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ABSTRACT 

Groundwater contaminant plumes of 1,4-dioxane (dioxane) and its co-contaminants 

(chlorinated solvents) have been found at many hazardous waste sites. There is increasing 

attention paid to the persulfate-based activation method for in situ degradation of organic 

contaminants due to its high efficiency and low cost. Iron mineral-based remediation 

methods, such as siderite and natural aquifer geomedia, have been of sustained interest 

due to their potential to activate oxidants in situ without the addition of extra activation 

chemical into the subsurface. However, very few studies have investigated the 

effectiveness of persulfate-based activation by natural aquifer materials, and these few 

studies have focused on oxidant activation and not on the efficacy of contaminant 

degradation nor on dioxane compounds specifically. Hydrogen peroxide is another 

promising oxidants with high oxidation potential. The effectiveness is well demonstrated 

when applying it individually. However, the combined system of activated hydrogen 

peroxide and persulfate are poorly understood. The combination of the two oxidants has 

the potential to enhance the transport of oxidant and their distribution across larger radii. 

In addition, co-occurrence of dioxane with chlorinated-solvent compounds and the 

influence of groundwater constituents are also very important for site application. 

One objective of the current study is to investigate the capacity of natural soils and 

sediments to activate a binary persulfate/peroxide system to specifically enhance in-situ 

degradation of dioxane. Batch and column experiments are conducted with four natural 

geomedia. The results indicate the selected subsurface media could successfully induce 

activation of oxidant, which led to enhanced dioxane degradation. The oxidation-
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enhancement potential of the four geomedia used herein varied primarily due to the 

magnitude of available sediment-phase iron, and possibly with minor contribution of 

manganese oxides and soil organic matter. An alternative remediation method for sites at 

which the natural sediment does not have sufficient activation capacity is to use a 

permeable reactive barrier (PRB). However, the standard PRB, which employs iron 

filings as the reactive medium, are generally not effective for treating dioxane. The 

potential of the iron-filings-based PRB supplemented with persulfate–based oxidation for 

combined oxidative-reductive removal of dioxane from groundwater was evaluated in 

this study. The feasibility was proved by the successful activation of persulfate and 

facilitation of dioxane degradation using iron filings in both batch and column 

experiments. Approximate transport distances required to achieve a targeted degree of 

dioxane degradation can be estimated using the measured rate coefficients and 

groundwater velocity at the plume scale. 

It is shown by this research that both ferrous ion and alkaline condition can activate 

the binary oxidant hydrogen peroxide-persulfate system to degrade dioxane. However, 

ferrous ion was significantly more effective than alkaline due to the different activation 

mechanism. Ferrous ion directly catalyzed the decomposition of hydrogen peroxide and 

persulfate and generated hydroxyl and sulfate radicals with high oxidation potential. In 

contrast, it is hypothesized that under alkaline conditions, hydroxyl and sulfate radicals 

were generated via the reactions between hydrogen peroxide/persulfate and an 

intermediate ion, hydroperoxide anion, which decreased effective production of radicals.  

The degradation rate of dioxane by the activated binary hydrogen peroxide-persulfate 
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system was slower in the presence of groundwater and typical groundwater constituents 

compared to ultrapure water. Chloride, sulfate, bicarbonate, potassium, calcium, and 

magnesium ions that are present in groundwater inhibited the oxidative degradation of 

dioxane. The inhibition was particularly strong for bicarbonate and calcium ions. 

Therefore, the scavenging effect of ions, especially critical for bicarbonate and calcium, 

may need to be considered during calculation of the total oxidant demand (TOD) when 

planning field scale applications. 

Overall, the results of the study indicate that the persulfate-based oxidation activated 

by iron minerals is generally effective for treating dioxane alone and as a co-contaminant 

with TCE. The effectiveness of employing in situ activated in situ chemical oxidation 

(ISCO) will depend on numerous site-specific factors including groundwater hydraulics 

and contaminant concentrations in addition to geochemical properties of the geomedia 

and groundwater. 
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CHAPTER I: INTRODUCTION 

I.1 STATMEMENT OF PROBLEM 

The remediation of groundwater contaminants has long been studied. Currently, the 

most commonly used method to remediate contaminated groundwater involves pump and 

treat, with standard treatment methods such as air stripping and carbon adsorption. These 

standard treatments are not effective for some of the critical emerging contaminants 

including 1,4-dioxane (dioxane) and methyl tert-butyl ether (MTBE). For these 

compounds, it is necessary to use ex situ treatment using advanced oxidation (e.g., ozone 

(O3) and hydrogen peroxide (H2O2) or UV and H2O2). Pump-and-treat technology is 

costly since contaminated groundwater needs to be extracted, treated, and then reinjected 

or redistributed. Therefore, the development of the more cost-effective in situ treatment is 

needed to remediate subsurface contamination. In situ chemical oxidation (ISCO), by 

using reagents such as permanganate, hydrogen peroxide, or persulfate (S2O8
2-) under 

activation, has proved a prospective alternative method for the remediation specific 

compounds of contaminated soil and groundwater. Despite numerous successful 

applications for contaminated sites over the past two decades, limitations of ISCO 

remain. Thus, it is important to optimize the method in order to achieve cost-effective 

results. 

In recent years, contaminants of emerging concern (CECs) are attracting 

considerable attention. CECs were not considered previously due to they have not been 

detected limited by the detection method or the insignificant amount detected. However, 



12 

 

 

large groundwater contamination plumes of CECs were recently detected due to the 

decreases in the analytical detection limits for groundwater sample analysis. Even though 

the impact of CECs has not been thoroughly understood, the presence of these 

compounds can have a significant impact on the environment and human health. Dioxane 

is one of the representative CECs occurring in large groundwater contamination plumes. 

Dioxane is a heterocyclic organic compound infinitely soluble in water. Dioxane is 

extremely mobile and recalcitrant to biodegradation and some traditional oxidation 

methods. For many contaminated areas, dioxane co-occurs with chlorinated solvents such 

as 1,1,1-trichloroethane (1,1,1-TCA) and trichloroethene (TCE). The co-occurrence of 

dioxane and chlorinated solvents might further reduce remediation efficiency. If the 

oxidation effectiveness could be enhanced, ISCO could also feasibly be used for 

remediating contaminated sites with dioxane plumes. The ultimate goal of ISCO is to use 

smaller amounts of environment-friendly reagents to obtain cost-effective remediation 

efficiency of more contaminants in the same sites. 

The research presented herein aims to evaluate some remediation alternatives and 

develop a more innovative and cost-effective in situ treatment alternative for dioxane 

contaminated groundwater plumes. Another major objective of the technology studied is 

its potential for treatment of co-contaminants such as TCE, which typically co-occurs 

with dioxane at contaminated sites. 
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I.2 LITERATURE REVIEW 

I.2.1 Background 

Human activities, especially industrial activities and gasoline leakage, may cause 

serious groundwater contamination. Chlorinated solvents, such as 1,1,1-trichloroethane 

(TCA) and trichloroethene (TCE), are widespread groundwater contaminants and 

continue to pose risk to human health. They are regulated as hazardous materials and 

have a maximum contaminant level (MCL) for drinking water. In recent years, 

contaminants of emerging concern (CECs) are attracting considerable attention. CECs are 

lack of attention previously due to the limited detection method or the insignificant 

amount detected. However, large groundwater contamination plumes of CECs were 

recently detected due to the decreases in the analytical detection limits for groundwater 

sample analysis. Dioxane, a historically commonly used chlorinated solvent stabilizer, 

has become an environmental concern due to its widespread co-occurs with chlorinated–

solvent compounds in groundwater and potential negative effects on human health 

(Adamson et al., 2015; Anderson et al., 2012; IARC, 1999). It has been classified as a 

suspected carcinogenic compound by the United State Environmental Protection Agency 

(U.S. EPA) and by the International Agency for Research on Cancer (IARC).  

Extensive groundwater contaminant plumes of dioxane are readily formed due to its 

infinite water solubility (4.4×105 mg/L) and negligible adsorption, and such plumes are 

present at many sites (Adamson et al., 2014; Isaacson et al., 2006; Mohr et al., 2010; 

Zenker et al., 2003). The results of a recent survey of sites with groundwater 
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contamination indicated a median maximal concentration of dioxane of 365 μg/L 

(Adamson et al., 2014). Field data has shown that dioxane is present along with 

trichloroethlene (TCE) and other chlorinated-solvent compounds in groundwater at some 

sites (Adamson et al., 2015, 2014; Anderson et al., 2012; EPA, 2013). Dioxane has a ring 

structure includes two oxygen atoms in the ring which make dioxane infinitely miscible 

in water. Furthermore, dioxane has low affinity for soil organic matter and resistance to 

biodegradation under natural conditions. Thus, dioxane is very mobile and probably 

moving ahead of the chlorinated solvent plumes at some contaminated sites. Overall, 

given the physical and chemical properties of dioxane, the cost-effective management of 

dioxane plumes is a challenging endeavor. 

 

I.2.2 Remediation Methods 

Abiotic treatments, such as chemical oxidation, could be an effective strategy for the 

remediation of dioxane contaminated groundwater. Although many lab scale types of 

research have been done for the removal of groundwater contaminated by dioxane, field 

scale in situ treatment applications are still limited. The technologies presented here are 

currently used or might have the potential for dioxane treatment. 

 

Sorption 

Sorption is a commonly used treatment technology for contaminants in groundwater. 

