1994). It has also been suggested that Ni can prolong ZVI activity by preventing 

the formation and precipitation of passive oxide films on the iron surface (Feng and Lim 

2005). Although a definitive explanation for the differing effects of Ni coating on the 

ZVI-T and ZVI-H materials is not clear from the study, some possibilities are observed 

and discussed in the following sections. 

In the present study, analysis of the solutions using atomic absorption spectrophotometry 

(AAS) found less Ni deposition on the ZVI-H (AW) surface compared to the ZVI-T 

(AW) surface. The AAS analysis of solutions before and after Ni coating showed 92% 

and 85% removal of Ni from solutions with ZVI-T (AW) and ZVI-H (AW), respectively. 

The difference between initial and final dissolved Ni concentrations indicated that Ni 

deposited on the ZVI surface was 442 mg/L (mg of Ni per kg of Fe) for ZVI-T and 408 

mg/L (mg of Ni per kg of Fe) for ZVI-H. Moreover, the specific surface area of Nic/Fe 

(ZVI-H) was smaller than that of Nic/Fe (ZVI-T) (Table 3.1). 

The ESEM images of Nic/Fe (ZVI-T) and Nic/Fe (ZVI-H) bimetals and the elemental 

composition of various locations on the bimetal surfaces are presented in Figure 3.3, 

Table 3.3 and Table 3.4. The details of ESEM/EDS analysis method is presented in 

Chapter 2, Section 2.4.2. The ESEM images of ZVI-T and ZVI-H (UW and AW) are 

presented in Figure 3.4. The elemental composition of various ZVI surfaces is presented 

in Table 3.5. The Nic/Fe (ZVI-T) bimetal had bright white spots on the iron surface that 
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corresponded to clusters of discrete particles of Ni (Figure 3.3a). The surface of the 

Nic/Fe (ZVI-H) was different to that of Nic/Fe (ZVI-T), as small discrete particles of 

deposited Ni were not visible on the surface. Instead, only an EDS scan of a wide area 

(Figure 3.3b) showed the presence of deposited Ni. Furthermore, ESEM/EDS analysis of 

Nic/Fe particles found less Ni deposition on ZVI-H (AW) (Table 3.4) compared to ZVI-T 

(AW) surface (Table 3.3). Based on these findings, it seems that Ni may have deposited 

on the ZVI-H (AW) surface as a thin coating during preparation of Nic/Fe (ZVI-H). 

Therefore, the lower PCP dechlorination by Nic/Fe (ZVI-H) compared to the Nic/Fe 

(ZVI-T) could be a result of lower Ni deposition, lower specific surface area, and the 

deposition of Ni as a thin layer concealing the reactive ZVI surface. As stated above in 

Section 3.2.1.1, there are also inconsistencies in the literature related to the bimetal 

reactivity for CP dechlorination. Some studies reported that coating ZVI with Pd or Ni 

enhanced the CP dechlorination (Morales et al., 2002, Zhang et al., 2006) while other 

studies reported no enhancement effect with the Ni coated ZVI bimetal (Kim and 

Carraway 2000). 
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Figure 3.3 Environmental Scanning Electron Microscopy (ESEM) images of bimetallic particles. 

Figure 3.3 (a) Ni-coated iron with acid washed ZVI-T (Nic/Fe (ZVI-T)) (b) Ni-coated iron with acid 

washed ZVI-H (Nic/Fe (ZVI-H)). 

 
The areas marked in red squares were scanned using the EDS for elemental analysis on the iron 
surfaces and analysis of nickel deposited on the iron surfaces.  

Table 3.3 Elemental analysis on the Nic/Fe 

(ZVI-T) surface using ESEM/EDS. 

 

Location 
Elemental weight (%) 

Fe O C Ni 

(i) 83.73 8.58 7.69 - 

(ii) 71.97 18.17 9.86 - 

(iii) 71.20 24.52 4.02 0.26 

(iv) 68.29 24.57 6.60 0.54 
 

Table 3.4 Elemental analysis on the Nic/Fe 

(ZVI-H) surface using ESEM/EDS. 

 

Location Elemental weight (%) 

Fe O C Ni 

(i) 83.31 12.79 3.90 - 

(ii) 87.26 7.89 4.85 - 

(iii) 86.01 10.52 3.47 - 

(iv) 83.90 11.74 4.19 0.17 

 
 

Whole area from large square 

 

(b) 

(a) 
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Figure 3.4 Environmental Scanning Electron Microscopy (ESEM) images of ZVI particles. 

Figure 3.4 (a) unwashed ZVI-T (b) acid washed ZVI-T (c) unwashed ZVI-H (d) acid washed ZVI-H. 

The areas marked in red squares were scanned using the EDS for elemental analysis on the iron 

surfaces. 

 

 

Table 3.5 Elemental analysis on the iron surfaces using ESEM/EDS. 

Material 
Elemental weight (%) 

Fe O C 

ZVI-T (UW) 88.83 8.20 2.97 

ZVI-T (AW) 74.00 22.61 3.39 

ZVI-H (UW) 94.07 3.29 2.64 

ZVI-H (AW) 85.45 10.87 3.68 
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The ZVI-T and ZVI-H samples performed dramatically differently. In particular the effect 

of Ni deposition showed contrasting results, which could be considered to be due to 

differences in the nature of Ni deposition process on the two different ZVI surfaces. The 

assumptions underlying this hypothesis are (1) the reduction of Ni
2+

 to Ni
0
 occurs rapidly 

on a magnetite surface due to magnetite‟s high conductivity and (2) the conversion of 

wustite to magnetite observed for ZVI-T during Ni coating is a slow process compared to 

the rate of reduction of Ni
2+

 to Ni
0
. 

The behaviour of the Nic/Fe (ZVI-T) and Nic/Fe (ZVI-T) bimetal systems is 

conceptualised in Figure 3.5. When ZVI-T (AW) was used for Nic/Fe preparation, rapid 

deposition of Ni
0 

possibly occurred on the surface locations where magnetite was initially 

present, while wustite was removed slowly and magnetite formed on the ZVI-T (AW) 

surface during the reaction (Figure 3.5a). Consequently, Ni deposition was evident on the 

Nic/Fe (ZVI-T) surface as clusters of discrete Ni particles. Conversely, ZVI-H (AW) 

surface was initially mainly covered with magnetite. Due to magnetite‟s high 

conductivity, Ni
0
 could be rapidly deposited as a thin layer on the ZVI-H (AW) during 

Nic/Fe preparation (Figure 3.5b).  
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Figure 3.5 Schematic of nickel coated ZVI bimetals (a) Nic/Fe (ZVI-T) (b) Nic/Fe (ZVI-H).  
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3.2.1.3. Hydrogen Gas Accumulation and Solution pH 

Hydrogen gas formation is an indication of the reactivity of the ZVI surface. The 

hydrogen gas accumulated in the headspace of the batch reactors is the net result of 

hydrogen gas produced by H
+
 reduction and H2 loss due to reaction or sorption during the 

dechlorination reaction with ZVI or bimetals. In this study, hydrogen gas was detected in 

all treatment systems with the exception of ZVI-T (UW) (Figure 3.6a). The ZVI-T (UW) 

was mainly covered with wustite (Table 3.2), thus had the lowest surface reactivity and 

showed the least dechlorination activity of all materials tested (Figure 3.2a). Conversely, 

the highest hydrogen gas production was observed with ZVI-H systems (UW and AW) 

(Figure 3.6a). Magnetite, which is present in larger quantities on the ZVI-H (UW) can 

also promote the formation of hydrogen gas (Odziemkowski et al., 1998). However, 

hydrogen, in the absence of a catalyst, is not an effective reductant (Matheson and 

Tratnyek 1994). Therefore, the consumption of hydrogen during the PCP dechlorination 

reaction with ZVI-H (UW) or ZVI-H (AW) would be minimal, resulting in higher 

hydrogen gas accumulation. It was also observed that hydrogen gas accumulation was 

lower in the Nic/Fe (ZVI-H) compared to the Nic/Fe (ZVI-T) system (Figure 3.6a). This 

is most likely to be due to an inhibition of hydrogen production due to Ni deposition on 

redox reactive sites of ZVI-H (AW). 

The solution pH was not deliberately moderated with any addition of buffer. However, 

the 10 µL of ethyl acetate which was introduced at the stage of adding PCP to the reactors 

hydrolyses to acetate in water and would be present in all the systems contributing some 

buffering capacity to all experiments. The reaction solution pH was monitored during the 

experiment. There was a general increase in pH during the reaction time; an increase from 

pH 6-7.2 to pH 6.8-7.7 after 25 days (Figure 3.6b). In the Nic/Fe (ZVI-T) system, there 

was a slight decrease in pH between days 15 and 25.  
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Figure 3.6 (a) Hydrogen gas accumulating in the reaction vessel headspace and (b) solution pH. 

Error bars indicate ± one standard deviation. 

 

3.2.1.4. Incorporation of PCP onto Unmodified and Modified ZVI Surfaces 

The amount of extractable PCP incorporated per unit mass of ZVI (CS, µmole PCP/g of 

ZVI) was calculated as follows: 

      
             

    
                                   

Where CT = total system PCP concentration [µmole/L]; CW = aqueous phase PCP 

concentration [µmole/L]; VW = volume of aqueous solution [L] and MZVI = initial amount 

of ZVI used in the batch reactor [g]. 
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The amounts of extractable PCP incorporated in the solid phase (unmodified and 

modified iron surfaces) are shown in Figure 3.7. In this study, incorporation refers to 

sorption, co-precipitation and/or physical entrapment of PCP and/or its degradation 

products with the oxide phases. PCP incorporation occurred with all the treatments 

(Figure 3.7). PCP incorporation in all systems, excluding the bimetallics, ranged between 

0.02 and 0.03 mole/g ZVI after 25 days (Figure 3.7). On the other hand, incorporation of 

PCP was highest with the use of Nic/Fe (ZVI-H) bimetal reaching up to 0.06 mole/g 

ZVI (i.e. 6 M PCP removed from solution) and decreased only to 0.055 mole/g ZVI 

after 25 days (Figure 3.7). In comparison to the Nic/Fe (ZVI-H) bimetal, in the Nic/Fe 

(ZVI-T) system, the incorporated and extracted PCP decreased to 0.006 mole/g ZVI 

after 25 days, which is around nine times lower than the amount of PCP incorporated onto 

the Nic/Fe (ZVI-H) bimetal. 

 

 

Figure 3.7 Amount of extractable PCP incorporated on unmodified and modified iron particles. 

Error bars indicate ± one standard deviation. 

The initial amount of PCP available in each system = 0.19 µmole/g ZVI.  

 

To further assess the significance of PCP sorption on dechlorination, the conceptual 

model proposed by Burris et al., (1998, 1995) was used as a tool to enhance the 
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understanding of the various mechanisms occurring in ZVI/H2O systems. Use of this 

model determines the magnitude of PCP sorption/desorption onto non-reactive sorption 

sites of ZVI and bimetals and their influence on PCP dechlorination. The proposed 

conceptual model incorporating PCP dechlorination reaction and sorption/desorption to 

non-reactive sites in a ZVI/H2O system is presented in Figure 3.8. The PCP 

sorption/desorption rate constants to the non-reactive sorption sites are denoted by k1 and 

k2 while mass transfer resistance rates possibly associated with the reactive sites for PCP 

and degradation products are indicated by k3 and k4. 

 

 

Figure 3.8 Schematic of conceptual model for reduction of PCP in ZVI/H2O or bimetal/H2O 

system. 

Modified from Burris et al., (1998). 

 

Assuming that PCP dechlorination using ZVI or Nic/Fe bimetal is dependent upon 

aqueous PCP concentration, and that observed sorption occurs primarily onto non-

reactive sorption sites, the rate of change in total system, aqueous phase and sorbed PCP 

concentrations can be described using the following equations 3.2 to 3.4 (Burris et al., 

1998, Burris et al., 1995):  
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Where Ct = total system PCP concentration [µM], Ca = aqueous PCP concentration [µM], 

Cs = incorporated and extracted PCP concentration [µM], t = reaction time [days], Na = 

reaction order, ka = dechlorination reaction rate constant relative to aqueous PCP 

concentration [day
-1

], k1 and k2 = sorption and desorption rate constants to the non-

reactive sorption sites [day
-1

] respectively. The dechlorination reaction rate constant (ka) 

includes the chemical reaction rate and the mass transfer resistance rates (k3, k4) 

associated with the reactive sites on the ZVI surface.  

The rate constants (ka, k1 and k2) for PCP with ZVI and bimetals were optimised based on 

the above model. Aqueous, incorporated and extracted PCP concentrations were used, 

and equations 3.3 and 3.4 were solved simultaneously using the kinetic simulation 

program TENUA 2.1 (Wachsstock 2012). The predicted total PCP concentrations were 

calculated based on the mass balance for a batch reactor, Ct = Ca + Cs. The resulting 

observed rate constants are presented in Table 3.6. The surface area normalised 

dechlorination reaction rate constants were calculated based on the BET specific surface 

area of respective materials (Table 3.1), and are presented in Appendix C, Table C1. It 

was not possible to estimate the area of only the reactive sites on the ZVI surface; the 

measured BET specific surface area of each metal surface is an absolute measurement 

representing the total area of each metal surface. Therefore, the reactivity of each metal or 

bimetal for PCP dechlorination was assessed only based on the observed dechlorination 

reaction rates (Table 3.6). Removal of PCP with different treatments and the predicted 

curves obtained using estimated rate constants are shown in Figure 3.9.  
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Figure 3.9 Removal of PCP with ZVI and nickel coated ZVI bimetallic systems. 

Figure 3.9 (a) ZVI-T (UW) (b) ZVI-H (UW) (c) ZVI-T (AW) (d) ZVI-H (AW) (e) Nic/Fe (ZVI-T) (f) 

Nic/Fe (ZVI-H). 

Dashed lines indicate the predicted curves obtained using estimated sorption/desorption rate 

constants and the reaction rate constant estimated based on aqueous phase PCP concentration with 
respective treatments. 
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Table 3.6 Kinetic parameters determined for PCP in water-ZVI and water-Nic/Fe systems. 

Treatment 

Reaction rate 

constant (ka) 

(aqueous) (day
-1

) 

Reaction 

order 

(Na) 

Rate constant (Day
-1

) 

Sorption 

(k1) 

Desorption 

(k2) 

ZVI-T (UW) 0.0208 1 0.0400 0.1238 

ZVI-T (AW) 0.0521 1 0.0460 0.0938 

ZVI-H (UW) 0.0938 1 0.0957 0.1798 

ZVI-H (AW) 0.0788 1 0.0629 0.1500 

Nic/Fe (ZVI-T) 0.1310 1 0.0550 0.1100 

Nic/Fe (ZVI-H) 0.0594 1 0.0981 0.1540 

 

The removal of PCP from the aqueous phase could be due to PCP sorption onto ZVI or 

bimetallic surfaces and iron oxides (Burris et al., 1995), PCP co-precipitating or 

entrapment with the iron oxides (Noubactep 2008, 2007), as well as the dechlorination 

reaction (Burris et al., 1995). The reaction of PCP with ZVI or Nic/Fe bimetals 

demonstrated first order behaviour with respect to aqueous PCP concentrations for the 

experimental conditions of this study (Figure 3.9, Table 3.6). At low aqueous 

concentrations, heterogeneous reactions are known to follow first order kinetics with 

respect to aqueous concentrations (Burris et al., 1995). The model simulation results were 

consistent with the experiment data (Figure 3.9). However, some treatments demonstrated 

initial (day 0-3) fast incorporation of PCP resulting in rapid removal of PCP from the 

solution, which could not be explained using the model results (Figure 3.9). This initial 

rapid removal of PCP from the solution could be due to sorption, co-precipitation and/or 

entrapment of PCP molecules with the iron oxides. Except with Nic/Fe (ZVI-T), the 

incorporated and extracted PCP concentrations reached a constant level over time while 

the aqueous phase PCP concentration gradually decreased possibly due to the 

dechlorination reaction (Figure 3.9). The results indicated that the PCP mass available in 

the aqueous phase is important for continuation of the dechlorination reaction. The rate of 

PCP dechlorination was slowest with the ZVI-T (UW) and fastest with Nic/Fe (ZVI-T) 

(Table 3.6). This is consistent with the lowest and highest PCP dechlorination observed 

with total system PCP concentrations with the respective treatments (Figure 3.2a and 

Figure 3.2e). Acid washing and Ni coating of ZVI-T increased the observed 
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dechlorination reaction rates while these modifications on ZVI-H resulted in a decrease in 

the observed reaction rates (Table 3.6).   

Modifications to ZVI affected the rates of PCP sorption and desorption on non-reactive 

sites. It was found that with all treatments, the rate of desorption was greater than rate of 

sorption (Table 3.6). Acid washing increased the rate of PCP sorption onto ZVI-T non-

reactive sites, but decreased the PCP sorption rate for ZVI-H, while decreasing PCP 

desorption rates for both ZVI-T and ZVI-H. Nickel coating of ZVI-T and ZVI-H 

increased the sorption rates compared to respective unwashed and acid washed ZVI 

(Table 3.6). Furthermore, Ni coated ZVI-T and ZVI-H exhibited lower and higher 

observed PCP desorption rates compared to respective unwashed and acid washed ZVI. It 

was noted that the mass percentage of carbon on the ZVI (AW) surfaces (Table 3.5) and 

Ni coated ZVI surfaces (Table 3.3 and Table 3.4) was higher than that on the surface of 

ZVI (UW) (Table 3.5). In general, an increase in the carbon fraction on the ZVI surface 

could be associated with increased sorption of the contaminants (Lin and Lo 2005). 

Compared to Nic/Fe (ZVI-T), Nic/Fe (ZVI-H) exhibited around twice the rate of non-

reactive sorption (Table 3.6) and greater PCP mass transfer resistance, providing 

additional evidence of the inferior PCP dechlorination efficacy of Nic/Fe (ZVI-H) 

compared to Nic/Fe (ZVI-T). Incorporation of PCP onto ZVI and Nic/Fe could be due to 

sorption, co-precipitation and/or physical entrapment with the oxides formed on the metal 

surfaces, and PCP desorption may be associated with the dissolution of iron oxides 

(Noubactep 2009, 2008, 2007). Differences in the iron oxides present and/or formed may 

explain variations in PCP sorption and desorption rates onto non-reactive sites of ZVI and 

Nic/Fe. In general, acid washing and Ni coating of ZVI increased the relative amount of 

magnetite present on the surface (Table 3.2). The migration of PCP molecules through the 

oxide films on the ZVI surface may depend on the porosity and pore structure of the 

oxides. Therefore, excessive formation of magnetite could result in increased sorption 

rates and decreased desorption rates. Previous studies reported that the migration of 

contaminant molecules through oxide films depends on the characteristics of the oxides 

(Noubactep 2008), and that increased growth of oxide layers could lead to an 

enhancement in diffusional resistance for the electron transfer process (Meyer et al., 

2004).  
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In summary, this study explored PCP dechlorination using electrolytic ZVI obtained from 

two suppliers and the findings provide insight into some of the complexities involved in 

PCP dechlorination using ZVI and Ni coated ZVI bimetallic systems under anoxic 

conditions. The review of literature revealed different results for PCP dechlorination by 

ZVI based systems. The findings of this study demonstrated that the apparent 

inconsistencies in the published literature related to ZVI performance could be attributed 

to the nature of the initial ZVI material. Acid pretreatment was shown to enhance ZVI 

reactivity only when the ZVI surface was initially covered with a layer of wustite. When 

the ZVI surface was initially covered with mainly magnetite, acid pretreatment of ZVI 

had no significant effect on PCP dechlorination. In addition, coating ZVI with Ni could 

be beneficial or detrimental for enhanced PCP dechlorination depending on the nature of 

the ZVI material used and the oxides present and/or formed on the ZVI surface. The 

results showed that when a mixture of magnetite/wustite was initially present on the ZVI 

surface, Ni could be deposited as clusters of discrete Ni particles on the ZVI surface, 

while Ni could be deposited as a thin layer when magnetite was the only oxide initially 

present on the ZVI surface. The presence of discrete Ni particles enhanced the availability 

of reactive ZVI surfaces as well as PCP dechlorination by the Ni coated ZVI bimetallic 

particles. However, thin layer Ni deposits could conceal the reactive ZVI surfaces thus 

hindered PCP dechlorination by the bimetallic particles.   
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3.2.2. Part II: Effect of Bimetallic Preparation Procedure on PCP 

Dechlorination 

3.2.2.1. PCP Dechlorination by Bimetal systems of Ni coated ZVI and Physically 

Mixed Ni/ZVI 

Two bimetallic systems (physically mixed Ni powder with ZVI-H [i.e. Nis/Fe], and Ni 

coated ZVI-H [i.e. Nic/Fe]), were tested to explore the effect of bimetallic preparation 

procedures on PCP dechlorination. The physical mixtures for this study used Ni powder 

(Nis) with ZVI-H (UW or AW) in either a 1:1 or a 0.1:1 Nis/Fe ratio (w/w). The mixture 

of 1 g of ZVI and 1 g of Ni is referred to as Nis (1.0)/Fe and the mixture of 1 g of ZVI and 

0.1 g of Ni is referred to as Nis (0.1)/Fe. During the testing of different bimetallic 

systems, only ZVI-H was chosen as the ZVI material due to the superior PCP 

dechlorination demonstrated by ZVI-H compared to the ZVI-T as discussed in Section 

3.2.1.1. The PCP dechlorination by ZVI-H (UW and AW) and different bimetallic 

systems are presented in Figure 3.10.  

 

 

Figure 3.10 PCP degradation by ZVI and different Ni-ZVI bimetallic systems. 

Error bars indicate ± one standard deviation. 
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The Ni particles, when used without ZVI, exhibited the least reactivity with significantly 

lower PCP dechlorination (p < 0.05) compared to ZVI (UW and AW) and bimetallic 

systems (Figure 3.10). The standard reduction potential of Ni (-0.26 V) is higher than that 

of iron (-0.44 V) (Arning and Minteer 2007). Hence, Ni is a poorer electron donor for 

dechlorination as shown by the lower PCP degradation. 

Physically mixing Ni powder and ZVI (Nis/Fe) significantly enhanced the PCP 

dechlorination (p < 0.05) compared to ZVI (UW and AW) and Nic/Fe treatments (Figure 

3.10). As previously discussed in Section 3.2.1, the increased dechlorination efficiency 

with Ni-catalysed ZVI bimetallic systems can be attributed to several mechanisms, 

including: (1) enhancement of the hydrodechlorination reaction due to Ni serving as a 

catalyst for the formation of atomic hydrogen and metal hydride on the ZVI surface, (2) 

the formation of galvanic cells, which enhance electron transfer on the metal surface (Ko 

et al., 2007, Patel and Suresh 2007, Tian et al., 2009) and (3) enhancement in indirect 

reduction of PCP by hydrogen in the presence of Ni as a catalyst in the system (Cheng 

and Wu 2000, 2001, Feng and Lim 2005, Matheson and Tratnyek 1994). 

Based on the findings of this study, the superior PCP dechlorination efficacy of Nis/Fe 

bimetals compared to the Nic/Fe (ZVI-H) bimetal could be attributed to factors such as 

the nature/effect of bimetal preparation procedure, the amount of Ni used as the catalyst 

and the greater availability of reactive ZVI surfaces for dechlorination reaction. When Ni 

and ZVI are physically mixed, there is minimal/no permanent covering of ZVI reactive 

surfaces with Ni as in the Nic/Fe system. This resulted in superior PCP dechlorination 

efficiency with the Nis/Fe systems as greater reactive surface on the ZVI was available 

for PCP dechlorination reaction with the Nis/Fe systems compared to the Nic/Fe system. 

The behaviour of Nis/Fe bimetal system is conceptualised in Figure 3.11. Conversely, as 

previously discussed in Section 3.2.1.2, when ZVI-H (AW), which consisted of a 

magnetite layer, was coated with Ni, Ni seemed to deposit on the ZVI-H (AW) surface as 

a thin layer that concealed the reactive surface of ZVI ( 

Figure 3.5b), which led to lower PCP dechlorination. In addition, factors such as the 

oxides present or formed on the ZVI surface during dechlorination, hydrogen gas 

accumulation and possible mass transfer resistance in different bimetallic systems could 
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also affect the reactivity of different bimetal systems. These aspects are further discussed 

under Section 3.2.2.2, Section 3.2.2.3 and Section 3.2.2.5, respectively. 

 

Figure 3.11 Schematic of a physical mixture of Ni with ZVI-H (Nis/Fe) bimetal. 

 

The total concentrations of PCP and its dechlorination products remaining either in the 

solution or incorporated in the systems with Nis/Fe and Nic/Fe bimetals are presented in 

Figure 3.12. The Nis/Fe systems resulted in complete PCP dechlorination and also in 

absolute degradation of intermediate chlorophenols. After 25 days of reaction, in all 

Nis/Fe systems, the final degradation products were either phenol only or phenol and 

cyclohexanol (Figure 3.12). In addition, the rate of dechlorination was substantially faster 

with the Nis/Fe than with the Nic/Fe bimetal (Figure 3.12). The amount of Ni added to 

the system affected the PCP dechlorination rate and the formation of intermediate by-

products; higher PCP degradation rates being observed with 1 g of Ni compared to 0.1 g 

of Ni (Figure 3.12). These benefits were exemplified when Nis (1.0)/Fe with ZVI-H 

(AW) mixture led to 100% dechlorination of PCP to phenol and cyclohexanol (96% and 

3% as the end products, respectively) after 7 days of reaction (Figure 3.12c). This system 

illustrated the rapid production of phenol through the less chlorinated phenol 

intermediates as well as hydrogenation of phenol to cyclohexanol in the presence of Ni. 

Conversely, the mixture of Nis (0.1)/Fe with ZVI-H (AW) resulted in complete 

dechlorination of PCP to phenol only (92% of the end products) after 25 days of reaction 

(Figure 3.12d). 

Ni
0
 Ni

0
 

 

Fe
0 

ZVI-H (UW or AW) 

Magnetite 

Ni
0
 

Fe
0
= Iron metal M = Magnetite Ni particles 



Chapter 3. Effects of Surface Oxides and Bimetal Preparation Procedure on PCP Dechlorination 

 

83 

 

 

Figure 3.12 Total concentrations of PCP and its dechlorination products remaining either in 

solution or incorporated in the systems with bimetallic systems. 

Figure 3.12 (a) Nis (1.0)/Fe (UW-H) (b) Nis (0.1)/Fe (UW-H) (c) Nis (1.0)/Fe (AW-H) (d) Nis 

(0.1)/Fe (AW-H) (e) Nic/Fe (ZVI-H) (f) Ni only. 

Error bars indicate ± one standard deviation. 
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In the Nis/Fe bimetal systems, the concentrations of intermediates indicate their relative 

rates of production and destruction. The most prominent intermediates were found to be 

chlorophenols (in the order of decreasing chlorination), and phenol. The mass balance 

achieved in these Nis/Fe systems was consistently ≈ 90%, which could be attributed to (1) 

incomplete recovery of non-chlorinated compounds (formed during rapid dechlorination 

of PCP) in the process of chemical extraction and/or (2) possible loss of the volatile non-

chlorinated compounds such as phenol and cyclohexanol during sample handling. 

Furthermore, in Nis/Fe systems, the selectivity and conversion of the major end products 

(i.e. only phenol or phenol plus cyclohexanol) was influenced by the partial pressure of 

hydrogen in the batch reactors (Section 3.2.2.3) (Talukdar et al., 1993). In comparison to 

Nis/Fe bimetal systems, the Nic/Fe (ZVI-H) system resulted in significantly lower (p < 

0.05) PCP dechlorination with only 55% PCP degradation after 25 days, while 

accumulating TeCPs, TCPs and DCPs as intermediate products in the solution (Figure 

3.12e). Similarly, ZVI-H (UW and AW) treatments resulted in partial PCP dechlorination 

(79% and 74% after 25 days of reaction, respectively) and accumulation of TeCPs in the 

solution (Figure 3.2).  

The findings regarding the formation of intermediate by-products in this study are 

supported by previous studies using PCP and nano scale bimetallic systems. Complete 

PCP dechlorination was observed using Ni/Fe nanoparticles with phenol being the only 

end product; dechlorination efficiency and phenol formation was increased as Ni content 

increased (Zhang et al., 2006). Furthermore, the use of Pd/Mg resulted in complete PCP 

dechlorination, with only cyclohexanol and cyclohexanone detected as end products 

(Morales et al., 2002). 

3.2.2.2. Iron Metal Characterisation 

The specific surface area of ZVI, Ni and Nic/Fe bimetal particles are presented in Table 

3.7. Acid washing as well as Ni coating of ZVI-H (AW) increased the specific surface 

area (Table 3.7). Analysis of solutions (using AAS) before and after Ni coating showed 

85% removal of Ni from solution with ZVI-H (AW). Moreover, deposited Ni was not 

visible as small clusters on the Nic/Fe (ZVI-H) surface (Section 3.2.1.2). Instead, as 

shown on the ESEM images, an EDS scan of a wide area (Figure 3.3b) confirmed the 

presence of deposited Ni on Nic/Fe (ZVI-H) (Table 3.4). As previously discussed in 
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Section 3.2.1.2, Ni may have deposited on the ZVI-H (AW) surface as a thin coating 

during preparation of Nic/Fe (ZVI-H). 

 

 

Table 3.7 Specific surface area of metal particles. 

Material Specific surface area (m
2
/g) 

ZVI-H (UW) 0.212 ± 0.002 

ZVI-H (AW) 0.910 ± 0.003 

Nickel powder 0.385 ± 0.004 

Nic/Fe (ZVI-H) 2.696 ± 0.011 

 

 

 

An important difference between the Nis/Fe and Nic/Fe systems was the iron oxide 

phases formed on ZVI surface after reaction with PCP as determined by Raman 

spectroscopy and MCR-ALS analysis. The typical Raman spectra of samples from pre 

reaction to the end of the reaction (over 25 days) are shown in Appendix B, Figure B2. 

The relative amounts of oxides present on each metal before, during and after reaction 

with PCP are presented in Table 3.8. Prior to reaction with PCP, a mixture of magnetite 

and wustite was observed on ZVI (UW) while mainly magnetite was detected on the ZVI 

(AW) and Nic/Fe (ZVI-H) surfaces (Table 3.8). After 24 hours, 12 days and 25 days of 

reaction with PCP, several iron oxides, including magnetite, hematite, wustite and 

ferrihydrite were detected on the Nic/Fe (ZVI-H) bimetallic particles. Oxides such as 

hematite, wustite and ferrihydrite have low conductivity at room temperature (Cornell and 

Schwertmann 2003). Formation of these oxides seems to decrease the number of reactive 

sites on the ZVI surface, hindering the electron transfer process and subsequently the 

dechlorination of PCP by Nic/Fe (ZVI-H). Electrical conductivity of precipitates on the 

surface is an important factor affecting the reactivity of the ZVI (Schlicker et al., 2000). 

Therefore, lower PCP dechlorination by Nic/Fe (ZVI-H) could be a result of (1) inhibition 

of electron transfer and hydrogen production due to deposition of Ni, possibly as a thin 

coating, on the ZVI-H reactive surface and (2) formation of oxides such as wustite, 

hematite and ferrihydrite during dechlorination causing interference to electron transfer 

process.  
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Table 3.8 Percentages of iron oxides present on the iron surface at the start and end of 

experiment (estimated by MCR-ALS analysis). 

Type of iron/ 

 treatment 

Type of iron oxide 

Hematite Magnetite Wustite Ferrihydrite 

ZVI-H (UW)
 

- 74 24 <5 

ZVI-H (AW) - 98 <5 - 

Nic/Fe-H - 100 - - 

ZVI-H (UW) - 100 - - 

ZVI-H (AW) - 100 <5 - 

Ni(c)/Fe-H <5 57 20 20 

Nis (1.0)/Fe-H (UW) - 100 - - 

Nis (0.1)/Fe-H (UW) - 100 - - 

Nis (1.0)/Fe-H (AW) - 100 - - 

Nis (0.1)/Fe-H (AW) - 98 <5 - 

ZVI-H (UW)
§ - 100 - - 

ZVI-H (AW)
§ - 96 <5 - 

Ni(c)/Fe-H 
§ 5 64 20 11 

Nis (1.0)/Fe-H (UW)
§ - 100 - - 

Nis (0.1)/Fe-H (UW)
§ - 100 - - 

Nis (1.0)/Fe-H (AW)
§ - 100 - - 

Nis (0.1)/Fe-H (AW)
§ - 100 - - 

ZVI-H (UW)
¥ - 100 - - 

ZVI-H (AW)
¥ - 93 <5 - 

Ni(c)/Fe-H
¥ 10 71 13 6 

Nis (1.0)/Fe-H (UW)
¥ - 94 6 - 

Nis (0.1)/Fe-H (UW)
¥ - 99 <5 - 

Nis (1.0)/Fe-H (AW)
¥ - 92 8 - 

Nis (0.1)/Fe-H (AW)
¥ - 99 <5 - 

The iron surface at the start of the experiment;  

The iron surface after 24 hours of reaction; 

§
 The iron surface after 12 days of reaction; 

¥ 
The iron surface after 25 days of reaction; 

- Not detected. 
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During experiments with Nis/Fe bimetals, the ZVI-H (UW) and ZVI (AW) surfaces were 

predominantly covered with magnetite before reaction as well as during and after reaction 

(Table 3.8). This finding supports the enhanced PCP dechlorination observed with Nis/Fe 

systems compared to Nic/Fe system. As discussed in Section 3.2.1.2, magnetite acts as a 

semiconductor but does not lead to ZVI surface passivation due to its small band gap 

between valence and conduction bands (0.1 eV) resulting in the highest conductivity of 

all iron oxides (Cornell and Schwertmann 2003, Farrell et al., 2000a). 

3.2.2.3. Hydrogen Gas Accumulation and Solution pH 

Hydrogen gas production was seen with Nic/Fe (ZVI-H) and Nis/Fe systems, but not 

when Ni powder was used without ZVI (Figure 3.13a). Higher hydrogen gas production 

was observed with the Nis/Fe systems compared to Nic/Fe (ZVI-H) system. With Nis/Fe 

systems, the rate of hydrogen gas formation was faster between 0 to 12 days, with a 

slower rate observed over the remaining reaction period. Hydrogen gas development with 

Nic/Fe (ZVI-H) system seems to follow a linear trend and was slower than the hydrogen 

gas production rate with Nis/Fe systems (Figure 3.13a).  

The rate of hydrogen gas formation can vary depending on ZVI surface characteristics 

(Cheng and Wu 2000). The Ni coating on the ZVI-H (AW) may have deposited as a thin 

layer on the surface covering the reactive sites (Section 3.2.1.2) thus leading to lower 

surface reactivity and hydrogen production. It was observed that in the Nis/Fe systems, 

hydrogen gas production was enhanced with 1 g Ni compared to 0.1 g Ni with the ZVI. 

For example, after 25 days, Nis/Fe with ZVI-H (AW) produced 2.01 atm and 1.06 atm 

hydrogen partial pressure with 1 g Ni and 0.1 g Ni, respectively (Figure 3.13a). The 

higher partial pressures of hydrogen occurring in Nis (1.0)/Fe-H (UW) and Nis (1.0)/Fe-H 

(AW) systems resulted in hydrogenation of phenol to cyclohexanol in the presence of Ni. 

The lowest hydrogen gas production was observed with the Nic/Fe (ZVI-H), with 0.45 

atm after 25 days (Figure 3.13a). This finding is consistent with the lower efficacy of 

Nic/Fe (ZVI-H) in PCP dechlorination (Figure 3.12e). 
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Figure 3.13 (a) Hydrogen gas accumulating in headspace and (b) solution pH. 