It could be applied ex situ (such as applied along with pump-and-treat technology) and in 
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situ (such as the Permeable Reactive Barrier (PRB) technology). Sorption is not a 

significant mechanism for dioxane treatment due to its high solubility (Henry’s Law 

constant KH= 4.88×10-6 atm m3/mol) and low octanol–water partition coefficient (Kow=-

0.27). Surfactant-modified zeolite (SMZ), SMZ with zero-valent iron (ZVI), activated 

Tri-Base Pelletized CarbonTM, macroporous polymer (MPP), granular activated carbon 

(GAC), organoclays, and palladium-111 were studied for their sorption capacity on 

dioxane (Johns et al., 1998; Mohr et al., 2010). In recent years, Woodard et al. identified 

that synthetic media, such as AMBERSORBTM, could be effective sorbent for dioxane 

(Woodard et al., 2014). Due to the limited studies reported, the application feasibility of 

those methods should be further evaluated. 

 

Chemical Oxidation 

Chemical oxidation is an effective alternative for remediation of organic 

contaminants, such as volatile organic compounds (VOCs), dioxane, and petroleum-

hydrocarbon, from soil and groundwater. It usually includes ex situ chemical oxidation 

(ESCO) and in situ chemical oxidation (ISCO). The most commonly used oxidizing 

reagents are permanganate, ozone, catalyzed hydrogen peroxide (CHP), or activated 

persulfate (S2O8
2-). Hydrogen peroxide and persulfate can be activated to generate much 

stronger oxidants, hydroxyl radical (∙OH) and sulfate radical (SO4∙
-). The oxidation 

potentials of some common oxidants are listed in Table 1 (Siegrist et al., 2001). The 

enough oxidative power to remediate dioxane should be more than 2.0 V. Oxidation 

potential is not the only determining factor during application, competitive reactions, 
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stoichiometry, kinetics, thermodynamics, and variables such as pH, temperature, reaction 

environment etc. should also be considered. 

 

Table 1  

Oxidation Potentials for Some Common Oxidants 

Oxidant Standard Oxidation Potential (V) Relative Strength (Chlorine=1) 

Hydroxyl Radical (∙OH) 2.8 2.0 

Sulfate Radical (SO4∙-) 2.5 1.8 

Ozone (O3) 2.1 1.5 

Sodium persulfate  2.0 1.5 

Hydrogen Peroxide  1.8 1.3 

Permanganate (Na/K) 1.7 1.2 

Chlorine 1.4 1.0 

Oxygen 1.2 0.9 

Superoxide ion (O-∙) -2.4 -1.8 

Source: Siegrist et al. 2001 

 

Ex situ chemical oxidation (ESCO) 
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Ex situ treatment is basically extracting groundwater from extraction wells followed 

by above ground treatments of the extracted water. The low retardation factor of dioxane 

increases its potential for ex situ treatment. Pump-and-treat is the representative ex situ 

treatment technology. This method has been proved effective for treating groundwater 

plumes with no depth limitations. However, it should be noted that pump-and-treat is 

usually a long-term technology due to the back diffusion from low-permeability 

subsurface media. Ex situ chemical oxidation (ESCO) is one of the above ground 

treatment method, which has been proved effective for dioxane removal (EPA, 2013). Ex 

situ treatments may need years of operation and the treated water must be properly 

discharged. 

 

Photochemistry 

UV is a commonly used advanced oxidation processes (AOPs). However, dioxane 

minimally absorbs UV light and thus low degradation efficiency was obtained by direct 

UV photolysis (Zenker et al., 2003).  Compared to direct photolysis of dioxane, 

photolysis of hydrogen peroxide has a much higher efficiency of dioxane degradation 

(Kiwi, 1977). The mechanism of UV and hydrogen peroxide is the cleavage of hydrogen 

peroxide molecule to generate high oxidation potential hydroxyl radicals (Eq. (1)) 

(Legrini et al., 1993).  

 

H2O2 + hv → 2∙OH                                                                                 (1) 
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Stefan and Bolton proposed a dioxane degradation pathway by UV and hydrogen 

peroxide (Stefan and Bolton, 1998). They reported the reaction followed pseudo first-

order kinetics and almost 90% of dioxane was degraded in 5 min. Intermediates, 

including aldehydes, organic acids and the mono- and diformate esters of 1,2-ethanediol, 

and their reaction pathways were also reported. During UV/hydrogen peroxide treatment, 

the power consumption for UV irradiation and consumption of hydrogen peroxide should 

be considered (Barazesh et al., 2015; Zenker et al., 2003). Son et al. reported pseudo-

first-order rate constant of dioxane degradation in zero-valent iron only, photolytic 

reactions, and the combined reaction with UV and zero-valent iron are 4.8×10-4, 2.25×10-

4, and 19×10-4 min-1, respectively (Son et al., 2009). Maurino et al. investigated dioxane 

degradation in UV/persulfate system, which cleave the persulfate molecule into two 

sulfate radicals (Eq. (2)) (Maurino et al., 1997). 

 

S2O8
2- + hv → 2SO4∙

-                                                                             (2) 

 

100% of dioxane degradation obtained in 5 min by using 0.01 M persulfate irradiated 

with light of λ < 295 nm. However, there was no reaction observed at λ >295 nm. 

 

Ozonation 

Ozone alone does not readily degrade dioxane (Adams et al., 1994). Tian et al. 

reported ozonation degradation of dioxane was only 7.6% in 0.5 h in neutral solution, 

whereas the removal efficiency in alkaline condition was 16.3–94.5% within a pH range 
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from 9 to12 (Tian et al., 2014). A new advanced oxidation process (AOP), ozonation 

combined with electrolysis (ozone–electrolysis), applied successfully for dioxane 

removal (Kishimoto et al., 2011, 2008, 2007). Kishimoto et al. proposed the mechanism 

for ozone–electrolysis as follows (Eqs. (3) and (4)) (Kishimoto et al., 2005): 

 

O3 + e → O3∙
- at cathodes                                                                         (3) 

O3∙
- + H2O → ∙OH + OH- + O2                                                                  (4) 

 

Hydroxyl radicals produced through ozonation near cathodes in alkaline environment. 

Bicarbonate forms from carbon dioxide produced by the oxidation of dioxane under the 

alkaline condition. The radical scavenging effects of bicarbonate will inhibit further 

dioxane degradation. 

Catalytic ozonation is a promising AOP for water treatment (Legube, 1999). Tian et 

al. evaluated dioxane removal by catalytic ozonation with activated carbon dose ranged 

from 0 g/L to 3 g/L (Tian et al., 2017). In the absence of activated carbon, dioxane 

degradation was limited to approximately 8%. However, dioxane removal efficiency by 

ozone-activated carbon system within 40 min increased to 90%. They also observed the 

adsorption of dioxane on coconut charcoal and briquetted carbon during ozonation. 

 

Peroxone 
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The process of adding hydrogen peroxide to ozonated water is known as peroxone. 

The ozone can react with hydrogen peroxide to generate hydroxyl radical, which 

significantly enhances degradation efficiency (Eqs. (5-8)) (Legrini et al., 1993).  

 

H2O2 + O3 → ∙OH + O2 + HO2∙                                                              (5) 

H2O2 + H2O → H3O
+ + HO2

-                                                                  (6) 

O3 + HO2
- → OH- + O2∙ + O2                                                                  (7) 

2O3 + O2∙ → O3∙
- + O2                                                                                                                   (8)  

 

The use of the ozone and hydrogen peroxide process in treating dioxane 

contamination is well investigated (Adams et al., 1994; Ikehata et al., 2016; Suh and 

Mohseni, 2004; Takahashi et al., 2013). Dioxane degradation by ozone with a rate 

constant of 0.32 M-ls-l at pH=2 (Adams et al., 1994; Hoigné and Bader, 1983).  However, 

reaction rate constants for dioxane degradation by hydroxyl radical significantly 

enhanced with ranging from (1.1× 109)-(2.35 × 109) M-ls-1 (Anbar et al., 1966; Thomas, 

1965). To date, the peroxone-based process in treating dioxane-contaminated 

groundwater are successfully applied in field-scale. According to the U.S. Environmental 

Protection Agency (EPA) report, several sites in the United States were successfully 

remediating dioxane to their respective target levels using hydrogen peroxone-based 

systems above ground (EPA, 2006). 

 

In situ chemical oxidation (ISCO) 
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In situ chemical oxidation (ISCO) is firstly proposed in the early 1990s (Watts et al., 

1990), and soon becoming a popular clean-up and remediation method used to treat 

contaminated soil and groundwater sites. By introducing oxidants into the subsurface, 

transformation or destruction of contaminants occurred in situ. As an alternative to ex situ 

method, it is flexible configuration, relatively inexpensive, and used for a wide array of 

organic compounds. However, due to the aquifer heterogeneities and complexity, 

reagents-contaminant accessibility, oxidant persistence, and potential impact on microbial 

populations need to be addressed. Table 2 lists the subsurface performance of four 

commonly used oxidants. Each oxidant has the ability to degrade specific contaminants. 

Table 3 provides more details on oxidant effectiveness for contaminants of concerns 

(COCs) (ITRC, 2005). According to Table 3, ferrous iron/hydrogen peroxide, 

ozone/hydrogen peroxide, and activated persulfate can be used for groundwater dioxane 

remediation. In recent years, lab-scale experiments using various activation methods and 

the combination of oxidants (such as hydrogen peroxide combined with persulfate) were 

also conducted to improve the effectiveness of groundwater dioxane removal. In addition, 

since dioxane generally co-occurrs with chlorinated solvents in contaminated sites 

(Adamson et al., 2014), their competition for oxidants should be considered in 

applications. 
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Table 2  

The subsurface performance of four commonly used oxidants 

Oxidant Reactive Species Form Persistence1 

Application 

Frequency 

Permanganate MnO4
- Powder/Liquid >3 months Highest 

Fenton’s  

∙OH, O2
-, HO2∙, 

HO2
- 

Liquid Minutes to hours Second highest 

Ozone O3, ∙OH Gas Minutes to hours Lower 

Persulfate SO4∙- Powder/Liquid Hours to weeks Lower 

1 Persistence of oxidant varies depending on site specific conditions 

 

Table 3  

Oxidant effectiveness for contaminants of concern (COCs) 

Oxidant Amenable COCs Reluctant COCs Recalcitrant COCs 

H2O2/Fe 

TCA, PCE, TCE, DCE, VC, 

BTEX, CB, phenols, 1,4-dioxane, 

MTBE, tert-butyl alcohol (TBA), 

high explosives 

DCA, CH2Cl2, 

PAHs, carbon 

tetrachloride, 

PCBs 

CHCl3, pesticides 

Ozone  

PCE, TCE, DCE, VC, BTEX, CB, 

phenols, MTBE, TBA, high 

explosives 

DCA, CH2Cl2, 

PCBs 

TCA, carbon 

tetrachloride, CHCl3, 

PCBs, pesticides 
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Ozone/ H2O2 

TCA, PCE, TCE, DCE, VC, 

BTEX, CB, phenols, 1,4-dioxane, 

MTBE, TBA, high explosives 

DCA, CH2Cl2, 

PAHs, carbon 

tetrachloride, 

PCBs 

CHCl3, pesticides 

Permanganate 

(K/Na) 

PCE, TCE, DCE, VC, BTEX, 

PAHs, phenols, high explosives 

Benzene, 

pesticides 

TCA, carbon 

tetrachloride, CHCl3, 

PCBs 

Activated 

Persulfate 

PCE, TCE, DCE, VC, BTEX, CB, 

phenols, 1,4-dioxane, MTBE, TBA 

PAHs, explosives, 

pesticides 

PCBs 

Source: ITRC 2005 

 

Hydrogen Peroxide 

Fenton’s process typically requires ferrous ion and hydrogen peroxide, and is one of 

the well-known ISCO technologies. Hydrogen peroxide is activated to generate hydroxyl 

radicals (∙OH) to attack target contaminants, was described as a series of chain and 

radical reactions, as Eqs. (9-14) (Furman et al., 2009; Haber and Weiss, 1934; Teel et al., 

2007): 

 

H2O2 + Fe2+ → ∙OH + HO− + Fe3+                                                         (9) 

H2O2 + Fe3+→ HO2∙ + H+ + Fe2+                                                           (10) 

∙OH + H2O2 → HO2∙ + H2O                                                                   (11) 

HO2∙→ O2
-∙ + H+                                                                                                                             (12) 
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HO2∙ + Fe2+ + H+ → H2O2 + Fe3+                                                                                         (13) 

∙OH + Fe2+ → HO- + Fe3+                                                                       (14) 

 

Traditional Fenton reaction needs to be conducted under acidic condition (the 

optimal pH ~3) to achieve good performance. Besides, a Fenton treatment is also limited 

by iron solubility, mineral species, cycling between the +2 and +3 states of the iron ion, 

short-lived hydrogen peroxide, etc., which limit the efficiency of treatments that use 

hydrogen peroxide (Lin and Gurol, 1998; Lindsey and Tarr, 2000; Pignatello et al., 2006; 

Teel et al., 2007; Watts et al., 2007).  

Ghosh et al. performed batch experiments to evaluate dioxane degradation kinetics 

by ferrous ion and hydrogen peroxide system. 97 to 99% of dioxane was degraded after 

30 min of reaction, whereas most degradation occurred in the first 5 min of reaction. The 

pH dropped substantially (from ~3 to ~2) during the reaction. The estimated reaction rate 

constant between dioxane and hydroxyl radicals was 2.25×108 /M-s (Ghosh et al., 2010).  

The optimization of the Fenton oxidation of dioxane and the on-line fourier 

transform infrared spectroscopy (FTIR) monitoring of degradation route was proposed 

and tested by Merayo et al., who applied it to wastewater treatment (Merayo et al., 2014). 

Under the best treatment conditions, completely dioxane removal and 80% reduction of 

the chemical oxygen demand (COD) were achieved. This process achieved good 

performance under pH ranged from acidic to neutral. In addition, the FTIR-based 

methodology can on-line control of the use of reagents, as well as monitoring degradation 

route of dioxane and by-products generation of the process. This method also allowed 
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identifying the presence of biodegradable compounds, therefore allowed further 

application of biological technologies to enhance degradation efficiency. 

Sekar and DiChristina improved the purely abiotic method by using microbially 

driven Fenton reactions to degrade dioxane (Sekar and Dichristina, 2014). The 

microbially driven Fenton reactions occur at circumneutral pH and do not need 

continuous hydrogen peroxide supply to drive the Fenton reaction. Dioxane could be 

completely degraded, with acetate and oxalate detected as main intermediates. Mannitol 

and thiourea, two hydroxyl radical scavenging compounds, inhibited dioxane degradation 

indicates that hydroxyl radicals are effective radicals during degradation process. The 

study also proposed the degradation pathway should be the same for conventional and 

microbially driven Fenton reactions. Sekar et al. performed experiments in batch liquid 

cultures using microbially driven Fenton reactions to remediate trichloroethylene (TCE), 

tetrachloroethylene (PCE), and dioxane co-contamination (Sekar et al., 2016). After the 

first 7 days reaction, dioxane concentration was below detection limits in dioxane alone 

contamination and dioxane mixed with PCE systems. However, only 8.5% and 42.5% 

dioxane could be transformed in dioxane-TCE and dioxane-TCE-PCE systems, 

respectively. Although the technologies presented in this paragraph are investigated 

based on wastewater treatment processes, they might be improved to apply for in situ 

subsurface treatment. 

 

Persulfate 
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Activated persulfate is another alternative of ISCO. Persulfate usually activated by 

heat, photo, alkali, transition metals, or chelated metals to generate high reactive and non-

selective sulfate radical (SO4∙
-), as described by Eq. (15) (Anipsitakis and Dionysiou, 

2004; Furman et al., 2010; Tsitonaki et al., 2010): 

 

S2O8
2- + heat or Fe2+ → SO4∙

-                                                                 (15) 

 

Under alkaline conditions, SO4∙
- can undergo a radical interconversion to form ∙OH. 

Under all pH conditions, SO4∙
- can somehow react with water to produce ∙OH (Eqs. (16, 

17)): 

 

SO4∙
- + HO- → SO4

- + ∙OH                                                                     (16) 

SO4∙
- + H2O → SO4

- + ∙OH + H+                                                            (17) 

 

Compared to hydrogen peroxide, persulfate is more stable, and thus may transport 

further in the subsurface. In addition, persulfate is reactive in a relatively wide pH range 

(pH lower than 3 or greater than 10) and relatively lower affinity for natural soil organic 

matter (Mohr et al., 2010). Depending on aquifer geochemistry, the half-life of sulfate 

radical could be hours to weeks. However, the reaction mechanism for persulfate in soils 

and solid aquifer media remains unclear (Ahmad et al., 2010; Pignatello et al., 2006). 

Furthermore, persulfate is sometimes too stable to react with the target contaminants. 
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Block et al. conducted laboratory studies to compare the degradation efficacy of 

several contaminants (including BTEX and oxygenates (MTBE, TBA, 1,4-dioxane)) by 

activated persulfate with several different iron ions and iron-chelate complexes as 

activators (Block et al., 2004). The efficiency on dioxane degradation, from highest to 

lowest, under ambient pH (~2) was: Fe2+ activated persulfate > Fe3+ activated persulfate 

> Fe3+-EDTA activated persulfate; under controlled pH (7-8) was: Fe3+-EDTA activated 

persulfate > Fe2+ activated persulfate > Fe3+ activated persulfate. Higher efficiency 

achieved under ambient pH compared to controlled pH. They further studied the 

oxidation ability of potassium hydroxide activated persulfate systems with different 

potassium hydroxide and persulfate molar ratios. Significant declined in dioxane 

concentration observed. Persulfate reactivity increases with increasing levels of KOH. 

Félix-Navarro et al. investigated the kinetics of dioxane oxidation by persulfate 

under different temperature, oxidant concentration, and pH conditions (Félix-Navarro et 

al., 2007). More rapid degradation obtained at higher initial persulfate concentration, 

higher temperature, and lower pH. The activation energy for the oxidation of dioxane 

with persulfate is 21.0 kcal/mol. The pseudo-first-order rate constants of dioxane 

oxidation under various conditions are listed in Table 4. Zhao et al. performed 

experiments to evaluate destruction of dioxane by persulfate alone at different 

temperatures, and in an aqueous solution combined with the ferrous ion (Zhao et al., 

2014). The effects of pH and persulfate concentration on dioxane oxidation were 

considered. They proposed the oxidation pathways for dioxane based on the generated 

intermediates, by-products and developed pseudo-first-order reaction models to predict 
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degradation behavior. Dioxane was completely removed within 3-80 hrs in heat activated 

persulfate systems. Higher temperature enhanced the degradation efficiency. The addition 

of ferrous ion promoted degradation rate at 40 ℃ but decreased degradation rate slightly 

at 50 and 60 ℃, which may be caused by the rapid conversion of ferrous ion to ferric ion 

at high temperature. The effect of pH (from 2.30 to 2.89) was minor under the 

experimental conditions investigated. High concentration of persulfate favors the 

oxidation reaction. Acetaldehyde, acetic acid, glycolaldehyde, glycolic acid, carbon 

dioxide, and hydrogen ion were detected during the reaction process. In addition, carbon 

balance analysis indicated 96 and 93% of the carbon were recovered from dioxane 

oxidation with and without ferrous ion. 