Error bars indicate ± one standard deviation. 

 

The solution pH was not buffered. However, as stated in Section 3.2.1.3, hydrolysis of 

ethyl acetate (introduced with the 10 µL PCP stock solution) resulted in the presence of 

trace amounts of acetate in all systems with some buffering capacity. The pH was 

measured at each sampling time in all systems. The solution pH data showed a general 

increase over the reaction duration, rising from pH 6 to 7.2 initially; to pH 6.7 to 7.2 after 

25 days with all treatments (Figure 3.13b). The system with Ni powder without ZVI 

resulted in the highest solution pH (between 6.15 to 7.60), with a slight decrease in pH 

between 12 and 25 days. As discussed in Chapter 1, Section 1.5.1.1, an increase in 

solution pH occurs due to a consumption of protons during PCP dechlorination and 
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production of hydroxide ions during metal corrosion. A rise in solution pH can (1) 

passivate the ZVI surface due to formation of oxides and decrease the metal surface 

reactivity (Jovanovic et al., 2004), (2) decrease the rate of the hydrodechlorination 

reaction led by atomic hydrogen or metal hydride on the ZVI surface (Tian et al., 2009) 

and (3) promote the sorption of chlorophenols to ZVI (Kung and McBride 1991). 

Reaction solution pH has previously been shown to influence the rate of PCP 

dechlorination by Mg/Pd and Mg/Ag systems (Patel and Suresh 2008a) and Ni/Fe 

nanoparticles (Zhang et al., 2006).  

In a ZVI/H2O system, although ZVI acts as the main reductant, other reducing agents 

(Fe
2+

 and H2) are also produced during iron corrosion and are available in the system for 

PCP dechlorination (Chapter 1, Section 1.5.1.1). However, the reaction of Fe
2+

 with the 

chlorinated compound is known to be a slow process, and H2, in the absence of a catalyst, 

has been shown to be an ineffective reductant (Matheson and Tratnyek 1994). When Ni 

was physically mixed with ZVI, Ni performed as an effective catalyst possibly creating 

galvanic cells and increasing ZVI corrosion, resulting in higher hydrogen gas production 

and, as supported in the literature, potentially increasing the indirect reduction of PCP by 

H2 (Cheng and Wu 2000, 2001, Feng and Lim 2005, Matheson and Tratnyek 1994). Feng 

and Lim (2005) reported enhanced reduction of chlorinated compounds by nano Ni-ZVI 

bimetal compared to unmodified ZVI, with the effect attributed to indirect reduction by 

H2 in the presence of Ni. 

3.2.2.4. Dissolution of Metal Ions in the Solution 

The concentration of total dissolved Fe and Ni ions in the systems with ZVI-H (AW), Nis 

(1.0)/Fe (AW-H), Nis (0.1)/Fe (AW-H) and Nic/Fe (ZVI-H) were measured using 

graphite furnace AAS to quantify possible leaching of metal ions during the reaction. 

Concentrations of metal ions in the solution over 25 days of reaction are presented in 

Figure 3.14. The oxidative dissolution of Fe was greater than the dissolution of Ni. The 

highest total dissolved Fe concentration was measured with ZVI-H (AW). The presence 

of Ni decreased the oxidative dissolution of ZVI (AW). The lowest total dissolved Fe 

concentration was measured with Nis (1.0)/Fe (AW-H) which also had the highest Ni 

loading in the system (Figure 3.14a). Decreased dissolution of iron was previously 

observed in the presence of Ni, while the presence of ZVI is reported to inhibit Ni 

corrosion (Schrick et al., 2002). 
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Figure 3.14 Total dissolved concentration of metal ions (a) Iron (b) Nickel. 

Error bars indicate ± one standard deviation. 

 

The total dissolved Ni concentration in each system was found to be lower than the Fe 

concentration (Figure 3.14b). The highest Ni concentration was observed with Nis 

(1.0)/Fe (AW-H), ranging between 0.1 and 0.7 mg/L over the 25 days of reaction. The 

total dissolved Ni concentration measured in the Nis (0.1)/Fe (AW-H) and Nic/Fe (ZVI-

H) systems were within 0.07 to 0.22 mg/L and 0.07 to 0.24 mg/L, respectively (Figure 

3.14b). Hence, leaching of Ni ions into solution is within the same magnitude for both Nis 

(0.1)/Fe (AW-H) and Nic/Fe (ZVI-H) systems. Therefore, compared to the Ni coated ZVI 

bimetallic system, application of a physical mixture of 0.1 g Ni with ZVI is superior in 

PCP dechlorination efficiency while posing no additional problems due to leaching of Ni 

to the solution. 

However, the presence of free Ni particles in a PRB system could lead to harmful 

environmental concerns due to high levels of Ni concentration in water. For Ni, the 

maximum acceptable value of health significance in drinking water is 0.02 mg/L 

(Ministry of Health 2008). Therefore, removing dissolved Ni from the water prior to 

discharging to downstream water bodies is required and can be mitigated by installing a 

post treatment „filter‟ with an adsorption material following the PRB (Figure 3.15). The 

post treatment facility (Figure 3.15) could comprise of a suitable adsorbent (e.g. ZVI, 
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activated carbon or zeolite), which has the capacity to adsorb the dissolved heavy metal 

ions prior to discharging treated water to downstream water sources. Recent research also 

provide evidence on successful application of adsorbents such as zeolite (Comba et al., 

2012) and activated carbon (Hanafi and Hassan 2010) for dissolved heavy metal removal 

from contaminated water. 

 

 

Figure 3.15 Schematic of proposed treatment steps for remediation of chlorophenols and 

dissolved heavy metals. 

 

3.2.2.5. Incorporation of PCP onto Unmodified and Modified ZVI Surfaces 

Incorporated and extractable PCP concentrations in each system are presented in Figure 

3.16. Incorporation of PCP was highest in the Ni only system without ZVI. In this system, 

the incorporated and extracted PCP concentration reached up to 0.17 mole/g Ni after 10 

days of reaction and then remained constant at 0.16 mole/g Ni during days 12 to 25 of 

the reaction. The amount of incorporated and extractable PCP on the Nic/Fe (ZVI-H) 

bimetal reached up to 0.06 mole/g ZVI (i.e. 6 M PCP removed from solution) and 

decreased only to 0.055 mole/g ZVI after 25 days of the reaction (Figure 3.16). 

Conversely, PCP incorporated and extracted in all Nis/Fe systems was initially between 

0.02 and 0.05 mole/g ZVI and gradually decreased to non-detectable amounts after 25 
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days (Figure 3.16); complete PCP dechlorination was observed with Nis/Fe treatments at 

different reaction rates (Figure 3.12).  

 

 

Figure 3.16 Amount of extractable PCP incorporated on metal particles. 

Error bars indicate ± one standard deviation. 

The initial amount of PCP available in each system = 0.19 µmole/g ZVI. 

 

The rate constants relative to aqueous PCP concentrations [day
-1

] for reaction (ka), 

sorption to non-reactive sorption sites (k1) and desorption (k2), for PCP with ZVI and 

bimetals were estimated based on the model discussed in Section 3.2.1.4. The estimated 

rate constants are presented in Table 3.9. The surface area normalised dechlorination 

reaction rate constants were calculated based on the BET specific surface areas of 

respective metal particles (Table 3.7) and are presented in Appendix C, Table C2. The 

removal of PCP with different treatments and the predicted curves obtained using 

estimated rate constants are shown in Figure 3.17. 
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Figure 3.17 Removal of PCP with ZVI, Ni and Ni/Fe bimetallic systems. 

Figure 3.17 (a) ZVI-H (UW) (b) Nis (1.0)/Fe (UW-H) (c) Nis (0.1)/Fe (UW-H) (d) Nic/Fe (ZVI-H) 

(e) ZVI-H (AW) (f) Nis (1.0)/Fe (AW-H) (g) Nis (0.1)/Fe (AW-H) (h) Ni (0) only. 

Dashed lines indicate the predicted curves obtained using estimated sorption/desorption rate 
constants and the reaction rate constant estimated based on aqueous phase PCP concentration with 

respective treatments. 
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Table 3.9 Kinetic parameters determined for PCP in water-ZVI, water-Nic/Fe bimetal and 

water-Nis/Fe bimetal systems. 

Treatment 

Reaction rate 

constant (ka) 

(aqueous) (day
-1

) 

Reaction 

order (Na) 

Rate constant (Day
-1

) 

Sorption 

(k1) 

Desorption 

(k2) 

ZVI-H (UW) 0.0938 1 0.0957 0.1798 

ZVI-H (AW) 0.0788 1 0.0629 0.1500 

Nis (1.0)/Fe (UW-H) 1.2000 1 0.4500 0.2150 

Nis (0.1)/Fe (UW-H) 0.4800 1 0.2950 0.3284 

Nis (1.0)/Fe (AW-H) 1.2500 1 0.4150 0.4578 

Nis (0.1)/Fe (AW-H) 0.5200 1 0.2302 0.2589 

Nic/Fe (ZVI-H) 0.0594 1 0.0981 0.1540 

Ni (0) only 0.1500 0.20 0.4800 0.0310 

 

The reaction of PCP with Nis/Fe and Nic/Fe bimetals demonstrated first order behaviour 

with respect to aqueous PCP concentrations for the experimental conditions of this study 

(Table 3.9). The model simulation results correspond with experimental data (Figure 

3.17). However, the model fit for Ni without ZVI showed a poor relationship (during 0 to 

5 days) indicating that the chemical and physical reactions with the Ni surface may 

involve different mechanisms compared to ZVI reactions. Reaction rate constants with 

Nis/Fe prepared with ZVI (AW) were higher compared to reaction rate constants with 

Nis/Fe prepared with ZVI (UW). Furthermore, the rate of PCP dechlorination increased 

as the Ni content increased (Table 3.9). Among the bimetallic systems tested, the highest 

and lowest rates of PCP dechlorination were observed with the Nis (1.0)/Fe (AW-H) and 

Nic/Fe (ZVI-H) treatments, respectively (Table 3.9). This is consistent with the highest 

and lowest PCP dechlorination capacities observed with total PCP concentrations for 

these systems (Figure 3.12c and Figure 3.12e). 

It was noted that both PCP sorption and desorption rates to non-reactive sites with Nis/Fe 

systems (UW and AW) were greater than the respective rates of treatments with ZVI 

(UW) or ZVI (AW) alone (Table 3.9). In the Nis/Fe systems, PCP removal from the 

aqueous phase may occur due to the dechlorination reaction and sorption onto ZVI and Ni 
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powder in the systems. These can be likely reasons for the increase in sorption/desorption 

rates observed with Nis/Fe systems compared to the systems with ZVI (UW or AW) 

alone. Mass transfer resistance for PCP was highest with the Ni only treatment without 

ZVI, which exhibited the highest sorption rate as well as the lowest desorption rate 

compared to all treatments (Table 3.9) indicating the least PCP degradation. The rate of 

PCP sorption onto non-reactive sites with Nis (1.0)/Fe (UW-H) was higher than the rate 

of PCP desorption. Except for Nis (1.0)/Fe (UW-H), all Nis/Fe systems exhibited a ratio 

of sorption to desorption of around unity. Compared to the Nis/Fe systems, Nic/Fe (ZVI-

H) exhibited  2 to 4 times lower rate of non-reactive PCP sorption but  1.5 to 3 times 

lower rate of PCP desorption. The presence of a mixture of hematite, wustite and 

ferrihydrite (along with magnetite) on the Nic/Fe (ZVI-H) surface (Table 3.8) may lead to 

strong entrapment of PCP on the surface and impede PCP desorption. Lower rate of PCP 

desorption with Nic/Fe (ZVI-H) may also limit the availability of PCP in the aqueous 

phase, leading to incomplete PCP dechlorination using Nic/Fe (ZVI-H) (Figure 3.12e). Of 

interest, it was noted that when Ni powder is introduced to the Nis/Fe systems, the 

amount of PCP incorporated and extracted reached non-detectable levels, while PCP was 

completely degraded over the 25 days of reaction (Figure 3.17). Conversely, with Nic/Fe 

(ZVI-H), the incorporated PCP concentration reached a steady level during the reaction, 

while the aqueous phase PCP concentration gradually decreased due to the slow 

dechlorination reaction (Figure 3.17d).  

This study explored some of the complexities involved in PCP dechlorination using 

bimetallic systems. Published data have shown different results for PCP degradation by 

ZVI-based bimetallic systems. However, discrepancies in the published results may be 

attributed to the methodologies used for producing the bimetallic systems as well as the 

nature of the initial ZVI material. Coating ZVI with Ni could lead to enhanced or 

decreased PCP dechlorination depending on the nature of the ZVI material used and the 

oxides present on the surface. When the ZVI surface was initially covered mainly with 

magnetite, bimetal systems of physically mixed Ni with ZVI resulted in complete PCP 

dechlorination compared to the partial PCP dechlorination observed with the Ni coated 

ZVI bimetal. Previous studies have reported enhanced PCP dechlorination with 

physically mixed nanoscale Ni and ZVI (Cheng et al., 2010). On the other hand, a 

comparison of ZVI alone, with a physical mixture of nanoscale Pd-ZVI, and Pd coated on 

ZVI resulted in enhanced TCE dechlorination rates only in the Pd coated system (Zhang 
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et al., 1998). Findings of the present study showed that the catalytic reactivity of bimetals 

and the dechlorination rate depends on: (1) the properties of target chlorinated 

compounds, (2) characteristics of the oxides initially present on the ZVI surface, (3) the 

method of bimetallic preparation and (4) the amount of catalyst used. 

3.3. Summary  

PCP dechlorination was investigated in batch reactors under anoxic conditions using two 

different ZVI materials as received (unwashed, or UW) and after acid washing (AW) of 

ZVI. Two forms of bimetals were tested - one where the Ni powder and ZVI (UW or 

AW) were physically mixed (Nis/Fe), and one where Ni was coated onto acid washed 

ZVI (Nic/Fe) by reacting ZVI (AW) with NiSO4/H2SO4 solutions. PCP dechlorination 

was confirmed by gas chromatography quantifying PCP and the intermediate compounds 

formed. Raman spectroscopy was used to characterise the oxides on the ZVI surfaces. 

The ZVI performance and the effect of acid washing were dependent on the surface 

characteristics of ZVI particles. Also, the effectiveness of dechlorination was related to 

the composition of the iron oxides initially present on the ZVI surface. Acid pretreatment 

of ZVI-T (UW) removed wustite while increasing magnetite on the surface and resulted 

in significantly enhanced PCP dechlorination compared to ZVI-T (UW). For the ZVI-H, 

magnetite was identified as the major oxide phase present before and after acid washing. 

Acid pretreatment of ZVI-H (UW) did not result in a significant change in PCP 

dechlorination compared to ZVI-H (UW). In general, the presence of magnetite increased 

PCP dechlorination while the presence of wustite, hematite and/or ferrihydrite resulted in 

surface passivation and lower PCP dechlorination. The Nic/Fe (ZVI-T) bimetal resulted 

in 97% PCP dechlorination while Nic/Fe (ZVI-H) caused only 55% PCP dechlorination. 

Hence, the catalytic effect of Ni was dependent on the characteristics of oxides initially 

present on the ZVI used. Also, the formation of oxides such as wustite, hematite and 

ferrihydrite was consistent with lower PCP dechlorination by Nic/Fe (ZVI-H). 

A physical mixture of Ni powder with ZVI (Nis/Fe) dramatically increased the PCP 

dechlorination reaction rate. The use of Nis/Fe bimetal with micro scale metal particles 

for enhanced PCP dechlorination has not been reported in the literature. In this study, the 

Nis/Fe bimetals achieved complete dechlorination of PCP and intermediate 

chlorophenols, producing phenol and/or cyclohexanol as the major end products. ZVI 
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(UW and AW) and Nic/Fe bimetal caused partial PCP dechlorination with accumulation 

of less chlorinated phenols. When using Nis/Fe bimetal systems, the amount of Ni added 

to the system affected the PCP dechlorination rate and the distribution of intermediate 

products. It is concluded that rapid and complete PCP dechlorination can be achieved by 

physically mixing Ni and ZVI as the method of bimetallic preparation. In order to 

optimise PCP dechlorination efficiency and reduce the use of Ni, the amount of Ni mixed 

with ZVI can be 0.1 g (i.e. 0.1: 1 Ni:ZVI [w/w]). This can minimise limitations to the use 

of ZVI, including the accumulation of less chlorinated by-products and slower 

dechlorination rates due to oxide formation and ZVI surface passivation. While a physical 

mixture of 0.1 g Ni with ZVI achieved complete dechlorination of PCP and daughter 

compounds, the residual concentration of Ni in the solution after 25 days of reaction was 

similar to that with Nic/Fe (ZVI-H) system, and thus did not create additional 

environmental concerns.  

In order to assess the actual dechlorination of PCP, it is necessary to evaluate both the 

dechlorination reaction and the incorporation process. A mechanistic model incorporating 

sorption and desorption to non-reactive sites was proposed to assess the magnitude of 

these mechanisms on the dechlorination process. Reaction rates were estimated based on 

the aqueous PCP concentration. Application of this model aided in determining mass 

transfer limitations for PCP and sorption/desorption to ZVI non-reactive sorption sites. 

Quantification of incorporated and extractable amounts of PCP with the ZVI or bimetallic 

systems provided information on the amount of PCP incorporated and unreacted with 

various treatment systems. 
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Chapter 4. Degradation of Chlorinated Phenols using ZVI 

and Bimetals 

 

4.1. Introduction 

The degradation of chlorinated phenols (CPs) using ZVI, other metals or bimetals and a 

comparison between CP degradation efficiencies have been studied by previous 

researchers and were presented in Chapter 1 (Choi et al., 2008a, Choi and Kim 2009, 

Grittini 1997, Jovanovic et al., 2004, Kim 1999, Kim and Carraway 2000, Ko et al., 2007, 

Liu et al., 2001, Morales et al., 2002, Patel and Suresh 2006, Patel and Suresh 2007, Shih 

et al., 2011, Sinha and Bose 2008, Wei et al., 2006, Xu et al., 2012a, Xu et al., 2012c, 

Yang et al., 2010, Zhou et al., 2010). Previous studies have concentrated on comparing 

the performance of different metals (ZVI, Zinc) or bimetals (with Pd, Ni as the catalyst) 

reactivity for CP degradation. Also, although these studies had reported that the ZVI 

materials used was obtained from different suppliers; they failed to identify the potential 

role of ZVI surface characteristics on reactivity for CP dechlorination. As discussed in 

Chapter 3, the differences in the ZVI surface oxides, the quantity of the catalyst and the 

bimetal preparation method influenced the ZVI and bimetal reactivity for PCP 

dechlorination and incorporation.  

Although PCP sorption using one type of ZVI has been quantified (Kim and Carraway 

2000) as well as sorption with bimetals (Ni/Fe, Pd/Fe, Pt/Fe, Cu/Fe, Mg/Ag, Pd/Mg) 

(Kim and Carraway 2000, Patel and Suresh 2006, Patel and Suresh 2007), no available 

published papers have used ZVI and iron based bimetals to investigate incorporation 

levels of four CPs (PCP, 2,3,4,6-Tetrachlorophenol (2,3,4,6-TeCP), 2,4,6-

Trichlorophenol (2,4,6-TCP) and 2,4-Dichlorophenol (2,4-DCP)). The sorption onto iron 

oxides could be influenced by the physical-chemical properties of CPs, which could lead 

to concerns with CPs dechlorination efficiency by ZVI and bimetals. Previous research 

also provides evidence that ligands with a greater pKa value resulted in increased sorption 

onto iron oxides such as ferrihydrite (Song et al., 2008). Based on this concept it may be 

expected that the tendency for incorporation will increase as the degree of chlorination 
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decreases, given that the pKa of 2,4-DCP, 2,4,6-TCP, 2,3,4,6 TeCP and PCP are 7.68, 

5.97-7.42, 5.22-5.62, 4.60-5.25, respectively (Chapter 1, Table 1.1). Furthermore, no data 

could be found on the use of a physically mixed Nis/Fe bimetal for degradation of CPs, 

quantification of iron oxides formed and possible effects of oxides on the dechlorination 

and incorporation processes of CPs. Addressing of these concerns will allow for greater 

understanding on optimising CPs dechlorination using ZVI and bimetals. The objectives 

of this chapter are to investigate the: 

1. potential benefit(s) of ZVI and bimetallic systems in dechlorination of four CPs, 

2. assessment of incorporation of the four CPs by ZVI and bimetallic systems,  

3. quantification of the oxides formed, 

4. evaluation for an association between iron oxide formation and CP removal from 

the solution by dechlorination or by incorporation (sorption, co-precipitation, 

and/or physical entrapment with the oxides)  and 

5. sequence of degradation kinetics of the four CPs when using ZVI and bimetals. 

In view of the gaps in the literature, the present study tested four treatments under 

identical testing conditions to examine the degradation of four CPs: (1) PCP, (2) 2,3,4,6-

TeCP, (3) 2,4,6-TCP and (4) 2,4-DCP using unmodified and modified ZVI. These CPs 

were selected as they are common degradation products of PCP dechlorination and due to 

the toxic concerns of these CPs as well as PCP in the environment (Tanjore and 

Viraraghavan 1994, USEPA 2011a, 2010). All experiments were carried out under 

identical experimental settings in batch reactors under anoxic conditions. The batch 

experiment procedure is described in Chapter 2, Table 2.2. The ZVI used was electrolytic 

iron powder (particle size of 100 mesh and smaller) sourced from North American 

Höganäs. The treatments included: 

1. ZVI as received, unwashed, ZVI (UW)  

2. acid washed ZVI, ZVI (AW)  

3. bimetal system with Ni coated ZVI (AW), Nic/Fe 

4. bimetal with physically mixed 0.1 g Ni (Nis) and 1.0 g ZVI (AW), Nis (0.1)/Fe. 

The CP and degradation product concentration, solution pH and hydrogen gas formation 

were measured (methods presented in Chapter 2, Section 2.6). The oxides present on the 

ZVI surface (pre-reaction), and the oxides formed after 25 days of reaction with CPs, 
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were identified and quantified using Raman analysis and MCR-ALS method (Chapter 2, 

Section 2.4.3). The sorption/desorption rates of CPs on to the ZVI non-reactive sites were 

optimised using a mechanistic model (Chapter 3, Section 3.2.1.4). Statistical analysis was 

carried out using the SPSS statistical software package. The effects of different treatments 

on the total system CP concentration at 25 days were compared using a two-way analysis 

of variance model. Significance was determined at the 95% level. Findings of this study 

provide insight into application of ZVI and bimetals with different characteristics in 

dechlorination of CPs. Additionally, this study enabled comparison of dechlorination and 

incorporation of various CPs and allowed investigation of a possible relationship between 

iron oxide formation and CP dechlorination and/or incorporation. 

4.2. Results and Discussion 

4.2.1. Chlorophenol Degradation 

The degradation of four CPs, PCP, 2,3,4,6-TeCP, 2,4,6-TCP and 2,4-DCP were 

investigated using four treatments with unmodified or modified ZVI. The initial 

concentration of each CP was 5 mg/L with the respective treatment system. Each CP was 

added and tested as a single compound in each vial. The following sections discuss the 

results of degradation of CPs using ZVI and bimetallic systems.  

4.2.1.1. Dechlorination of Chlorophenols using Unwashed and Acid washed ZVI  

The CPs (PCP, 2,3,4,6-TeCP, 2,4,6-TCP, 2,4-DCP) were dechlorinated with ZVI (UW 

and AW). The degradation of CPs and the production of intermediate compounds using 

ZVI (UW) and ZVI (AW) are presented in Figure 4.1 and Figure 4.2, respectively. In 

general, the reactivity of CPs with ZVI (UW and AW) followed this sequence; PCP > 

2,3,4,6-TeCP > 2,4-DCP > 2,4,6-TCP over the 25 days reaction (Figure 4.1a and Figure 

4.2a). When comparing the degradation of the four CPs using ZVI (UW and AW), after 

25 days of reaction, PCP showed significantly higher degradation (p < 0.05) whereas 

2,4,6-TCP showed significantly lower degradation (p < 0.05) (Figure 4.1a and Figure 

4.2a). After 25 days of reaction with ZVI (UW and AW), 2,3,4,6-TeCP showed 

significantly higher degradation (p < 0.05) compared to 2,4,6-TCP, but was not 

significantly different to 2,4-DCP degradation. Furthermore, after 25 days of reaction, 
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2,4-DCP degradation with ZVI (UW and AW) was significantly lower and higher (p < 

0.05) than PCP and  2,4,6-TCP degradation, respectively (Figure 4.1a and Figure 4.2a). 

After 25 days of reaction with ZVI (UW), 79% of the PCP, 47% of 2,3,4,6-TeCP, 32% 

2,4,6-TCP and 41% 2,4-DCP of the initial 5 mg/L in the solution were degraded (Figure 

4.1a). On the other hand, with ZVI (AW), 75%, 40%, 25% and 38% of initial amount of 

PCP, 2,3,4,6-TeCP, 2,4,6-TCP and 2,4-DCP, respectively, was degraded after 25 days of 

reaction (Figure 4.2a). The ZVI (AW) resulted in a decrease in the efficiency (by 3 to 7 

%) of respective CP degradation compared to ZVI (UW). However, the CP degradation 

efficiencies achieved by ZVI (AW) and ZVI (UW) were not statistically different. 

The dechlorination of each CP using ZVI (UW and AW) resulted in accumulation of 

lower CPs (Figure 4.1 and Figure 4.2). During PCP degradation, TeCPs were the end 

product (Figure 4.1b and Figure 4.2b) while TCPs were the sole end product of 2,3,4,6-

TeCP degradation (Figure 4.1c and Figure 4.2c). Degradation of 2,4,6-TCP resulted in 

formation of DCPs and MCPs (Figure 4.1d and Figure 4.2d). When 2,4-DCP reacted with 

ZVI (UW and AW), MCPs were measured as the end product (Figure 4.1e and Figure 

4.2e). The highest mass balance recovery was achieved with PCP (92% and 96%), during 

25 days reaction (Figure 4.1b and Figure 4.2b). The remaining three CPs (2,3,4,6-TeCP, 

2,4,6-TCP and 2,4-DCP) showed high mass balance recoveries during the initial reaction 

period (90% to 96%). However, with these three CPs, the mass recoveries decreased 

appreciably to between 62% and 88% by the later stages of the reaction period (Figure 4.1 

and Figure 4.2). The incomplete recovery of the parent CPs and/or degradation products 

could possibly be attributed to the formation of various oxides (Section 4.2.4), and 

incorporation of CP molecules with the oxides. In this study, incorporation refers to 

sorption, co-precipitation and/or physical entrapment of CP and/or degradation products 

with the oxide layers. A concern could be raised regarding the differentiation between 

CPs incorporation and dechlorination in the ZVI systems when mass balance recovery 

was incomplete. However, if dechlorination was the predominant process, then detectable 

levels of lower CPs and/or phenol as end products would be expected to be present in the 

systems. As such, it could be suggested that CPs incorporation must have been a 

significant process of removal of 2,4,6-TCP and 2,4-DCP as only minute levels of CPs 

were detected in the ZVI systems. Further, the detected minute levels of CPs as end 

products in these systems provide evidence of dechlorination; however, a majority of 
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these end products may have also been incorporated with the iron oxides during the 

reaction. While this study cannot identify the specific incorporation process, it is evident 

that the decrease in mass balance as the degree of chlorination decreases is the expected 

trend based on decreasing sorption affinity of CPs for an iron oxide as the degree of 

chlorination increases. The low mass balances indicate that the extraction method, which 

was the method used by Kim and Carraway (2000), did not extract all CPs under all 

conditions. The fact that the lower CPs had the lowest recovery during extraction supports 

the possibility that oxide phases remaining after extraction are retaining some of the CPs. 

The poor mass recoveries with 2,3,4,6-TeCP, 2,4,6-TCP and 2,4-DCP during late stages 

of the reaction with ZVI has also been reported in previous research, and this observation 

has been attributed to (1) formation of other products which were not quantified during 

the analysis (Kim 1999) and (2) sorption of CPs on to ZVI (Kim and Carraway 2000) as 

well as incomplete mass recovery of respective CPs and/or their degradation products 

during the chemical extraction (Choi et al., 2008b). When using ZVI systems, the lower 

degradation observed for 2,3,4,6-TeCP, 2,4,6-TCP and 2,4-DCP compared to PCP 

degradation may be also associated with the various oxides being formed on the ZVI 

surface during the reaction with respective CPs. The effects of oxides on CP degradation 

and incorporation are discussed in Section 4.2.4 and Section 4.2.5, respectively.  

The findings of this study on the reactivity of the CPs with ZVI are consistent with 

previous research. Previous studies also observed an increase in the rate of dechlorination 

of chlorinated compounds using zero valent metals (ZVI or Zinc) with a corresponding 

increase in the number of chlorine available in the respective compounds (Gillham and 

Ohannesin 1994, Kim 1999, Matheson and Tratnyek 1994), while other studies have 

reported very low reactivity of CPs with ZVI (Ko et al., 2007, Morales et al., 2002). In 

addition, the present study was able to provide additional data regarding (1) potential 

incorporation of CPs onto respective metal (Section 4.2.5), (2) quantification of iron 

oxides and (3) the effects of these oxides on CP removal processes (Section 4.2.4). 
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Figure 4.1 Unwashed ZVI degradation of chlorophenols. 

Figure 4.1 (a) Unwashed ZVI degradation of Pentachlorophenol (), 2,3,4,6-Tetrachlorophenol (), 

2,4,6-Trichlorophenol () and 2,4-Dichlorophenol ().  

Figures 4.1 (b) - (e) Unwashed ZVI degradation of chlorophenols to lower CPs: (b) Pentachlorophenol () 

and formation of TeCPs (); (c) 2,3,4,6-Tetrachlorophenol () and formation of TCPs (∆); (d) 2,4,6-

Trichlorophenol () and formation of DCPs () and MCPs () and (e) 2,4-Dichlorophenol () and 

formation of MCP (); Control (); Mass balance (). Error bars indicate ± one standard deviation. Total 

TeCPs were the sum of all the TeCPs measured, total TCPs were the sum of all the TCPs measured, total 

DCPs were the sum of all the DCPs measured and total MCPs were the sum of all the MCPs measured. 
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Figure 4.2 Acid washed ZVI degradation of chlorophenols. 

Figure 4.2 (a) Acid washed ZVI degradation of Pentachlorophenol (), 2,3,4,6-Tetrachlorophenol (), 

2,4,6-Trichlorophenol () and 2,4-Dichlorophenol (). 

Figures 4.2 (b) - (e) Acid washed ZVI degradation of chlorophenols to lower CPs: (b) Pentachlorophenol 

() and formation of TeCPs (), TCPs (∆), DCPs () and MCPs (); (c) 2,3,4,6-Tetrachlorophenol () 

and formation of TCPs (∆); (d) 2,4,6-Trichlorophenol () and formation of DCPs () and MCPs () and 

(e) 2,4-Dichlorophenol () and formation of MCPs (); Control (); Mass balance (). Error bars 

indicate ± one standard deviation. 
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4.2.1.2. Dechlorination of Chlorophenols using Nickel/ZVI Bimetal Systems 

Two bimetallic systems (Nic/Fe and Nis (0.1)/Fe) were tested for degradation of CPs. The 

degradation of four CPs, (1) PCP, (2) 2,3,4,6-TeCP, (3) 2,4,6-TCP and (4) 2,4-DCP, 

using Nic/Fe bimetal and the ensuing formation of daughter compounds are presented in 

Figure 4.3. After 25 days of reaction, the reactivity of the CPs with Nic/Fe was, (highest 

to lowest) PCP > 2,3,4,6-TeCP > 2,4,6-TCP  2,4-DCP (Figure 4.3a), with 55%, 46%, 

34% and 30% of initial amount of the respective CP being degraded (Figure 4.3a). The 

degradation of PCP and 2,4-DCP after 25 days of reaction with Nic/Fe was significantly 

lower (p < 0.05) than the degradation of these CPs achieved with ZVI and Nis (0.1)/Fe 

treatments. After 25 days, the 2,3,4,6-TeCP degradation using Nic/Fe was significantly 

lower than that with the Nis (0.1)/Fe treatment (p < 0.05) but no statistical difference was 

noted when compared to the 2,3,4,6-TeCP degradation using ZVI systems. The 

degradation of 2,4,6-TCP after 25 days using Nic/Fe was significantly higher (p < 0.05) 

compared to the degradation with ZVI (AW), but lower (p < 0.05) with the Nis (0.1)/Fe 

system.  

No published studies could be found on the use of a physically mixed Ni/Fe bimetal (Nis 

(0.1)/Fe) for degradation of a range of CPs. The Nis (0.1)/Fe bimetal system 

demonstrated complete dechlorination of PCP and its degradation products (Chapter 3, 

Section 3.2.2). Therefore, the present study utilised Nis (0.1)/Fe bimetal to investigate 

degradation of the other three CPs. The PCP, 2,3,4,6-TeCP, 2,4,6-TCP and 2,4-DCP 

dechlorination using Nis (0.1)/Fe and formation of end products is shown in Figure 4.4. 

The use of Nis (0.1)/Fe bimetal resulted in complete dechlorination of PCP (Figure 4.4b) 

and 98% dechlorination of 2,3,4,6-TeCP (Figure 4.4c) after 25 days of reaction. These 

results were significantly higher (p < 0.05) compared to all other treatments used in this 

study and resulted in no intermediate CPs being detected. Since the mass balance 

achieved was incomplete with 2,4,6-TCP (Figure 4.4d) and 2,4-DCP (Figure 4.4e), it is 

presumed that only partial dechlorination of 2,4,6-TCP and 2,4-DCP was achieved. 

However, complete dechlorination of these CPs (2,4,6-TCP and 2,4-DCP) could have 

occurred with incomplete mass balance as a result of incorporation of CPs and/or 

degradation products with the iron oxides. Assuming low mass balance is due to 

incorporation of CPs with the iron oxides, the succession of reactivity with Nis (0.1)/Fe 

bimetal was PCP > 2,3,4,6-TeCP.  
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Dechlorination of PCP and 2,3,4,6-TeCP using Nic/Fe bimetal resulted in accumulation 

of lower CPs, with trace amounts of phenol being present (Figure 4.3b and Figure 4.3c). 

When 2,4,6-TCP was reacted with Nic/Fe, di- and monochlorophenols were observed as 

the main degradation products (Figure 4.3d). Degradation of 2,4-DCP using Nic/Fe 

resulted in monochlorophenols as the end product (Figure 4.3e). It was interesting to note 

that when Nis (0.1)/Fe bimetal was used for CPs dechlorination, phenol was the final 

product after 25 days of reaction (Figure 4.4) and small concentration of cyclohexanol 

was also present during PCP degradation (Figure 4.4b).  

The mass balance recoveries obtained for PCP and 2,3,4,6-TeCP with bimetallic systems 

were within 91% to 97%, demonstrating that the incorporated PCP and degradation 

products were reasonably efficiently extracted using HCl and ethyl acetate. The mass 

balance for CPs, 2,4,6-TCP and 2,4-DCP, gradually decreased over the reaction duration 

(Figure 4.3 and Figure 4.4). As stated in Section 4.2.1.1, the decrease in mass balance 

with 2,4,6-TCP and 2,4-DCP may be attributed to degradation products unaccounted for 

during the analysis and/or strong incorporation of CPs and/or degradation products with 

the oxide phases and lack of extraction/recovery of CPs and the degradation products. 