 

Table 4  

Rate constants of dioxane oxidation by persulfate under various conditions 

Temperature (℃) [Persulfate] (mM) pHinitial k1×104 (s-1) Half-life (min) 

25 25.00 7 1.80 64 

30  25.00 7 2.93 39 

40 25.00 7 10.30 11 

50 25.00 7 26.50 5 

25 12.50 7 0.95 122 
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25 50.00 7 2.23 52 

25 100.00 7 3.08 38 

25 25.00 3 3.15 37 

25 25.00 5 2.47 47 

25 25.00 9 1.52 79 

25 25.00 11 1.38 84 

Source: Félix-Navarro et al. 2007 

 

Zhong et al. demonstrated the potential of dioxane degradation by iron filings 

activated persulfate during the oxidative-reductive process (Zhong et al., 2015). Both 

batch and miscible-displacement experiments illustrated the presence of iron filings 

enhanced the degradation of dioxane. From the batch-scale experiments, ~10% of 

dioxane could be reductive degradation by iron filings in 150 hrs. ~30% of dioxane 

degraded in the first 0.5 h of reaction, with ~85% of persulfate loss. After 0.5 h, dioxane 

degradation slowed down with the first-order rate constant of 0.016 h-1.  Miscible-

displacement experiments showed 10% of dioxane degraded when transported through 

iron filings packed column along with persulfate at the pore-water velocity of 3 cm/h. 

The first-order rate constant of dioxane degradation in the column is 0.018 h-1, which is 

identical to the k of the batch experiment. However, minimal degradation obtained by 
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using at the pore-water velocity of 31 cm/h, which indicating the important role of 

hydraulic residence time. In addition, radical generation was analyzed during the reaction. 

Evaluation of the effectiveness of slow-release persulfate and zerovalent iron for 

dioxane degradation was also studied (Kambhu et al., 2017). No dioxane removal 

observed when dioxane added 30 min after the Fe0-persulfate reaction. However, 60% 

dioxane degraded when dioxane added immediately when Fe0-persulfate reaction began. 

The addition of ferrous ion could scavenge sulfate radicals, and thus inhibited the 

reaction. Furthermore, 100% dioxane degraded by using a slow-release wax formulation 

to limit the release of Fe0. Dioxane degradation pathways were proposed and oxalic acid 

was an end product of the experiment. 

 

Others 

Eberle et al. performed bench-scale experiments to evaluate the oxidation ability of 

peroxone activated persulfate (PAP) to treat dioxane alone and combined with 

trichloroethene (TCE) and 1,1,1-trichloroethane (1,1,1-TCA) (Eberle et al., 2016). The 

influence of different oxidant/contaminant molar ratio and ionic strength on degradation 

rate were tested. Under the single-contaminant condition, the concentration of dioxane 

decreased exponentially over time, and degradation rate increased with oxidant 

concentration. Dioxane degradation exhibited pseudo-first-order kinetics. High ionic 

strength inhibited dioxane degradation likely due to the radical scavenging effect of 

chloride ions. Under the multi-contaminant condition, the degradation rate, from highest 

to lowest, was: TCE > dioxane > 1,1,1-TCA. Dioxane degradation rate in the multi-
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contaminant system (0.057 h-1), which was 38% slower (0.092 h-1) than the predicted 

based on the single-contaminant experiments. They demonstrated that PAP is a potential 

long-term in situ treatment alternative for dioxane plumes, but its effectiveness under 

field condition still needs to be investigated due to the low subsurface temperature and 

complex environment conditions. 

Zeng et al. assessed the viability of using hydroxyl radicals produced from 

ferruginous clay minerals to degrade dioxane (Zeng et al., 2017). With the presence of 

buffer solutions, significant amount of dioxane could be degraded by the hydroxyl 

radicals generated from Fe(II) oxidation in clays in dark environment. They also 

generated relationship that describe degradation of dioxane with Fe(II) oxidation and 

hydroxyl radicals production. Although hydroxyl radicals production was linearly 

correlated with the amount of Fe(II) oxidation, excessive amount of reactive Fe(II) could 

quench a certain amount of hydroxyl radicals leading to a low degradation efficiency. 

Formic acid was the major degradation product during dioxane degradation, and the 

degradation pathway was proposed. Nontronite, a representative renewable catalyst, 

could regenerate Fe(II) via either biologically or chemically way leading to sustainable 

hydroxyl radicals production and dioxane degradation. 

 

Summary 

Currently, the most common method used to remediate dioxane is chemical 

oxidation. Several ESCO technologies are successfully developed and applied at 

numerous sites. However, groundwater needs to be extracted, treated, and then reinjected 
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or redistributed which is not cost-effective. In situ technologies are promising to treat 

dioxane or chlorinated-solvent compounds plumes. However, ISCO employing advanced 

oxidation is not well developed and proven for field scale, which needs further 

investigation. Hydrogen peroxide and persulfate are promising oxidants with high 

oxidation potential. Their effectiveness is well demonstrated when applying them 

individually. However, the combined system of activated hydrogen peroxide and 

persulfate is poorly understood. The combination of the two oxidants has the potential to 

enhance the transport of oxidant and their distribution across larger radii. The natural 

soils and sediments have the potential to activate oxidants in situ without the addition of 

extra activation chemical into the subsurface, which is also not well investigated. All of 

those efforts would decrease cost and increase effectiveness, and therefore are worth 

further investigation.  
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I.3 OBJECTIVE OF STUDY 

The objectives of the current study are to: 

1. Investigate the degradation efficiency of dioxane by the activated persulfate alone 

and the activated hydrogen peroxide coupled with persulfate systems. 

2. Explore the efficiency of activated persulfate-based oxidation system for dioxane 

degradation alone and as a co-contaminant with TCE.  

3. Exam the activation efficiency for persulfate-based oxidation by different 

activators, ferrous ion (Fe2+), base (NaOH), and siderite. 

4. Investigate the capacity of natural soils and sediments to activate the persulfate-

based oxidation system to specifically enhance in situ degradation of dioxane. 

5. Study the influence of groundwater constituents on dioxane degradation by the 

activated binary persulfate/peroxide system. 

6. Investigate the feasibility of persulfate-enhanced permeable reactive barrier 

(PRB) system for combined oxidative-reductive removal of organic 

contaminants from groundwater. 
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I.4 EXPLANATION OF DISSERTATION FORMAT 

This dissertation contains two chapters and four appendices in total. Chapter I is the 

introduction of this research background, the research objectives and the dissertation 

format explanation. Chapter II is a summary of research work presented in this 

dissertation, which has been divided into four appendices. References cited in the first 

two chapters are listed right after Chapter II. 

The manuscripts included in Appendices A and B are in preparation for submission 

to peer-reviewed journals. Appendix C and D are published manuscripts. The author was 

responsible for experimental design, sample analysis, and initial interpretation of results 

presented in Appendices A, B and C under the guidance of Dr. Brusseau. And the author 

was responsible for part of the experimental design and sample analysis for Appendix D 

which was written by Dr. Zhong under the guidance of Dr. Brusseau. All of the 

associated manuscripts were developed in collaboration with my advisor, Dr. Brusseau, 

and other co-authors where applicable.  

The sample analysis performed at the Contaminant Transport Group laboratory 

(University of Arizona), Arizona Laboratory for Emerging Contaminants (ALEC, 

University of Arizona), University Spectroscopy & Imaging Facility (USIF, University of 

Arizona), Center for Environmental Physics and Mineralogy (University of Arizona), and 

Beijing Key Laboratory of Water Resources and Environmental Engineering (China 

University of Geosciences (Beijing)).  
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CHAPTER II: PRESENT STUDY 

II.1 SUMMARY OF RESULTS 

The details of the scientific problems, material, methods, and conclusions of this 

study are presented in the chapters appended to this dissertation. The following is a brief 

summary of the most important findings in the research presented in this dissertation. 

 

II.1.1 The Natural Activation Ability of Subsurface Media to Promote In-Situ 

Chemical Oxidation of 1,4-Dioxane (Appendix A) 

The ability of soils and sediments to promote in situ activation of persulfate and 

persulfate combined with hydrogen peroxide was investigated for treatment of 1,4-

dioxane (dioxane). Experiments were conducted with both batch-reactor and column 

systems to examine reaction rates and activation mechanisms. Four soils and aquifer 

sediments were used. ICP-MS and XRD analyses were used to characterize geochemical 

properties of the solutions and sediments, while EPR spectroscopy was used to 

characterize radical formation.  

For the batch experiments, degradation of dioxane was significantly greater in the 

presence of each of the four subsurface geomedia compared to the controls with no 

geomedia. This indicates that all four geomedia induced oxidant activation, thereby 

enhancing dioxane degradation. Dioxane degradation was significantly enhanced by the 

addition of peroxide to the persulfate solution. It is hypothesized that iron associated with 

the geomedia is primarily responsible for activation, and that the degree of degradation 
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enhancement relates in part to dissolved-phase iron content. EPR results indicate that 

manganese oxides and soil organic matter may also have contributed to a small degree of 

persulfate activation, and that manganese oxides enhanced activation of peroxide under 

the study conditions.  

Less than 8% of dioxane degradation was observed in the miscible-displacement 

experiments, consistent with the short residence time (2.5 h) compared to dioxane’s half-

life (t1/2, ~100 h).  Approximate transport distances required to achieve a targeted degree 

of dioxane degradation can be estimated using the measured rate coefficients and 

assumed values for groundwater velocity. For example, transport distances of 3 and 10 

meters are estimated to be required to achieve 99% reduction of dioxane for the Camp 

Gruber and AFP44 media, respectively (with a velocity of 0.2 m/d). These calculations 

suggest that geomedia-promoted oxidation has the potential to achieve effective in situ 

degradation of dioxane and other contaminants. The effectiveness of employing in situ 

activated ISCO will depend on numerous site-specific factors including groundwater 

hydraulics and contaminant concentrations in addition to geochemical properties of the 

geomedia and groundwater. 

 

II.1.2 Treatment of 1,4-Dioxane and Trichloroethene Co-Contamination by an 

Activated Binary Oxidation Process (Appendix B) 

The efficacy of a binary oxidant system, hydrogen peroxide (H2O2) and persulfate, 

was investigated for treatment of 1,4-dioxane (dioxane) degradation alone and as a co-
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contaminant with TCE. Batch experiments were conducted to examine the catalytic 

efficiency of Fe2+ and NaOH based activation, oxidant decomposition rates, contaminant 

degradation effectiveness, and competitive degradation effects.  

For NaOH-activation, the oxidant decomposition rate was moderate and sustained 

during the entire test period of 96 hours. However, dioxane degradation was limited 

(~33%). Conversely, the oxidants were depleted within 24 hours for the Fe2+-activated 

system, and dioxane degradation was complete within 4 hours. The activation and radical 

generation processes were different between Fe2+ and NaOH activation. Fe2+ directly 

catalyzed the decomposition of hydrogen peroxide and persulfate and generated radicals 

(HO⋅ and SO4⋅-) with high oxidation potential. In contrast, it is hypothesized that the 

NaOH-activated system generated HO⋅ and SO4⋅- indirectly. It is proposed that under 

alkaline conditions, HO⋅ and SO4⋅- were generated via the reactions between hydrogen 

peroxide/persulfate and an intermediate ion, HO2
-, which decreased effective production 

of radicals. 

Both dioxane and TCE underwent complete degradation in the co-contaminant 

experiment. The results of this study indicate that the Fe2+-catalyzed binary hydrogen 

peroxide-persulfate oxidant system is effective for oxidation of the tested contaminants 

separately and as co-contaminants. Therefore, the method might has the potential to 

achieve effective degradation of dioxane in the presence of chlorinated solvent co-

contaminants. 
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II.1.3 Influence of Groundwater Constituents on 1,4-Dioxane Degradation by a 

Binary Oxidant System (Appendix C) 

The influence of groundwater on the degradation of 1,4-dioxane (dioxane) by 

siderite-activated hydrogen peroxide coupled with persulfate was investigated through a 

series of batch experiments. The degradation of dioxane was considerably slower in 

groundwater compared to the tests conducted with ultrapure water. Additional tests were 

conducted to examine potential inhibitory effects of selected ions in isolation. The 

inhibition effect of anions on dioxane degradation, from strongest inhibition to weakest, 

was: bicarbonate (HCO3
-) > sulfate (SO4

2-) > chloride (Cl-). The inhibition effect of 

cations on dioxane degradation, from strongest inhibition to weakest, was: calcium 

(Ca2+) > potassium (K+) > magnesium (Mg2+). Bicarbonate and calcium ions, which are 

the most abundant ions in the groundwater used herein, resulted in the greatest decrease 

in dioxane degradation rate compared to the other constituents.  

The results of experiments conducted to evaluate their impact over a range of 

concentrations showed that dioxane degradation was reduced asymptotically with the 

increase in their concentrations. The results of this study reveal a potential inhibitory 

effect caused by groundwater constituents during the application of activated binary 

hydrogen peroxide-persulfate for in situ treatment of organic contaminants in 

groundwater.  

This effect is attributed to radical scavenging, and its impact should be considered 

during the evaluation of total oxidant demand (TOD) prior to application. Traditional 

factors considered during calculation of the total oxidant demand (TOD) usually include: 
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1) stoichiometric demand of contaminant (dissolved phase, sorbed phase, and free phase), 

2) soil mineral (dissolved and solid phase) consumption, 3) organic carbon (dissolved and 

sorbed phase) consumption, and 4) oxidant decomposition (Haselow et al., 2003). The 

results of this work indicate that the scavenging effect of ions may be another contributor 

to TOD that should be considered. This may be especially critical for bicarbonate and 

calcium, which are typically present in groundwater at concentrations higher than 0.2 

mM (usually 1-2 mM). 

 

II.1.4 In-situ Activation of Persulfate by Iron Filings and Degradation of 1,4-

Dioxane (Appendix D) 

Activation of persulfate by iron filings and subsequent degradation of 1,4-dioxane 

(dioxane) was studied in both batch-reactor and column systems to evaluate the potential 

of a persulfate-enhanced permeable reactive barrier (PRB) system for combined 

oxidative-reductive removal of organic contaminants from groundwater.  

In batch experiments, decomposition of persulfate to sulfate and degradation of 

dioxane both occurred rapidly in the presence of iron filings. Conversely, dioxane 

degradation by persulfate was considerably slower in the absence of iron filings. For the 

column experiments, decomposition and retardation of persulfate was observed for 

transport in the columns packed with iron filings, whereas no decomposition or 

retardation was observed for transport in columns packed with a reference quartz sand. 

Both sulfate production and dioxane degradation were observed for the iron-filings 
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columns, but not for the sand column. The pH of the column effluent increased 

temporarily before persulfate breakthrough, and significant increases in both ferrous and 

ferric iron coincided with persulfate breakthrough. 

Multiple species of free radicals were produced from persulfate activation as 

determined by electron paramagnetic resonance (EPR) spectroscopy. The impact of the 

oxidation process on solution composition and iron-filings surface chemistry was 

examined using ICP-MS, SEM-EDS, and XRD analyses. A two-stage reaction 

mechanism is proposed to describe the oxidation process, consisting of a first stage of 

rapid, solution-based, radical-driven, decomposition of dioxane and a second stage 

governed by rate-limited surface reaction.  

The PRB bed length required for field application of the persulfate-enhanced PRB 

can be calculated based on assumed first-order reaction kinetics and using the reported k 

of 0.018 h-1. The hydraulic residence time (tr) could be calculated by Eq. (18). Assuming 

that persulfate is perfused uniformly within the PRB, and given a typical groundwater 

velocity of 0.3 m/d, the estimated bed lengths (calculated by Eq. (19)) are 1.6, 2.1, and 

3.2 m for dioxane removal rates of 90%, 95%, and 99% (C/C0 = 0.1, 0.05, and 0.01), 

respectively.  

 

                        (18) 

 tr = L/v            (19) 
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These thicknesses are in the range of bed lengths typically used for PRB applications. It 

is significant to note that the persulfate concentration used herein, ~1 g/L, is an order of 

magnitude lower than the concentrations typically used in standard field ISCO 

applications. It is also interesting to note that the k (0.018 h-1) is comparable to the values 

(0.03~0.12 h-1) obtained with micron- or nano-ZVI in batch experiments (Shin et al., 

2012; Son et al., 2009), indicating that the persulfate-enhanced PRB has the potential to 

achieve a dioxane removal efficiency similar to nano-ZVI. These results illustrate the 

potential of the persulfate-enhanced PRB for in-situ remediation of dioxane contaminated 

groundwater. 
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II.2 CONCLUSION 

The primary goal of the current research is to investigate the application-oriented 

activation methods for persulfate-based systems to specifically enhance in-situ 

degradation of dioxane and as a co-contaminant with TCE. The influence of groundwater 

and selected constituents on the degradation of dioxane is also studied to further examine 

the inhibition effect of subsurface conditions on degradation efficiency. 

The capacity of four natural soils and sediments to activate the persulfate or/and 

peroxide systems were examined in both batch and column reactors. The presence of all 

four porous media increased dioxane degradation by different degrees for both the 

persulfate alone and the binary persulfate/peroxide system, indicating that the porous 

media used in the experiment can promote peroxide-induced oxidation of dioxane in 

addition to enhancing persulfate-induced oxidation. The available iron from the porous 

media had the crucial role on the activation of oxidant, with partial contribution of 

dissolved manganese. The miscible-displacement experiments with one selected soil 

(BR1) also confirmed the degradation of dioxane. The magnitude of dioxane degradation 

in the column experiments was relatively small due to the short residence time (2.5 hrs) 

compared to dioxane’s half-life (t1/2, ~100 hrs).  Approximate transport distances required 

to achieve a targeted degree of dioxane degradation can be estimated using the measured 

rate coefficients and assumed values for groundwater velocity. 

 Further study was conducted with activated hydrogen peroxide combined with 

persulfate to investigate its potential for treatment of dioxane-TCE co-contamination. 

TCE degradation had almost limited difference under TCE alone or dioxane-TCE 
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contamination condition. The presence of TCE reduced the rate of dioxane degradation 

for the specific conditions employed. However, complete degradation of dioxane 

occurred within 48 hours. The retardation of dioxane degradation might be caused by the 

different molecular structures of dioxane and TCE. The intramolecular bond energy of 

dioxane is higher than TCE because of its epoxide structure. Hence, dioxane is more 

recalcitrant to oxidation processes compared to TCE.  

Due to the crucial rule of iron during the activation process, dioxane degradation by 

the iron filings activated persulfate was also explored in both batch and miscible-

displacement experiments. Dioxane degradation enhanced significantly in the presence of 

combined persulfate and iron filings compared to the system in the absence of persulfate 

or iron filing, in both batch and column experiments. Dioxane transport in the iron filing 

column was ideal in the absence of oxidants, suggesting sorption or other retardation.  