Previous research also reported incomplete mass recoveries during CPs reaction with ZVI 

or zinc based bimetals (Choi et al., 2008a, Choi and Kim 2009, Wei et al., 2006) and 

reaction of TeCPs, TCPs with zinc as the reductant (Kim 1999). Further, Kim (1999) 

suggested the poor mass balance recoveries could be accounted by the undetected 

compounds in the respective treatments and according to Choi et al., (2008a) due to poor 

extraction efficiencies. 
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Figure 4.3 Nickel coated ZVI bimetal degradation of chlorophenols. 

Figure 4.3 (a) Nickel coated ZVI bimetal degradation of Pentachlorophenol (), 2,3,4,6-Tetrachlorophenol 

(), 2,4,6-Trichlorophenol () and 2,4-Dichlorophenol (). 

Figures 4.3 (b) - (e) Nickel coated ZVI bimetal degradation of chlorophenols to lower CPs and phenol: (b) 

Pentachlorophenol () and formation of TeCPs (), TCPs (∆), DCPs (), MCPs () and Phenol (); (c) 

2,3,4,6-Tetrachlorophenol () and formation of TCPs (∆), DCPs (), MCPs () and Phenol (); (d) 

2,4,6-Trichlorophenol () and formation of DCPs () and MCPs () and (e) 2,4-Dichlorophenol () and 

formation of MCPs (); Control (); Mass balance (). Error bars indicate ± one standard deviation.  
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Figure 4.4 Nickel/ZVI (physical mixture) bimetal degradation of chlorophenols. 

Figure 4.4 (a) Nickel/ZVI (physical mix) bimetal degradation of Pentachlorophenol (), 2,3,4,6-

Tetrachlorophenol (), 2,4,6-Trichlorophenol () and 2,4-Dichlorophenol (). 

Figures 4.4 (b) - (e) Nickel/ZVI (physical mix) bimetal degradation of chlorophenols to lower CPs and 

phenol : (b) Pentachlorophenol () and formation of TeCPs (), TCPs (∆), DCPs (), MCPs (), Phenol 

() and Cyclohexanol (–); (c) 2,3,4,6-Tetrachlorophenol () and formation of TCPs (∆), DCPs (), 

MCPs () and Phenol (); (d) 2,4,6-Trichlorophenol () and formation of DCPs (), MCPs () and 

Phenol () and (e) 2,4-Dichlorophenol () and formation of MCPs () and Phenol (); Control (); 

Mass balance (). Error bars indicate ± one standard deviation. 
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Coating ZVI with Pd or Ni has been reported to enhance dechlorination of CPs (Choi et 

al., 2008a, Grittini 1997, Ko et al., 2007, Morales et al., 2002, Wei et al., 2006, Zhou et 

al., 2010), however, surprisingly only one study has reported a retardation in the PCP 

dechlorination with Pd or Ni coated ZVI (Kim 1999). In the present study, coating ZVI 

with Ni hindered the dechlorination of the CPs tested from PCP down to 2,4-DCP when 

compared to the unmodified ZVI or Nis (0.1)/Fe systems. The reasons why Ni coating on 

ZVI can be sometimes beneficial and sometimes detrimental to dechlorination were 

explained in Chapter 3, Section 3.2.1.2. The ZVI that was used in this Chapter had a 

magnetite coating and based on Chapter 3 findings, it is expected that the Ni deposited on 

the ZVI (AW) surface as a thin coating during preparation of Nic/Fe created a barrier to 

the reactive ZVI surface thereby restricting the electron transfer process.  

The observed sequence of CPs reactivity with bimetals in this study is inconsistent with 

previous research findings. Ko et al., (2007) and Zhou et al., (2010) reported increased 

reactivity of CPs and bimetals with a decrease in the degree of chlorination. This 

inconsistency between the present study and previous research could be due to the 

difference in experimental procedures as Ko et al., (2007) and Zhou et al., (2010) 

analysed only the aqueous phase CP concentration. These researchers used a typical 

liquid-liquid extraction with ethyl acetate or dichloromethane and did not seem to follow 

an acid modified extraction procedure for dissolution of iron oxides and extract the 

incorporated CPs from the metal surfaces for complete CPs extraction. The latter 

procedure was used in the present study (Chapter 2, Section 2.5). As clearly observed 

with this study, the CPs removal from the aqueous phase could be a result of 

dechlorination, sorption, co-precipitation and/or physical entrapment of CPs with the iron 

oxides.  

When compared with the ZVI, the lower and higher reactivity of Nic/Fe and Nis (0.1)/Fe, 

respectively, is further exemplified with the lowest and highest hydrogen gas formation 

with the Nic/Fe and Nis (0.1)/Fe systems, respectively. This aspect is discussed in Section 

4.2.2. Additionally, the variations in oxides formed during reaction of CPs with the two 

bimetal systems further supports the difference in their reactivity and discussed in Section 

4.2.4. 

 



Chapter 4. Degradation of Chlorinated Phenols using ZVI and Bimetals 

 

111 

 

4.2.2. Hydrogen Gas Formation  

Hydrogen gas accumulated in batch reactors was measured at each sampling time. The 

data of hydrogen gas formed during the reaction of the four CPs (PCP, 2,3,4,6-TeCP, 

2,4,6-TCP and 2,4-DCP), using ZVI and bimetals is presented in Figure 4.5. Hydrogen 

gas formation was observed with all the treatments. The rate of hydrogen gas formation 

may vary depending on the characteristics of the ZVI surface as well as the electron 

acceptors present in the systems. However, the results showed that the rate of hydrogen 

gas accumulation with each treatment was independent of the type of CP present in the 

system (Figure 4.5).  

 

 

Figure 4.5 Hydrogen gas accumulated when chlorophenols reacted with ZVI and bimetallic 

systems (a) PCP (b) 2,3,4,6-TeCP (c) 2,4,6-TCP (d) 2,4-DCP.  

Error bars indicate ± one standard deviation. 
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The highest hydrogen gas production was observed with the Nis (0.1)/Fe system (Figure 

4.5), which is consistent with the enhanced degradation of CPs with the Nis (0.1)/Fe 

bimetal (Figure 4.4). Conversely, the Nic/Fe bimetal reaction with all four CPs 

demonstrated the lowest hydrogen gas formation (Figure 4.5). Lower hydrogen gas 

formation with Nic/Fe is indicative of (1) lower reactivity of Nic/Fe and/or (2) inhibition 

of hydrogen production due to thin layer Ni deposition on reactive ZVI surface and/or (3) 

formation of passive oxides blocking the ZVI reactive surface. Also, less hydrogen gas 

formation with the Nic/Fe is consistent with the lower CP degradation observed using this 

system (Figure 4.3). Zhou et al., (2010) also reported the formation of hydrogen gas 

during reduction of CPs using Pd/ZVI bimetal. 

4.2.3. Solution pH 

The solution pH was measured at each sampling time with each treatment during CPs 

dechlorination and the data is presented in Figure 4.6. The results showed a general 

increase in pH over the reaction duration. An increase in pH from 5.6 or 6.1 to 7.4 or 7.8 

was noted during initial reaction period (1-2 days) followed by a pH decrease over the 

remaining duration of the experiment. After 25 days of reaction, the pH levels between 

6.2 and 7.1 were observed with all treatments (Figure 4.6). In comparing all four 

treatments, (1) ZVI (UW), (2) ZVI (AW), (3) Nic/Fe and (4) Nis (0.1)/Fe,  the solution 

pH with PCP changed by 1.3 units (between 6.1 to 7.4); with 2,3,4,6-TeCP by 1.6 units 

(5.8 to 7.4); with 2,4,6-TCP by 1.7 units (6.1 to 7.8) and with 2,4-DCP by 1.3 units 

(between 5.6 to 6.9) (Figure 4.6). 

An increase in solution pH occurs due to a consumption of protons during CP 

dechlorination and production of hydroxide ions during metal corrosion (Chapter 1, 

Section 1.5.1.1). In addition, some studies attributed the change in solution pH to the 

accumulation of daughter compounds with different acid dissociation constants during the 

degradation of parent CP compound using zero valent metals (Kim 1999, Liu et al., 

2001). Previous studies also have reported an increase in solution pH during interaction of 

CPs with ZVI and/or ZVI based bimetals (Choi et al., 2008a, Kim and Carraway 2000, 

Liu et al., 2001, Wei et al., 2006) and Zinc and/or Zinc based bimetals (Choi and Kim 

2009, Kim 1999) without use of any pH buffers. 



Chapter 4. Degradation of Chlorinated Phenols using ZVI and Bimetals 

 

113 

 

 

Figure 4.6 Change in solution pH when chlorophenols reacted with ZVI and bimetallic systems 

(a) PCP (b) 2,3,4,6-TeCP (c) 2,4,6-TCP (d) 2,4-DCP.  

Error bars indicate ± one standard deviation.  

 

4.2.4. Iron Oxides Formation 

The oxides present on the ZVI and bimetal surface pre- and post-reaction with CPs were 

determined by Raman spectroscopy and MCR-ALS analysis (Chapter 2, Section 2.4.3). 

The relative amounts of oxides present on ZVI before and after reaction with CPs under 

different treatments are presented in Table 4.1. Prior to reaction with CPs, a mixture of 

magnetite and wustite was observed on ZVI (UW) while only magnetite was present on 

the ZVI (AW) and Nic/Fe surfaces. 
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Table 4.1 Percentages of iron oxides present on the iron surface at the start and end of 

experiments (estimated by MCR-ALS analysis). 

Treatment 

Type of  

CP 

Type of iron oxide 

Akaganeite Hematite Magnetite Lepidocrocite Goethite Wustite Ferrihydrite 

ZVI (UW)
 

 

- - 74 - - 24 <5 

ZVI (AW) - - 100 - - - - 

Nic/Fe - - 100 - - - - 

ZVI (UW) 

PCP - - 100 - - - - 

2,3,4,6-TeCP - - 93 - <5 <5 - 

2,4,6-TCP 5 <5 89 <5 <5 - - 

2,4-DCP 5 - 94 - <5 - - 

ZVI (AW) 

PCP - - 93 - - <5 - 

2,3,4,6-TeCP - - 65 32 <5 - - 

2,4,6-TCP <5 <5 81 <5 9 <5 - 

2,4-DCP - <5 72 19 5 <5 - 

Nic/Fe 

PCP - 10 71 - - 13 6 

2,3,4,6-TeCP - <5 75 - 23 - - 

2,4,6-TCP - 14 61 8 5 12 - 

2,4-DCP 7 - 72 10 <5 <5 6 

Nis (0.1)/Fe 

PCP - - 99 - - <5 - 

2,3,4,6-TeCP - - 96 - - <5 - 

2,4,6-TCP - - 93 - - 7 - 

2,4-DCP - - 89 - - 11 - 

 
Oxides present on the iron surface at the start of the experiment 

 
Oxides present on the iron surface after 25 days reaction with respective chlorophenols 

- Not detected. 

 

After 25 days of PCP reaction with ZVI (UW and AW), magnetite was found to be the 

predominant oxide detected on the ZVI surface; small amount of wustite was also 

observed, but only on the ZVI (AW) surface (Table 4.1). On the other hand, reaction of 

2,3,4,6-TeCP, 2,4,6-TCP and 2,4-DCP with ZVI (UW and AW) resulted in formation of 

magnetite (relatively low amount compared to magnetite formed with PCP) along with a 

mixture of akaganeite, hematite, lepidocrocite, goethite and wustite on both ZVI surfaces 

(Table 4.1). In addition, after 25 days of reaction with the respective CP, the amount of 
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accumulated magnetite on the ZVI (UW) surface was greater than that detected on the 

ZVI (AW) surface (Table 4.1). When Nic/Fe was used, after 25 days of reaction with 

each CP, several iron oxides (magnetite, akaganeite, hematite, lepidocrocite, wustite, 

goethite, ferrihydrite) were identified on the Nic/Fe surface (Table 4.1). Reaction of each 

CP with Nis (0.1)/Fe bimetal resulted in formation of magnetite as the predominant oxide 

along with small amounts of wustite on the ZVI surface (Table 4.1). 

As previously discussed, the electric conductivity of oxides on the ZVI surface is an 

important factor affecting the reactivity of the ZVI material (Chapter 3, Section 3.2.1). 

The properties of different iron oxides and their potential association with the PCP 

dechlorination were discussed in Chapter 3. In this study, detection of magnetite as the 

primary iron oxide with the Nis (0.1)/Fe bimetal is also consistent with the enhanced CP 

dechlorination efficiency. Conversely, the presence of a mixture of other iron oxides 

(akaganeite, hematite, lepidocrocite, wustite, goethite, ferrihydrite) seemed to decrease 

the reactivity of the ZVI and Nic/Fe bimetal and thus reduce dechlorination of CPs. CP 

dechlorination could be limited by formation of akaganeite, hematite, goethite, 

lepidocrocite and wustite as they have low conductivities at room temperature compared 

to magnetite (Cornell and Schwertmann 2003). These oxides seemed to decrease the 

number of redox reactive sites on the ZVI surface and impede the electron transfer and 

transport of CP molecules thereby hindering CP dechlorination by these treatment 

systems. 

4.2.5. Extractable Fraction of the Incorporated Chlorophenols  

The amount of extractable CPs incorporated in the solid phase was determined based on 

the total system and aqueous phase CP concentration as explained in Chapter 3, Section 

3.2.1.4. In general, the CP in the systems could be (1) in solution, (2) incorporated with 

the solid and extracted and (3) incorporated with the solid but non-extracted. The CP 

concentrations presented in Figure 4.7 is the incorporated and extracted amounts using 

HCl and ethyl acetate. It should be noted that with some treatments and CPs a mass 

balance closer to 100% could not be achieved. In such instances, the poor mass balance 

could reflect an underestimate of the amounts of CPs incorporated on to the ZVI or 

bimetals. 
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Figure 4.7 Incorporated and extracted CP concentrations on ZVI when reacted with (a) 

Unwashed ZVI (b) Acid washed ZVI (c) Nic/Fe (d) Nis (0.1)/Fe.  

Error bars indicate ± one standard deviation. 

Initial amount of PCP (0.19 µmole/g ZVI), 2,3,4,6-TeCP (0.22 µmole/g ZVI), 2,4,6-TCP (0.25 µmole/g ZVI) 

and 2,4-DCP (0.31 µmole/g ZVI) was available in each system. 

 

Incorporation of CPs onto ZVI was observed with all treatments (Figure 4.7). With all 

treatments CP incorporation initially (day 0-5) increased rapidly followed by a slow 

decline or remained relatively constant for the rest of the reaction duration (Figure 4.7). 

The rapid increase in the incorporated CP amounts could be a result of physical 

entrapment, co-precipitation of CPs with the iron oxides (Noubactep 2009, 2008, 2007) or 

sorption of CPs on to the reactive and/or non-reactive sites. The decline or the constant 

level of incorporated CP concentration could be attributed to, (1) strong incorporation of 

CPs with the oxides and lack of recovery of these incorporated CP molecules, (2) 

desorption of CPs and/or (3) dechlorination of CPs by ZVI and bimetals.  
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Another process that could contribute to the general observation that PCP had lower 

amounts of incorporation with ZVI systems than the other CPs (2,3,4,6-TeCP, 2,4,6-TCP, 

2,4-DCP) is differences in the oxides formed during the reaction of these three CPs with 

the ZVI systems (Table 4.1). During reaction of PCP with ZVI, only magnetite was 

detected on the ZVI surface, whereas with other three CPs, a mixture of passive oxides 

(akaganeite, hematite, lepidocrocite, goethite and wustite) along with low amount of 

magnetite (compared to the ZVI with PCP) was detected (Table 4.1). These passive 

oxides could result in increased CPs incorporation. In addition, as discussed in Section 

4.2.1.1, 2,4,6-TCP and 2,4-DCP could also demonstrate a higher affinity to incorporate 

with the oxides due to their higher pKa values compared to the pKa value of PCP. 

Further, potentially, the ZVI and bimetal systems are complex in nature and the 

compounds present in the solution along with the iron oxide phases on the ZVI surface 

continuously change during the reaction period. This could also result in variations in the 

amount of CPs incorporated during the reaction period. 

The model discussed in Chapter 3, Section 3.2.1.4 was used to estimate the removal rate 

constants relative to aqueous CP concentrations [ka, day
-1

] as well as the sorption and 

desorption rate constants to the non-reactive sorption sites: k1 [day
-1

] and k2 [day
-1

], 

respectively, for each CP with ZVI and bimetals. The CPs removal with each treatment 

and the predicted curves obtained using estimated rate constants are presented in Figure 

4.8 to Figure 4.11; estimated rate constants are listed in Table 4.2. The surface area 

normalised CP removal rate constants, calculated based on the specific surface area of 

each material used (Chapter 3, Table 3.7), are presented in Appendix C, Table C3. 

In some instances, a rapid decrease in aqueous CP concentration was observed in the first 

7 days which could not be explained by the above model simulation results. Possible 

explanation of the initial rapid decrease observed may be a result of incorporation of the 

CPs with the iron oxides formed on ZVI surface. The CPs dechlorination reaction with 

ZVI or bimetals demonstrated first order behaviour with respect to aqueous CP 

concentrations for the experimental conditions of this study. This is consistent with 

previous research reports where the batch experiment results proved first order behaviour 

when chlorinated organic compounds were degraded with ZVI or bimetallic systems 

(Choi et al., 2008a, Gillham and Ohannesin 1994, Kim 1999, Ko et al., 2007, Liu et al., 

2001). 
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With the ZVI and Nic/Fe treatments, the PCP reaction rate was greater than the reaction 

rate of other CPs (Table 4.2); with the Nis (0.1)/Fe, 2,4-DCP having the fastest reaction 

rate among all CPs. It was interesting to note that among the four treatments tested for CP 

degradation, Nic/Fe resulted in the slowest reaction rates whereas Nis (0.1)/Fe showed the 

fastest reaction rates for all CPs (Table 4.2). The reaction rate achieved for PCP, 2,3,4,6-

TeCP, 2,4,6-TCP, 2,4-DCP with the Nis (0.1)/Fe system was  9, 10, 14 and 82 times 

greater than the rates achieved for respective CP with the Nic/Fe system (Table 4.2). The 

slowest and fastest reaction rates estimated with the Nic/Fe and Nis (0.1)/Fe treatments, 

respectively, is consistent with the lowest and highest CP degradations observed with the 

Nic/Fe and Nis (0.1)/Fe systems, respectively (Figure 4.3 and Figure 4.4).  

In general, using the ZVI resulted in higher CP reaction rates with increased degree of 

chlorination (except for 2,4-DCP), which conforms with previous research findings by 

Kim (1999) where greater CP dechlorination rates using zinc were observed with higher 

degree of chlorination. The general trend of CP reaction rates with bimetals (1) did not 

comply with the data presented by Ko et al., (2007) who reported increased reaction rates 

using Nic/Fe with decreased degree of chlorination, (2) agree with Patel and Suresh 

(2006) findings, who reported a decrease in reaction rates with decreased degree of 

chlorination using Mg/Ag bimetal. The reaction rates estimated using modelling 

simulations in the present study are distinct from those obtained from previous studies 

(Choi et al., 2008a, Ko et al., 2007). This discrepancy between the reaction rates of this 

study and previous studies could be due to the differences in, (1) experimental conditions, 

(2) ZVI characteristics, (3) type/quantity of catalyst used and (4) method of reaction rates 

estimation. 

With each treatment, the CPs desorption rate was higher than the rate of sorption to ZVI 

non-reactive sites (Table 4.2). By comparing the sorption of CPs to non-reactive sites 

with each treatment, PCP exhibited the highest rate of sorption to ZVI non-reactive sites 

(Table 4.2). In addition, PCP showed the lowest desorption to sorption ratio among all 

CPs tested with ZVI and bimetal systems (Table 4.2). This finding indicates higher 

affinity of PCP for sorption onto ZVI non-reactive sites, which could be related to the 

higher hydrophobicity of PCP compared to 2,3,4,6-TeCP, 2,4,6-TCP and 2,4-DCP 

(Chapter 1, Table 1.1). Contaminants that have higher hydrophobicity were shown to be 
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susceptible to greater sorption irrespective of their reactivity to metals (Burris et al., 

1995). 

 

 

Figure 4.8 Unwashed ZVI treatment and removal of chlorophenols (a) Pentachlorophenol (b) 

2,3,4,6-Tetrachlorophenol (c) 2,4,6-Trichlorophenol (d) 2,4-Dichlorophenol. 

Dashed lines indicate the predicted curves obtained using estimated sorption/desorption rate constants and 

the reaction rate constant estimated based on aqueous phase concentration of respective chlorophenol with 

unwashed ZVI treatment. 
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Figure 4.9 Acid washed ZVI treatment and removal of chlorophenols (a) Pentachlorophenol (b) 

2,3,4,6-Tetrachlorophenol (c) 2,4,6-Trichlorophenol (d) 2,4-Dichlorophenol. 

Dashed lines indicate the predicted curves obtained using estimated sorption/desorption rate constants and 

the reaction rate constant estimated based on aqueous phase concentration of respective chlorophenol with 

acid washed ZVI treatment. 
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Figure 4.10 Nic/Fe bimetal treatment and removal of chlorophenols (a) Pentachlorophenol (b) 

2,3,4,6-Tetrachlorophenol (c) 2,4,6-Trichlorophenol (d) 2,4-Dichlorophenol. 

Dashed lines indicate the predicted curves obtained using estimated sorption/desorption rate constants and 

the reaction rate constant estimated based on aqueous phase concentration of respective chlorophenol with 

Nic/Fe bimetal treatment. 
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Figure 4.11 Nis (0.1)/Fe bimetal treatment and removal of chlorophenols (a) Pentachlorophenol 

(b) 2,3,4,6-Tetrachlorophenol (c) 2,4,6-Trichlorophenol (d) 2,4-Dichlorophenol. 

Dashed lines indicate the predicted curves obtained using estimated sorption/desorption rate constants and 

the reaction rate constant estimated based on aqueous phase concentration of respective chlorophenol with 

Nis (0.1)/Fe bimetal treatment. 
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Table 4.2 Kinetic parameters determined for chlorophenols in water-ZVI and water-bimetal 

systems 

Treatment 
Type of 

chlorophenol 

Reaction rate 

constant (ka) 

(aqueous) (day
-1

) 

Rate constant (Day
-1

) 

Sorption 

(k1) 

Desorption 

(k2) 

ZVI (UW) 

PCP 0.0938 0.0957 0.1798 

2,3,4,6-TeCP 0.0370 0.0580 0.1400 

2,4,6-TCP 0.0250 0.0320 0.1900 

2,4-DCP 0.0290 0.0600 0.1600 

ZVI (AW) 

PCP 0.0788 0.0629 0.1500 

2,3,4,6-TeCP 0.0300 0.0500 0.2500 

2,4,6-TCP 0.0200 0.0490 0.2700 

2,4-DCP 0.0310 0.0450 0.1800 

Nic/Fe 

PCP 0.0594 0.0981 0.1540 

2,3,4,6-TeCP 0.0275 0.0370 0.2000 

2,4,6-TCP 0.0180 0.0220 0.1800 

2,4-DCP 0.0170 0.0220 0.0600 

Nis (0.1)/Fe 

PCP 0.5200 0.2302 0.2589 

2,3,4,6-TeCP 0.2700 0.0500 0.1600 

2,4,6-TCP 0.2500 0.0650 0.1400 

2,4-DCP 1.4000 0.1000 0.1400 

 

 

4.3. Summary  

This chapter presented results from the batch experiments carried out under anoxic 

condition for dechlorination/incorporation of four CPs, (1) PCP, (2) 2,3,4,6-TeCP, (3) 

2,4,6-TCP and (4) 2,4-DCP using ZVI and bimetals. The treatments tested included ZVI 

(UW and AW) and bimetals (Nic/Fe and Nis (0.1)/Fe). The ZVI and Nic/Fe resulted in 

partial CPs dechlorination and formation of lower CPs as the end products. The Nic/Fe 

showed decreased CP dechlorination than the ZVI systems. The decreased performance 

of Nic/Fe could be a result of formation of a thin Ni coating on the ZVI surface during 

Nic/Fe preparation which could cover the ZVI reactive sites thus restricting the electron 

transfer process. The use of the Nis (0.1)/Fe bimetal resulted in complete dechlorination 
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of PCP and 2,3,4,6-TeCP as well as their intermediate CPs with phenol being the end 

product. Previous research has not reported the use of a physical mixture of Ni and ZVI 

for the dechlorination of CPs. Mass balance was incomplete with some treatments which 

could be due to unidentified products, strong incorporation of 2,4,6-TCP and 2,4-DCP 

with the iron oxides as well as incomplete mass recovery of CPs and/or degradation 

products during the chemical extraction. The Nic/Fe and Nis (0.1)/Fe showed the slowest 

and fastest reaction rates, respectively. The ZVI and bimetal systems led to an increase in 

the reaction rate with higher degree of chlorination except with 2,4-DCP. 

The reaction of PCP with ZVI resulted only in the formation of magnetite on the ZVI 

surface that facilitated electron transfer and PCP dechlorination. When the other CPs 

(2,3,4,6-TeCP, 2,4,6-TCP and 2,4-DCP) reacted with ZVI, a mixture of passive oxides 

(akaganeite, hematite, lepidocrocite, goethite and wustite) and relatively low amount of 

magnetite (compared to the ZVI systems with PCP) was detected. These passive oxides 

hindered the CPs dechlorination, but possibly increased CPs incorporation (sorption, co-

precipitation and/or physical entrapment of CP and/or degradation products) with the 

oxides. The detection of passive oxides (akaganeite, hematite, lepidocrocite, wustite, 

goethite, ferrihydrite) was consistent with the decreased reactivity (least of all treatments 

tested) observed with the Nic/Fe bimetal. The reaction of CPs with Nis (0.1)/Fe resulted 

in the formation of only magnetite on the ZVI surface and led to the highest PCP and 

2,3,4,6-TeCP dechlorination efficiency of all treatments. Quantification of incorporated 

and extracted amounts of CPs provided information on the amount of CPs incorporated 

and unreacted with various treatments, without accounting for the possible incorporated 

and non-extracted CPs on the ZVI surface. Among the CPs tested, 2,4,6-TCP and 2,4-

DCP showed greater incorporation with the iron oxides which may be a result of their 

higher pKa values. The modelling results demonstrated that among the CPs tested, PCP 

exhibited the highest rate of sorption and lowest ratio of desorption to sorption onto the 

ZVI non-reactive sites irrespective of its higher reactivity, compared to other CPs tested, 

demonstrated with ZVI and bimetals. 
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Chapter 5. Influences of Dissolved Oxygen and Iron Oxides 

on Pentachlorophenol Dechlorination by ZVI and 

Bimetal 

 

5.1. Introduction 

Although a few studies have assessed the reduction of chlorinated organic compounds 

using ZVI and bimetals under oxic and anoxic conditions (Ghauch et al., 2010, Ghauch 

and Tuqan 2009, Helland et al., 1995), no data is available on PCP dechlorination under 

these conditions. Previous research on degradation of chlorinated organic compounds has 

reported dissolved oxygen (DO) is the preferred electron acceptor under oxic conditions 

(Matheson and Tratnyek 1994) and oxygen could also compete with the chlorinated 

compounds for the electrons in the ZVI/H2O system (Junyapoon 2005), leading to 

significantly lower dechlorination rates under oxic conditions compared to anoxic 

conditions (Ghauch et al., 2010, Ghauch and Tuqan 2009, Helland et al., 1995). 

Additionally, the presence of DO is expected to affect the composition of oxides formed 

on the iron surface (Ritter et al., 2002), thereby, potentially enhancing/decreasing the 

reactivity of ZVI and bimetals. However, at present, research is not available on the 

comparison of oxides formed in the presence and absence of DO and the role of iron 

oxides formed in PCP dechlorination using ZVI and bimetals.   

Following the available literature, it could be expected that PCP dechlorination may be 

hindered in the presence of oxygen as DO could compete with PCP for the electrons 

generated during iron corrosion. Since the availability of DO can vary in groundwater, the 

role of DO, in possible competition for electrons and oxides formation, during PCP 

dechlorination would be relevant for the application of ZVI or bimetals in permeable 

reactive barriers in groundwater treatment systems. Based on the gaps in the literature, the 

objectives of this chapter are to examine: 

1. the influence of DO and 
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2. the effect of DO on the formation of oxides and potential impact of formed 

oxides  

on the PCP dechlorination and incorporation (sorption, co-precipitation and/or physical 

entrapment) when using ZVI and bimetallic systems. 

This chapter explores the influence of DO on dechlorination of PCP by unwashed (as 

received/unmodified), acid washed, and Ni coated acid washed electrolytic iron powder 

(Nic/Fe). The experiments were carried out in batch reactors under oxic and anoxic 

conditions to study the effect of DO on PCP dechlorination. Electrolytic iron powder with 

particle size 100 mesh and smaller (ZVI-T) (ACROS, Thermo Fisher Scientific) was used 

as the ZVI material. The ZVI-T and the nickel coated ZVI-T were used for testing during 

this study to allow PCP dechlorination results to be compared with previous data reported 

by Kim and Carraway (2000). Batch experiment methodology is described in Chapter 2, 

Table 2.3. Further, a comprehensive study (qualitative and quantitative) on the iron 

oxides formed under oxic and anoxic conditions was completed using Raman analysis. 

The details of Raman analysis is presented in Chapter 2, Section 2.4.3. The dechlorination 

reaction rate and sorption/desorption rates to ZVI or bimetal non-reactive sites were 

estimated using a mechanistic model. Statistical analysis was carried out using the SPSS 

statistical software package. The effects of different treatments on the concentration of 

PCP degraded, PCP incorporated and extracted as well as hydrogen gas accumulated at 

25 days of the experiment were compared using a two-way analysis of variance model. 

Significance was determined at the 95% level. The study design enabled the 

quantification of the different roles of dechlorination and incorporation in removing PCP 

from solution as a function of the variables studied.  

5.2. Results and Discussion 

Degradation of PCP using unwashed ZVI (ZVI (UW)), acid washed ZVI (ZVI (AW)) and 

Nic/Fe bimetal was studied in the presence and absence of DO. The following sections 

discuss the results of PCP dechlorination as well as PCP incorporation, hydrogen gas 

formation, chloride ion measurements and change in the solution pH when ZVI (UW and 

AW) and Nic/Fe bimetal were used under oxic and anoxic conditions. The change in total 

system concentration of PCP and its dechlorination products as PCP reacts with ZVI (UW 
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and AW) and Ni coated ZVI (Nic/Fe) under oxic and anoxic conditions are presented in 

Figure 5.1.  

 

Figure 5.1 Total concentrations of PCP and its dechlorination products remaining either in 

solution or incorporated in the systems with (a) Unwashed ZVI (oxic) (b) Unwashed ZVI 

(anoxic) (c) Acid washed ZVI (oxic) (d) Acid washed ZVI (anoxic) (e) Nic/Fe bimetal (oxic) (f) 

Nic/Fe bimetal (anoxic). 

Error bars indicate ± one standard deviation. 
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The results illustrated that during each solid phase, the presence of DO significantly 

decreased (p < 0.05) the PCP dechlorination. Among all the treatments, ZVI (UW) had 

the least reactivity and resulted in a significantly lower PCP dechlorination compared to 

ZVI (AW) and Nic/Fe bimetal (p < 0.05) with only 17% (Figure 5.1a) and 34% (Figure 

5.1b), respectively, of the PCP degraded after 25 days under oxic and anoxic conditions. 

Acid washing of ZVI led to a significant enhancement (p < 0.05) of PCP dechlorination 

compared to ZVI (UW), with 52% (Figure 5.1c) and 62% (Figure 5.1d) of the PCP 

degrading after 25 days under oxic and anoxic conditions, respectively. The use of Nic/Fe 

bimetal resulted in a significantly higher (p < 0.05) PCP dechlorination and showed the 

greatest efficiency compared to all other treatments in the presence and absence of DO 

(Figure 5.1). After 25 days of reaction with Nic/Fe, 78% of the initial PCP degraded 

under oxic condition (Figure 5.1e), and 97% under anoxic condition (Figure 5.1f). 

The different ZVI treatments and the presence or absence of DO affected the formation of 

PCP daughter products. The ZVI (UW) transformed PCP only to tetrachlorophenols 

(TeCPs) in the presence and absence of DO (Figure 5.1a and Figure 5.1b). The ZVI (AW) 

treatment showed PCP conversion to TeCPs, trichlorophenols (TCPs), dichlorophenols 

(DCPs), and monochlorophenols (MCPs), with TeCPs being the dominant product over 

the entire reaction period in the presence of DO (Figure 5.1c) while a larger amount of 

MCPs formed after 25 days under anoxic conditions (Figure 5.1d). After 25 days of 

reaction, the Nic/Fe bimetal transformed PCP predominantly to phenol with relatively 

lower concentrations of the intermediate chlorophenols remaining in the reactors under 

oxic and anoxic conditions (Figure 5.1e and Figure 5.1f). Mass balance recoveries were 

all within 96% to 98% demonstrating that the incorporated PCP and degradation products 

were efficiently extracted by the HCl and ethyl acetate. 

The specific surface areas of the ZVI and Nic/Fe bimetallic particles were measured by 

Brunauer-Emmett-Teller (BET) N2 method using a Micromeritic Tristar 3000 (Chapter 2, 

Section 2.4.1). The specific surface area of each material was 0.250 ± 0.004 m
2
/g for ZVI 

(UW), 2.31 ± 0.01 m
2
/g for ZVI (AW) and 4.46 ± 0.02 m

2
/g for the Nic/Fe particles. 

Surface characteristics and elemental information of selected regions of the ZVI surface 

as well as the distribution of Ni on the Nic/Fe bimetal surface was obtained using the 

Environmental Scanning Electron Microscope (ESEM) coupled with Energy Dispersive 
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Spectroscope (EDS) (Chapter 2, Section 2.4.2). The ESEM images and elemental 

composition of the ZVI and Nic/Fe bimetal surfaces are presented in Figure 5.2. 

 

Figure 5.2 The ESEM images and elemental analysis on the iron surfaces using EDS (a) 

Unwashed ZVI (b) Acid washed ZVI (c) Ni coated iron particles with acid washed ZVI. 

The marked areas in red were found to be discrete particles of Ni deposited on the Nic/Fe surface. 
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The ESEM/EDS analysis showed that Ni was deposited as small clusters on the ZVI 

(AW) surface (Figure 5.2c). The AAS analysis of the Ni
2+

 solution before and after 

exposing to iron showed 92% removal of Ni from the solution, indicating that the 

bimetallic Ni content was 442 mg/L (mg of Ni per kg of Fe). The elemental composition 

on the ZVI (AW) and the Nic/Fe bimetal both showed larger oxygen content of 22%-25% 

compared to ZVI (UW) (oxygen content 8.2%). Despite this higher oxygen content the 

ZVI (AW) and the Nic/Fe were more effective than the ZVI (UW) in PCP dechlorination 

in the presence and absence of DO (Figure 5.1). 

The hydrogen gas accumulation in the reactor headspace was measured in the presence 

and absence of DO at each sampling time. Figure 5.3a presents the hydrogen gas 

accumulation in the reactors. Compared to anoxic systems, presence of DO resulted in a 

significantly lower (p < 0.05) hydrogen gas formation with ZVI (AW) and Nic/Fe after 25 

days of reaction. The data confirmed significantly higher (p < 0.05) hydrogen gas 

accumulation with Nic/Fe compared to ZVI (AW) after 25 days under both oxic and 

anoxic conditions. No hydrogen gas formation was observed with the ZVI (UW) systems 

(Figure 5.3a).   

The pH of the reaction solution was recorded at each sampling time and the data is 

presented in Figure 5.3b. When ZVI (UW or AW) or Nic/Fe bimetallic system was used, 

the solution pH was generally lower in the presence of DO compared to the 

corresponding anoxic systems. There was a general increase in pH, from pH 6 to 7 

initially to pH 6.7 to 7.8 after 25 days. 

PCP dechlorination was also assessed by measuring chloride ions in the reaction 

solutions. The chloride concentration in each system is presented in Appendix D, Figure 

D1. An increase in chloride concentration in the solution was observed over 25 days 

reaction. While an increase in chloride ion concentration is expected over time during 

PCP dechlorination, the chloride measured in the solution phase of all systems was lower 

than the theoretical amount of chloride estimated from observed PCP conversion to 

daughter products (Figure D1). This effect may be due to the incorporation of chloride 

with the iron oxides formed during the reaction. The chloride released during reductive 

dechlorination can be retained in the iron oxide phases, either by inclusion into mineral 
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phases, in particular chloride green rust [Fe3
II
Fe

III
(OH)8Cl] (Roh et al., 2000), or by 

electrostatic attraction to the iron oxide surfaces if these surfaces are positively charged. 

In order to extract the chloride incorporated with the oxides (chloride green rust), the 

reaction solution was removed and 10 mL of DI water was added to two reactors with the 

spent ZVI material. Then the solution pH was adjusted to 12 using 1M NaOH to ensure 

precipitation of oxides as iron hydroxide. After that, the reactors were agitated for 24 

hours (100 rpm), the reaction mixture (solution+ZVI) was centrifuged (4000 rpm, 30 

minutes), and the supernatant was analysed for chloride. At this high pH, iron oxide 

surfaces will be negatively charged and green rust phases are not stable (Cornell and 

Schwertmann 2003). The extracted chloride ion concentration in each system is shown in 

Figure D1. The total concentration of chloride measured (chloride in the reaction solution 

+ chloride extracted from ZVI and/or iron oxides) demonstrated a closer agreement with 

the theoretical amount of chloride estimated from observed PCP dechlorination and 

formation of the daughter products for each system (Figure D1). 

 

 

Figure 5.3 (a) Hydrogen gas accumulating in headspace and (b) solution pH under oxic and 

anoxic conditions. 

Error bars indicate ± one standard deviation. 
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To clarify the effect of DO on oxides formation, Raman spectroscopy was used to 

identify and quantify the individual oxides on the metal surfaces. A Multivariate Curve 

Resolution with Alternating Least Squares (MCR-ALS) analysis was performed in 

MATLAB to estimate the proportion of the iron oxides present on the iron surface 

(Jaumot et al., 2005) using the reference spectra (details provided in Chapter 2, Section 

2.4.3). Typical Raman spectra of the ZVI (UW and AW) and Nic/Fe bimetal both at the 

start of experiment and after 25 days reaction with PCP are presented in Appendix B, 

Figure B3. Raman spectra of all the reference iron oxides and their band positions are 

provided in Chapter 2, Section 2.4.3. The amounts of individual oxides detected on the 

iron surface, prior to and following the reaction period (1, 12 and 25 days), are presented 

in Table 5.1. The Raman analysis of unreacted materials revealed that the ZVI (UW) 

surface consisted of mainly wustite whereas magnetite was the predominant oxide on the 

ZVI (AW) and Nic/Fe surfaces (Table 5.1). During the reactions in the presence and 

absence of DO, magnetite and wustite were the major oxides while maghemite, hematite, 

lepidocrocite and ferrihydrite were also detected in small quantities. 

In the presence and absence of DO, the major oxide phase on the ZVI (UW) surface was 

wustite, after 1 day of the reaction, during, as well as after 25 days of reaction with PCP 

(Table 5.1). The Raman analysis showed that during the 25 days of reaction, the amount 

of magnetite formed on the ZVI (UW) surface gradually increased, however, the rate of 

magnetite formation was slower in the presence of DO compared to the ZVI (UW) anoxic 

system (Table 5.1). The surface of the ZVI (AW) was initially covered with ≈80% 

magnetite and ≈20% wustite. During the reaction of ZVI (AW) with PCP, in the presence 

of DO, a small decrease in the amount of magnetite was observed with concurrent 

detection of small amounts of maghemite, hematite, and lepidocrocite on the ZVI (AW) 

surface over the 25 days (Table 5.1). At the start of the experiment, the Nic/Fe bimetal 

surface consisted of ≈90% magnetite and ≈10% of wustite and ferrihydrite. In comparison 

to ZVI systems (UW and AW), Nic/Fe particles contained a higher amount of magnetite 

initially as well as after 1 and 12 days of reaction with PCP (Table 5.1), which was 

maintained over the 25 days of reaction in the presence of DO. However, when DO was 

present in the Nic/Fe system, Raman analysis revealed a small decrease in the amount of 

magnetite and formation of small amounts of maghemite and/or lepidocrocite on the 

Nic/Fe surface after 1 and 12 days of reaction (Table 5.1). Also, in the presence of DO, 
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the passive oxides (maghemite and/or lepidocrocite) that were initially formed seemed to 

remain on the Nic/Fe surface during the 25 days of reaction (Table 5.1). The details of 

formation of wustite and magnetite and their distinct characteristics were discussed in 

Chapter 3, Section 3.2.1.2. 

Table 5.1 Percentages of iron oxides present on the iron surface, unreacted, at the start, during 

the reaction and at the end of experiment (estimated by MCR-ALS analysis). 

Treatment 
Type and Percentages of iron oxide 

Maghemite Hematite Magnetite Lepidocrocite Wustite Ferrihydrite 

UW 
 

- - 9 - 72 19 

AW 
 

- - 79 - 21 - 

Nic/Fe
 

- - 88 - 5 7 

UW (O)
  - - 11 - 69 20 

UW (ANO)
  - - 27 - 66 7 

AW (O)
  5 <5 74 <5 14     - 

AW (ANO)
  - - 80 - 20 - 

Nic/Fe (O)
  - - 80 10 5 5 

Nic/Fe (ANO)
  - - 98 - <5 - 

UW (O)
 § - - 18 - 70 12 

UW (ANO)
 § - - 33 - 58 9 

AW (O)
 § 8 <5 65 7 15 <5 

AW (ANO)
 § - - 75 - 20 5 

Nic/Fe (O)
 § <5 - 78 10 10 <5 

Nic/Fe (ANO)
 § - - 99 - <5 - 

UW (O)
 ¥ <5 <5 18 - 70 12 

UW (ANO)
 ¥ - - 40 - 47 13 

AW (O)
 ¥ <5 5 68 - 23 - 

AW (ANO)
 ¥ - - 76 - 24 - 

Nic/Fe (O)
 ¥ <5 - 80 10 7 <5 

Nic/Fe (ANO)
 ¥ - - 93 - 7 - 

 

UW: ZVI (UW); AW: ZVI (AW)  

O:  Initially oxic condition; ANO: Initially anoxic condition. 
Oxides present on the unreacted iron surface. 
Oxides present on the iron surface after 24 hours reaction. 
 § 

Oxides present on the iron surface after 12 days reaction. 
 ¥ 

Oxides present on the iron surface after 25 days reaction. 

 - Not detected. 
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The results of this study demonstrated that the presence of DO significantly decreased 

PCP dechlorination when using ZVI (UW and AW) as well as Nic/Fe bimetal. This 

significant decrease could be attributed to (1) competition of DO with PCP for the 

electrons generated during iron corrosion and (2) decreased ZVI reactivity due to 

formation of passive oxides such as maghemite, hematite, and/or lepidocrocite. Further, 

findings of this study established that, despite the presence of DO, the use of a Nic/Fe 

bimetal system resulted in a significantly higher reactivity for PCP dechlorination 

compared to the ZVI (UW and AW) systems. The role of Ni as a catalyst when used with 

ZVI was discussed in Chapter 3, Section 3.2.1. In the Nic/Fe bimetal system, both in the 

presence and absence of DO, Ni seemed to act as the catalyst by promoting the formation 

of atomic hydrogen or a metal hydride phase on the ZVI surface. In this way, the Ni 

presence enhanced PCP dechlorination by Nic/Fe bimetal via hydrodechlorination despite 

the presence of DO. 

The findings of the present study (PCP dechlorination using ZVI and Nic/Fe bimetal 

under oxic and anoxic conditions) were not consistent with the results reported by Kim 

and Carraway (2000). In contrast to the findings of the present study, Kim and Carraway 

(2000), who used a batch reactor system comparable to the conditions used in the present 

study, found PCP dechlorination to be slower when using bimetallic particles (Pd/Fe, 

Pt/Fe, Nic/Fe, Cu/Fe) compared to unamended ZVI. These authors also found that 

treatments with ZVI or bimetallic systems only converted PCP to TeCP during the 25 

days of reaction. The review of literature revealed that the differences in PCP 

dechlorination by different types of electrolytic ZVI have not been adequately clarified. 

The present study as well as the Kim and Carraway (2000) study used <100 mesh 

electrolytic iron albeit from different sources. The difference in surface areas (0.250 ± 

0.004 m
2
/g in the present study versus 0.12 ± 0.006 m

2
/g by Kim and Carraway (2000)) 

suggests the possibility of compositional or morphological variations between the two 

ZVI materials. Such differences in ZVI surfaces could influence the ZVI reactivity and Ni 

deposition during Nic/Fe preparation and thus affect the Nic/Fe reactivity towards PCP 

dechlorination. The effect of the nature of initial ZVI material on bimetal preparation as 

well as PCP dechlorination performance under anoxic conditions was clearly illustrated in 

Chapter 3, Section 3.2.1. This conclusion is also supported by previous studies where 

dramatically decreased degradation efficiency for cis-dichloroethylene by ZVI was 
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reported in comparison to a study conducted under comparable conditions; the difference 

in ZVI performance was attributed to the compositional variation in the ZVI used 

between the two studies (Cwiertny et al., 2007). Nevertheless, a detailed examination of 

the cause for the different observations between the present study and Kim and Carraway 

(2000) study is not possible as the surface characteristics of ZVI material (e.g. surface 

morphology, iron oxides formation) were not reported by Kim and Carraway (2000).  

In addition, as previously discussed in Chapter 3, there are contradictory observations in 

the literature for the dechlorination of chlorinated phenols by ZVI and bimetallic 

modified ZVI systems (Cheng et al., 2007, Choi et al., 2008a, Kim and Carraway 2000, 

Morales et al., 2002). Some studies have reported that unmodified iron did not degrade 

any PCP (Morales et al., 2002) while Pd/Fe (Morales et al., 2002), Pd/Mg (Morales et al., 

2002, Patel and Suresh 2007), Mg/Ag (Patel and Suresh 2006) as well as nano sized 

Nic/Fe (Zhang et al., 2006) were able to dechlorinate PCP to phenol. Also, nano sized 

Pd/Fe converted 4-CP, 2,4-DCP and 2,4,6-TCP to phenol (Zhou et al., 2010). In the 

following sections, the significance of the presence of DO on the iron oxides formation, 

the effects of formed oxides on PCP dechlorination as well as sorption to ZVI and Nic/Fe 

bimetal observed in the present study is discussed. 

The results of this study proved a clear relationship between the iron oxide coatings and 

the efficacy of the iron materials towards the reductive dechlorination of PCP in the 

presence and absence of DO. The ZVI (UW) surfaces that were dominated by wustite had 

reductive dechlorination performance that was substantially worse than iron surfaces, ZVI 

(AW) and Nic/Fe, which were dominated by magnetite. The ZVI material used in this 

study initially had a wustite layer present on the surface. As previously discussed in 

Chapter 3, Section 3.2.1.2, the low electrical conductivity of wustite can be linked to the 

poor reductive dechlorination reactivity of ZVI (UW), which requires electron transfer 

from the ZVI. Conversely, the greater electrical conductivity of magnetite resulted in 

facilitating the electron transfer process for PCP dechlorination by ZVI (AW) as well as 

Nic/Fe bimetal. The findings of this study is supported by previous studies, which 

emphasised the importance of the oxidation state of oxides (i.e. Fe(II):Fe(III) ratio) on the 

kinetics of electron transfer (Gorski et al., 2009, Gorski and Scherer 2009, Stratmann and 

Müller 1994). In addition, the Raman analysis showed that when DO was present, the 

amount of magnetite formed on the ZVI (UW) surface was less compared to the 
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magnetite formation observed with the ZVI (UW) system under anoxic condition. This 

finding further supports the reduced PCP dechlorination efficiency of ZVI (UW) in the 

presence of DO. Furthermore, the presence of DO resulted in formation of passivating 

oxides such as maghemite, hematite, lepidocrocite and ferrihydrite on the ZVI (AW) and 

Nic/Fe surfaces. These oxides have a lower conductivity at the room temperature 

compared to the conductivity of magnetite (Cornell and Schwertmann 2003). Therefore, 

formation of these passive oxides could also result in lower PCP dechlorination by ZVI 

(AW) and Nic/Fe systems in the presence of DO compared to the corresponding anoxic 

systems. The decreased reactivity of ZVI (AW) and Nic/Fe bimetal in the presence of DO 

could be further exemplified by the decrease in hydrogen gas accumulation observed with 

these systems under oxic conditions.  

In order to assess the effect of DO on PCP incorporation with the oxides (sorption, co-

precipitation and/or physical entrapment) in the ZVI or Nic/Fe bimetallic systems, the 

amounts of incorporated and extractable PCP with ZVI (UW and AW) and Nic/Fe 

bimetal were estimated as described in Chapter 3, Section 3.2.1.4. The amounts of 

incorporated and extractable PCP on the ZVI (UW and AW) and Nic/Fe bimetallic 

surfaces in the presence and absence of DO are shown in Figure 5.4. 

 

Figure 5.4 Amount of extractable PCP incorporated on ZVI and Nic/Fe bimetallic particles.  

Error bars indicate ± one standard deviation. 

The initial amount of PCP available in each system = 0.19 µmole/g ZVI. 
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Incorporation of PCP was observed in all systems with incorporated and extractable PCP 

ranging up to 0.06 mole/g ZVI, i.e. 6 M PCP removed from solution (Figure 5.4). 

When DO was present, the PCP incorporation onto ZVI (UW and AW) and Nic/Fe 

surfaces was greater than the amount of PCP incorporated with the corresponding anoxic 

systems. The higher PCP incorporation observed in the presence of DO could be a result 

of passive oxides formed and greater incorporation of PCP with these oxides. After 25 

days, all but one system had between 0.03 and 0.04 mole/g ZVI PCP incorporated and 

extracted (Figure 5.4), despite the differences in the total amount of PCP in the systems. 

After 25 days, the incorporated PCP in the oxic Nic/Fe system was significantly higher (p 

< 0.05) (0.038 mole/g ZVI) compared to the anoxic Nic/Fe system (0.005 mole/g 

ZVI). After 25 days of reaction in the presence of DO, the amount of PCP incorporated 

and extracted with the ZVI (UW or AW) surfaces was not statistically different from the 

PCP incorporated with the corresponding anoxic systems. 

In addition to its role in oxide formation on the ZVI surface, DO is also an electron 

acceptor (Yang and Lee 2005), thus could inhibit the PCP dechlorination by competing 

for electrons. To assess the magnitude of this effect, the PCP dechlorination rate constants 

relative to aqueous PCP concentrations [ka, day
-1

], sorption and desorption rate constants 

to the non-reactive sorption sites on ZVI: k1 [day
-1

] and k2 [day
-1

], respectively, for PCP 

with ZVI and Nic/Fe were estimated based on the model discussed in Chapter 3, Section 

3.2.1.4. The estimated dechlorination reaction rate constants are presented in Table 5.2 

and the surface area normalised reaction rate constants are presented in Appendix C, 

Table C4. The PCP removal with different treatments and the predicted curves obtained 

using estimated rate constants are presented in Figure 5.5.  

In general, the results obtained from the proposed model simulation are consistent with 

the experimental results (Figure 5.5). However, the rapid decrease in aqueous PCP 

concentration observed during 1 to 12 days of reaction with some treatment systems 

could not be explained by the above model (Figure 5.5). It is suggested that this rapid 

decrease may be a result of rapid incorporation of PCP with the formed iron oxides on the 

ZVI surface. The PCP dechlorination with ZVI or Nic/Fe demonstrated first order 

behaviour with respect to aqueous PCP concentrations under both oxic and anoxic 

conditions (Table 5.2). 
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Figure 5.5 Removal of PCP during reaction with (a) unwashed ZVI (Oxic) (b) unwashed ZVI 

(Anoxic) (c) acid washed ZVI (Oxic) (d) acid washed ZVI (Anoxic) (e) Nic/Fe bimetal (Oxic) (f) 

Nic/Fe bimetal (Anoxic). 

Dashed lines indicate the predicted curves obtained using estimated sorption/desorption rate constants and 

the reaction rate constant estimated based on aqueous phase PCP concentration with respective treatments. 
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Table 5.2 Kinetic parameters determined for PCP in water-ZVI and water-Nic/Fe systems 

Treatment 

Reaction rate 

constant (ka) 

(aqueous) (day
-1

) 

Reaction 

order 

(Na) 

Rate constant (Day
-1

) 

Sorption 

(k1) 

Desorption 

(k2) 

ZVI (UW) (Oxic) 0.0112 1 0.0590 0.1661 

ZVI (UW) (Anoxic) 0.0208 1 0.0400 0.1238 

ZVI (AW) (Oxic) 0.0521 1 0.0800 0.2330 

ZVI (AW) (Anoxic) 0.0599 1 0.0460 0.0938 

Nic/Fe (Oxic) 0.0989 1 0.0710 0.0756 

Nic/Fe (Anoxic) 0.1310 1 0.0550 0.1100 

 

 

The ZVI (UW) and Nic/Fe systems showed the slowest and fastest observed 

dechlorination reaction rates, respectively (Table 5.2). The observed rate of PCP 

dechlorination by ZVI and Nic/Fe systems was slower in the presence of DO compared to 

the respective anoxic systems (Table 5.2). The slower PCP degradation rates observed in 

the oxic systems is further supported by the difference in hydrogen gas formation under 

oxic and anoxic conditions in different systems (Figure 5.3a). Significantly lower 

hydrogen gas accumulation was observed in the presence of DO with the ZVI (AW) and 

Nic/Fe systems (Figure 5.3a) – no hydrogen gas was detected with ZVI (UW). Under 

both oxic and anoxic conditions, using ZVI and Nic/Fe, the rate of PCP desorption was 

greater than rate of sorption onto the ZVI non-reactive sites (Table 5.2). In addition, it 

was noted that with the ZVI and Nic/Fe systems, the rate of PCP sorption onto ZVI non-

reactive sites was higher in the presence of DO compared to the anoxic systems. 

Therefore, the model results indicate that the presence of DO could enhance the PCP 

sorption to ZVI non-reactive sites, which could result in a decrease in the concentration of 

PCP available in the aqueous phase for dechlorination by ZVI or Nic/Fe bimetals. As 

discussed in Chapter 3, Section 3.2.1.4, PCP mass available in the aqueous phase is 

important for continuation of the dechlorination reaction. Consequently, the lower PCP 

dechlorination observed with ZVI and Nic/Fe systems in the presence of DO, compared 

to the PCP dechlorination with the respective anoxic systems, may also be a result of 

greater PCP sorption to ZVI non-reactive sites in the presence of DO. 
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5.3. Summary 

PCP dechlorination using ZVI (UW and AW) and nickel coated ZVI (Nic/Fe) bimetal 

was examined in the presence and absence of DO. The presence of DO resulted in slower 

PCP dechlorination rates and led to significantly decreased PCP dechlorination by ZVI 

and Nic/Fe systems compared to the respective anoxic systems. The ZVI (UW) 

demonstrated significantly lower PCP dechlorination whereas acid washing of ZVI 

significantly enhanced the PCP dechlorination under oxic condition. The use of Nic/Fe 

bimetal resulted in significantly higher PCP dechlorination compared to ZVI systems in 

the presence of DO. Also, when DO was present, tetrachlorophenols were the dominant 

end product during PCP dechlorination by ZVI (UW and AW) systems. The use of 

Nic/Fe bimetal in the presence of DO resulted in phenol being the main end product, with 

some lower chlorophenols also being detected, at the end of the reaction. Significantly 

lower hydrogen gas formation was observed in the presence of DO with the Nic/Fe and 

ZVI (AW) systems, which was consistent with lower PCP dechlorination found in these 

systems. The ZVI (UW) surface was mainly covered with wustite during PCP 

dechlorination under oxic condition, while the rate of magnetite formation was slower in 

the presence of DO compared to the anoxic system. The presence of DO resulted in 

formation of passive oxides (maghemite, hematite, lepidocrocite, ferrihydrite) on the ZVI 

(AW) and Nic/Fe surfaces, which also resulted in greater PCP incorporation and 

decreased PCP dechlorination efficiency in the ZVI (AW) and Nic/Fe systems compared 

to the respective anoxic systems. Also, higher rate of PCP sorption to ZVI or Nic/Fe non-

reactive sites was observed in the presence of DO. This finding demonstrates the effect of 

DO in enhancing PCP sorption to ZVI non-reactive sites and limiting the PCP available in 

the aqueous phase for dechlorination. From a practical perspective, the findings from this 

study provide greater insight regarding the influence of DO on PCP incorporation, 

dechlorination and hydrogen gas formation as well as on the formation of iron oxides and 

their impact on PCP dechlorination/incorporation using ZVI and bimetals. Additionally, 

this study offers evidence on the potential of using a nickel/iron bimetallic system that 

allows for enhanced PCP dechlorination in the presence of DO. 
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Chapter 6. Effect of Nitrate on Pentachlorophenol 

Dechlorination using ZVI and Bimetal 

 

6.1. Introduction 

Nitrate is a common groundwater contaminant and has therefore received increased 

attention due to concerns on the environment and health risks to animals and humans 

(Choe et al., 2004, Choi et al., 2009, Xu et al., 2012b, Zhang et al., 2010). Concerns have 

been raised regarding how the presence of nitrate could affect the interaction between 

chlorinated compounds and ZVI (Cho and Park 2005, D'Andrea et al., 2005, Farrell et al., 

2000a, Ritter et al., 2003, Schlicker et al., 2000). Uncertainty also remains regarding the 

role of competing nitrate on dechlorination of PCP using ZVI and iron based bimetals as 

well as on the reactivity of ZVI. In addition, hydrogen gas formation is an important 

feature to be considered during the design and implementation of permeable reactive 

barriers for remediation of chlorinated contaminants. However, hydrogen gas formation 

during the reaction of chlorinated contaminants with ZVI or bimetals in the presence of 

nitrate has not been specifically studied. 

Previous research has only investigated the influence of nitrate on the degradation of 

chlorinated hydrocarbons using ZVI (Cho and Park 2005, D'Andrea et al., 2005, Farrell et 

al., 2000a, Ritter et al., 2003, Schlicker et al., 2000). These researchers reported that 

simultaneous presence of nitrate led to the formation of passive iron oxides (Farrell et al., 

2000a, Ritter et al., 2003) and decreased the degradation rate of the chlorinated 

compounds by ZVI (Cho and Park 2005, D'Andrea et al., 2005, Farrell et al., 2000a, 

Ritter et al., 2003, Schlicker et al., 2000). Research has illustrated that nitrate can be 

removed using ZVI and bimetallic systems (Choe et al., 2004, Choi et al., 2009, Huang 

and Zhang 2005, Liou et al., 2009, Mossa Hosseini et al., 2011, Suzuki et al., 2012, Xu et 

al., 2012b) and ZVI is an accepted reactive medium in remediation of inorganic and 

organic contaminants found in groundwater (Gandhi et al., 2002, Huang and Zhang 2002, 

Kim and Carraway 2000, Matheson and Tratnyek 1994, Zhang et al., 2010). Further, 

Kamolpornwijit and Liang (2006) had reported the presence of nitrate could suppress 
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hydrogen gas formation in a ZVI/H2O system. Following the published data and the gaps 

in the literature, the objectives of this chapter are to examine the influence of nitrate on: 

1. PCP dechlorination and/or incorporation with oxides when using ZVI and bimetal, 

2. iron oxides formation and 

3. hydrogen gas formation. 

The experiments were carried out in the presence and absence of nitrate (NO3) to assess 

the competitive effect of nitrate on PCP dechlorination using ZVI and bimetal. The ZVI 

tested was electrolytic iron powder from North American Höganäs with particle size of 

100 mesh and smaller. The ZVI as received (unwashed) and bimetallic system with 

physically mixed 0.1 g Ni with 1.0 g unwashed ZVI (Nis (0.1)/Fe) was tested for their 

potential for PCP dechlorination. The batch experiments were carried out under anoxic 

conditions and the method is explained in Chapter 2, Table 2.4. The PCP and degradation 

products, nitrate reduction, ammonia formation, solution pH and hydrogen gas formation 

were measured (Chapter 2, Section 2.6). Also, the iron oxides formed on the ZVI surface 

during reaction with and without nitrate were determined using Raman analysis (Chapter 

2, Section 2.4.3). The effects of different treatments on the total system PCP 

concentration, incorporated and extractable PCP concentration and hydrogen gas 

formation at 25 days were compared using a two-way analysis of variance model with the 

SPSS statistical software package. Significance was determined at the 95% level. The 

nitrate concentration (63.3.mg/L NO3=14.3 mg/L NO3-N) used in this study was the 

average concentration data from the 51 groundwater monitoring sites that were above the 

maximum acceptable level (11.3 mg/L NO3-N) for drinking water in a 2008 NZ 

groundwater study (Ministry for the Environment 2009) (Chapter 2, Table 2.4). 

Therefore, the results of this chapter could be of particular interest for the application of 

ZVI or bimetals when nitrate may be present in the contaminated source. 
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6.2. Results 

6.2.1. Nitrate Reduction using ZVI and Bimetal in the Absence and Presence of 

PCP 

Reduction of nitrate using ZVI and Nis (0.1)/Fe bimetal in the absence and presence of 

PCP are shown in Figure 6.1. Except with ZVI or nickel only treatments, nitrate was 

completely reduced both in the absence and presence of PCP over the 54 hour reaction 

duration. During the ZVI only treatment 97% of the available nitrate was reduced while 

the Ni only treatment (without ZVI) showed no nitrate reduction after 54 hours of 

reaction (Figure 6.1). 

 

 

Figure 6.1 Nitrate reduction using ZVI and bimetal in the absence and presence of PCP. 

Error bars indicate ± one standard deviation. 

 

The reaction products of nitrate from reacting with ZVI or Nis (0.1)/Fe in the absence and 

presence of PCP are shown in Figure 6.2. When nitrate (NO3-N) was reduced using ZVI 

and Nis (0.1)/Fe systems, ammonia (NH3-N) production was observed as the end product 

(Figure 6.2). The only other product detected was small concentrations of nitrite (NO2-N) 

during hours 1 to 10 of the reaction (Figure 6.2). At the end of the reaction, after 54 
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hours, the nitrogen mass recovered (as NH3-N) accounted for 94% to 98% of NO3-N 

removed using the ZVI and Nis (0.1)/Fe systems, regardless of the absence or presence of 

PCP. The accumulation of NH3-N as the end product did not seem to be affected by the 

presence of PCP in ZVI and Nis (0.1)/Fe systems (Figure 6.2). 

The production of ammonia as the end product in this study is supported by previous 

research (Choe et al., 2004, Huang et al., 1998). These authors found ammonia, as the end 

product, accounted for all nitrate reduced when ZVI was used. Other studies reported the 

presence of ammonia was due to the reduction of 75% of the available nitrate with the 

use of Pd coated ZVI (Choi et al., 2009), and ammonium was the major end product 

found when nitrate reduction occurred using catalysed and uncatalysed iron particles 

(Liou et al., 2005a, Liou et al., 2005b) as well as Ni-Fe metals and alloys (Smirnov et al., 

2008). 

 

 

Figure 6.2 Formation of by-products during nitrate reduction using (a) ZVI without PCP (b) Nis 

(0.1)/Fe without PCP (c) ZVI with PCP (d) Nis (0.1)/Fe with PCP. 

Error bars indicate ± one standard deviation. 
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Nitrate reduction rate constants were determined with respect to the concentration of 

nitrate present in the solution using a pseudo-first order decay model in which the 

reduction rate is proportional to the dissolved nitrate concentration: C = C0e
-kt

, where C is 

the nitrate concentration [mg/L] at time t, C0 is the initial nitrate concentration [mg/L], t is 

the reaction time [hours] and k is the first order rate constant [k, hour
-1

] (Alowitz and 

Scherer 2002, Huang and Zhang 2002, Liou et al., 2005a). In addition, the production of 

ammonia was assumed to follow a first order model. The nitrate reduction and the 

ammonia production rate constants are presented in Table 6.1. The first order model 

simulation results for nitrate and ammonia were consistent with the experiment data, 

which was indicated by coefficient of correlations (> 0.95) (Table 6.1). 

 

Table 6.1 Nitrate reduction and ammonia production rate constants with ZVI and bimetal 

Treatment 
Nitrate reduction rate 

(k1, hour
-1

) 
 *r

2 
Ammonia production 

rate (k2, hour
-1

) 
**r

2 

ZVI+NO3 6.05 (± 0.65) x 10
-2 

0.94 7.66 (± 1.18) x 10
-2 

0.96 

Nis (0.1)/Fe+NO3 13.20 (± 0.70) x 10
-2 0.99 12.75 (± 1.33) x 10

-2 0.98 

ZVI+PCP+NO3 9.10 (± 0.89) x 10
-2 0.95 7.66 (± 1.55) x 10

-2 0.95 

Nis (0.1)/Fe+PCP+NO3 10.30 (± 0.62) x 10
-2 0.98 8.56 (± 0.57) x 10

-2 0.99 

 
*Coefficient of correlations of nitrate reduction; **Coefficient of correlations of ammonia 

production; ± indicates the 95% confidence limits. 

 

In the absence of PCP, the Nis (0.1)/Fe bimetal showed a significantly higher rate (2 

times) of nitrate reduction compared to ZVI treatment (Table 6.1). Following first 

principles, the presence of PCP with nitrate is expected to decrease the rate of nitrate 

reduction due to the competition of PCP for electrons. The results showed that the nitrate 

reduction rate was significantly affected by the simultaneous presence of PCP in the 

solution but not always as expected (Figure 6.1, Table 6.1). The presence of PCP resulted 

either in a significant increase or decrease of the rate of nitrate reduction by ZVI and Nis 

(0.1)/Fe systems, respectively (Table 6.1). It is of interest that, in the presence of PCP, the 

difference in the rate of nitrate reduction when using the ZVI and Nis (0.1)/Fe systems 
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was not statistically significant (Table 6.1). These aspects are further discussed in Section 

6.3. 

6.2.2. Effect of Nitrate on PCP Dechlorination using ZVI and Bimetal  

The total system concentrations of PCP and its dechlorination products remaining either 

in the solution or incorporated in the ZVI and Nis (0.1)/Fe bimetal systems, in the 

absence and presence of nitrate, are presented in Figure 6.3.  

 

 

 

Figure 6.3 PCP degradation using (a) ZVI without nitrate (b) ZVI with nitrate (c) Nis (0.1)/Fe 

without nitrate (d) Nis (0.1)/Fe with nitrate. 

Error bars indicate ± one standard deviation. 



Chapter 6. Effect of Nitrate on PCP Dechlorination using ZVI and Bimetal 

 

147 

 

PCP dechlorination by ZVI and Nis (0.1)/Fe bimetal in the absence of nitrate was 

discussed in detail in Chapter 3, Sections 3.2.1.1 and 3.2.2.1, respectively. In the absence 

of nitrate, ≈92% and ≈90% PCP mass balance recoveries were achieved with ZVI and Nis 

(0.1)/Fe systems, respectively, during the experiment duration.  

The presence of nitrate with PCP had a detrimental effect on PCP dechlorination by ZVI 

or Nis (0.1)/Fe treatments (Figure 6.3) and led to a delay in PCP dechlorination during 

reaction days 0 to 3 (Figure 6.3b and Figure 6.3d). Furthermore, compared to the systems 

without nitrate, the presence of nitrate resulted in a significant decrease (p < 0.05) in PCP 

dechlorination. In addition, after 25 days of reaction, the PCP mass balance recoveries 

achieved with ZVI and Nis (0.1)/Fe in the presence of nitrate were only ≈48% and ≈74%, 

respectively. The lower PCP mass balance recovery in the presence of nitrate could be 

attributed to one of two processes: (1) incorporation of PCP and/or degradation products 

(sorption, co-precipitation and/or physical entrapment) with the iron oxides and (2) 

degradation of PCP to volatile compounds which were not quantified during the 

experiment. However, the second process is considered unlikely as passive oxides formed 

during the initial 24 hours of the reaction, when nitrate was present in the systems (Table 

6.3), which resulted in decreased ZVI reactivity. Also, no lower chlorinated phenols were 

measured during the initial stage (0-6 days) of the experiment (Figure 6.3b and Figure 

6.3d). Therefore, it is considered that the most likely reason for the poor PCP mass 

balance in the presence of nitrate is incorporation of PCP and/or degradation products 

with the passive oxides initially formed (Section 6.2.4) and incomplete extraction of these 

incorporated compounds due to the low solubility of the oxides, predominantly 

lepidocrocite, hematite and goethite, compared to the greater solubility of magnetite 

(Cornell and Schwertmann 2003). These aspects are further discussed in Section 6.3. 

The presence of nitrate during the ZVI treatment resulted in only 58% of the PCP being 

removed after 25 days of reaction along with accumulation of small concentrations of 

tetra-, tri-, di- and mono-chlorophenols (CPs) (Figure 6.3b). With the Nis (0.1)/Fe system, 

in the presence of nitrate, 66% PCP removal was observed after 25 days of reaction with 

phenol being the main degradation product along with trace amount of lower CPs (Figure 

6.3d). It was noted that in the presence of nitrate, the difference in PCP removal 

efficiency by ZVI and Nis (0.1)/Fe bimetal, after 25 days of reaction, were not 

statistically significant.  
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6.2.3. Effect of Nitrate on PCP Incorporation 

PCP incorporation with the ZVI or iron oxides was observed with all treatments (Figure 

6.4). As discussed in Chapter 4, Section 4.2.5, the PCP in the systems could have 

dissolved in the solution, been incorporated with the solids and extracted, and/or 

incorporated with the solids but was not extracted. The amount of extractable PCP 

incorporated in the solid phase was determined following the procedure described in 

Chapter 3, Section 3.2.1.4 and presented in Figure 6.4. For both systems studied, ZVI or 

Nis (0.1)/Fe, the amount of PCP incorporated was significantly higher (p < 0.05) in the 

presence of nitrate compared to the corresponding systems in the absence of nitrate 

(Figure 6.4).  

  

 

Figure 6.4 Amount of extractable PCP incorporated on ZVI in the absence and presence of 

nitrate.  

Error bars indicate ± one standard deviation. 

The initial amount of PCP available in each system = 0.19 µmole/g ZVI. 
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After 25 days of reaction, PCP incorporated and extracted with the Nis 

(0.1)/Fe+PCP+Nitrate system was 0.07 µmole/g ZVI (37% of the initial PCP mass) 

whereas with the Nis (0.1)/Fe+PCP system, PCP incorporated and extracted was only 

1% of the initial PCP mass (Figure 6.4). Similarly, when ZVI was used, after 25 days of 

reaction, amount of PCP incorporated and extracted in the presence and absence of nitrate 

was 0.08 µmole/g ZVI (40% of the initial PCP mass) and 0.02 µmole/g ZVI (10% of 

the initial PCP mass), respectively (Figure 6.4). 