Experiments were also conducted to determine influence of oxidative degradation of 

dioxane in the present of groundwater and selected groundwater constituents. The results 

indicated background groundwater had considerable impact on dioxane degradation, 

especially identical after 4 hrs of reaction. Chloride, sulfate, bicarbonate, potassium, 

calcium, and magnesium ions that are present in groundwater inhibited the oxidative 

degradation of dioxane. The inhibition was concentration related and particularly strong 

for bicarbonate and calcium ions. Soil organic matter was not a significant source of 

oxidant activation for the binary peroxide/persulfate system tested in this research 

probably due to the reaction pH condition. The dissolved iron and manganese presented 

in groundwater could also influence the activation process, as discussed above. 
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The dioxane degradation in all the oxidation systems tested herein followed the 

pseudo-first-order reaction kinetics. The degradation exhibited a two-stage reaction 

pattern, including a first stage of rapid degradation and a second stage of rate-limited 

degradation. The reaction rate constants k determined from the column experiments were 

identical to the k obtained from the batch experiments with similar experimental setup. 

While subsurface environmental conditions and co-occurence of chlorinated 

solvents may inhibit dioxane degradation to some certain degree, the iron 

minerals/geomedia activated persulfate-based oxidation studied herein is generally 

effective for treating dioxane. The method has a strong potential to oxidize both dioxane 

and chlorinated aliphatic hydrocarbons and good application prospects for in situ 

treatment of groundwater. Numerous site-specific factors including groundwater 

hydraulics, contaminant concentrations, and geochemical properties of the geomedia and 

groundwater should be considered before application. 
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Abstract 

The ability of soils and sediments to promote in-situ activation of persulfate and 

persulfate combined with hydrogen peroxide was investigated for treatment of 1,4-

dioxane (dioxane). Experiments were conducted with both batch-reactor and column 

systems to examine reaction rates and activation mechanisms. Four soils and aquifer 

sediments were used. ICP-MS and XRD analyses were used to characterize geochemical 

properties of the solutions and sediments, while EPR spectroscopy was used to 

characterize radical formation. For the batch experiments, degradation of dioxane was 

significantly greater in the presence of each of the four subsurface geomedia compared to 

the controls with no geomedia. This indicates that all four geomedia induced oxidant 

activation, thereby enhancing dioxane degradation. Dioxane degradation was 

significantly enhanced by the addition of peroxide to the persulfate solution. It is 

hypothesized that iron associated with the geomedia is primarily responsible for 

activation, and that the degree of degradation enhancement relates in part to dissolved-

phase iron content. EPR results indicate that manganese oxides and soil organic matter 

may also have contributed to some degree to persulfate activation, and that manganese 

oxides enhanced activation of peroxide under the study conditions. Approximately 8% of 

dioxane was degraded in the miscible-displacement experiments, consistent with the 

short residence time compared to dioxane’s half-life. The pseudo first-order rate 

coefficients obtained from the batch and column experiments were similar. The results of 

this study indicate that subsurface geomedia can induce activation of persulfate and 

peroxide to enhance in-situ chemical oxidation applications. 
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1. Introduction 

1,4-Dioxane (dioxane) is a probable carcinogenic compound that commonly co-

occurs with chlorinated–solvent compounds in groundwater (IARC, 1999; Anderson et 

al., 2012; Adamson et al., 2015). Extensive groundwater contaminant plumes of dioxane 

are readily formed due to its high water solubility (4.4×105 mg/L) and low sorption, and 

such plumes are present at many sites (Zenker et al., 2003; Isaacson et al., 2006; Mohr et 

al., 2010; Adamson et al., 2014). The cost-effective management of dioxane plumes is a 

challenging endeavor, given the physical and chemical properties of dioxane, and is a 

current focus of research.  

Few alternatives to pump and treat exist for remediating large groundwater 

contaminant plumes (NRC, 2013). Monitored natural attenuation (MNA) is one potential 

option of great interest. However, its effectiveness is often limited for plumes comprised 

of dioxane and chlorinated-solvent compounds. Methods to increase the rates of natural 

attenuation (i.e., enhanced attenuation) and thus improve the effectiveness of MNA are 

being investigated. One concept of particular interest is the potential for using the 

capacity of resident soils and sediments to foment abiotic oxidative or reductive 

transformation of the target contaminants. 

It is well known that certain constituents of geomedia can promote abiotic 

transformation reactions for some contaminants (Laha and Luthy, 1990; Hofstetter et al., 

1999; Li and Lee, 1999; Elsner et al., 2004; Neumann et al., 2009; Ahmad et al., 2010). 

However, the rates of attenuation associated with these reactions are typically insufficient 

to effect or maintain plume stasis. Prior research has investigated the use of 
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oxidant/reductant reagents to synergize with geomedia to enhance attenuation rates. For 

example, it has been shown that certain minerals can activate persulfate or hydrogen 

peroxide (H2O2) to enhance oxidation of contaminants such as trichloroethene (TCE), 

pentachlorophenol, and benzene (Ravikumar and Gurol, 1994; Ahmad et al., 2010; 

Huang et al., 2012; Yan et al., 2013; Liu et al., 2014; Yan et al., 2015). However, the 

oxidant-catalysis potential of subsurface sediment is likely influenced by many properties 

and factors given the physical and geochemical complexity of the media. Hence, results 

obtained with specific minerals in isolation may not always be representative of the 

overall catalysis capacity of natural bulk sediment. 

The results of recent research indicates that advanced oxidation processes 

implemented with activated persulfate, particularly in some combination with other 

oxidants, is effective for degradation of dioxane (e.g., Zhao et al., 2014; Zhong et al., 

2015; Eberle et al., 2016; Yan et al., 2016). Very few studies have investigated the 

effectiveness of persulfate activation by natural aquifer materials (Sra et al., 2010; Liu et 

al., 2014), and these few studies have focused on oxidant activation and not on the 

efficacy of contaminant degradation nor on dioxane specifically. The objective of the 

current study is to investigate the capacity of natural soils and sediments to activate a 

binary persulfate/peroxide system to specifically enhance in-situ degradation of dioxane. 

Batch and column experiments are conducted with four natural geomedia. X-ray 

diffraction (XRD) and inductively coupled plasma mass spectrometry (ICP-MS) are used 

to characterize solid and aqueous phase geochemistry, while electron paramagnetic 

resonance (EPR) spectroscopy is used to characterize radical formation. 
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2. Materials and methods  

2.1. Materials 

Four natural soils and aquifer sediments were used, AFP44, Florence MR, Camp 

Gruber, and BR1. AFP44 was collected from the Tucson International Airport Area 

(TIAA) Superfund site in Tucson, AZ. It is used to represent a standard sandy alluvial 

aquifer sediment. Florence MR was collected from Florence Military Reservation, AZ. 

Camp Gruber was collected from Camp Gruber, OK. Florence MR and Camp Gruber 

were chosen due to their higher clay and lower organic carbon (OC) contents. The BR1 

soil was collected from a site in Brazil, and has high iron and organic carbon contents. 

Commercially available natural silica sand (40/50 mesh Accusand, Unimin Corporation) 

was used to represent a model low-reactivity porous medium for both the batch and 

column experiments. The physical and chemical properties of these subsurface media are 

reported in Table 1. 

AFP44 is a sandy medium composed primarily of quartz, with smectite, mica, and 

kaolinite. Florence MR and Camp Gruber are loam and clay loam media, respectively, 

composed of quartz, with smectite, mica, kaolinite, and biotite. BR1 is a clayey medium, 

consisting primarily of hematite, gibbsite, goethite, magnetite, and quartz.   

All solutions used in this study were prepared using ultrapure (filtered, distilled) 

water (Barnstead NANOpure ultrapure water system). All of the reagents are reagent 

grade or higher. 1,4-Dioxane (C4H8O2, class 1B) was obtained from Fisher Scientific 

Inc., NJ; hydrogen peroxide (H2O2, ~35 wt. % in water), potassium iodide (KI, > 99.4%) 

and sodium bicarbonate (NaHCO3, powder), were obtained from Sigma-Aldrich Corp., 
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St. Louis, MO; sodium persulfate (Na2S2O8, >98%) was obtained from Acros Organics, 

NJ; ferrous sulfate (FeSO4∙7H2O, granular) was obtained from J.T.Baker Inc., 

Phillipsburg, NJ; sulfate reagent powder pillows were obtained from Hach Corp., 

Loveland, CO, USA. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO, 98%) was purchased 

from Matrix Scientific (Columbia, SC). 

The concentration of dioxane was 0.57 mM (50 mg/L) for all experiments, which is 

representative of the upper range of groundwater concentrations reported for 

contaminated sites (Mohr et al., 2010). Concentrations of persulfate and peroxide were 

6.3 mM and 150 mM (1190 mg/L and 5100 mg/L), respectively, for most experiments. 

While these oxidant concentrations are significantly greater than the concentration of 

dioxane, they are much lower than the concentrations typically used for standard field 

ISCO applications (ITRC, 2005). These lower concentrations are employed to enhance 

cost effectiveness of projected field-scale applications. 

 

2.2. Batch Experiments 

The degradation of dioxane by persulfate alone and by a persulfate-peroxide binary 

solution was measured using batch reactors. This project focused on a binary oxidant 

system as opposed to the traditional Fenton-like reaction (activated hydrogen peroxide) 

because, while the rates of dioxane degradation are similar, the oxidant decomposition 

rate is much faster for the peroxide-only system compared to the binary persulfate-

peroxide system, which results in excessive waste of oxidant (Figure S1). The addition of 
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persulfate moderates the decomposition rate of hydrogen peroxide (Yan et al., 2013; Yan 

et al., 2015). 

Batch experiments (in duplicate) were started at a room temperature of 25±1 ℃ with 

borosilicate vials fitted with PTFE septum caps. Each vial contained 5 g of the selected 

subsurface medium to yield a solid-liquid ratio of 1:8 (w/w). Subsamples (0.5 mL) were 

collected over the course of the batch experiment, extracted with 0.5 mL hexane, and 

centrifuged for 5 minutes to separate solid and liquid phases. The samples (10 μL) were 

then analyzed using gas chromatography immediately. 