The significantly higher amount of PCP incorporated in the presence of nitrate supports 

the hypothesis that the lack of PCP mass balance in these systems (Section 6.2.2) is due to 

the incorporation of PCP and/or degradation products with the iron oxides. The greater 

amount of PCP incorporated in the presence of nitrate could be due to strong 

incorporation of PCP with the passive oxides initially formed (after 24 hours) with the 

ZVI and Nis (0.1)/Fe systems (Section 6.2.4) and possibly not extracted using HCl used 

in this study. Also, such strong incorporation of PCP with the passive oxides could 

prevent PCP desorption to the aqueous phase for dechlorination. This is discussed in 

detail in Section 6.3. 

The reaction rate constants relative to aqueous PCP concentrations [ka, day
-1

], sorption 

and desorption rate constants to the ZVI non-reactive sorption sites: k1 [day
-1

] and k2 

[day
-1

], respectively, for PCP with ZVI and Nis (0.1)/Fe bimetal were estimated based on 

the mechanistic model discussed in Chapter 3, Section 3.2.1.4. The observed reaction 

rates are presented in Table 6.2. The surface area normalised reaction rate constants 

(calculated based on the specific surface area of unwashed ZVI = 0.212±0.002 m
2
/g) are 

presented in Appendix C, Table C5. Removal of PCP with different treatments and the 

predicted curves obtained using estimated rate constants are shown in Figure 6.5.  

In the absence of nitrate, the reaction of PCP with ZVI or Nis (0.1)/Fe bimetal 

demonstrated first order behaviour with respect to aqueous PCP concentrations (Figure 

6.5a, Figure 6.5c, Table 6.2). When only PCP was present, the rate of PCP dechlorination 

using Nis (0.1)/Fe bimetal was 5 times higher than the rate of PCP dechlorination using 

ZVI (Table 6.2). In the presence of nitrate, PCP removal using ZVI or Nis (0.1)/Fe 

followed zero-order behaviour (Figure 6.5b, Figure 6.5d and Table 6.2); reaction rate with 

Nis (0.1)/Fe was 1.2 times higher compared to the reaction rate with ZVI (Table 6.2). 
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An attempt to model the PCP removal data in the presence of nitrate using the first order 

behaviour showed that the model simulations using first order behaviour were not 

consistent with the experimental results for the PCP removal data in the presence of 

nitrate.    

Table 6.2 Kinetic parameters determined for PCP in water-ZVI and water-bimetal systems in 

the absence and presence of nitrate. 

Treatment 
Reaction rate 

constant (ka) 

(aqueous) (day
-1

) 

Reaction 

order 

(Na) 

Rate constant (Day
-1

) 
Sorption 

(k1) 
Desorption 

(k2) 
ZVI+PCP 0.0938 1 0.0957 0.1798 

Nis (0.1)/Fe+PCP 0.4800 1 0.2950 0.3284 

ZVI+PCP+NO3 0.4500 0 0.0420 0.0100 

Nis (0.1)/Fe+PCP+NO3 0.5250 0 1.4500 0.0850 

 

 

Figure 6.5 Removal of PCP during reaction of (a) ZVI and PCP without nitrate (b) ZVI and 

PCP with nitrate (c) Nis (0.1)/Fe and PCP without nitrate (d) Nis (0.1)/Fe and PCP with nitrate. 

Dashed lines indicate the predicted curves obtained using estimated sorption/desorption rates and the 

reaction rates estimated based on aqueous phase PCP concentration with respective treatments. 
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When only PCP was present in the solution, the rate of PCP desorption was greater than 

rate of sorption to the ZVI non-reactive sites (Table 6.2). When nitrate was present, the 

rate of PCP sorption to ZVI non-reactive sites was 4 and 17 times greater than the 

desorption rates with ZVI and Nis (0.1)/Fe bimetal systems, respectively (Table 6.2) 

indicating higher mass transfer resistance exerted for PCP in the presence of nitrate. 

6.2.4. Effect of Nitrate on Iron Oxide Formation  

The relative amounts of oxides present on the ZVI surface (determined by Raman and 

MCR-ALS analysis, Chapter 2, Section 2.4.3) pre- and post- reaction with PCP and/or 

nitrate are presented in Table 6.3. Typical sample Raman spectra ranging from pre-

reaction to after 25 days of reaction are illustrated in Appendix B, Figure B4. The 

unreacted ZVI surface was primarily covered with magnetite and a smaller amount of 

wustite (Table 6.3). In the absence of nitrate, PCP dechlorination by ZVI and Nis (0.1) 

/Fe led to the formation of only magnetite on the ZVI surface (Table 6.3). 

Interestingly, when nitrate was present, regardless of the presence or absence of PCP, a 

mixture (varied percentage) of iron oxides (akaganeite, hematite, magnetite, 

lepidocrocite, goethite, wustite and ferrihydrite) formed on the ZVI surfaces (Table 6.3). 

After 24 hours of reaction, in the presence of nitrate, a dramatic decrease in the amount of 

magnetite was observed with ZVI and Nis (0.1)/Fe systems (Table 6.3). When nitrate was 

present, along with the decrease in magnetite detected, passive oxides (lepidocrocite, 

goethite, wustite) were found with the ZVI treatment whereas with the Nis (0.1)/Fe 

system the passive oxide phases identified on the ZVI surface included hematite, 

lepidocrocite and wustite (Table 6.3). Accordingly, the presence of nitrate seemed to 

favour the initial formation of passive oxides on the ZVI surface as was seen with Raman 

analysis after 24 hours of reaction. Upon complete nitrate removal from the ZVI and Nis 

(0.1)/Fe systems, magnetite dominated the ZVI surface while small amounts of passive 

oxides (akaganeite and/or lepidocrocite) were also observed (Table 6.3). The non-

detection of lepidocrocite (which was formed during initial 24 hours with nitrate 

presence) after 25 days reaction could be due to lepidocrocite being overlaid by the 

magnetite formed on the ZVI surface or transformation of lepidocrocite to magnetite over 

the 25 days reaction following complete nitrate removal. The initial formation of passive 

oxides in the presence of nitrate could result in stronger incorporation of PCP and/or 
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degradation products with these oxides thus further supports the poor PCP mass balance 

achieved with the ZVI and Nis (0.1)/Fe systems in the presence of nitrate. This aspect is 

further discussed in Section 6.3. Consideration was not given to stronger acid extraction 

of PCP and/or daughter products in the presence of nitrate due to time constraints. 

 

Table 6.3 Percentages of iron oxides present on the iron surface after 24 hours and at the end of 

experiment (estimated by MCR-ALS). 

Treatment 
Type and Percentages of the iron oxide 

Akaganeite Hematite Magnetite Lepidocrocite Goethite Wustite Ferrihydrite 

ZVI (Unreacted) - - 74 - - 24 <5 

ZVI+PCP - 
- 

100 - - - - 

ZVI+NO3
 - 

- 
55 35 - 10 - 

ZVI+PCP+NO3
 - 

- 
50 39 <5 10 - 

Nis (0.1)/Fe+PCP - 
- 

98 - - <5 - 

Nis (0.1)/Fe+NO3
 - 15 85 - - - - 

Nis (0.1)/Fe 

+PCP+NO3
 

- - 64 31 - 5 - 

ZVI+PCP
§
 - 

- 
100 - - - - 

ZVI+PCP+NO3
§
 5 

- 
89 <5 - - <5 

Nis (0.1)/Fe+PCP
§
 - 

- 
99 - - <5 - 

Nis (0.1)/Fe 

+PCP+NO3
§
 

- - 98 <5 - - - 

 The iron surface at the start of the experiment. 

 The iron surface after 24 hours of reaction with PCP or PCP+Nitrate. 

§  The iron surface after 25 days of reaction with PCP or PCP+Nitrate. 

- Not detected. 
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6.2.5. Effect of Nitrate on Hydrogen Gas Formation and Solution pH 

The hydrogen gas measured in different systems in the absence and presence of nitrate is 

presented in Figure 6.6. When only PCP was present (in the absence of nitrate), the 

highest hydrogen gas formation was observed with Nis (0.1)/Fe system; produced 1.26 

atm hydrogen gas after 25 days of reaction. In comparison, after 25 days, ZVI system 

produced only 0.89 atm hydrogen gas (Figure 6.6). This is consistent with the superior 

efficiency of Nis (0.1)/Fe bimetal observed for PCP dechlorination in the absence of 

nitrate compared to the ZVI system (Figure 6.3c). 

 

 

Figure 6.6 Hydrogen gas accumulation in reactors with ZVI and bimetal with PCP in the 

presence and absence of nitrate. 

Error bars indicate ± one standard deviation. 

 

The presence of nitrate suppressed the hydrogen gas production with ZVI and Nis 

(0.1)/Fe systems (Figure 6.6) and the inhibition effect was statistically significant (p < 

0.05) with only the Nis (0.1)/Fe bimetal. When nitrate was present, no hydrogen gas 

formation was observed in the ZVI and Nis (0.1)/Fe systems during the initial reaction 

period (day 0-3) (Figure 6.6). This could be a consequence of competition of nitrate with 

H2O for electrons as well as initial formation of passive oxides (Table 6.3) blocking the 

ZVI reactive surfaces. Also, when nitrate coexisted with PCP (during day 0-3) in the ZVI 

and Nis (0.1)/Fe systems, the amount of magnetite detected after 24 hours of reaction was 
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considerably lower compared to the amount of magnetite accumulated after 25 days of 

reaction (Table 6.3), which could also result in lower hydrogen gas formation during the 

initial reaction period (day 0-3). In the systems with nitrate (day 0-3) and PCP, after 25 

days of reaction, the hydrogen gas formation was 0.79 atm and 1.11 atm, with ZVI and 

Nis (0.1)/Fe bimetal systems, respectively (Figure 6.6). The lower hydrogen gas 

formation in the presence of nitrate is consistent with the lower efficacy of ZVI and Nis 

(0.1)/Fe systems in PCP dechlorination when nitrate coexisted (Figure 6.3b and Figure 

6.3d). 

The solution pH during nitrate reduction and PCP dechlorination using ZVI and Nis 

(0.1)/Fe systems are presented in Figure 6.7 and Figure 6.8, respectively. During the 

nitrate reduction using ZVI and Nis (0.1)/Fe systems, a rapid increase in solution pH from 

6.4 to greater than 9.0 was observed during 0 to 11 hours (Figure 6.7). After this rapid 

increase, the solution pH decreased from 9.6 to 8.6 and 7.9 between 10 to 54 hours 

(Figure 6.7). In the experiment using nitrate with Ni only (without the presence of ZVI) 

the solution pH increased from 6.4 to 8.7 over the first two hours and then continued to 

decrease (to 7.5) over the remaining 52 hours of reaction (Figure 6.7). 

 

Figure 6.7 Change in solution pH during nitrate reduction using ZVI and bimetal in the absence 

and presence of PCP. 

Error bars indicate ± one standard deviation. 
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Figure 6.8 Change in solution pH during PCP degradation with ZVI and bimetal in the absence 

and presence of Nitrate. 

Error bars indicate ± one standard deviation. 

 

In the absence of nitrate, PCP dechlorination in both systems resulted in an increase in pH 

during the 25 days of reaction, initially rising from pH 6.0 to 7.4; and after 25 days the 

pH values ranged between 6.6 to 6.8 (Figure 6.8). Conversely, coexistence of nitrate 

and PCP resulted in a higher solution pH; an initial rapid increase over the first 24 hours, 

from pH 6.0 to 9.2, followed by a decrease to pH 7.5 after 25 days of reaction was 

observed in both systems (Figure 6.8). 
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6.3. Discussion 

In the absence of nitrate, PCP dechlorination was evident as confirmed by the 

accumulation of lower CPs and/or phenol; high PCP mass balance achieved demonstrated 

efficient extraction of the incorporated PCP and/or degradation products using HCl and 

ethyl acetate. The PCP dechlorination using ZVI and Nis (0.1)/Fe bimetal systems were 

discussed in Chapter 3, Sections 3.2.1 and 3.2.2, respectively. 

There is a clear difference in the mechanism of PCP removal from the solution by ZVI 

and Nis (0.1)/Fe systems in the presence of nitrate. When nitrate was present, very small 

concentrations of lower CPs were measured in the ZVI and Nis (0.1)/Fe systems. Also, 

decreased PCP mass balance recoveries were achieved in the presence of nitrate 

compared to the corresponding systems in the absence of nitrate. These observations 

support the conclusion that nitrate presence led to the PCP removal from the solution 

mainly due to incorporation of PCP with the passive oxides detected (lepidocrocite and 

goethite) during the initial reaction period (Table 6.3). As stated in Section 6.2.2, the 

incorporation of PCP with the iron oxides could include processes such as PCP sorption, 

co-precipitation and/or physical entrapment with the oxide layers. The strong 

incorporation of PCP and/or degradation products occurred with the passive oxides 

during the initial reaction period could also result in poor PCP mass balance recoveries. 

The presence of nitrate (during 0-3 days) dramatically decreased the amount of magnetite 

detected and favoured the formation of passive oxides (particularly lepidocrocite, 

goethite, and hematite) on the ZVI surface during initial 24 hour reaction period (Table 

6.3). The immediate development of these passive oxides during the first 24 hours of the 

reaction could result in rapid incorporation of PCP and/or degradation products with the 

oxides as observed with a rapid decrease in aqueous PCP concentration (Figure 6.5b and 

Figure 6.5d). With the progressive growth of the oxides and their aging, the adsorbed 

PCP could be entrapped in the oxides/oxyhydroxides structures limiting the availability of 

PCP in the aqueous phase for dechlorination as well as create a greater mass transfer 

resistance for PCP and electrons. The incorporated PCP and/or degradation products with 

the passive oxides seemed to be difficult to extract using HCl and ethyl acetate. The 

review of literature provides evidence that the solubility of Fe
II
 oxides is higher than the 

solubility of Fe
III

 oxides and magnetite is more soluble than Fe(OH)2 (Cornell and 

Schwertmann 2003). In addition, previous studies also provide evidence that the order of 



Chapter 6. Effect of Nitrate on PCP Dechlorination using ZVI and Bimetal 

 

157 

 

solubility of oxides follows the sequence: akaganeite > ferrihydrite > lepidocrocite > 

maghemite > goethite > hematite (Cornell and Schwertmann 2003). Based on these 

evidences, it is clear that in this study the formed oxides such as lepidocrocite, goethite 

and hematite in the presence of nitrate have lower solubility compared to the solubility of 

magnetite. The low solubility of these oxides may result in incomplete extraction of the 

incorporated PCP and/or degradation products. 

Recent studies demonstrated that co-precipitation of contaminants can mean that the 

oxide films act as contaminant scavengers (Noubactep 2008, 2007, Noubactep and 

Schöner 2010). These researchers have strongly advocated that co-precipitation of 

contaminants during ZVI corrosion may be the only or the main fundamental mechanism 

of dissolved contaminant removal by ZVI/H2O systems (Noubactep 2009, 2008, 2010a, b, 

2007). However, this is in stark contrast to numerous other studies (Cheng et al., 2010, 

Choi et al., 2008a, Kim and Carraway 2000, Xu et al., 2012a, Zhou et al., 2010), which 

have reported that dechlorination is the main removal process of chlorinated contaminants 

when using ZVI and bimetals, and this was clearly evident in this thesis (Chapter 3 and 

Chapter 5) with the PCP dechlorination observed using ZVI and bimetallic systems. The 

results of this thesis provide insights that both the incorporation and dechlorination 

mechanism of PCP removal by ZVI or bimetal systems can be dominant depending on the 

characteristics of the system; presence of nitrate led to PCP removal due to strong 

incorporation with iron oxides whereas PCP dechlorination process dominated in the 

corresponding systems when nitrate was not present. The type of iron oxides as well as 

the structure and crystallinity of the oxide phases is dependent on the conditions under 

which they are formed (Cornell and Schwertmann 2003). Therefore, the iron oxides 

formed can change markedly in response to small changes in the system as was evident 

with the detection of lepidocrocite, hematite and goethite in the presence of nitrate. As 

discussed in previous sections, oxides such as lepidocrocite, hematite and goethite led to 

strong incorporation of PCP and/or degradation products and significantly lower PCP 

dechlorination. 

The initial delay in PCP removal using ZVI and Nis (0.1)/Fe bimetal in the presence of 

nitrate observed in this study has not been reported in the literature. This initial delay 

could be attributed to the competition of nitrate for electrons as well as the initial rapid 

formation of passive oxide phases on the ZVI surface (Table 6.3). The nitrate activity and 
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formation of passive oxides suppressed PCP dechlorination. Oxides such as lepidocrocite, 

goethite and ferrihydrite have low conductivity at room temperature (Cornell and 

Schwertmann 2003). Formation of these oxides can decrease the number of reactive sites 

on the ZVI surface and electron transfer process thereby hindering PCP dechlorination. 

When nitrate was initially present (day 0-3) with PCP in the ZVI and Nis (0.1)/Fe 

systems, the nitrate reduction rate (Table 6.1) was faster than the PCP removal rate (Table 

6.2). Consequently, nitrate reduction reaction dominated during 0 to 3 days until nitrate 

has completely reduced. These findings are supported by Ritter and colleagues (2003), 

who reported that when nitrate was present, TCE was adsorbed onto the ZVI but 

reduction of TCE by ZVI was inhibited due to the oxidizing effect of nitrate. Further, 

Farrell et al. (2000a) and Schlicker et al. (2000) illustrated that there was a delay in the 

TCE dechlorination by ZVI due to the rapid reduction kinetics of nitrate in the system. 

The Raman analysis of ZVI samples after 25 days of exposure to PCP with nitrate present 

initially (0-3 days) showed that predominantly magnetite (90%) was detected on the ZVI 

surface along with only small quantity of akaganeite, lepidocrocite and ferrihydrite (Table 

6.3). The large quantities of lepidocrocite, hematite and goethite which were found at 24 

hours were no longer evident after 25 days of reaction. The identification of mainly 

magnetite after 25 days could be due to (1) transformation of lepidocrocite to magnetite 

following complete nitrate reduction (Huang and Zhang 2006) and/or (2) limitation of the 

Raman laser beam penetration depth (1 µm) (Dünnwald and Otto 1989) through the 

oxide films for complete penetration and detection of the overlaid passive oxides. The 

results of this study revealed that the PCP removal efficiency and PCP mass balance 

recoveries were lower throughout the experiment duration even upon complete nitrate 

removal and when magnetite dominated and the passive oxides were not detected after 25 

days reaction with the ZVI and Nis (0.1)/Fe systems. However, it is unknown how deep 

the magnetite layer was and whether the underlying oxide layers were penetrated and 

completely detected by Raman spectroscopy. Therefore, it is possible that during the 

nitrate and PCP reduction reactions, passive oxides persisted on the ZVI surface as 

intermediate layers covering the reactive sites while magnetite accumulated and 

consolidated as an outer layer. Although magnetite has the highest conductivity of all the 

iron oxides and allows for enhanced electron transfer, the intermediate passive oxide 

layers could result in hindrance to electron transfer process thus decreasing the PCP 
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dechlorination even in the absence of nitrate in the systems. Furthermore, magnetite 

formed by transformation of lepidocrocite could have a crystalline structure which could 

not be dissolved using HCl used for chemical extraction in this study. This could also 

result in a lack of recovery of PCP and/or degradation products that were initially 

incorporated with the oxides thus resulted in poor PCP mass balance. 

In the absence of nitrate under anoxic conditions, H2O seems to function as the oxidant 

which leads to ZVI corrosion, with a subsequent increase in hydrogen gas production and 

the solution pH (equation 6.1). In the presence of nitrate, an increase in solution pH is 

expected due to ZVI corrosion (equation 6.1) as well as nitrate reduction to the base 

ammonia by ZVI (Choe et al., 2004) (equation 6.2). 

 

                                                                           
 

 

          
                           

                         

 

Therefore, in a combined system of nitrate and PCP, under anoxic conditions, the change 

in solution pH occurred due to the cumulative effect of OH- production as a result of H2O 

and nitrate reduction (Figure 6.8). This chemical reaction progression can be exemplified 

in the present study by comparing the basic solution pH observed when nitrate was 

present with PCP in the ZVI or Nis (0.1)/Fe systems (Figure 6.8). The increase in solution 

pH observed in the presence of nitrate is supported by previous research; during nitrate 

reduction, an initial rapid increase in solution pH was observed in ZVI/H2O systems 

(Choe et al., 2004, Liou et al., 2005a, Zhang and Huang 2006) as well as in a nano-scale 

bimetallic system (Liou et al., 2005a) under anoxic conditions with no pH adjustment. 

The solution pH is important during the PCP dechlorination by ZVI and bimetals. The 

rate of PCP dechlorination by Mg/Pd (Patel and Suresh 2007), Mg/Ag (Patel and Suresh 

2006) and Ni/Fe nanoparticles (Zhang et al., 2006) was shown to decrease rapidly with an 

increase in the initial solution pH. Also, the contribution of the atomic hydrogen for 

dechlorination reaction could be decreased by an increase in the solution pH (Wang and 

Farrell 2003). 
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Decreased ZVI and bimetal reactivity towards PCP dechlorination in the presence of 

nitrate is further exemplified by the reduction in hydrogen gas formation in the combined 

systems of PCP with nitrate. The present study found that nitrate acts as a strong 

oxidizing agent, thereby competes with H2O as well as PCP molecules for preferential 

reduction by ZVI or Nis (0.1)/Fe. Therefore, the observed decrease in hydrogen gas 

formation in the presence of nitrate could be attributed to: (1) the competition of nitrate 

with H2O molecules for reduction by ZVI or Nis (0.1)/Fe and (2) the initial rapid 

formation of passive oxides (Table 6.3) concealing the reactive ZVI surfaces. 

Kamolpornwijit and Liang (2006) reported that when nitrate was present in groundwater, 

the hydrogen gas formation by ZVI was suppressed compared to the hydrogen production 

by ZVI with a nitrate free groundwater system. However, the inhibition of hydrogen gas 

production by ZVI and bimetals, in the presence of nitrate with PCP, has not been 

specifically studied previously. 

When nitrate was present (days 0-3), the inferior PCP dechlorination efficiency observed 

with ZVI and Nis (0.1)/Fe treatments and the retardation of dechlorination reaction during 

the initial reaction period (days 0 to 3) could be attributed to: (1) competition of nitrate 

with PCP for electrons, (2) formation of passive oxides (goethite, akaganeite, 

lepidocrocite, and hematite) on the ZVI surface hindering the transport of electrons and 

PCP molecules and/or (3) greater incorporation of PCP with the oxide films limiting the 

availability of PCP in the aqueous phase for dechlorination. Conversely, when only PCP 

was present in the solution (without nitrate addition), the predominant presence and build-

up of magnetite after 24 hours as well as 25 days of reaction on the ZVI surface explains 

the superior PCP dechlorination efficiency of the ZVI and Nis (0.1)/Fe systems (Figure 

6.3). 

No literature could be found relating to PCP dechlorination, in the presence of nitrate, and 

passive oxides formation. However, the literature provides evidence regarding the role of 

nitrate on competitive reduction of other chlorinated contaminants and oxides formation. 

Schlicker et al., (2000) reported that the presence of nitrate with TCE led to the formation 

of iron oxyhydroxides on the ZVI surface, while, in the absence of nitrate, only magnetite 

formed during TCE dechlorination by ZVI (Schlicker et al., 2000). Also, Ritter and 

colleagues (2003) reported that nitrate presence resulted in formation of goethite, 
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lepidocrocite and hematite, which inactivated the ZVI surface and concurrently inhibited 

the dissolution of hematite thereby causing a decrease in TCE reduction by ZVI.  

The results of this study demonstrated that the presence of Ni enhanced the nitrate 

reduction. Enhanced nitrate reduction with Nis (0.1)/Fe bimetal (compared to the ZVI 

system) could be associated with (1) Ni acting as a catalyst, (2) enhanced activity of 

adsorbed hydrogen atoms, which are formed by reduction of protons from water, and 

serving as the reducing agent (Liou et al., 2005a, Liou et al., 2005b) and (3) greater build-

up of magnetite on the iron surface (Table 6.3) facilitating the electron transfer process. 

Despite the catalytic effect of Ni, nitrate reduction was adversely affected by PCP, which 

may be attributed to: (1) competition of PCP with nitrate for electrons and (2) lesser 

quantity of magnetite and greater amount of lepidocrocite accumulation on the ZVI in the 

presence of PCP with nitrate compared to Nis (0.1)/Fe system with only nitrate in the 

solution (Table 6.3). On the other hand, the addition of PCP to the nitrate and ZVI 

mixture resulted in an enhanced nitrate reduction rate when compared to the rate obtained 

with only ZVI and nitrate system. However, no difference in solution pH variation 

(Figure 6.7) and formation of oxide phases (Table 6.3) were observed in these two 

systems. Therefore, the enhanced nitrate reduction rate obtained by ZVI in the presence 

of PCP could not be accounted based on the findings of this study. As such, further 

experiments are required to explore the possible reason(s). 

The above results on nitrate reduction are supported by published literature. Recent 

studies reported that the ZVI acts as the main electron donor during nitrate reduction 

(Suzuki et al., 2012, Xu et al., 2012b) and magnetite is favourable for nitrate reduction 

using ZVI (Suzuki et al., 2012, Xu et al., 2012b, Zhang and Huang 2006). Previous 

research has also reported catalytic nitrate reduction in the presence of hydrogen (Warna 

et al., 1994) and use of Cu/Fe bimetal resulted in enhanced nitrate reduction compared to 

unmodified iron (Liou et al., 2005a, Liou et al., 2005b). On the other hand, other studies 

reported similar nitrate reduction kinetics with both ZVI and Pd/Fe bimetallic system 

(Choi et al., 2009); absence and presence of catalytic effect of Pd during nitrate and 

chlorinated compound reduction, respectively, was attributed to fast kinetics of nitrate 

reduction compared with dechlorination reaction rates of chlorinated organic compounds. 
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6.4. Summary  

This study investigated the effect of nitrate on PCP dechlorination using ZVI and Nis 

(0.1)/Fe bimetallic system under anoxic condition. The presence of nitrate during the first 

three days of the experiment was detrimental for the PCP dechlorination process over the 

25 days of the experiment when using ZVI or Nis (0.1)/Fe bimetal compared to the 

enhanced PCP dechlorination observed with respective systems without nitrate. Also, in 

the presence of nitrate, poor PCP mass balance was achieved. As such, it could be argued 

that the PCP removal occurred during this experiment was more likely a result of 

incorporation of PCP with the oxides phases (sorption, co-precipitation and/or physical 

entrapment) and only partially due to PCP dechlorination.  

In the presence of nitrate during the first three days of the experiment, no PCP removal 

occurred, which could be due to the competition of nitrate for electrons as well as 

formation of passive oxides on the ZVI surface during nitrate reduction. On complete 

nitrate removal, PCP removal followed zero order kinetic behaviour. The ZVI system 

resulted in accumulation of small concentration of lower CPs whereas the Nis (0.1)/Fe 

bimetal produced phenol as the major end product and small concentrations of lower CPs. 

The presence of nitrate during the first three days of the experiment with the ZVI and Nis 

(0.1)/Fe led to a decrease in magnetite formed and to a rapid formation of passive oxides 

(hematite, lepidocrocite, goethite) on the ZVI surfaces. These passive oxides resulted in 

decreased ZVI reactivity. Furthermore, the rapid build-up of passive oxides on the ZVI 

surfaces during the initial 24 hours of the reaction led to a significantly higher amount of 

PCP and/or degradation products incorporated with the oxides. The presence of nitrate 

with the ZVI and Nis (0.1)/Fe systems posed a higher mass transfer resistance for PCP 

and electrons. This resistance also limited the amount of PCP available in the aqueous 

phase, which resulted in a significantly lower PCP dechlorination and greater amount of 

PCP incorporated with the oxide phases. Suppression of hydrogen gas formation was 

observed with ZVI and Nis (0.1)/Fe bimetal systems in the presence of nitrate. This effect 

could be a consequence of nitrate competing with H2O for reduction by ZVI or Nis 

(0.1)/Fe under anoxic conditions and formation of passive oxides on the ZVI surface 

blocking the reactive ZVI surfaces. 
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Chapter 7. Column Studies on Pentachlorophenol 

Degradation by ZVI and Bimetals and the Influence of 

Nitrate 

 

7.1. Introduction  

Research is limited on the potential of ZVI and physical mixtures of ZVI and Ni 

bimetallic systems for PCP degradation in column reactors with non-mixed anoxic 

continuous inflow systems under ambient conditions. No literature is available on the 

influence of nitrate, when using ZVI or a physical mixture of ZVI and Ni bimetal (Nis 

(0.1)/Fe), under the above listed conditions, on PCP degradation as well as on the fate of 

nitrate in the presence of PCP. It is also unclear if and/or what role nitrate presence and 

hydrogen gas accumulation, in isolation and/or combination, has/have on PCP 

degradation in column reactors. Additionally, a limitation of previous research is that no 

attempts have been made to quantify the iron oxides formed when ZVI is exposed to a 

continuous inflow of PCP with and without nitrate. Researchers have yet to evaluate the 

potential effect(s) of iron oxides, when combined with nitrate, on PCP degradation in a 

non-mixed anoxic continuous inflow system. 

To address the disparities in the literature, but prior to conducting the column 

experiments, batch experiments were conducted to investigate the potential of PCP 

degradation using ZVI and Nis (0.1)/Fe bimetal under anoxic conditions with continuous 

agitation. The batch experiment results provided evidence that (1) the iron oxides 

(available pre-reaction and/or formed during the reaction) influenced the ZVI reactivity 

for PCP dechlorination and (2) nitrate suppressed the hydrogen gas production, resulted 

in formation of passive oxides and lower PCP dechlorination by ZVI and bimetals. The 

results of the batch experiments are presented in Chapters 3 to 6. 

In consideration of the batch experiment findings, column experiments were conducted to 

further examine PCP degradation using ZVI and Nis (0.1)/Fe bimetal under ambient 

conditions using anoxic, continuous, non-agitated flow with PCP in the presence and 
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absence of nitrate. Following these experimental conditions, the objectives of this chapter 

are to investigate:  

1. PCP degradation by ZVI or physical mixture of ZVI and Ni bimetals, 

2. the influence of nitrate on PCP degradation and hydrogen gas formation, 

3. the fate of nitrate during the combined reaction with PCP and  

4. the formation of oxides (identification and quantification) and their possible 

effects on PCP degradation and/or incorporation. 

This chapter presents results from column reactor experiments using ZVI and Nis (0.1)/Fe 

bimetal and PCP with or without nitrate. The Nis (0.1)/Fe bimetal (i.e. physical mixture 

of Ni powder (Nis) and unwashed ZVI in 0.1:1 Nis/Fe ratio [w/w]) and the ZVI from 

North American Höganäs as received (unwashed) were used as they had resulted in 

complete or near-complete PCP dechlorination, respectively, in batch experiments 

(Chapter 3, Section 3.2.1.1, Section 3.2.2.1). The effects of experimental conditions (non-

mixing, hydrogen gas accumulation and steady inflow) on the PCP dechlorination process 

were observed. Column experiments were also conducted with PCP and nitrate as the 

influent to study the effect of nitrate on PCP dechlorination. Effluent nitrate, nitrite and 

ammonia concentrations were monitored. In column experiments with and without 

nitrate, PCP concentrations were assessed from sampling ports at different heights along 

the column and from the effluent port. Prior to analysis for PCP concentration, all liquid 

samples were extracted to ethyl acetate using the method described in Chapter 2, Section 

2.5. Effluent pH levels and hydrogen gas production were determined in all column 

experiments. Additionally, Raman and MCR-ALS analysis (Chapter 2, Section 2.4.3) 

were performed on the spent ZVI material from all the columns to identify and quantify 

the oxides formed on the ZVI surfaces. Finally, the results of the batch and column 

experiments were compared. The analytical methods pertaining to PCP and degradation 

products, nitrate, nitrite, ammonia, solution pH as well as hydrogen gas are presented in 

Chapter 2, Section 2.6.   

The remarkable findings of the column experiments using ZVI and bimetals allowed 

further understanding of the influence of experimental conditions on PCP removal 

processes (dechlorination, incorporation with the iron oxides), nitrate reduction, 
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formation of degradation products, hydrogen gas accumulation, ZVI and bimetal 

reactivity, and the development of iron oxide phases. 

7.2. Methodology 

7.2.1. Column Experimental Design 

Experiments were conducted using six glass column reactors. The custom made glass 

columns had an internal diameter of 2.5 cm with a length of 45.8 cm. All fluid handling 

components (tubing and connections) used for the column experiments were made of 

PTFE to minimise potential losses due to sorption. Polyethylene filters (70 µm pore size) 

(Scientific Commodities, Inc., USA) were installed at each inlet and outlet to encourage 

uniform influent distribution through the medium and avoid fine particles flushing out 

with the effluent (Jeen 2005). The column set up used in the study (before packing) is 

shown in Figure 7.1.  

 

 

Figure 7.1 Column experimental setup. 
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Each column included ten sampling ports along the vertical plane of the column at 

distances of 2.5, 5.0, 7.5, 12.5, 17.5, 22.5, 27.5, 32.5, 37.5 and 42.5 cm from the inlet 

(bottom), with another at the outlet (top). Each sampling port had outside and inside 

diameters of 3.2 mm and 2 mm respectively. A connection pipe and one-way valve were 

installed at each port, with the connection pipes driven to the centre line of the column. 

Five ports (at distances of 2.5, 7.5, 17.5, 27.5, and 37.5 cm from the inlet) were used to 

monitor the vertical PCP concentration profile during the study period. The remaining 

five ports (at distances of 5.0, 12.5, 22.5, 32.5, and 42.5 cm from the inlet) were used as 

sensor connections to monitor pressure variation (when necessary) during the experiment. 

7.2.2. Column Packing, Operation and Sampling Procedure 

Electrolytic iron powder (ZVI) sourced from North American Höganäs (USA) was used 

as received (unwashed) in the column experiments. The reactive medium used in column 

experiments was either unwashed ZVI or the Nis (0.1)/Fe bimetal. Fine sand (Ajax 

FineChem, New Zealand) was added to the ZVI or bimetal mixture to minimise blockage 

of the ZVI material (Mackenzie et al., 1999, Noubactep and Caré 2011). The matrix of 

the column experiments, and the design and parameter values with respect to column 

packing and flow conditions are presented in Table 7.1. Consideration was not given to 

operating a control column with only sand with no ZVI or Ni in this research due to time 

constraint. However, as an alternative, ZVI column was used as the control column and 

performance of bimetallic columns were compared with the performance of the ZVI 

column. 

The ZVI columns (Columns A and D) contained 270.0 g each of ZVI and fine sand (total 

mixture of 540 g) (Table 7.1). The Nis (0.1)/Fe bimetal mixture was prepared by mixing 

Ni powder (Nis) with unwashed ZVI in 0.1:1 Nis/Fe ratio (w/w) with different amounts 

of sand. In the bimetallic columns BM1, (Columns B and E), the mixture consisted of 

246.0 g of ZVI, 24.6 g of Nis and 269.4 g of sand (total of 540 g mixture) (Table 7.1). 

The other bimetallic columns, BM2 (Columns C and F), 270.0 g ZVI was mixed with 

27.0 g of Nis and 243.0 g of sand (total mixture of 540 g). The bimetal mixture 

information is listed in Table 7.1. The BM1 column was designed to eliminate the effect 

of sand (by using similar amount of sand in BM1 mixture and ZVI column) and compare 

the performance of BM1 column with the ZVI only column. The BM2 column was 
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designed to compare the performance of bimetal mixture with the ZVI only column (by 

using the same ZVI amount in ZVI only and BM2 columns). Additionally, operating both 

BM1 and BM2 columns assisted in undertaking a comparison of performance between 

bimetallic mixtures, which maintained 0.1/1 Nis/Fe (w/w) but with different ZVI and Ni 

quantities.   

Experiments were conducted under anoxic conditions. Three glass columns were used to 

study PCP degradation by ZVI (ZVI+PCP; Column A) and bimetals (BM1+PCP; Column 

B and BM2+PCP; Column C). The three columns (ZVI+PCP, BM1+PCP and BM2+PCP) 

received 5 mg/L PCP solution as the influent. Other three columns were used to 

investigate the effect of nitrate on PCP degradation by ZVI (ZVI+PCP+Nitrate; Column 

D) and bimetals (BM1+PCP+Nitrate; Column E and BM2+PCP+Nitrate; Column F). 

These columns (ZVI+PCP+Nitrate, BM1+PCP+Nitrate and BM2+PCP+Nitrate) were fed 

with a solution containing 5 mg/L PCP and 63.3 mg/L nitrate (NO3). Following the data 

reported in the 2008 NZ study (Ministry for the Environment 2009), the nitrate 

concentration (63.3 mg/L NO3=14.3 mg/L NO3-N) used in this study was the average 

concentration from the 51 sites that were above the maximum acceptable level (11.3 

mg/L NO3-N). 

Influent solutions were continuously purged with nitrogen to exclude oxygen during 

experiments. All column experiments were carried out in the ambient laboratory 

atmosphere at room temperatures between 22C and 25C. The column experiments were 

conducted over 41 days (≈123 pore volumes). The influent solutions (5 mg/L PCP 

solution or 5 mg/L PCP+63.3 mg/L nitrate solution) were prepared in quantities sufficient 

for two days using the stock solution of respective compounds (PCP or nitrate) and 

deoxygenated deionised water (DW). Preparation methods of DW and stock solutions of 

PCP and nitrate are described in Chapter 2, Section 2.1. The influent solutions were 

stored in a refrigerator at 4C until use.  
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Table 7.1 Matrix of the column experiments, design and parameter values with respect to 

column packing and flow conditions. 
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The processes for preparing homogeneous mixtures of ZVI or bimetal and sand, column 

packing and saturating the column medium were as follows: 

1. The sand was washed ten times with deionised water and placed in a drying oven 

(LabServ® model 8100, Contherm Scientific Limited, New Zealand) at 70C for 

48 hours. 

2. Quantities of ZVI, Ni powder and dry sand (as shown in Table 7.1) were weighed 

on a laboratory scale (Oertling model GC62 digital scale, 0-6000g, L. Oertling 

Ltd., UK).  

3. The weighed compounds were thoroughly mixed in a separate container to 

achieve a homogeneous mixture.  

4. Dry mixtures were packed into each column at ambient room temperature.  

5. Each column was filled in 5 cm segments and then gently tamped with a glass rod.  

6. The homogenous mixture was filled to 0.5 cm from the top edge of each column. 

7. The total dry weight of each packed column was measured. 

8. Columns were mounted vertically using three-prong clamps on clamp holders and 

steel support stands (Vitis (NZ) Ltd, New Zealand). 

9. The columns were operated under up-flow mode at a volumetric flow rate of 0.17 

mL/minute. Operating columns vertically in an up-flow mode helps to maintain 

complete saturation of medium, enhance gas movement paths and reduce 

entrapment of gases evolved during the column operation (Kamolpornwijit and 

Liang 2006, Vikesland et al., 2003, Westerhoff and James 2003). 

10. Columns were then flushed with five pore volumes of deoxygenated deionised 

water for  40 hours to allow complete saturation of the homogeneous medium.  

11. Once saturated, the wet weight of each column was recorded. 

12. The porosity was calculated using the column volume and the weight difference 

between the column with the dry mixture and the column after saturating the 

medium.  
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Continuous flow of the influent was maintained using a multi-channel peristaltic pump 

(Cole-Parmer, Masterflex
®
 77521-57 Console Drive, L/S

®
, 1 to 100 rpm, Thermo Fisher 

Scientific, New Zealand). At the effluent end, the column flow rate was continuously 

monitored by measuring collected effluent into a graduated cylinder. The collected data 

was recorded over the duration of the experiments. Gas produced during the experiment 

was also collected and the gas volume was measured using the water displacement 

method. The column set up used in this study (after packing and saturated with 

deoxygenated deionised water) is shown in Figure 7.2.  

Pressures at the inlet and at the port 42.5 cm from the inlet of each column were 

continuously monitored using Honeywell 26PCAFA6D pressure sensors (-1 to +1 psi). 

The port at a distance of 42.5 cm from the inlet was the closest port to the outlet of each 

column, with the pressure measured at this port considered to be the pressure at the outlet. 

The pressure sensors (Digi-Key Corporation, USA) had an excitation voltage of 10 volts. 

Data from these pressure sensors were collected using a NI USB-6211 computer interface 

card (Bus-Powered M Series Multifunction DAQ Device, NI-DAQMX driver software 

and Signal Express LE for Windows, National Instruments New Zealand Limited). 
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Figure 7.2 Column setup after packing and saturation.  

 

(a) Columns packed with unwashed ZVI or Nis (0.1)/Fe bimetal and sand 

(b) Sampling ports 

(c) Pressure sensors 

(d) Influent containers (PCP or PCP+Nitrate solutions continuously purged with nitrogen) 

(e) Peristaltic pump 

(f) Effluent sampling ports 

(g) Gas collection bottles 

(h) Liquid waste containers 

(i) Measuring cylinders for periodic measurements of flow rate at the effluent end 

(j) Tubing for continuous purging of influent solutions with nitrogen gas 

 

 

 

 

(j) 
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Influent and effluent samples were collected every 24 hours (approximately three pore 

volumes). Samples from the five ports (at distances of 2.5, 7.5, 17.5, 27.5, 37.5 cm from 

the inlet) along the length of the column were collected every 48 hours (approximately six 

pore volumes). Liquid samples through the sampling ports were extracted from the top to 

bottom of the column using a 5 mL glass syringe with a stainless steel needle to secure 

the smooth flow in the column. Influent and effluent solution pH was measured in-situ. 

All liquid samples collected were extracted to ethyl acetate (procedure described in 

Chapter 2, Section 2.5) and analysed for PCP and its degradation products using the gas 

chromatography-mass spectrometry method (described in Chapter 2, Section 2.6). In 

addition, for PCP and nitrate experiments the influent and effluent samples were analysed 

for nitrate, nitrite and ammonia concentration (Chapter 2, Section 2.6). 

At the end of experiments, ZVI solid samples were removed from inside each column for 

Raman analysis of iron oxides (Chapter 2, Section 2.4.3) to examine their potential 

association with the reactive media performance. 

7.2.3. Tracer Study 

A series of tracer experiments were conducted to determine breakthrough curves and 

estimate the particular contaminant transport parameters of the porous medium. 

Following previously validated methodology (Kamolpornwijit and Liang 2006, 

Kamolpornwijit et al., 2003, Westerhoff and James 2003), sodium bromide (NaBr, 20 

mg/L) was used as the tracer at the same flow rate (0.17 mL/minute) as used for PCP or 

PCP+Nitrate feed solutions. 

Three tracer tests (at 2.5 cm from the inlet, at 17.5 cm from the inlet and at the effluent) 

were completed before commencing delivery of the experiment test solutions. During 

tracer testing, NaBr solution was pumped into the column for a predetermined time. 

Bromide injection time for the different tracer tests is presented in Appendix E, Table E1. 

After NaBr solution delivery is completed, each column was flushed with deoxygenated 

deionised water. During each NaBr feed and flushing with deoxygenated deionised water, 

samples were collected periodically at ports 2.5 cm and 17.5 cm from the inlet as well as 

at the effluent. Sample collection was concluded once the bromide concentration at each 

sampling location was negligible. These tracer studies were performed in order to 

compare the variation in transport parameters at different heights (sampling ports) up the 
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column. After 30 days of column operation, an additional tracer study was completed at 

the column effluent, simultaneously with the PCP or PCP+Nitrate feed, to assess if 

contaminant transport parameters of the media had changed after reacting with PCP or 

PCP+Nitrate.   

A computer software package, STANMOD (Version 2.08.1130) (Simunek et al., 2010) 

was used to model the breakthrough curves and estimate the transport parameters. 

STANMOD employs the CXTFIT 2.0 mathematical models (Toride et al., 1995) to 

evaluate solute transport in porous media using analytical solutions to the convection-

dispersion solute transport equation (CDE). Samples collected at a steady flow rate of 

0.17 mL/minute were used to obtain bromide breakthrough curves. The breakthrough 

curve data were then used with the deterministic equilibrium CDE to establish best-fit 

values for the transport parameters, dispersion coefficient (D) and retardation factor (R). 

Previous studies have used the CXTFIT 2.0 mathematical model to estimate the transport 

parameters in column experiments with ZVI (Kamolpornwijit and Liang 2006, Vikesland 

et al., 2003).   

7.3. Results and Discussion 

7.3.1. PCP Degradation Using ZVI and Bimetallics 

The columns packed with ZVI or bimetallic mixtures were continuously fed with only 

PCP or PCP with nitrate (PCP+Nitrate) solutions. The column effluent PCP concentration 

profiles are presented in Figure 7.3 and the concurrent removal of nitrate is shown in 

Figure 7.4. When only PCP was present in the influent (columns ZVI+PCP, BM1+PCP, 

BM2+PCP), PCP started eluting from the ZVI+PCP column after being in contact with 

15 pore volumes (PVs) (Figure 7.3). Pore volume (PV) is the total volume of pores in the 

ZVI or bimetal and sand mixture. After 123 PVs had permeated through the ZVI+PCP 

column, the effluent PCP concentration reached a similar level as the influent (Figure 

7.3). 
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Figure 7.3 Influent and effluent PCP concentration of columns with only PCP and PCP with 

nitrate. 

Concentration profiles were normalised to influent concentration (C/C0 = measured concentration/influent 

concentration) 

 

With the BM1+PCP column, PCP only started to elute after 110 PVs and reached 18% 

of the influent PCP concentration after permeation of 123 PVs (Figure 7.3). The 

BM2+PCP column exhibited the highest efficiency; the effluent PCP concentration 

remained consistently below detectable levels throughout the experiment (Figure 7.3). 

The greater performance by the BM2+PCP column compared to the BM1+PCP column 

could be attributed to the higher amount of ZVI and Ni contained in the BM2 mixture 

compared to the BM1 mixture (Table 7.1). This is especially true since the amount of Ni 

in the mixture can affect the PCP dechlorination rate; an increase in the Ni content can 

lead to enhanced PCP hydrodechlorination (Chapter 3, Section 3.2.2.1). 
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The PCP degradation using ZVI was affected by the presence of nitrate with PCP in the 

solution. In comparing the PCP concentration profiles of the PCP+Nitrate columns 

(ZVI+PCP+Nitrate, BM1+PCP+Nitrate, BM2+PCP+Nitrate), PCP started eluting from 

the ZVI+PCP+Nitrate column after permeation of three PVs and the effluent PCP 

concentration reached 95% of the initial PCP concentrations after 123 PVs (Figure 7.3). 

Conversely, effluent PCP concentration of BM1+PCP+Nitrate and BM2+PCP+Nitrate 

columns remained below the detection limit (Figure 7.3) showing greater PCP 

degradation and/or incorporation by the BM1 and BM2 mixtures. Further, the hydrogen 

gas formation with bimetal columns (when using PCP+Nitrate) was the lowest in all the 

systems (Section 7.3.6). It is of interest to note that during the batch experiments with Nis 

(0.1)/Fe bimetal, greater mass transfer resistance for PCP was observed in the presence of 

nitrate compared to a ZVI system under similar conditions (Chapter 6, Section 6.2.3). 

The poor performance of ZVI+PCP or ZVI+PCP+Nitrate columns may be a result of (1) 

rapid formation of hydrogen gas affecting the flow paths of PCP through the column, (2) 

accumulation of a thin film of hydrogen gas on the ZVI surface which blocked the 

reactive sites, (3) the formation of passive oxides on the ZVI surface that decreased the 

ZVI reactivity (Section 7.3.8) and (4) competition of nitrate for electrons leading to a 

delay in PCP dechlorination (Chapter 6). Previous research also reported development of 

preferential flow paths in ZVI columns fed with nitrate-rich groundwater due to mineral 

precipitation and gas production (Kamolpornwijit et al., 2003), formation of a hydrogen 

gas film (Mackenzie et al., 1999) and passive oxides (Ritter et al., 2003) on the ZVI 

surface during the operation of ZVI columns. Schlicker et al., (2000) reported a 

retardation in TCE degradation using ZVI columns when nitrate coexisted in the solution; 

the delayed TCE degradation was attributed to the competitive effects of nitrate. In 

comparison to the ZVI columns, enhanced PCP removal in the BM1+PCP+Nitrate and 

BM2+PCP+Nitrate columns could be attributed to (1) lower hydrogen gas production, 

which allowed for assisting undisturbed PCP flow through the column and (2) greater 

incorporation of PCP with the oxide phases compared to the BM1+PCP, BM2+PCP and 

ZVI columns. These aspects are discussed in Section 7.3.6 and Section 7.3.8, 

respectively. This is the first study using Nis (0.1)/Fe bimetal in column experiments with 

PCP and nitrate and thus comparison with previous research was not possible. 
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The concurrent removal of nitrate with PCP degradation in the ZVI+PCP+Nitrate, 

BM1+PCP+Nitrate, and BM2+PCP+Nitrate columns is presented in Figure 7.4. In the 

ZVI+PCP+Nitrate column, nitrate started eluting after permeation of 55 PVs of 

PCP+Nitrate solution and the effluent nitrate concentration reached 58% of the influent 

nitrate concentration after 123 PVs (Figure 7.4). The BM1+PCP+Nitrate and 

BM2+PCP+Nitrate columns showed greater ability for nitrate removal as the nitrate 

started eluting after 83 and 104 PVs, and effluent nitrate concentrations reached 8% and 

4% of the influent nitrate concentration after 123 PVs with respective columns (Figure 

7.4). The higher nitrate concentrations in the ZVI+PCP+Nitrate column effluent may be a 

result of passive oxide formed on the ZVI resulting in decreased ZVI reactivity (Section 

7.3.8). 

 

 

Figure 7.4 Nitrate concentration in column influent and effluents. 
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7.3.2. Degradation Products in the Effluent 

The concentration of PCP degradation products found in column effluents is presented in 

Figure 7.5. The presence of chlorophenols, phenol and cyclohexanol confirmed PCP 

dechlorination (Figure 7.5). A mass balance for PCP could not be determined because, (1) 

only effluent aqueous phase PCP and degradation products were collected and analysed 

and (2) the losses due to incorporation with the oxides (sorption, co-precipitation and/or 

physical entrapment) could not be determined without performing chemical extraction of 

the ZVI materials. 

With the ZVI+PCP column, the effluent contained mono-, di-, tri- and tetrachlorophenols, 

with higher concentrations of tetra- and dichlorophenols compared to the other 

chlorophenols (Figure 7.5a). The effluent products of BM1+PCP and BM2+PCP columns 

mainly comprised of phenol although small concentrations of chlorophenols and 

cyclohexanol were also measured (Figure 7.5c and Figure 7.5e). The highest phenol 

concentration from the BM1+PCP column effluent was measured after 33 PVs and 

accounted for 64% of the initial PCP concentration. With the BM2+PCP column effluent, 

the maximum phenol concentration was detected after 21 PVs and this concentration 

accounted for 92% of the initial PCP concentration. The effluent phenol concentration of 

these columns declined with increasing PVs (Figure 7.5c and Figure 7.5e). This change in 

effluent phenol concentration suggests a temporal reduction of BM1 and BM2 reactivity 

when exposed to a continuous inflow of PCP. 

The presence of nitrate influenced the rate of PCP degradation as well as the formation of 

the end products (Figure 7.5). The main end products from the ZVI+PCP+Nitrate column 

effluent included dichlorophenols along with trace amounts of other chlorophenols 

(Figure 7.5b). Lower concentrations of end products were measured in the 

ZVI+PCP+Nitrate column effluent compared to those from the ZVI+PCP column effluent 

(Figure 7.5). This lower concentrations in the ZVI+PCP+Nitrate column may be 

attributed to poor PCP dechlorination by ZVI in the presence of PCP+Nitrate and/or 

greater incorporation (sorption, co-precipitation and/or physical entrapment) of 

chlorophenols onto the passive oxides (Section 7.3.8). The formation of oxides and their 

influence on PCP degradation are further discussed under Section 7.3.8. 
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Figure 7.5 Concentrations of degradation products measured in column effluents. 

Figure 7.5 (a) Column A (ZVI+PCP) (b) Column D (ZVI+PCP+Nitrate) (c) Column B (BM1+PCP) 

(d) Column E (BM1+PCP+Nitrate) (e) Column C (BM2+PCP) (f) Column F (BM2+PCP+Nitrate). 

(MCP: monochlorophenols, DCP: dichlorophenols, TCP: trichlorophenols, TeCP: tetrachlorophenols) 
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Phenol and tetrachlorophenols were measured as the main degradation products from the 

BM1+PCP+Nitrate and BM2+PCP+Nitrate column effluents during the initial 30 PVs 

(Figure 7.5d and Figure 7.5f). Trace concentrations of other chlorophenols were also 

detected. The highest effluent phenol concentration observed in the bimetal columns with 

PCP+Nitrate was approximately eight to ten times lower than that observed from the 

bimetal columns with only PCP. This result indicates the competitive effect of nitrate for 

electrons, which affected the PCP dechlorination efficiency of bimetallic systems 

(Chapter 6, Section 6.2.2). Further, nitrate reduction must have been the dominant 

reaction in the BM1+PCP+Nitrate and BM2+PCP+Nitrate columns that affected the PCP 

dechlorination rate and the formation of degradation products. It is interesting to note that 

with the BM1+PCP+Nitrate and BM2+PCP+Nitrate column effluents, concentrations of 

degradation products, except for dichlorophenols, decreased to non-detectable levels after 

30 PVs (Figure 7.5d and Figure 7.5f). In addition, PCP was not detected in the effluents 

of these columns (Figure 7.3). Hence, the absence of degradation products in both 

(BM1+PCP+Nitrate and BM2+PCP+Nitrate) column effluents could be attributed to 

greater incorporation of PCP and/or chlorophenol daughter products with the iron oxides 

compared to the bimetal columns without nitrate. This finding is further supported by the 

bromide tracer studies conducted with the effluent. The bimetal columns demonstrated 

significantly higher retardation factors (R) after 30 days of exposure to PCP+Nitrate 

compared to the initial R values. The results of tracer studies are presented in Section 

7.3.7.   

The nitrate reaction end products in column effluents are presented in Figure 7.6. 

Ammonia (NH3-N) was observed as the end product from all columns (Figure 7.6) along 

with small concentrations of nitrite (NO2-N). With the ZVI+PCP+Nitrate column, the 

decrease in the effluent NH3-N concentration had an inverse relationship to the effluent 

nitrate concentration over time (Figure 7.6a). The formation of passive oxides on the ZVI 

surface led to a temporal decrease in ZVI reactivity (Section 7.3.8). Along with oxide 

formation, the lower ZVI reactivity can be further explained by the decreased NH3-N 

levels in the ZVI+PCP+Nitrate column (Figure 7.6a). Conversely, with the 

BM1+PCP+Nitrate and BM2+PCP+Nitrate columns, the NH3-N concentration remained 

between 10 to 14 mg/L and 9 to 12 mg/L, respectively (Figure 7.6b and Figure 7.6c). The 

mass recovery as NH3-N was incomplete with both columns. The lost nitrogen mass may 
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be attributed to sorption of nitrate or ammonium ions onto iron oxides (Westerhoff and 

James 2003) and/or the formation of nitrogen gas during nitrate reduction using bimetals 

(Choi et al., 2009).  

 

 

Figure 7.6 Influent and effluent nitrate concentration, by-products concentration of the effluent 

of columns (a) ZVI+PCP+Nitrate (b) BM1+PCP+Nitrate (c) BM2+PCP+Nitrate. 

Nitrogen, N on y-axis refers to concentrations of influent nitrate (NO3) as well as effluent nitrate (NO3), 

ammonia (NH3), nitrite (NO2) being measured as nitrogen (N). 

 

7.3.3. Effluent pH 

Column influent and effluent pH is presented in Figure 7.7. The effluent pH of ZVI+PCP 

and BM1+PCP columns showed a general increase from 5.0 to 5.8 through 75 PVs 

followed by a decrease from 5.8 to 5.2 at the end of 123 PVs (Figure 7.7). The effluent 
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pH of the BM2+PCP column remained between 5.3 to 6.1. The solution pH was expected 

to increase due to the anaerobic corrosion of ZVI (Chapter 1, Section 1.5.1.1). 

 
 

Figure 7.7 Column influent and effluent pH with PCP or PCP and nitrate. 

 

The continuous inflow of PCP+Nitrate resulted in a basic effluent pH for ZVI and bimetal 

columns (Figure 7.7). For all three columns using nitrate (ZVI+PCP+Nitrate, 

BM1+PCP+Nitrate and BM2+PCP+Nitrate), the pH fluctuated within the range of 8.0 to 

9.0 during the experiment (Figure 7.7). As discussed in Chapter 6 (Section 6.2.5), basic 

effluent pH was expected in the presence of nitrate. Decreases in effluent pH at latter 

stages may be due to the formation of passive oxides on the ZVI surface (Section 7.3.8) 

thereby decreasing the ZVI surface reactivity and ZVI dissolution. The findings of this 

study are consistent with previous research (Henderson and Demond 2011, Ritter et al., 

2003, Schlicker et al., 2000). Two researchers reported basic effluent pH in ZVI columns 

fed with TCE+Nitrate, with a pH increase from 6.0 to 9.5 (Ritter et al., 2003) and 10.5 to 

11.8 (Schlicker et al., 2000). A recent study by Henderson and Demond (2011) also found 

a pH increase from 7.0 to 9.0 in ZVI columns with a nitrate inflow under anoxic 

conditions. 
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7.3.4. Vertical PCP Concentration Profiles 

The PCP concentrations at different sampling ports along the length of the columns are 

presented in Figure 7.8. The concentration of PCP detected at each sampling port 

generally decreased with distance from the inlet. In comparing columns where only PCP 

was used, the PCP concentration profile of ZVI+PCP column flattened over time (PVs) 

until the influent and effluent PCP concentrations became equal (Figure 7.8a). This 

observation may be due to greater hydrogen gas production (particularly at the start of the 

experiment), development of preferential flow paths and decreased ZVI reactivity due to 

passive oxide formation.  

In the BM1+PCP column, the PCP concentration profiles indicated more rapid PCP 

migration in the column (Figure 7.8b) compared to the BM2+PCP column (Figure 7.8c). 

In the BM2+PCP column, PCP was completely degraded in the first 30 cm from the 

column inlet. The reactivity of the BM2 mixture within 20 cm from the column inlet 

deteriorated with increasing PVs (Figure 7.8c). As discussed in Section 7.3.1, the lower 

PCP dechlorination efficiency of the BM1+PCP column may be attributed to the lower 

quantity of ZVI and Ni mixture compared to the mixture in the BM2 column (Table 7.1). 

Throughout the experiment, migration of PCP towards the outlet in the ZVI+PCP+Nitrate 

column (Figure 7.8d) was faster than that of the ZVI+PCP column (Figure 7.8a). This 

finding may be a result of competition of nitrate with PCP for electrons as well as greater 

and more rapid build-up of passive oxides on the ZVI surface in the ZVI+PCP+Nitrate 

column compared to the ZVI+PCP column which resulted in decreased ZVI reactivity 

(Section 7.3.8). It was noted that for the BM1+PCP+Nitrate column, 96% of the available 

PCP had been removed from the column on reaching the outlet at PV 123 (Figure 7.8e). 

Also, PCP migration towards the column outlet was slower in the BM1+PCP+Nitrate 

column (Figure 7.8e) compared to the BM1+PCP column (Figure 7.8b). On the other 

hand, in the BM2+PCP+Nitrate column (Figure 7.8f), PCP was completely removed in 

the first 40 cm of the column and PCP moved up the column (towards the column outlet) 

faster than the PCP migration observed in the BM2+PCP column (Figure 7.8c). 
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Figure 7.8 Vertical PCP concentration profiles of columns with and without nitrate. 

Figure 7.8 (a) Column A (ZVI+PCP) (b) Column B (BM1+PCP) (c) Column C (BM2+PCP) (d) 

Column D (ZVI+PCP+Nitrate) (e) Column E (BM1+PCP+Nitrate) (f) Column F (BM2+PCP+Nitrate). 

PV: number of pore volumes permeated through the columns; where PV 3 = 3 pore volumes 
permeated through the respective column over 23 to 24 hours and samples collected from the five 

sampling ports and PV 123 = 123 pore volumes permeated through the respective column over 41 
days and samples collected from the five sampling ports. 

Concentration profiles were normalised to the influent concentration (C/C0=measured 

concentration/influent concentration). 
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PCP degradation was delayed in the columns containing bimetals (BM1 and BM2) and 

PCP+Nitrate. This delay was only evident in the first 26 cm of the column as complete 

removal of PCP had occurred by the column outlet (Figure 7.8e and Figure 7.8f). The 

initial delay in PCP breakdown could be a result of competition of nitrate for electrons 

and adsorbed hydrogen atoms. This finding is supported by the batch experiments results; 

bimetal and ZVI systems with PCP+Nitrate resulted in slower PCP dechlorination rates 

compared to nitrate reduction rates (Chapter 6, Table 6.1 and Table 6.2). Notably, 

hydrogen gas formation in the BM1+PCP+Nitrate and BM2+PCP+Nitrate columns was 

the lowest among all the treatments (Section 7.3.6). Decreased hydrogen gas formation 

may maintain PCP levels (especially in the first half of the column) by not altering the 

flow paths through the column. In the bimetal (BM1 and BM2) columns, retention of PCP 

in first 26 cm of the column seemed to enhance PCP removal towards the outlet, even 

with a continuous inflow of PCP+Nitrate. The observed shift in PCP concentrations with 

ZVI columns (with and without nitrate in the influent) is supported by previous 

researchers who found that TCE concentrations increased towards the column outlet 

when treated with ZVI in the presence of nitrate (Farrell et al., 2000a, Ritter et al., 2003, 

Schlicker et al., 2000) and carbonate (Jeen 2005). Findings of the present study using Nis 

(0.1)/Fe bimetal in columns with PCP and nitrate are original and thus comparison with 

previous research was not possible. 

7.3.5. PCP Degradation Rates 

PCP concentration data, using samples collected from one of the sampling ports, were 

used for modelling (using STANMOD) to estimate PCP degradation rates. The sampling 

ports were located at distances of 2.5 cm and 17.5 cm from the inlet. Examples of the 

observed and predicted PCP concentration profiles along with the estimated transport 

parameter values are presented in Figure 7.9. Unfortunately, the PCP degradation rates 

could not be determined using this modelling method. Possible reasons the degradation 

rates could not be ascertained may be attributed to the reactivity of ZVI or bimetal 

medium being exhausted during dechlorination reaction over 41 days, and simultaneous 

strong incorporation (sorption, co-precipitation and/or physical entrapment) of PCP 

and/or degradation products with the iron oxides. Therefore, the modelling method used 

to determining degradation rates for PCP was not feasible when only considering the PCP 

concentration from one sampling port. 
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Figure 7.9 Predicted and observed PCP concentrations at 2.5 cm from the inlet (a) 

BM1+PCP+Nitrate column (b) BM2+PCP+Nitrate column.  

 

Due to the above limitations, estimations of PCP degradation rates were performed using 

the vertical PCP concentration profiles (Figure 7.8). Degradation of PCP was assumed to 

follow pseudo first order kinetics (Choi et al., 2007, Gillham and Ohannesin 1994, 

Gusmão et al., 2004, Jeen 2005, Stolte 2002). In following published research, the rate of 

PCP degradation was evaluated using the first order rate model, C = C0e
-kt

. However, for 

the ZVI+PCP+Nitrate column and from PV 30 to PV 123 of the ZVI+PCP column, a first 

order decay model, containing a term for the non-degraded residual, was used to model 

PCP degradation as follows: C = (C0 - Cresidual)e
-kt

 + Cresidual. In both equations, t = 

reaction time [hours], C = PCP concentration [mg/L] at time t, C0 = initial PCP 

concentration [mg/L], Cresidual = residual PCP concentration [mg/L] and k = first order rate 

constant [k, hour
-1

]. The porosity distribution was assumed to be uniform throughout the 

column during the experiment. The reaction time corresponding to sampling ports was 

calculated using the distance of each sampling port from the column inlet and the pore 

Parameter  Value 
95% Confidence limits 

Lower Upper 

D* 123 -78.4 325 

R
+
 559 413 705 

µ
x
 1.27 -12.1 14.6 

 

Parameter  Value 
95% Confidence limits 

Lower Upper 

D* 102 -2.30x10
4
 2.32x10

4
 

R
+
 508 -3.71x10

5
 3.72 x10

5
 

µ
x
 1.24 x  10

-05
 -0.23 0.23 

 

D*: Dispersion coefficient (cm
2
/day) 

R
+
:  Retardation factor 

µ
x
:   Decay rate (day

-1
) 
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velocity of each column (Gillham and Ohannesin 1994, Gusmão et al., 2004, Jeen 2005, 

Stolte 2002). Accordingly, curves of PCP concentration versus time were obtained and 

these curves were utilised for estimation of reaction rates. Each vertical PCP 

concentration profile was assumed to follow steady state and pseudo first order 

behaviour. The effect of dispersion on the dechlorination reaction was considered to be 

negligible for the estimation of reaction rates (Farrell et al., 2000b, Gusmão et al., 2004). 

The variation in observed PCP degradation rates with each column during the experiment 

is illustrated in Figure 7.10. Fastest and slowest reaction rate constants for PCP 

degradation obtained with each column are presented in Table 7.2. 

 

 

Figure 7.10 PCP degradation rates determined with ZVI and bimetal columns.  

 

The presence of only PCP in the influent led to the BM2+PCP column exhibiting higher 

rate of PCP degradation compared to the ZVI+PCP and BM1+PCP columns (Figure 

7.10). In comparing the PCP+Nitrate columns, ZVI+PCP+Nitrate column exhibited lower 

PCP degradation rates compared to the rates of BM1+PCP+Nitrate and 
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BM2+PCP+Nitrate columns. As the number of pore volumes increased, PCP degradation 

rate decreased; by 70-90 pore volumes PCP degradation rate was minimal in all columns, 

except the BM2+PCP column, which maintained PCP degradation rate above 1 hour
-1

 

(Figure 7.10). The temporal decrease in PCP degradation rates with ZVI and bimetal 

columns, in the presence and absence of nitrate, indicates a reduction in reactivity of the 

ZVI and bimetallic mixtures used when in contact with a continuous inflow of PCP or 

PCP+Nitrate. This could be a result of the formation of passive oxides on the ZVI and/or 

incorporation of PCP and degradation products (sorption, co-precipitation and/or physical 

entrapment) with the iron oxides thus blocking the reactive sites (Section 7.3.8). The 

temporal reduction in material reactivity is further exemplified by the decreased hydrogen 

gas formation observed in all the columns over time (Section 7.3.6). 

 

Table 7.2 Reaction rate constants for PCP degradation in columns. 

Column 

Observed reaction rate constant (Day
-1

) R
2
 

Fastest Slowest Fastest Slowest 

ZVI + PCP 76.27 ± 22.12 (3) 1.02 ± 0.5 x 10
-3

 (123) 0.91 0.99 

BM1 + PCP 81.75 ± 3.89 (3) 3.28 ± 0.69 (123) 0.99 0.92 

BM2 + PCP 101.00 ± 6.60 (3) 32.42 ± 5.78 (123) 0.99 0.97 

ZVI + PCP + NO3
-
 76.69 ± 17.17 (6) 3.15 ± 0.97 (123) 0.98 0.99 

BM1 + PCP + NO3
-
 97.06 ± 35.58 (3) 8.98 ± 1.68 (123) 0.97 0.97 

BM2 + PCP + NO3
-
 107.30 ± 12.30 (12) 11.31 ± 3.35 (123) 0.99 0.98 

± indicates the 95% confidence limits; values in italic and in parentheses present the number of pore 

volumes at which the respective rates were achieved; 
*
r

2 
= Coefficient of correlation corresponding to 

fastest and slowest reaction rates. 

 

In the absence and presence of nitrate, PCP degradation rates (fastest and slowest) 

followed the same column sequence (BM2, BM1 and ZVI). Significantly faster PCP 

degradation rates were achieved in the BM2+PCP column compared to the BM1+PCP 

and ZVI+PCP columns (Table 7.2). In all columns containing nitrate, the fastest PCP 

removal rates were higher than in those columns without nitrate, however, this difference 
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was not statistically significant (Table 7.2). The slowest PCP degradation rates were 

found to be statistically higher when nitrate was present in ZVI+PCP and BM1+PCP 

columns compared to without nitrate in columns with the same mixture. However, the 

remaining column (BM2+PCP+Nitrate) was statistically slower in PCP removal than 

without nitrate (Table 7.2). 

It was noted that the PCP concentration profiles of BM2+PCP, BM1+PCP+Nitrate and 

BM2+PCP+Nitrate columns consistently followed first order kinetic behaviour (Figure 

7.8). This behaviour indicates that the porosity loss due to formation of oxides was 

minimal with these bimetal columns. Conversely, with the BM1+PCP, ZVI+PCP and 

ZVI+PCP+Nitrate columns, the PCP concentration profiles deviated from first order 

behaviour over time (Figure 7.8). This effect was prominent with ZVI columns as the 

formation of passive oxides on ZVI decreased the ZVI reactivity resulting in a change in 

reaction kinetics and slower degradation rates. Similar observations have been previously 

reported in the presence of co-contaminants, the TCE degradation using ZVI initially 

showed first order kinetic behaviour (Farrell et al., 2000a, Jeen 2005). However, over 

time, the TCE concentration profiles failed to follow first order behaviour (Farrell et al., 

2000a, Jeen 2005).    

7.3.6. Hydrogen Gas Formation 

The cumulative hydrogen gas volume and the daily hydrogen gas production data from 

each column are presented in Figure 7.11a and Figure 7.11b, respectively. Hydrogen gas 

formation was observed in all the columns, with higher gas production rates at the start of 

the column experiments (Figure 7.11b). When comparing the three columns using only 

PCP (ZVI+PCP, BM1+PCP, BM2+PCP), the highest hydrogen gas formation was 

observed in the BM2+PCP column, followed by ZVI+PCP and then BM1+PCP columns 

(Figure 7.11a). The presence of nitrate suppressed hydrogen gas formation. With a 

continuous inflow of PCP+Nitrate, hydrogen gas formation in all columns (ZVI or 

bimetal) was lower when compared with the respective columns fed with the influent 

containing only PCP (Figure 7.11a). Also, in the presence of nitrate, hydrogen gas 

production was higher in the ZVI column compared to the bimetal columns (BM1 and 

BM2) (Figure 7.11a). 
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Figure 7.11 Hydrogen gas production in columns with PCP or PCP and nitrate (a) cumulative 

hydrogen gas volume (b) daily hydrogen gas production. 

 

Excessive hydrogen gas formation can cause a reduction in permeability and hydraulic 

conductivity as a result of (1) accumulation of hydrogen gas bubbles in the pore spaces, 

and (2) formation of a thin film of hydrogen on the ZVI surface (Henderson and Demond 

2011, Mackenzie et al., 1999). Previous research reported that complete blockage of the 

porous medium occurred due to gas formation (Henderson and Demond 2011). Indirect 

reduction of organic compounds involving atomic hydrogen on the ZVI surface is a slow 

reaction (Brewster 1954, Farrell et al., 2000b) and without the presence of a catalyst 
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hydrogen does not act as an effective reductant (Matheson and Tratnyek 1994). 