A preliminary experiment was conducted for 192 hours using persulfate and 

peroxide in the presence of Florence soil to characterize temporal dioxane-degradation 

behavior (Figure S2). There was minimal degradation after 36 h and 98 h under 

persulfate-alone and persulfate-peroxide-combined conditions, respectively. Therefore, 

the experiments were conducted for a maximum of 98 h. 

Several control treatments were conducted during the experiments. The first control 

contained only ultrapure water and dioxane, which was used to monitor non-oxidative 

mass loss of dioxane during the experiment. The purpose of the second control (dioxane 

+ oxidant, with no sediment) was to determine dioxane degradation by oxidant in the 

absence of porous media. The third control, dioxane solution with porous media but no 

oxidant, tested for sorption and native sediment-associated degradation potential of 

dioxane. The fourth control was conducted to provide a comparison to the standard ISCO 

approach of using dissolved iron (FeSO4) to activate the binary persulfate/hydrogen-

peroxide system. For this control, the same dioxane, persulfate, and peroxide 
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concentrations were used, and no sediment was added. The concentration of FeSO4 was 

0.8 mM (121.6 mg/L).  

A set of experiments was conducted to characterize the formation of radicals for 

the different treatments described above, to support delineation of operative activation-

oxidation mechanisms. Radical generation was detected by EPR spectroscopy using 

DMPO as a spin trap agent (Fang et al., 2013; Yan et al., 2015; Zhong et al., 2015). BR1 

soil and two differentially treated fractions of the BR1 soil were used for this test. BR1 

soil (“bulk soil”) was pre-treated by adding hydrogen peroxide and heating in the aqua 

bath until no bubbles evolved to remove soil organic matter, providing a mineral-only 

fraction (“mineral fraction”) (Robinson, 1927; Ahmad et al., 2010). A portion of the 

mineral fraction was further treated with hydroxylamine hydrochloride (NH2OH·HCl) in 

nitric acid (HNO3) to remove manganese oxides, providing an iron-only fraction (“iron 

fraction”) (Chao, 1972; Ahmad et al., 2010). Four mL of the reaction solution was mixed 

with DMPO to a final DMPO concentration of ~0.4 M. The mixed solution was 

transferred to a 1 mm ID capillary tube, and analyzed with EPR spectroscopy. 

The concentrations of metals in aqueous and solid phases of all the soils and for 

the different soil fractions of BR1 soil were measured for parallel batch experiments. 

Aqueous samples were collected at 1 h and 192 h after the reaction began. Solids were 

rinsed more than 10 times with de-ionized water after separation from the aqueous phase, 

and then dried with pure N2. The dried solids were then subjected to acid digestion. X-ray 

diffraction was used to identify surface element composition and mineral formation for 

the geomedia. The concentrations of dissolved organic carbon (DOC) in aqueous solution 
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was also measured for all media. Samples were collected after 98 h of contact of 

geomedia with ultrapure water. Samples were filtered with a 0.45 μm filter, and measured 

by a TOC analyzer. 

 

2.3. Miscible-Displacement Experiments 

The BR1 soil was selected as the representative porous medium for the 

subsequent miscible-displacement experiments due to its relatively poorer performance in 

the batch experiments, thus providing a conservative representation of column-based 

performance. The miscible-displacement experiments were conducted using a stainless 

steel column (7.5-cm long by 2.2-cm inner diameter). Stainless-steel distribution plates 

were placed on each end of the column to promote uniform flow and retain the porous 

media. All tubing and connectors were constructed of stainless steel. After packing, the 

column was vertically positioned and flushed with CO2 to displace air. It was then 

saturated with de-aired water using a single-piston precision-flow HPLC pump (Gilson, 

Acuflow Series ІІ). Once complete saturation of the column was obtained (a constant 

mass was attained), the column was then oriented horizontally for the experiments. 

Four sets of tests were conducted. For the first set, a solution of 5 mM persulfate 

was injected into the column to test for activation/decomposition of persulfate. A solution 

of 5 mM persulfate and 0.5 mM dioxane was injected for the second set to test for 

dioxane degradation by persulfate alone. The third set was conducted using a mixed 

solution of 6.3 mM persulfate, 150 mM peroxide, and 0.57 mM dioxane to test for 

dioxane degradation by the binary oxidant. The final set was designed to determine the 
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impact of a higher oxidant concentration, by injecting a mixed solution of 21 mM 

persulfate, 300 mM peroxide, and 0.57 mM dioxane. Control experiments were 

conducted to examine the transport and degradation of persulfate and peroxide in silica 

sand. Tracer tests were also conducted using bromide (Br-) as conservative tracer to 

characterize the hydrodynamic properties of the packed porous media.  

A constant flow rate of ~0.1 ml/min, equivalent to pore-water velocity of ~3 

cm/h, was used for the experiments. After 5~6 pore volumes of injection, the influent was 

switched to water to begin elution. Effluent samples were collected in glass tubes and 

placed in an ice-water bath to quench the reaction. The fluid discharge (determined by the 

mass of the sample collected), concentrations of dioxane/oxidant/sulfate, and pH were 

analyzed immediately. The concentrations of dioxane/oxidant/sulfate in the reservoir 

were measured before, during, and after each experiment to monitor for potential loss. 

 

2.4. Chemical Analysis 

Dioxane was analyzed using gas chromatography (Shimadu GC-14A, Columbia, 

MD) equipped with a 30 m × 0.53 mm SPBTM-624 capillary column (film thickness was 

3 µm), and a flame ionization detector (FID). Splitless direct injection was used. External 

standards were used for quantification. The temperatures of the injection port and 

detector were 200 and 250 ℃, respectively. The initial oven temperature was 50 ℃, 

maintained for 2 minutes, and then heated at a rate of 10 ℃/min to a final temperature of 

110 ℃.  
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Concentrations of persulfate and peroxide were measured with a modified iodide 

spectrophotometry method (Liang et al., 2008). This method was also be applied to the 

persulfate-peroxide system, and the concentrations of the oxidants were determined as the 

sum of the two oxidants (Figure S3). 100 g/L KI stock solution was made in a 5 g/L 

NaHCO3 solution. Samples were measuring after 20 min mixing with the KI-NaHCO3 

solution at a ratio of 1:19 (v:v) using spectrophotometry (Hach DR2800, Loveland, CO) 

at a wavelength of 400 nm. Sulfate was monitored by spectrophotometry using the Ba2+-

based USEPA SulfaVer4 method (HACH module No.8051). Bromide was measured by 

UV-Vis spectrophotometry (Shimazu, Model 5150) at wavelength of 212 nm. The pH of 

the samples was measured with a Beckman 510 pH meter (Brea, CA). 

Concentrations of metals were analyzed using inductively coupled plasma mass 

spectrometry (ICP-MS, ELAN DRC-II, Perkin Elmer, Shelton, CT), with detection limits 

for different elements ranging from 10-3-10-1 μg/L for the aqueous phase and 10-3-10-1 

μg/g for the solid phase. X-ray diffraction was conducted using a Bruker model D8 

Advance (Madison, WI).  

Formation of radicals were analyzed using an X-band EPR spectrometer (Elexsys 

E500, Bruker, Woodlands, TX) equipped with the rectangular resonator operating in 

TE102 mode. The instrument settings were as follows: microwave frequency, 9.340 GHz; 

microwave power, 2 mW; magnetic field modulation amplitude of 1 G. 

 

3. Results and discussion 

3.1. Batch experiments 
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The degradation of dioxane by persulfate in the absence/presence of subsurface 

media is presented in Figure 1. The control tests for dioxane in water (Figure 1) and 

water + solids (Figure S4) show minimal loss of dioxane during the experiment. The loss 

of dioxane in persulfate solution with no solids was minimal after 36 hours. However, 

dioxane underwent slight degradation in the presence of persulfate and solids for all four 

media, with concentration decreases ranging from 10-15% (Figure 1). The results 

indicate that all four subsurface media used in the experiment have the ability to enhance 

persulfate-induced oxidation of dioxane.  

 A first-order rate equation was applied to the data, and pseudo-first-order reaction 

rate constants for dioxane degradation by persulfate alone in the presence of the soil 

ranged from 0.003 to 0.009 h-1 (Table 2). The capacity of the four media to enhance 

persulfate-induced oxidation of dioxane followed the order Camp Gruber > Florence MR 

~ BR1 > AFP44. Dioxane degradation by persulfate in the presence of iron filings has 

been reported, with a rate constant of 0.016 h-1 obtained from a batch experiment (Zhong 

et al., 2015). The smaller rate constants observed for the soils are expected based on the 

higher iron content and surface area of the iron-filing particles compared to the soils.  

The addition of peroxide to the system, creating a binary oxidant, greatly increased 

the rate of dioxane degradation (Figure 2). Specifically, dioxane degradation in the 

presence of persulfate and peroxide but without soil was approximately 17% after 36 

hours and 25% after 98 hours. Comparison of the single and binary oxidant results in the 

absence of soil reveals that the addition of peroxide produced a significant (factor of ~6) 

increase in dioxane degradation (3% vs 17% in 36 h). 
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The interactions between persulfate and peroxide, and the advantages of employing 

a binary oxidant system, have been discussed in our prior work (Yan et al., 2013; Yan et 

al., 2015). Persulfate moderates the decomposition of peroxide, producing a more 

sustainable release of HO∙. In addition, the heat released by the decomposition of 

peroxide helps promote the activation of persulfate. The results of molecular probe and 

EPR tests indicated that hydroxyl, sulfate, hydroperoxyl, and superoxide radicals were 

present in the binary oxidant system. 