Therefore, in the ZVI columns, the produced hydrogen gas seemed to accumulate on the 

ZVI surface, which then impedes ZVI corrosion and hinders the electron transfer process 

required for the PCP dechlorination reaction. Also, rapid production and accumulation of 

hydrogen gas in the reactive medium can contribute to preferential flow paths that 

decrease the hydraulic conductivity (Kamolpornwijit et al., 2003, Vikesland et al., 2003). 

Preferential flow paths may occur due to the formation and movement of hydrogen gas 

bubbles, which allow for faster migration of PCP molecules through the medium. These 

flow paths can result in shorter PCP retention times and limit the contact of PCP 

molecules to particular fragments on the available reactive sites. Consequently, unreacted 

PCP may elute from the columns. The preferential flow paths can be exemplified from 

the PCP concentration levels observed with the ZVI+PCP and ZVI+PCP+Nitrate 

columns; PCP started eluting after being in contact with the media for 15 and 3 PVs, 

respectively (Figure 7.3). Nonetheless, hydrogen gas formation did not affect the 

performance of bimetal columns. In fact, the presence of Ni led to (1) increased formation 

of atomic hydrogen or a metal hydride on the ZVI surface, which enhanced the PCP 

hydrodechlorination reaction and (2) improved efficiency of hydrogen as a reductant 

(Cheng and Wu 2001, Feng and Lim 2005, Matheson and Tratnyek 1994). These benefits 

were exemplified by the faster PCP degradation rates observed with bimetal columns 

compared to ZVI columns (Table 7.2). 

A decrease in hydrogen gas production was observed in all the columns over time (Figure 

7.11b). The reduced gas formation indicates a reduction in ZVI and bimetals reactivity 

when in contact with a continuous inflow of PCP or PCP+Nitrate. As discussed in Section 

7.3.5, the decrease in the reactivity can be a result of (1) formation of passive oxides on 

the ZVI (Section 7.3.8), and/or (2) incorporation of PCP and/or degradation products 

(sorption, co-precipitation and/or physical entrapment) with iron oxides blocking the 

redox reactive sites on the ZVI surface. These actions could restrict the direct contact of 

ZVI with the solution and thus limit hydrogen gas formation. However, the reduction in 

hydrogen gas formation observed in the mid and latter stages of the experiments may also 

decrease the formation of preferential flow paths and also establish longer PCP retention 

times in the columns, which could result in prolonged reactivity of ZVI and bimetal 

mixtures leading to PCP degradation. These processes were exemplified in this study in 
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the BM1+PCP+Nitrate and BM2+PCP+Nitrate columns, where an initial delay in PCP 

removal from the column inlet to about the first 1/3 of the column was observed (Figure 

7.8). However, in the latter sections of the column, PCP was completely removed despite 

the competition of nitrate for electrons. The decrease in hydrogen gas formation observed 

in this study is consistent with previous research illustrating that ZVI columns can exhibit 

lower hydrogen gas formation over time (Jeen 2005). The findings from previous 

chapters (Chapter 4, Chapter 6) provide evidence that PCP and/or its degradation 

products could be strongly incorporated with the oxides depending on the system 

characteristics. In addition, previous studies also reported that contaminant molecules can 

be co-precipitated with the iron oxides (Noubactep 2009, 2008, 2007). The degradation 

efficiency of alkyl and vinyl halides using ZVI columns was affected by the competitive 

sorption of these compounds to ZVI reactive sites (Kohn and Roberts 2006).  

7.3.7. Tracer Studies 

Prior to commencing the PCP or PCP+Nitrate experiments, bromide tracer tests were 

performed to compare potential variation(s) in transport parameters at sampling port 1 

(distance of 2.5 cm) and sampling port 2 (17.5 cm) from the column inlet as well as at the 

column effluent end (at a distance of 45.8 cm from the inlet) (Section 7.2.3). After 30 

days of column operation with PCP or PCP+Nitrate, a second bromide tracer study was 

conducted at the column effluent, in conjunction with the PCP or PCP+Nitrate influent, to 

assess if the contaminant transport parameters had altered after reacting with PCP or 

PCP+Nitrate. Effluent was then collected from each column to obtain the breakthrough 

curves and determine the transport parameters. 

The measured breakthrough curves were modelled using STANMOD (Version 

2.08.1130) (Simunek et al., 2010) as described in Section 7.2.3. The bromide 

breakthrough curves are presented in Figure 7.12. The transport parameters (retardation 

factor and dispersion coefficient) estimated using STANMOD are summarised in Table 

7.3. The retardation factor (R) reveals the effect of sorption of the contaminant molecules 

onto ZVI or bimetal and the transport of the contaminant through the column (Alvarez 

and Illman 2005a). The dispersion coefficient relates to the contaminant flow velocity 

variation as the contaminant moves through ZVI or bimetal pore spaces (Alvarez and 

Illman 2005b). 
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Figure 7.12 Bromide breakthrough curves of columns.  

Figure 7.12 (a) ZVI+PCP (b) BM1+PCP (c) BM2+PCP (d) ZVI+PCP+Nitrate (e) BM1+PCP+Nitrate 

(f) BM2+PCP+Nitrate. 

Dashed lines indicate the predicted curves obtained using STANMOD. 
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Table 7.3 Transport parameters estimated using STANMOD analysis. 

Sampling 

Location 

*
r

2
 

(observed 

vs 

predicted)  

Parameter,  

D 

(cm
2
/minute) 

95% Confidence 

limits Parameter, 

R 

95% Confidence 

limits 

Lower Upper Lower Upper 

 Column A: ZVI+PCP 

Port 1 0.9960 0.0207 0.0175 0.0239 1.4330 1.4030 1.4640 

Port 2 0.9889 0.1326 0.1081 0.1571 1.2870 1.2540 1.3210 

Effluent 1
§
 0.9827 0.4580 0.3758 0.5401 1.3110 1.2790 1.3430 

Effluent 2
‡
  0.9867 0.5625 0.5023 0.6228 1.8240 1.7960 1.8530 

  Column B: BM1+PCP 

Port 1 0.9782 0.0246 0.0130 0.0361 1.2000 1.1140 1.2860 

Port 2 0.9849 0.0344 0.0238 0.0451 1.2570 1.2310 1.2840 

Effluent 1
§
 0.9932 0.2106 0.1859 0.2354 1.1880 1.1750 1.2000 

Effluent 2
‡
  0.9911 0.1252 0.1051 0.1454 1.1500 1.0900 1.2100 

  Column C: BM2+PCP 

Port 1 0.9944 0.0100 0.0071 0.0130 1.2440 1.2080 1.2790 

Port 2 0.9884 0.0773 0.0598 0.0948 1.2160 1.1880 1.2440 

Effluent 1
§
 0.9862 0.3519 0.3165 0.3872 1.3210 1.3020 1.3410 

Effluent 2
‡
  0.9902 0.4410 0.3966 0.4854 1.9950 1.9630 2.0280 

  Column D: ZVI+PCP+Nitrate 

Port 1 0.9875 0.0329 0.0232 0.0426 1.5170 1.4330 1.6000 

Port 2 0.9823 0.0771 0.0564 0.0977 1.4130 1.3770 1.4500 

Effluent 1
§
 0.9889 0.2716 0.2427 0.3004 1.5230 1.5040 1.5430 

Effluent 2
‡
  0.9847 0.5788 0.4823 0.6752 1.5000 1.4590 1.5410 

  Column E: BM1+PCP+Nitrate 

Port 1 0.9936 0.0446 0.0341 0.0551 1.0830 1.0260 1.1390 

Port 2 0.9932 0.0680 0.0565 0.0796 1.1800 1.1600 1.2000 

Effluent 1
§
 0.9891 0.2844 0.2530 0.3158 1.2520 1.2350 1.2690 

Effluent 2
‡
  0.9892 0.3989 0.3562 0.4416 2.2640 2.2280 2.3000 

  Column F: BM2+PCP+Nitrate 

Port 1 0.9983 0.0085 0.0069 0.0100 1.3380 1.3150 1.3600 

Port 2 0.9933 0.0321 0.0250 0.0392 1.1940 1.1750 1.2130 

Effluent 1
§
 0.9923 0.2903 0.2626 0.3181 1.2460 1.2310 1.2610 

Effluent 2
‡
  0.9901 0.3346 0.2993 0.3699 2.2980 2.2640 2.3310 

D: Dispersion coefficient ; R: Retardation factor; Port 1 and Port 2 are at distance of 2.5 and 17.5 cm from 

the column inlet; 
*
r

2
: coefficient of correlation for the observed and predicted curves obtained using 

STANMOD. 

§ 
Effluent 1: Tracer (Br) sample collection for first tracer study prior to introduction of PCP or PCP+Nitrate 

solution to the columns.  

‡ 
Effluent 2: Tracer (Br) sample collection for second tracer study, after 30 days of column operation (after 

93 pore volumes), in combination with PCP or PCP+Nitrate. 
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In general, vertical PCP concentration profiles of bimetal columns showed deterioration 

of the reactive medium only up to <1/3 of the column length (Section 7.3.4). It was 

assumed that, during 40 day period, change in oxide phases did not have a significant 

effect on the porosity of the medium. This was further supported by the Raman data of 

the ZVI/bimetal spent material from columns. No significant change in the iron oxides 

phases were observed along the length of the column (except between inlet and port 2 of 

ZVI columns) (Section 7.3.8).  Consequently, since the duration of the experiment was 

only 40 days, it was assumed that pore volume was not affected over the experiment 

duration. Hence, the HRT was considered the same over 40 day duration. Accordingly, 

pore velocity was assumed constant throughout the experiment and bromide tracer data 

was used to estimate the R value for each tracer test. 

The initial tracer study results showed changes in transport parameters along the length of 

the column. The breakthrough curves at 2.5 cm from the column inlet generally presented 

sharp peaks (Figure 7.12) with low dispersion coefficients ranging between 0.01 and 0.04 

cm
2
/minute (Table 7.3). These results indicate relatively homogeneous flow from the 

column inlet to 2.5 cm up the column. With increased distance from the column inlet, the 

breakthrough curves became broad and asymmetric with tracer tailing displayed (Figure 

7.12). These results imply that there was an increase in fluid dispersion towards the 

column outlet and are supported by the values obtained for dispersion coefficients (Table 

7.3). A statistically significant increase in the dispersion coefficient was observed as the 

tracer progressed from the inlet towards the outlet; with the highest dispersion coefficient 

being attained at the outlet of each column (Table 7.3). The increase in dispersion and 

tracer tailing may be associated with the irregularities in hydrogen gas formation, which 

creates unsteady flow conditions through the ZVI and bimetallic media. This is consistent 

with previous research reporting increased tracer tailing coupled with gas production 

(Kamolpornwijit and Liang 2006). 

The breakthrough curves obtained at the outlet after 30 days of exposure to PCP or 

PCP+Nitrate solution showed plots with asymmetric configuration and tracer tailing 

(Figure 7.12). After 30 days of exposure, dispersion coefficients in the BM2+PCP, 

ZVI+PCP+Nitrate and BM1+PCP+Nitrate columns increased significantly compared to 

the initial values (Table 7.3). Higher hydrogen gas formation was also observed in these 

columns during the initial period of the experiment. Consequently, the hydrogen gas 
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entrapment within the columns could have established PCP preferential or constricted 

flow paths, which may have affected the pattern of the breakthrough curves. The 

formation and function of respective flow paths could be a possible explanation for the 

lower dispersion coefficient values estimated with the initial effluent breakthrough curves 

of these columns.    

Another important finding from the tracer studies was the change observed in retardation 

factors before and after exposure to PCP or PCP+Nitrate. Except with the BM1+PCP and 

ZVI+PCP+Nitrate columns, effluent tracer studies after 30 days exposure to PCP or 

PCP+Nitrate showed significantly higher retardation factors compared to the initial 

values (Table 7.3). Retardation factors obtained with BM1+PCP and ZVI+PCP+Nitrate 

columns after exposure to PCP or PCP+Nitrate were not significantly different to the 

initial values (Table 7.3). The significant increase in retardation factors observed with 

some of the columns indicates a delay in the transport of PCP and degradation products 

through ZVI or bimetal media. This retardation effect could be a result of passive oxides 

formed and/or increased entrapment/sorption of PCP and/or degradation products onto the 

ZVI surface during exposure of ZVI or bimetal to a continuous inflow of PCP or 

PCP+Nitrate. 

A mass balance for bromide data was performed to further study the behaviour of 

bromide and PCP during the tracer studies. The theoretical total bromide mass pumped in 

and the total bromide mass measured during each tracer study is presented in Appendix E, 

Table E2. The area under the bromide tracer curves were calculated using the simple 

trapezoidal rule. In general, the total bromide mass measured was less than the theoretical 

bromide mass pumped into each column. This effect was greater for columns operated 

with PCP and nitrate compared to columns with only PCP as well as after 30 days 

exposure to PCP or PCP+Nitrate compared to initial tracer studies prior to exposure to 

PCP. Even though bromide is a conservative tracer, a loss in bromide mass and/or 

retardation in bromide transport through the column reactive medium (ZVI or bimetal) 

are possible. This possible loss or retardation in bromide could be due to (1) potential 

entrapment of bromide with the green rust iron oxides and (2) volumetric expansive 

nature of iron corrosion, which could lead to a reduction in porosity of ZVI or bimetal 

medium over time (Noubactep 2013). 
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7.3.8. Iron Metal Characterisation 

On the completion of column experiments, ZVI samples were extracted from each of the 

columns at the (1) inlet, (2) outlet and (3) the five sampling ports (at 2.5 cm, 7.5 cm, 17.5 

cm, 27.5cm and 37.5 cm from the column inlet) along the length of the column. Each 

extracted sample was a mixture of the packed fine sand and ZVI or Nis (0.1)/Fe bimetal. 

Collected samples were analysed using Raman spectroscopy technique to identify the 

oxides formed on the ZVI surfaces (Chapter 2, Section 2.4.3). The MCR-ALS method 

was used to determine the composition of the accumulated iron oxides (Chapter 2, 

Section 2.4.3). To determine the percentage of sand present in each ZVI/sand or 

bimetal/sand sample mixtures extracted, the Raman spectrum of sand was also included 

during the MCR-ALS analysis (Chapter 2, Section 2.4.3). For each extracted sample, the 

percentage amount of iron oxides and sand measured is presented in Table 7.4. 
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Table 7.4 Percentages of iron oxides/sand present on the iron or bimetal samples extracted from 

columns at the conclusion of the experiment (estimated by MCR-ALS). 

Iron 

Oxide/Sand 

*Location and Percentages of the iron oxides/sand present in samples from each 

location at the conclusion of the experiment 

Inlet 
Port 1 

(2.5 cm) 

Port 2 

(7.5cm) 

Port 3 

(17.5 cm) 

Port 4 

(27.5cm) 

Port 5 

(37.5cm) 

Outlet 

(45.8 cm) 

 Column A: ZVI+PCP 

Akaganeite <5 - - <5 - - - 

Magnetite 48 84 63 70 94 91 80 

Lepidocrocite 20 6 20 14 <5 <5 10 

Goethite <5 - - - - - <5 

Wustite 9 8 <5 5 - 4 4 

Feroxyhyte 15 - - 5 - - - 

Sand <5 <5 13 5 5 <5 5 

 Column B: BM1+PCP 

Magnetite 95 94 95 98 81 91 93 

Wustite - <5 <5 - <5 <5 <5 

Ferrihydrite <5 - - - - - - 

Sand <5 5 <5 <5 18 7 5 

 Column C: BM2+PCP 

Magnetite 95 95 96 97 95 85 98 

Wustite <5 - <5 - - 10 - 

Sand <5 5 <5 <5 5 5 <5 

 Column D: ZVI+PCP+Nitrate 

Magnetite 55 69 73 67 58 52 29 

Lepidocrocite 36 8 20 - 25 33 54 

Goethite <5 - <5 - <5 <5 <5 

Wustite 5 <5 - - 10 13 10 

Sand <5 22 5 33 5 <5 <5 

 Column E: BM1+PCP+Nitrate 

Magnetite 76 85 53 73 68 95 94 

Lepidocrocite 4 - - - - - - 

Goethite <5 - - - - - - 

Wustite - <5 12 - - - - 

Ferrihydrite - - 3 - - - - 

Sand 19 14 32 27 32 5 6 

 Column F: BM2+PCP+Nitrate 

Magnetite 85 95 93 90 95 68 67 

Lepidocrocite 9 - - - - - 20 

Goethite <5 - - - - - <5 

Wustite - - - - <5 4 4 

Sand 5 5 7 10 <5 28 5 

*Distances to the sampling ports and column outlet were measured from the column inlet. - : Not detected. 
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With the ZVI+PCP column, the column inlet samples consisted of a lower quantity of 

magnetite and greater amounts of passive oxides (akaganeite, lepidocrocite, goethite, 

wustite, feroxyhyte) compared to the samples analysed from all other sampling locations 

(Table 7.4). This finding points to increased ZVI corrosion and passivation at the column 

PCP influent inlet. In the ZVI+PCP+Nitrate column, lepidocrocite, magnetite, goethite 

and wustite were the most abundant oxides identified on the ZVI samples extracted from 

the respective sampling sites (Table 7.4). As discussed in previous chapters, oxides such 

as akaganeite, lepidocrocite, goethite and wustite tend to passivate the ZVI surface, 

hinder the electron transfer process and interfere in PCP interaction with ZVI reactive 

surfaces. Properties of these oxides were discussed in previous chapters. During the 

column experiments, the extent of passive oxide formation in the ZVI columns varied 

along the length of the columns (Table 7.4). In general, the amount of magnetite formed 

in the ZVI+PCP+Nitrate column was lower than that in the ZVI+PCP column. The 

extensive presence of passive oxides in the ZVI+PCP+Nitrate column could be related to 

competitive nitrate reduction (Figure 7.4), which resulted in a basic pH (Figure 7.7). Both 

factors, competitive nitrate reduction (Farrell et al., 2000a) and basic pH (Phillips et al., 

2000), increase passive oxides formation. 

Passive oxides may contribute to restricted PCP flow paths inside the column thereby 

limiting PCP availability to the reactive ZVI surfaces and hindering PCP removal in ZVI 

columns (Figure 7.3). As a result, the excessive formation of passive oxides led to (1) 

inferior performance of the ZVI+PCP+Nitrate column for PCP removal compared to the 

ZVI+PCP column and (2) the observed decrease in nitrate removal, concurrent with PCP 

removal, in comparison to bimetallic columns (Figure 7.4).  

Magnetite was observed as the predominant oxide in both bimetallic columns (BM1+PCP 

and BM2+PCP) (Table 7.4); a small amount of wustite was also detected. The presence 

of magnetite on the ZVI surface allowed enhanced electron transfer and facilitated PCP 

dechlorination using ZVI and bimetals (Chapter 3, Section 3.2.1.2). As a result, the 

difference observed in PCP removal efficiency between BM1+PCP and BM2+PCP 

columns could not be accounted for by the formation of oxides. This finding reinforces 

the explanation provided in Section 7.3.1 for the superior performance of the BM2+PCP 

column. In comparison to the BM1+PCP column, the BM2+PCP column mixture 

contained a greater quantity of Ni and ZVI, which resulted in higher PCP dechlorination. 
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Although magnetite was the major oxide formed in BM1+PCP+Nitrate and 

BM2+PCP+Nitrate columns, small amounts of wustite, lepidocrocite, goethite and 

ferrihydrite were also observed (Table 7.4). The detection of passive oxides 

(lepidocrocite, goethite and ferrihydrite) may be associated with the presence of nitrate. 

Competition of nitrate for electrons leads to a rapid increase in pH to alkaline levels and 

the rapid formation of passive oxide phases (Chapter 6, Table 6.3). 

The findings of oxides under different conditions in this study are consistent with the 

previous research. Spatial variability of the iron oxides formed has been previously 

observed in ZVI columns (Kohn et al., 2005). Some studies have reported the formation 

of magnetite and green rusts in ZVI columns (Klausen et al., 2003, Kohn et al., 2005, 

Odziemkowski et al., 1998). Other studies have reported that the formation of passive 

oxides (lepidocrocite, goethite) inhibited TCE reduction and nitrate removal using ZVI 

columns (Ritter et al., 2003). The presence of nitrate resulted in greater ZVI surface 

passivation (Farrell et al., 2000a) and formation of  iron oxyhydroxides on the ZVI 

surfaces (Schlicker et al., 2000). This is the first study using Nis (0.1)/Fe bimetallic 

mixtures in columns for PCP and nitrate reduction and thus comparison of oxides 

formation with previous research was not possible. 

7.3.9. Pressure Measurements and Hydraulic Conductivity 

Pressure levels at the column inlet and outlet were continuously monitored in all columns. 

Using this data, the hydraulic conductivity of each column was estimated based on 

Darcy‟s Law, q = -K(dh/dx), where q = specific discharge [mday
-1

], K = hydraulic 

conductivity [mday
-1

] and dh/dx = hydraulic gradient (Alvarez and Illman 2005b, Zhang 

and Gillham 2005). The difference in pressure between the inlet and outlet is presented in 

Figure 7.13. The estimated hydraulic conductivity is presented in Figure 7.14. 

Fluctuation of the pressure (Figure 7.13) and hydraulic conductivity (Figure 7.14) was 

observed in all columns, which could be a result of hydrogen gas formation. Such 

pressure and hydraulic conductivity variations in ZVI column experiments have also been 

reported in the literature (Henderson 2010, Kamolpornwijit and Liang 2006). 
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Figure 7.13 Pressure differential between column inlet and outlet.  

Figure 7.13 (a) Column A (ZVI+PCP) (b) Column B (BM1+PCP) (c) Column C (BM2+PCP) (d) 

Column D (ZVI+PCP+Nitrate) (e) Column E (BM1+PCP+Nitrate) (f) Column F (BM2+PCP+Nitrate). 
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Figure 7.14 Hydraulic conductivity of columns.  

Figure 7.14 (a) Column A (ZVI+PCP) (b) Column B (BM1+PCP) (c) Column C (BM2+PCP) (d) 

Column D (ZVI+PCP+Nitrate) (e) Column E (BM1+PCP+Nitrate) (f) Column F (BM2+PCP+Nitrate). 
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In the ZVI+PCP and ZVI+PCP+Nitrate columns, the pressure differential increased with 

pore volume (Figure 7.13a and Figure 7.13d), while hydraulic conductivity decreased 

(Figure 7.14a and Figure 7.14d). When nitrate was not present, hydrogen gas formation in 

the ZVI column was greater than the hydrogen formation in the BM1 column, but lower 

than the BM2 columns (Figure 7.11a). In the presence of nitrate, hydrogen gas production 

was higher in the ZVI column compared to the bimetal columns (Figure 7.11a). Indirect 

reduction of organic compounds involving atomic hydrogen on the ZVI surface is a slow 

reaction (Brewster 1954, Farrell et al., 2000b) and in the absence of a catalyst hydrogen is 

not an effective reductant (Matheson and Tratnyek 1994). Therefore, in the ZVI columns, 

the produced hydrogen gas seemed to accumulate on the ZVI surface and/or in the pore 

spaces. However, since there was only finite pore spaces available in the ZVI medium, 

therefore, hydrogen gas accumulation would not be able to continue indefinitely, which 

could result in the noted decreased hydrogen gas exiting the ZVI columns (without and 

with nitrate in the influent) over time (Figure 7.11b). 

The increase in pressure drop in the ZVI columns, with and without nitrate in the influent, 

could be attributed to the greater hydrogen gas formation, which led to hydrogen gas 

accumulation in the pore spaces over time. It is possible that hydrogen gas formation 

occurred in the inlet portion as well as in the interior regions of the columns. At the start 

of the experiment, up to about 60 and 30 pore volumes, greater hydrogen gas formation 

occurred in the ZVI columns, without and with nitrate in the influent, respectively (Figure 

7.11b). This could have resulted in the available pore spaces initially becoming 

moderately occupied by the hydrogen gas in these ZVI columns. Over the duration of the 

experiment, since there is only finite pore spaces available in each column, majority of 

these pore spaces in the interior regions of the ZVI columns may have become occupied 

by the hydrogen gas formed in the ZVI columns without and with nitrate in the influent. 

After about 60 and 30 pore volumes with the ZVI columns (respectively, without and 

with nitrate in the influent), hydrogen gas formation continued but the rate of hydrogen 

gas exiting the column dropped compared to the respective initial rates (Figure 7.11b). It 

is possible that the rate of hydrogen gas exiting the columns decreased due to greater 

hydrogen gas build-up in the ZVI columns due to blockages of the pore spaces by the 

previously produced gas. This is further supported by the increase in pressure drop 

observed over time in the ZVI columns, after about 80 and 30 pore volumes without and 
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with nitrate in the influent, respectively (Figure 7.13). This effect could be due to the 

displacement of sand particles and/or hydrogen gas bubbles getting wedged in the pore 

spaces, thereby obstructing the flow paths of the gas to exit the columns. As such, the 

actual volume of hydrogen gas produced may not have been detected at the column outlet 

during the later stage of the experiment. Hence, the increase in pressure drop of the ZVI 

columns could be attributed to the greater hydrogen gas formation and accumulation of 

hydrogen gas in the pore spaces in the ZVI columns. 

In addition, it could also be hypothesised that the increase in pressure drop between the 

inlet and outlet of the ZVI columns compared to the bimetal columns may be attributed to 

the types of oxides formed during the experiment. This hypothesis is based on the 

following observed data [based on the percentages of iron oxides detected on the iron 

samples of the ZVI columns at the conclusion of the experiments (Table 7.4)]: 

 In the BM columns, predominantly magnetite was formed. This finding was true 

with and without nitrate being present. 

 In the ZVI columns, the ZVI samples consisted of a lower quantity of magnetite 

and greater amounts of passive oxides (akaganeite, lepidocrocite, goethite, 

wustite, feroxyhyte). These passive oxides (akaganeite, lepidocrocite, goethite, 

wustite, feroxyhyte) were found in greater percentages in the ZVI columns with 

and without nitrate being present.  

Therefore, the increased pressure differential and decreased hydraulic conductivity in the 

ZVI columns may also arise from the potential blockage of the ZVI medium due to 

passive oxide formation. Such oxides formation can passivate the ZVI surface, obstruct 

the flow paths and create blockages resulting in a pressure build-up and a decrease in the 

hydraulic conductivity (Choi et al., 2007, Vikesland et al., 2003). 

As a result, it could be suggested that blockage of some of the available pore spaces by 

the hydrogen gas formed as well as greater formation of oxides (akaganeite, lepidocrocite, 

goethite, wustite, feroxyhyte), led to the pressure drop to increase in the ZVI columns 

over time. These oxides could also create some blockage of the filters installed at the 

column inlet and outlet thereby causing a further increase in the pressure drop in the ZVI 

columns. 
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Previous research also reported an increase in the pressure differential and a reduction in 

the hydraulic conductivity of ZVI columns which was attributed to a cumulative effect of 

formation of passive oxides and/or mineral precipitates on the ZVI surfaces, as well as 

production and accumulation of hydrogen gas in the pore spaces (Choi et al., 2007, 

Henderson and Demond 2011, Jeen 2005, Vikesland et al., 2003). 

When comparing the bimetal columns with PCP or PCP+Nitrate, higher pressure 

differentials (Figure 7.13b and Figure 7.13c) and lower hydraulic conductivities (Figure 

7.14b and Figure 7.14c) were observed with BM1+PCP and BM2+PCP columns in 

comparison to BM1+PCP+Nitrate and BM2+PCP+Nitrate columns. The higher pressure 

differentials with BM1+PCP and BM2+PCP columns may be attributed to the higher 

hydrogen gas formation observed in both columns compared to the BM1+PCP+Nitrate 

and BM2+PCP+Nitrate columns (Figure 7.11). As the oxide formation in both bimetal 

columns (with and without nitrate) was similar (Table 7.4), the lower hydraulic 

conductivity of the BM1+PCP and BM2+PCP columns could not be related to the 

formation of oxides. Interestingly, hydrogen gas production was suppressed in the 

BM1+PCP+Nitrate and BM2+PCP+Nitrate columns due to the presence of nitrate (Figure 

7.11). Higher hydrogen gas formation can lead to development of gas pockets in the 

reactive medium, which can result in a reduction of porosity and hydraulic conductivity. 

These changes are evident from the experimental results with bimetallic columns 

(BM1+PCP and BM2+PCP). It seems that development of a greater number of hydrogen 

gas pockets led to decreased hydraulic conductivity in BM1+PCP and BM2+PCP 

columns when compared to the fewer hydrogen gas pockets and higher hydraulic 

conductivity of the BM1+PCP+Nitrate and BM2+PCP+Nitrate columns. 

The observations of pressure and hydraulic conductivity in this study are consistent with 

previous research findings. Henderson (2010) as well as Kamolpornwijit and Liang 

(2006) reported an increase in pressure differential and a decrease in hydraulic 

conductivity in ZVI column reactors (with or without nitrate). These researchers 

attributed the conductivity loss to the gas production/accumulation, mineral precipitation 

and formation of iron oxides (Henderson 2010, Kamolpornwijit and Liang 2006). Farrell 

et al., (2000a) reported greater hydraulic conductivity of ZVI columns at the end of the 

experiments and this effect was attributed to underestimation of initial hydraulic 

conductivity due to the interference with hydrogen gas formation. Greater hydraulic 
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conductivity loss has also been reported with ZVI columns in the presence of nitrate. In 

this experiment, the conductivity loss was thought to be a result of precipitation of 

minerals and entrapment of hydrogen gas within the pore spaces (Henderson and Demond 

2011). The physical mixture of ZVI and Ni bimetal has never been tested for PCP and 

nitrate reduction in column experiments. Therefore, finidings from BM1 and BM2 

columns regarding pressure and hydraulic conductivity variations could not be comapred 

with previous research. 

7.3.10. Comparison of Results of Batch and Column Experiments with PCP and 

Nitrate 

Batch experiments were carried out under anoxic conditions with continuous mixing to 

investigate PCP degradation as well as the effect of nitrate on PCP dechlorination using 

ZVI and bimetal treatments. Materials (ZVI and a physical mixture of Ni and ZVI (Nis 

(0.1)/Fe)) used in batch and column experiments were identical. The batch experiments 

results were discussed in detail under Chapter 6. This section aims to compare various 

aspects of the batch and column experimental results. 

7.3.10.1. PCP Degradation and Nitrate Removal 

When ZVI was used in columns (with PCP or PCP+Nitrate), the PCP degradation 

efficiency was unexpectedly low compared to the results attained in the batch 

experiments. The poor PCP degradation observed in ZVI column experiments with a 

continuous inflow of PCP or PCP+Nitrate under non-mixing conditions could be due to 

the:  

1. accumulation of hydrogen gas on the ZVI surface, 

2. hindrance created by hydrogen gas for transport of electrons from ZVI to 

PCP and contact of PCP molecules with the ZVI surface, 

3. development of preferential flow paths due to hydrogen gas formation 

shortening the interaction time of PCP with ZVI in the columns, 

4. formation of passive oxides and 

5. lack of dissolution and transformation of these passive oxides to more 

conductive oxides such as magnetite thereby decreasing the reactivity of ZVI.  
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Complete PCP removal (in the absence of nitrate) was observed with Nis (0.1)/Fe in 

batch and column studies. However, in the BM1+PCP column experiment, PCP started 

eluting during later stages of the experiment. During batch experiments using Nis (0.1)/Fe 

bimetal with PCP+Nitrate, incomplete PCP degradation was found after 25 days of 

reaction. However, complete PCP removal was achieved with BM1+PCP+Nitrate and 

BM2+PCP+Nitrate columns. The greater PCP removal in bimetal columns with 

PCP+Nitrate may be attributed to greater incorporation (sorption, co-precipitation and/or 

physical entrapment) of PCP with the oxides and the ZVI surface concurrent to PCP 

dechlorination.  

Furthermore, during batch and column experiments using ZVI and bimetals with 

PCP+Nitrate, nitrate removal was observed simultaneously with PCP degradation. 

However, nitrate started eluting at 55, 83 and 104 pore volumes from ZVI+PCP+Nitrate, 

BM1+PCP+Nitrate and BM2+PCP+Nitrate columns, respectively. With all experiments, 

ammonia was detected as the main end product of nitrate removal. The presence of nitrate 

in the column effluents indicated a decrease in ZVI reactivity and/or the electron transfer 

process due to passive oxides formation on the ZVI surface. This finding was especially 

observed in the ZVI columns where formation of passive oxides was detected.  

7.3.10.2. Degradation Products 

The PCP degradation products observed with the column experiments are consistent with 

the results of the batch experiments. During column experiments using ZVI (with PCP or 

PCP+Nitrate) small concentrations of various chlorophenols (CPs) was observed in ZVI 

column effluents. In batch experiments tetrachlorophenols (TeCPs) were detected as the 

only or main degradation products. On the other hand, when the Nis (0.1)/Fe bimetal 

system was used with PCP (with or without nitrate), phenol was observed as the main end 

product in both batch and column experiment, while higher concentrations of TeCPs were 

detected in effluent of the BM1+PCP+Nitrate column. 

7.3.10.3. Solution pH 

The variations in effluent pH observed with the column experiments (with PCP or 

PCP+Nitrate) are consistent with the batch experiment results. In batch experiments, 

when only PCP was present, ZVI and bimetal systems produced a near neutral solution 
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pH. The effluent pH of columns with ZVI and bimetal (with only PCP) ranged between 

5.2 and 6.1. In comparison, in batch experiments, when nitrate was present with PCP, the 

solution pH was maintained at basic levels (increased from 6.0 to 9.2, and then decreased 

to 7.5). With column experiments involving PCP+Nitrate, the effluent pH fluctuated 

between 8.0 and 9.0.  

7.3.10.4. PCP Degradation Rates 

The PCP degradation reaction rates observed in column experiments (Figure 7.10, Table 

7.2) were faster compared to the PCP removal rates estimated with the batch reactors 

using ZVI and bimetal (Chapter 6, Table 6.2). Column experiments were conducted under 

non-mixing conditions with a continuous inflow of PCP or PCP+Nitrate. Non-mixing 

conditions promote co-precipitation of contaminants with the iron oxides (Noubactep 

2009, 2008, 2007). In addition, the ratio of ZVI surface area to solution volume used in 

the column reactors was 30 times higher than that used in a batch reactor. Hence, the 

higher PCP removal rates observed with the column experiments could be associated with 

(1) greater incorporation of PCP (sorption, co-precipitation and/or physical entrapment) 

with the oxides concurrent to PCP dechlorination and/or (2) the higher ratio of ZVI 

surface area to solution volume. In comparison to the rates observed with batch 

experiments, some studies reported greater reaction rates with the column reactors 

(Gusmão et al., 2004) and other studies reported slower rates with columns (Choi et al., 

2007). 

7.3.10.5. Hydrogen Gas Formation 

Hydrogen gas formation in the column experiments is consistent with the results found in 

the batch experiments. When only PCP was present, Nis (0.1)/Fe bimetal resulted in the 

highest hydrogen gas formation in the batch studies as well as with the BM2+PCP 

column. The presence of nitrate with PCP resulted in decreased hydrogen gas formation 

with ZVI and bimetal systems in both batch and column experiments.  

7.3.10.6. Iron Oxide Formation 

When ZVI was used with PCP (without nitrate), only magnetite was detected on the ZVI 

surface in batch experiments, while column studies with the same medium showed 

formation of magnetite, lepidocrocite, goethite, wustite and feroxyhyte. The additional 
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formation of oxides could be a result of column experiment conditions such as non-

mixing and exposure of ZVI to a continuous inflow of PCP. Under all other experimental 

conditions, oxide formation in batch and column studies was identical. During bimetal 

use with batch and column experiments with only PCP, magnetite was identified as the 

predominant oxide formed on the ZVI surface. When ZVI or bimetal was used in batch 

and column studies, the presence of nitrate and PCP resulted in the formation of passive 

oxides (lepidocrocite, wustite) along with magnetite on the ZVI surface. 

7.4. Summary 

PCP degradation and the effect of nitrate when using ZVI or Nis (0.1)/Fe bimetal was 

investigated with column experiments, with PCP or PCP+Nitrate solution, under anoxic 

and non-mixing conditions. ZVI columns (with PCP or PCP+Nitrate) exhibited low PCP 

degradation efficiency. The presence of nitrate adversely affected PCP degradation in the 

ZVI column but did not affect the performance of bimetal columns. Poor ZVI 

performance may be a consequence of (1) hydrogen gas formation (favouring preferential 

flow paths, and/or creating hindrance to the electron transfer process, and/or reducing 

contact of PCP with the ZVI surface), (2) the formation and lack of 

dissolution/transformation of the passive oxides to a more conductive oxide such as 

magnetite and (3) competition of nitrate with PCP for electrons. Enhanced PCP removal 

observed with bimetal columns (with PCP or PCP+Nitrate) may be a result of 

dechlorination as well as higher incorporation of PCP onto oxides and ZVI surfaces. 

During PCP dechlorination, the use of ZVI and bimetal columns (with PCP or 

PCP+Nitrate) led to chlorophenols and phenol, respectively, as the main end products. 

The PCP concentration levels migrated towards the column outlet over time. This effect 

could be a result hydrogen gas formation, development of preferential flow paths, ZVI 

surface passivation and competition of nitrate. 

The use of ZVI and bimetal columns led to complete nitrate reduction concurrently with 

PCP removal from the solution with ammonia being the end product. However, nitrate 

only started eluting from the columns during later stages of the experiments, indicating a 

reduction in the reactivity of ZVI and bimetallic mixture(s) over time. 

Oxides such as lepidocrocite, magnetite, goethite, feroxyhyte and wustite were observed 

in ZVI columns. The presence of nitrate favoured the formation of passive oxides. 
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Magnetite was the predominant oxide in the bimetal columns; passive oxides 

(lepidocrocite, goethite, ferrihydrite) were also formed when exposed to PCP+Nitrate. 

The presence of magnetite indicated higher reactivity and PCP dechlorination. The 

formation of oxides such as lepidocrocite, goethite, wustite was consistent with the poor 

PCP degradation and nitrate removal by ZVI columns. The presence of nitrate with PCP 

suppressed hydrogen gas formation in ZVI and bimetal columns. This may be a result of 

possible competition of nitrate with H2O molecules for reduction by ZVI or Nis (0.1)/Fe 

bimetal, as well as decreased ZVI surface reactivity due to passive oxides formed and 

PCP incorporation (competitive sorption of PCP and/or degradation products, co-

precipitation and/or physical entrapment) with the iron oxides. As a result of hydrogen 

gas formation, fluctuation in the pressure and hydraulic conductivity was observed in all 

column experiments. The formation of passive oxides caused an increase in the pressure 

differential and a simultaneous decrease in hydraulic conductivity in ZVI columns. 

Greater hydrogen gas formation in bimetal columns with PCP resulted in higher pressure 

differentials and lower hydraulic conductivity than those observed with the bimetal 

columns with PCP+Nitrate. The hydrogen gas formation resulted in (1) significantly 

higher dispersion coefficients with increasing distance from the column inlet and (2) led 

to an underestimation of initial dispersion coefficients.  

The column studies confirmed that the experiment duration was an important factor in 

determining the effectiveness of ZVI and Nis (0.1)/Fe bimetal reactivity under the 

experimental conditions investigated. This study also showed that the durability of a ZVI 

or a Nis (0.1)/Fe bimetallic system for PCP degradation (with or without nitrate) is 

influenced by: 

1. losses in ZVI reactivity, porosity, and hydraulic conductivity due to formation 

of passive oxides and 

2. reduction in retention time and hydraulic conductivity due to production and 

accumulation of hydrogen gas.  
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Chapter 8. Conclusions, Contributions and Future Research 

 

A review of the literature revealed discrepancies regarding the effectiveness of ZVI for 

PCP dechlorination, the effect of a catalytic metal used with ZVI and chlorophenol 

removal mechanisms (dechlorination and/or incorporation with the oxides). Also, the 

differences observed in PCP dechlorination by ZVI obtained from different suppliers 

have not been adequately evaluated in previous research. In order to provide greater 

understanding into gaps in the literature, this thesis used batch and column experiments to 

evaluate the degradation of PCP and/or its lower chlorinated phenol (CPs) daughter 

products utilizing ZVI and bimetallic systems (Nic/Fe and Nis/Fe). The batch 

experiments investigated PCP and three lower CPs degradation using ZVI and the two 

bimetallic systems. Two ZVI materials with different iron oxides present on the surface 

were evaluated to provide insight on ZVI performance in PCP dechlorination. The 

influence of four important variables on PCP dechlorination was studied, (1) the 

characteristics of the iron oxides on the ZVI surface pre- and post-reaction, (2) methods 

of preparing Ni/Fe bimetallic systems, (3) dissolved oxygen (DO) and (4) the presence of 

nitrate. Further, the PCP dechlorination/incorporation by ZVI and bimetals were 

compared with the dechlorination/incorporation of lower CPs. Additionally, a 

mechanistic model was employed to optimise the CPs dechlorination reaction rates and 

the sorption/desorption rates to ZVI non-reactive sites under various experimental 

conditions. Finally, column studies were carried out over 41 days using ZVI and Nis/Fe 

bimetal under continuous anoxic non-agitated inflow with PCP and nitrate to further 

understand the reactivity of ZVI and bimetals, as well as the influence of nitrate on PCP 

degradation. 

 

 

 



Chapter 8. Conclusions, Contributions and Future Research 

 

 

212 

 

8.1. Conclusions 

There are discrepancies in the literature regarding the potential of ZVI based systems for 

effective PCP dechlorination. Some studies reported minimal or no PCP dechlorination 

while other researchers reported successful PCP dechlorination when using a ZVI system. 

The findings of this thesis provide insight into the difference in ZVI behaviour when used 

for PCP dechlorination. The results present evidence that the reactivity of ZVI was 

dependent on oxides present as well as the oxide characteristics on the ZVI material 

purchased (as received, unwashed ZVI). The ZVI purchased from two different suppliers, 

ZVI-T and ZVI-H, consisted of oxides layers with distinct characteristics. The unwashed 

ZVI-T (ZVI-T (UW)) was mainly covered with wustite while unwashed ZVI-H (ZVI-H 

(UW)) was predominantly covered with magnetite. Correspondingly, the ZVI-H (UW) 

showed significantly higher PCP dechlorination than ZVI-T (UW). In general, the 

presence of magnetite increased the ZVI reactivity and PCP dechlorination while the 

presence of wustite, lepidocrocite and/or hematite resulted in ZVI surface passivation and 

lower PCP dechlorination.  

Previous studies reported conflicting effects of catalytic metal incorporation on 

dechlorination reactions. When coating a catalytic metal on ZVI, some studies reported 

enhanced dechlorination while some other researchers found a marked decrease in 

dechlorination reaction compared to the unmodified ZVI systems. No information is 

available for the apparent discrepancies regarding the effect of catalytic metal 

incorporation. This thesis was able to provide greater understanding on the role of Ni as a 

catalyst in a bimetallic system, ZVI coated with Ni (Nic/Fe). The effect of Ni was 

dependent on the (1) Ni coating characteristics and (2) oxides present on the ZVI surface 

pre-treatment and oxides formed during Nic/Fe preparation and PCP dechlorination. The 

ESEM/EDS analysis showed that Ni was deposited on the Nic/Fe (ZVI-T) as clusters of 

discrete Ni particles whereas on the Nic/Fe (ZVI-H), Ni deposited as a thin layer. The 

acid washed ZVI-T surface consisted of a mixture of wustite and magnetite. Therefore, 

during Nic/Fe preparation, Ni rapidly deposited on the ZVI-T surface locations where 

magnetite was initially present thus Ni was detected as discrete particles. These discrete 

Ni particles as well as the increased magnetite presence over time and magnetite‟s higher 

conductivity allowed for enhanced electron transfer and PCP molecules, which led to 

enhanced PCP dechlorination by Nic/Fe (ZVI-T). Conversely, ZVI-H surface was 
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initially covered with only magnetite. Due to the higher conductivity of magnetite, Ni 

could rapidly deposit on the ZVI-H surface as a thin layer during Nic/Fe preparation. The 

thin layer of Ni as well as formation of lower amount of magnetite and build-up of 

passive oxides (wustite, hematite and ferrihydrite) during the reaction led to inferior PCP 

dechlorination efficacy by Nic/Fe (ZVI-H) compared to Nic/Fe (ZVI-T) and ZVI systems.  

This research also revealed that the bimetallic system of a physical mixture of Ni powder 

with ZVI (predominantly covered with magnetite), allowed for complete dechlorination 

of PCP and its lower CP daughter products. When a bimetal system is prepared by 

physically mixing Ni with ZVI (Nis/Fe), Ni creates minimal/no permanent covering on 

the reactive ZVI surface. Therefore, compared to the Nic/Fe bimetal, the Nis/Fe allows 

for greater availability of redox reactive ZVI surface, which allows for complete PCP 

dechlorination. The use of Nis/Fe for PCP dechlorination resulted in phenol being the end 

product. Also, higher Ni loading and hydrogen partial pressure resulted in hydrogenation 

of phenol to cyclohexanol. Even with lower amounts of Ni, the mixture of 0.1 g Ni and 

1.0 g ZVI (Nis (0.1)/Fe), complete dechlorination of PCP and its daughter compounds 

was achieved. The dissolved Ni concentration with Nis (0.1)/Fe system was comparable 

to that of the Nic/Fe bimetallic system. Hence, the use of Nis (0.1)/Fe bimetal did not 

introduce additional detrimental environmental concerns, provides the convenience of 

controlling the amount of Ni utilised and allows for field scale application in treatment 

systems such as PRBs. However, removing dissolved Ni from the water would be a 

requirement prior to discharging to downstream water bodies. This could be achieved by 

installing a post treatment „filter‟ with a suitable adsorption material (e.g. ZVI, activated 

carbon or zeolite) following the PRB system. 

The presence of DO significantly decreased the PCP dechlorination and resulted in slower 

PCP dechlorination rates when using the ZVI-T (UW), acid washed ZVI-T (ZVI-T (AW)) 

and the Nic/Fe (ZVI-T) bimetal compared to the corresponding anoxic systems. Under 

oxic conditions, the Nic/Fe (ZVI-T) showed the highest PCP dechlorination compared to 

ZVI systems. Also, the presence of DO resulted in accumulation of lower amount of 

magnetite on the ZVI and bimetal surfaces. Further, DO presence led to the formation of 

oxides such as maghemite, hematite, lepidocrocite, ferrihydrite on the ZVI-T (AW) and 

Nic/Fe (ZVI-T) surfaces, which led to ZVI surface passivation and higher PCP 

incorporation with the oxides (sorption, co-precipitation and/or physical entrapment). The 
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lower PCP dechlorination observed in the presence of DO could be a result of 

competition of DO with PCP for electrons and formation of oxides such as maghemite, 

hematite, lepidocrocite, ferrihydrite causing decreased ZVI reactivity. In addition, the 

hydrogen gas formation with Nic/Fe and ZVI-T (AW) systems was significantly 

decreased in the presence of DO, which was also consistent with lower PCP 

dechlorination of these systems. The rate of PCP sorption to ZVI non-reactive sites was 

found to be higher in the presence of DO compared to the respective anoxic systems. This 

finding reveals the possibility of increased PCP sorption to ZVI or bimetal non-reactive 

sites in the presence of DO. Consequently, this could also limit the availability of PCP in 

the aqueous phase for dechlorination.    

Nitrate also significantly decreased the PCP dechlorination by ZVI or Nis (0.1)/Fe 

bimetal compared to the corresponding nitrate absent systems. Also, nitrate presence 

during the initial reaction period (0-3 days) led to a decrease in magnetite detected and 

favoured the passive oxides formation (akaganeite, hematite, lepidocrocite, goethite, and 

ferrihydrite) during initial 24 hours of reaction. The formation of these passive oxides 

decreased the ZVI reactivity towards PCP dechlorination over 25 days of the reaction. It 

was noted that nitrate presence led to poor PCP mass balance recoveries and only small 

concentrations of lower CPs being measured in both systems. Thus, nitrate presence led 

to PCP removal from the solution primarily due to incorporation of PCP with the oxides 

(sorption, co-precipitation and/or physical entrapment) and only partially due to 

dechlorination. Additionally, nitrate presence led to a significantly higher amount of PCP 

being incorporated in both systems compared to the systems without nitrate. The greater 

PCP incorporation was attributed to rapid formation of passive iron oxides and 

incorporation of PCP with these oxides. The presence of nitrate also led to an initial rapid 

increase in solution pH from 6.0 to 9.2, which may also favour the accumulation of 

passive oxides. Furthermore, PCP removal in both systems was initially retarded (0-3 

days), which could be a result of competition of nitrate with PCP for electrons and/or 

decreased ZVI reactivity and greater PCP incorporation due to passive oxides formed. 

Additionally, the coexistence of nitrate with PCP (during 0-3 days) led to suppression of 

hydrogen gas formation by both systems. This reduction of hydrogen gas formation could 

be a result of nitrate competing with H2O for reduction by ZVI or Nis (0.1)/Fe and the 

decreased ZVI reactivity due to the passive oxides formed.  
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One isomer from tetrachlorophenols (2,3,4,6-TeCP), trichlorophenols (2,4,6-TCP) and 

dichlorophenols (2,4-DCP) was chosen to examine their reactivity with ZVI-H (UW and 

AW) and bimetals (Nic/Fe and Nis (0.1)/Fe) and compare with PCP degradation. In 

general, with both ZVI and bimetals systems, CPs dechlorination increased with 

increasing degree of chlorination except for with 2,4-DCP. The Nis (0.1)/Fe bimetal 

resulted in complete dechlorination of PCP and 2,3,4,6-TeCP with phenol being the end 

product. The use of ZVI and Nic/Fe systems resulted in partial CPs dechlorination and 

only accumulation of lower CPs. The Nic/Fe bimetal did not demonstrate enhanced CP 

dechlorination compared to the ZVI systems. Poor mass balance recoveries were obtained 

for 2,4,6-TCP and 2,4-DCP with all the treatments. This effect may be attributed to the 

higher pKa values of 2,4,6-TCP and 2,4-DCP causing greater affinity of these parent CP 

compounds and/or their degradation products for incorporation with the oxides as well as 

lack of recovery of these compounds during chemical extraction. These findings clearly 

demonstrated that the type of CP removal mechanism depends on the characteristics of 

the parent CP compound and incorporation may be a significant process during CP 

dechlorination, which requires future attention. The reaction of 2,3,4,6-TeCP, 2,4,6-TCP 

and 2,4-DCP with ZVI and Nic/Fe resulted in formation of a mixture of oxides 

(akaganeite, hematite, lepidocrocite, goethite and wustite), which could also hinder CP 

dechlorination. Additionally, the rate and the amount of hydrogen gas formed was 

unaffected by the type of CP present in each treatment system. Also, PCP showed higher 

affinity for sorption onto ZVI non-reactive sites, despite its higher reactivity with ZVI and 

bimetals, which may be due to highest hydrophobicity of PCP compared to the other CPs 

tested.  

The results of the column studies using ZVI and Nis (0.1)/Fe bimetal under anoxic, 

continuous non agitated flow conditions (with and without nitrate) illustrated that nitrate 

adversely affected PCP degradation in the ZVI column but did not affect the performance 

of bimetal columns. Lower amount of hydrogen gas was produced in the presence of 

nitrate, which could be attributed to (1) nitrate competing with H2O for reduction by ZVI 

or Nis (0.1)/Fe and/or (2) a decrease in ZVI reactivity due to the accumulation of passive 

oxides and incorporation (sorption, co-precipitation and/or physical entrapment) of PCP 

and/or degradation products with oxides.  
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The ZVI columns revealed unexpected low PCP dechlorination efficiencies in the 

presence and absence of nitrate. Oxides such as lepidocrocite, magnetite, goethite, 

feroxyhyte and wustite were identified in the ZVI columns with and without nitrate. The 

passive oxides (lepidocrocite, goethite, feroxyhyte, wustite) accumulation led to an 

increase in the pressure and a decrease in hydraulic conductivity in ZVI columns. The 

lack of PCP dechlorination by ZVI columns could be the combined effect of, (1) 

hydrogen gas accumulation and subsequent formation of preferential PCP flow paths, 

hindrance to electron transport and contact of PCP with the ZVI surfaces, (2) build-up of 

passive oxides and their lack of transformation to reactive oxides such as magnetite 

and/or (3) competition of nitrate with PCP for electrons.  

The column study findings with Nis (0.1)/Fe bimetal without nitrate provided evidence of 

complete PCP dechlorination with phenol being the major end product during the 

experiment duration. With bimetal columns, magnetite was identified as the main oxide 

while passive oxides (wustite, lepidocrocite, goethite, ferrihydrite) formation although 

evident, when exposed to PCP and nitrate, did not seem to hinder complete PCP removal. 

In the presence of nitrate with PCP, PCP or lower CPs/phenol were not detectable in the 

Nis (0.1)/Fe bimetal column effluents during later stages of the experiment. 

Consequently, the main PCP removal mechanism in Nis (0.1)/Fe bimetal columns with 

nitrate was attributed to incorporation (sorption, co-precipitation and/or physical 

entrapment) of PCP and/or degradation products with the iron oxides along with the 

dechlorination reaction. Additionally, with the Nis (0.1)/Fe bimetal columns, greater 

hydrogen gas formation in the absence of nitrate caused higher pressure and lower 

hydraulic conductivity compared to bimetal columns with PCP and nitrate. Additionally, 

the column study findings of this research demonstrated that hydrogen gas formation may 

be critical in hindering PCP dechlorination and thus greater attention should focus on this 

attribute when designing and implementing PRB systems for treatment of waters 

contaminated with CPs in the presence and absence of nitrate. A summary of PCP 

degradation rates for all batch and column experiments using ZVI and bimetallic systems 

tested in this research is presented in Table 8.1. 
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Table 8.1 Summary of PCP dechlorination rates for all batch and column experiments using 

ZVI and Ni/ZVI bimetallic systems. 

Batch experiments 

Treatment Oxic/Anoxic 
Presence 

of nitrate 
Reaction rate constant

**
 

(Day
-1

) 

ZVI-T (UW) Oxic No 0.0112 

ZVI-T (UW) Anoxic No 0.0208 

ZVI-T (AW) Oxic No 0.0521 

ZVI-T (AW) Anoxic No 0.0599 

ZVI-H (UW) Anoxic No 0.0938 

ZVI-H (AW) Anoxic No 0.0788 

Nic/Fe (ZVI-T) Oxic No 0.0989 

Nic/Fe (ZVI-T) Anoxic No 0.1310 

Nic/Fe (ZVI-H) Anoxic No 0.0594 

Nis (1.0)/Fe (UW-H) Anoxic No 1.2000 

Nis (0.1)/Fe (UW-H) Anoxic No 0.4800 

Nis (1.0)/Fe (AW-H) Anoxic No 1.2500 

Nis (0.1)/Fe (AW-H) Anoxic No 0.5200 

ZVI-H (UW) Anoxic Yes 0.4500 

Nis (0.1)/Fe (UW-H) Anoxic Yes 0.5250 

Column experiments
†
 

Column 
Reaction rate [Fastest] 

(Day
-1

) 

Reaction rate [Slowest] 

(Day
-1

) 

ZVI + PCP 76.27 ± 22.12 1.02 ± 0.5 x 10
-3 

BM1 + PCP 81.75 ± 3.89 3.28 ± 0.69 

BM2 + PCP 101.00 ± 6.60 32.42 ± 5.78 

ZVI + PCP + NO3 76.69 ± 17.17 3.15 ± 0.97 

BM1 + PCP + NO3 97.06 ± 35.58 8.98 ± 1.68 

BM2 + PCP + NO3 107.30 ± 12.30 11.31 ± 3.35 

**Reaction order of PCP dechlorination in the absence of nitrate: First order 

**Reaction order of PCP dechlorination in the presence of nitrate: Zero order 

 † Column experiments were carried out under anoxic conditions. 

 



Chapter 8. Conclusions, Contributions and Future Research 

 

 

218 

 

8.2. Environmental Significance  

In nature, it is common to have contaminated plumes containing multiple contaminants 

compared to contaminated plumes of single contaminants. Therefore, the plume 

containing mixed contaminants require further assessment to determine whether (1) 

degradation of the contaminant of concern (e.g. PCP) is affected by the co-contaminants 

present (e.g. nitrate) and (2) all contaminants present within the contaminated source can 

be degraded by the selected reactive medium (e.g. ZVI or bimetal). The findings of this 

thesis clearly demonstrated the importance of the above listed points as the presence of 

nitrate as a co-contaminant significantly decreased the PCP dechlorination by ZVI and 

bimetallic systems. Further, the significant amount of PCP incorporation with the iron 

oxides observed in the presence of nitrate suggests that PCP incorporation could be a 

significant process during PCP removal using ZVI based PRB systems. In practical 

situations when using PRBs, the unfavourable effect of nitrate presence could be 

alleviated by: 

a. increasing the size/capacity of the PRB (length, width, thickness) 

Depending on the reactivity of the ZVI and bimetals with PCP and nitrate, the 

capacity of the PRB should be increased to allow removal of the co-contaminants 

present. In addition, the greater capacity/size will permit removal of total PCP 

loading despite the competitive effect of co-contaminants with PCP for 

degradation/removal by ZVI based systems. 

b. installation of sequential treatment zones 

Prior to installing a PRB, a pre-treatment zone comprise of ZVI could be installed 

to remove possible co-contaminant(s) (e.g. nitrate). The treated water from the 

pre-treatment zone could be directed to a PRB (with ZVI or bimetal) for 

dechlorination of PCP. 

When encountering a scenario with a mixed contaminant plume comprise of high PCP 

and nitrate concentrations (e.g. 50 mg/L), an up-gradient denitrifying PRB (with ZVI or 

bimetal) could be installed (as a pre-treatment zone) to remove nitrate prior to treatment 

of PCP. Following the pre-treatment zone, to treat PCP, a PRB that is designed to handle 

the total PCP loading or multiple reactive walls installed in series (sequential treatment) 

could be used. However, installation of a suitable treatment system will depend on the site 
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availability, capacity, financial constraints as well as the ultimate goal of the treatment 

system; example being whether PRB is followed by additional treatment step(s) and/or if 

the down-gradient receptors have to be completely protected with the PRB treatment.   

8.3. Contributions 

The findings of this thesis enhance the understanding of PCP and other CPs 

dechlorination/incorporation when using ZVI and bimetals under a range of experimental 

conditions. In addition, this research adds knowledge regarding the role of oxides and 

their behaviour during CPs dechlorination/incorporation using ZVI and bimetallics. 

The significant outcomes of this thesis include: 

1. Clarification on the effectiveness of ZVI based systems on PCP dechlorination. 

The findings revealed that the characteristics of the iron oxides present on the 

surface of the ZVI, as received, led to different ZVI dechlorination reactivity and 

had a marked influence on the rates of PCP dechlorination reactions.  

2. Greater insight into CP removal mechanisms. When using ZVI and iron based 

bimetallic systems both dechlorination and incorporation processes are possible; 

however, the relative importance of the two processes depends on many aspects of 

the system characteristics such as the degree of chlorination of the parent CP 

compound and the presence of nitrate. 

3. Elucidation of the apparently contradictory effect of catalytic metals in PCP 

dechlorination by bimetallic systems. The enhancement or inhibition of 

dechlorination in bimetallic systems seems to depend on the nature of the Ni 

coating (discrete particles versus a thin layer), which depends on the method of 

bimetallic preparation and the nature of the oxide layer on the ZVI surface. 

4. Beneficial effects of using a bimetallic system that was prepared from a physical 

mixture of ZVI with Ni particles and led to complete dechlorination of PCP and 

2,3,4,6-TeCP as well as their lower chlorinated phenol daughter products. 

5. Enhanced understanding on the diverse effects and the importance of the different 

iron oxide phases on the CP removal processes (dechlorination and incorporation) 

by ZVI and iron based bimetallic systems. 
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8.4. Future Research 

Due to the unanticipated results of the Nic/Fe bimetal systems, additional research is 

needed to evaluate the characteristics of Nic/Fe bimetal and ZVI materials. Therefore, it 

is recommended that further characterisation of these Nic/Fe bimetal particles (pre- and 

post-reaction) be conducted using techniques such as X-ray Photoelectron Spectroscopy 

(XPS) to acquire a definitive explanation for the different behaviour of Nic/Fe bimetals. 

In addition, further studies involving modelling of CPs degradation pathways under 

different experimental conditions are suggested. Data from modelling technique(s) may 

provide greater understanding regarding the CPs reaction pathways by various treatments. 

Also, this research provides evidence that ZVI and Nis/Fe bimetallics are able to degrade 

different available CPs as single compounds. However, in practical situations, there could 

be more than one CP present in the contaminated source, which could change the 

behaviour of ZVI and Nis/Fe systems due to the simultaneous presence of different 

electron acceptors. Therefore, further studies (batch and column) on the behaviour of ZVI 

and Nis/Fe systems for CP dechlorination/incorporation in multi-compound systems (two 

or more CPs) are required.   

During this research, it was found that the physical mixture of Ni powder as the catalyst 

with ZVI (Nis/Fe) accomplished complete degradation of CPs. Phenol was identified as 

the end product with small concentrations of cyclohexanol. Therefore, feasibility of using 

the Nis/Fe bimetal in field applications is warranted to evaluate CP degradation efficiency 

as well as financial efficacy. Consequently, further studies are recommended on: 

 column studies with longer PCP residence times and extended testing duration   

 testing of different Nis/Fe and sand ratios to optimise the required amount of 

Nis/Fe for complete CP degradation and monitoring residual Ni concentration in 

the solution at each Ni dose post reaction as well as comparison of these Ni 

concentrations with the maximum allowable concentration for discharge or 

drinking water 

 column studies designed as sequential reactors using Nis/Fe bimetal to optimise 

the reactivity of the Nis/Fe bimetal for hydrogenation of phenol to cyclohexanol, 

which has the lowest toxicity of all degradation products detected (Figure 8.1). 
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Figure 8.1 Schematic of proposed experiment setup with sequential column reactors. 

?: Future research requires ascertaining the applicability of the second peristaltic pump. 

 

Complete PCP dechlorination by Nis/Fe bimetal systems was confirmed using batch and 

column studies. To apply this finding to field application(s), further studies are 

recommended using a 2- dimensional (2-D) experimental setup comprising of a single 

compartment or multi-compartments with ZVI and/or Nis/Fe bimetal. The 2-D 

experiment strategy will assist in resembling the natural field conditions. The findings 

from this experiment design will enhance understanding regarding 2-D flow condition, 

PCP flow patterns, PCP dechlorination, hydrogen formation and its effects on PCP 

dechlorination as well as oxides formation and their effects on PCP degradation pertinent 

for field applications. 

  

(a) Influent container with PCP solution 

(b) Peristaltic pumps 

(c) Column 1 with Nis/Fe+Sand mixture 

(d) Column 2 with Nis/Fe+Sand mixture 

(e) Effluent Sampling port (Column 1) 

(f) Effluent Sampling port (Column 2) 

(g) Sampling ports 

(h) Liquid waste container  

(f) (e) 

(a) (b) 

(c) 

(g) 

(h) 

(d) 

(g) 

(b)? 
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Figure A1: XRD spectra of reference iron oxides. 

The XRD spectra were collected with a Cu K-alpha X-ray source.  
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Chapter 3: Part I 

 

 

Figure B1 Raman spectra of samples that was unreacted: (a) Unwashed ZVI-T (b) Acid-washed 

ZVI-T (c) Unwashed ZVI-H (d) Acid-washed ZVI-H (e) Nic/Fe (ZVI-T) (f) Nic/Fe (ZVI-H) and 

typical sample spectra after 25 days reaction: (g) Unwashed ZVI-T (h) Acid-washed ZVI-T (i) 

Unwashed ZVI-H (j) Acid-washed ZVI-H (k) Nic/Fe (ZVI-T) (l) Nic/Fe (ZVI-H). 
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Chapter 3: Part II 

 

 

Figure B2 Raman spectra of samples that was unreacted: (a) Unwashed ZVI-H (b) Acid-washed 

ZVI-H (c) Nic/Fe (ZVI-H) and typical sample spectra after 25 days reaction: (d) Unwashed ZVI-

H (e) Acid-washed ZVI-H (f) Nic/Fe (ZVI-H) (g) Nis (1.0)/Fe (UW-H) (h) Nis (0.1)/Fe (UW-H) (i) 

Nis (1.0)/Fe (AW-H) (j) Nis (0.1)/Fe (AW-H). 
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Chapter 5 

 

 

Figure B3 Typical Raman spectra of unreacted: (a) Unwashed ZVI (b) Acid washed ZVI (c) 

Nic/Fe bimetal, and typical sample spectra after 25 days reaction: (d) Unwashed ZVI (oxic) (e) 

Unwashed ZVI (anoxic) (f) Acid washed ZVI (oxic) (g) Acid washed ZVI (anoxic) (h) Nic/Fe 

bimetal (oxic) (i) Nic/Fe bimetal (anoxic). 
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Chapter 6 

 

 

Figure B4  Raman spectra of: (a) unreacted ZVI, typical sample spectra after 1 day reaction:  (b) 

ZVI with PCP (c) ZVI with nitrate (d) ZVI with PCP and nitrate (e) Nis (0.1)/Fe with PCP (f) 

Nis (0.1)/Fe with nitrate (g) Nis (0.1)/Fe with PCP and nitrate and typical sample spectra after 25 

days reaction: (h) ZVI with PCP (i) ZVI with PCP and nitrate (j) Nis (0.1)/Fe with PCP (k) Nis 

(0.1)/Fe with PCP and nitrate. 
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Chapter 3: Part I 

 

Table C1 Surface area normalised dechlorination reaction rate constants for PCP in water-ZVI 

and water-Nic/Fe systems. 

Treatment  

Surface area normalised 

reaction rate constant, kSA 

(Lm
-2

day
-1

)  x 10
-2

 

ZVI-T (UW) 0.08 

ZVI-T (AW) 0.02 

ZVI-H (UW) 0.44 

ZVI-H (AW) 0.09 

Nic/Fe (ZVI-T) 0.03 

Nic/Fe (ZVI-H) 0.02 

 

 

 

Chapter 3: Part II 

 

Table C2 Surface area normalised dechlorination reaction rate constants for PCP in water-ZVI, 

water-Nic/Fe bimetal and water-Nis/Fe bimetal systems. 

 

Treatment 

Surface area normalised 

reaction rate constant, kSA 

(Lm
-2

day
-1

)  x 10
-2

 

ZVI-H (UW) 0.44 

ZVI-H (AW) 0.09 

Nis (1.0)/Fe (UW-H) 5.66 

Nis (0.1)/Fe (UW-H) 2.26 

Nis (1.0)/Fe (AW-H) 1.37 

Nis (0.1)/Fe (AW-H) 0.57 

Nic/Fe (ZVI-H) 0.02 

Ni (0) only 0.39 
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Chapter 4 

 

Table C3 Surface area normalised dechlorination reaction rate constants for CPs in water-ZVI 

and water-bimetal systems. 

Treatment Type of chlorophenol 

Surface area normalised 

reaction rate constant, kSA 

(Lm
-2

day
-1

)  x 10
-2 

ZVI (UW) 

PCP 0.44 

2,3,4,6-TeCP 0.17 

2,4,6-TCP 0.12 

2,4-DCP 0.14 

ZVI (AW) 

PCP 0.09 

2,3,4,6-TeCP 0.03 

2,4,6-TCP 0.02 

2,4-DCP 0.03 

Nic/Fe 

PCP 0.02 

2,3,4,6-TeCP 0.01 

2,4,6-TCP 0.01 

2,4-DCP 0.01 

Nis (0.1)/Fe 

PCP 0.57 

2,3,4,6-TeCP 0.30 

2,4,6-TCP 0.27 

2,4-DCP 1.54 
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Table C4 Surface area normalised dechlorination reaction rate constants for PCP in water-ZVI 

and water-Nic/Fe systems under oxic and anoxic conditions. 

Treatment  

Surface area normalised 

reaction rate constant, kSA 

(Lm
-2

day
-1

)  x 10
-2

 

ZVI-UW (Oxic) 0.04 

ZVI-UW (Anoxic) 0.08 

ZVI-AW (Oxic) 0.02 

ZVI-AW (Anoxic) 0.03 

Nic/Fe (Oxic) 0.02 

Nic/Fe (Anoxic) 0.03 
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Table C5 Surface area normalised dechlorination reaction rate constants for PCP in water-ZVI 

and water-bimetal systems in the absence and presence of nitrate. 

Treatment  

Surface area normalised 

reaction rate constant, kSA 

(Lm
-2

day
-1

)  x 10
-2

 

ZVI+PCP 0.44 

Nis (0.1)/Fe+PCP 2.27 

ZVI+PCP+Nitrate 2.13 

Nis (0.1)/Fe+PCP +Nitrate 2.48 
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Oxic/Anoxic Experiments 
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Figure D1 Theoretical chloride concentration estimated based on PCP and degradation products 

concentrations measured in each system, chloride measured in the solution, chloride extracted 

from ZVI and/or iron oxides and total chloride concentration measured (chloride in the 

solution+chloride extracted) in each system (a) Unwashed ZVI (oxic) (b) Unwashed ZVI (anoxic) 

(c) Acid washed ZVI (oxic) (d) Acid washed ZVI (anoxic) (e) Nic/Fe bimetal (oxic) (f) Nic/Fe 

bimetal (anoxic).  
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Table E1 Bromide injection time for the different tracer tests. 

Column 

Bromide tracer injection time (minutes) – in brackets hours 

Port 1 Port 2 

Effluent 1 

(Before PCP) 

Effluent 2 

(After PCP) 

ZVI + PCP 105 (1.7) 330 (5.5) 1120 (18.7) 1820 (30.3) 

BM1 + PCP 100 (1.7) 260 (4.3) 710 (11.5) 975 (16.25) 

BM2 + PCP 105 (1.75) 390 (6.5) 900 (15.0) 1720 (28.7) 

ZVI + PCP + NO3 110 (1.8) 460 (7.7) 1060 (17.7) 2040 (34.0) 

BM1 + PCP + NO3 105 (1.75) 390 (6.5) 1000 (16.7) 1980 (33.0) 

BM2 + PCP + NO3 110 (1.8) 410 (6.8) 1000 (16.7) 2030 (33.8) 

 

 

 

Table E2 Bromide Mass Balance. 

Column 

Bromide mass balance 

[all values in minutes, Area under the curve =C/Co*time) 

Port 1 Port 2 

Effluent 1 

(Before PCP) 

Effluent 2 

(After PCP) 

Th M Th M Th M Th M 

ZVI+PCP 105 100.6 330 325.1 1120 1112.6 1820 1784.5 

BM1+PCP 100 96.7 260 250.2 710 699.3 975 970.1 

BM2+PCP 105 102.4 390 381.7 900 882.4 1720 1695.4 

ZVI+PCP+NO3 110 106.4 460 448.2 1060 1035.4 2040 2014.3 

BM1+PCP+NO3 105 101.1 390 383.2 1000 989.0 1980 1875.6 

BM2+PCP+NO3 110 105.2 410 401.6 1000 983.1 2030 1946.7 

 

Th: Total theoretical bromide mass; M: Total measured bromide mass 
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