The addition of soil to the binary oxidant system increased dioxane degradation to 

approximately 30-56% after 36 hours and 41-100% in 98 hours. The addition of peroxide 

to the systems containing soil increased dioxane degradation greatly compared to the 

persulfate-only treatment. In addition, the presence of soil increased dioxane degradation 

by factors of 3-4 for the binary system, suggesting that the soils used in the experiment 

can promote peroxide-induced oxidation of dioxane in addition to enhancing persulfate-

induced oxidation. 

Similar magnitudes of dioxane degradation were attained within the first 24 hours in 

the presence of Camp Gruber, Florence MR, and BR1. After 24 hours, however, the rate 

of degradation slowed for Florence MR and BR1, compared to Camp Gruber. Dioxane 

degradation exhibited a multi-stage reaction pattern for the latter medium, with an 

extremely high rate of degradation in the first hour followed by a steady state stage 

(concentration plateau) for several hours and a final stage with a relatively slow rate of 

degradation. Conversely, dioxane degradation exhibited a two-stage reaction pattern for 

the other three porous media. Pseudo-first-order reaction rate constants for dioxane 
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degradation by the binary oxidant in the presence of the porous media ranged from 0.09 

to 0.45 h-1 for the initial degradation stage, and from 0.004 to 0.013 h-1 for the later stage 

(Table 2). The capacity of the four soils to enhance peroxide-persulfate-induced oxidation 

of dioxane follows the same order as the persulfate-induced reaction, which is Camp 

Gruber > Florence MR ~ BR1 > AFP44.Complete degradation of dioxane was attained 

within 4 hours for the persulfate/peroxide system activated with dissolved Fe2+ (Figure 

S5). The pseudo-first-order reaction rate constant for dioxane degradation for this system 

is 3.5 h-1. The k for dissolved-Fe2+ activation is approximately 10 times larger than the 

fast-stage values for the porous-media activation. The initial concentration of dissolved 

Fe2+ used for the standard FeSO4 activation was 0.8 mM, approximately 30 to 1000 times 

larger than the dissolved iron generated from the soils (Table 4). The significantly smaller 

rate coefficients obtained for the porous-media activation are consistent with the much 

lower iron availability. 

It is well known that the oxidation effectiveness of persulfate and peroxide can vary 

as a function of pH. In this study, the AFP44 and Florence MR systems had identical 

solution pH ~7, but the degree of degradation enhancement was much greater for 

Florence MR than for AFP44 (Table S1).  Similarly, degradation enhancement was much 

great for Camp Gruber compared to BR1, even though they have similar solution pH ~4.5 

(Table S1). These results indicate that factors other than pH are primarily responsible for 

the differences in degradation enhancement observed among the soils. 

 

3.2. Constituents Contributing to Oxidant Activation 
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Several components of geomedia have been identified as having the potential to 

activate persulfate and peroxide. These include iron, other transition metals (i.e., Mn2+, 

Ag+ (under acidic conditions), Co2+, Ni2+), and soil organic carbon (Anipsitakis and 

Dionysiou, 2004; Liang et al., 2004; Ahmad et al., 2010; Ahmad et al., 2013; Liu et al., 

2014). The ICP-MS analysis for the four porous media shows that the BR1 soil has a 

much greater iron content compared to the other three porous media (Table 3). Florence 

MR and Camp Gruber have comparable iron contents, while AFP44 has the lowest iron 

content. However, the degree of degradation enhancement was much greater for Camp 

Gruber than for BR1. This indicates that total sediment-phase iron is not the determinant 

factor for magnitude of activation. 

Iron concentrations in the aqueous phase after 1 and 192 h of contact between soil 

and ultrapure water were measured by ICP-MS (Table 4). The iron concentrations for 

AFP44 and Florence MR after 192 h were smaller than after 1 h contact, indicating 

precipitation of dissolved iron. Although ICP-MS gives total ion concentrations (Fe2+ and 

Fe3+), Fe3+ can convert to Fe2+ in the presence of peroxide. The results show that the 

dissolved iron concentrations decreased in the order Camp Gruber > Florence MR > BR1 

> AFP44. This order is consistent with the observed degree of dioxane-degradation 

enhancement. The results indicate the crucial role of available iron from the porous media 

on the activation of oxidant. Inspection of Table 3 and Table 4 shows that the magnitudes 

of dissolved iron do not correlate directly to the respective solid-phase iron contents. This 

likely reflects differences in iron mineralogy and surface distribution.  
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 Dissolved Mn, Co, and Ni are also present in solution, with Mn the only one at 

significant levels (Table S2). Dissolved Mn concentrations are much lower than dissolved 

iron concentrations for all of the geomedia except the BR1 soil. Other elements and their 

concentrations in the aqueous phase measured by ICP-MS are also presented in Table S2. 

As discussed above, the Florence MR and the BR1 soils had similar degrees of 

enhancement of dioxane degradation. However, the Florence MR soil has almost a factor of 

10 higher dissolved iron concentration than the BR1 soil. Table S2 shows that the BR1 

soil has considerably more dissolved Mn compared to the Florence soil. This suggests 

that dissolved Mn may have contributed to the enhanced activation of oxidant for the 

BR1 soil. 

It has been suggested that soil organic matter has the potential to enhance oxidant 

activation (Ahmad et al., 2010). In this prior research, persulfate decomposition was 

compared for a bulk soil and a mineral-only fraction of the soil (OC removed). The 

results were similar for both treatments at pH < 7, with a small magnitude of 

decomposition. Conversely, decomposition was much greater for the bulk soil compared 

to the mineral-only fraction at pH > 12. Fang et al. (2013) reported that persulfate could 

be activated by humic acids at neutral pH. Bissey et al. (2006) concluded that soil organic 

matter had no influence on peroxide decomposition and radical generation at pH 3, 

whereas it could promote radical generation at neutral pH. These results indicate that 

activation of persulfate and peroxide by soil organic matter is pH dependent, with 

greatest effect at neutral to alkaline pHs. 
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Among the porous media used in the present study, BR1 has the highest solid-phase 

organic carbon content (Table 1) and dissolved organic carbon (Table S3), but it 

exhibited relatively lower degradation enhancement.  The solution pH of all of the 

systems before and after the reactions are presented in Table S1. Inspection shows that all 

reaction systems maintained pH less than 8, with most under acidic condition. These 

results suggest that soil organic matter was not a significant source of oxidant activation 

for the tested systems. 

It should also be noted that soil organic matter (and dissolved organic matter) are 

sources of natural oxidant demand, and that the presence of substantial quantities of SOM 

and DOC may reduce the magnitude of dioxane degradation. The solid and dissolved 

organic carbon contents of BR1 soil are several times larger than the other geomedia. The 

substantial amount of organic carbon present for the BR1 soil may partially explain the 

lower magnitude of dioxane degradation obtained. The concentration of DOC measured 

for the BR1 soil was 87032 μg/L (Table S3). This converts to a molar concentration of 

~0.1 mM, using a molecular weight of 900 g/mol (Hendry et al., 2003). The relatively 

considerable amount of DOC for the BR1 soil may be sufficient to affect the magnitude 

of dioxane degradation (initial concentration of 0.57 mM), depending upon the relative 

lability of the two. The concentrations of DOC for the other porous media are much 

lower, and unlikely to have a significant impact. 

 

3.3. Activation Mechanisms 
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To further investigate the role of the various soil constituents (organic matter, Fe, 

and Mn) in oxidant activation, BR1 soil was pre-treated to generate a fraction containing 

minerals but devoid of soil organic matter, and a fraction containing iron oxides but no 

soil organic matter or manganese oxides. EPR spectroscopy was used to examine radical 

generation among the soil fractions, using DMPO as the spin trap.  DMPO-OH, DMPO-

SO4, and DMPO-H/DMPO-R signals were observed in the EPR spectrum for both 

persulfate and persulfate-peroxide systems (Figure 3), indicating the presence of HO∙, 

SO4∙
-, and a spin adduct with a H/carbon-centered radical. In addition, the signal of 

DMPO-OH is the strongest. That is because DMPO-SO4 is short-lived, and can easily 

decay into DMPO-OH (Davies et al., 1992; Zalibera et al., 2009; Yan et al., 2015). 

Therefore, HO∙ was used to indicate the activation ability of different treatments of BR1. 

In the persulfate-only system, the HO∙ concentrations decreased in the order of bulk 

soil > mineral fraction > iron fraction (Figure 3A). This indicates that soil organic matter 

and manganese oxides, as well as iron oxides, contributed to the activation of persulfate. 

Conversely, the generation of HO∙ in the persulfate-peroxide system was similar for the 

bulk soil and the mineral fraction (Figure 3B). This indicates that soil organic matter was 

not a significant activator for the binary system. Less HO∙ was generated for the iron 

fraction compared to the bulk soil and mineral fraction, indicating that manganese oxides 

may have contributed to the activation of the binary oxidants. As shown in Table S4, the 

dissolved iron concentration in the bulk soil system is higher than for the mineral and 

iron fraction treatments (for which soil organic matter was removed). This indicates that 
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soil organic matter in the bulk soil system facilitated the dissolution of iron, which 

thereby facilitated the generation of HO∙. 

Assuming that dissolved iron is the primary activator, the amount of dioxane 

degraded should be proportional to the amount of dissolved iron present. On this basis, 

the dissolved iron data were normalized by the concentration reported for BR1 (29.3 

μg/L), the medium with the lowest value. The normalized dioxane degradation for the 

persulfate-peroxide system was then calculated for each soil system using the normalized 

dissolved iron present. Details of the calculations are provided in SI Text S1. Inspection 

of Table S5 shows that the normalized dioxane degraded values are similar for AFP44, 

Florence MR, and Camp Gruber. These results illustrate the significant corresponding 

relationship between the magnitude of dioxane degradation and the amount of dissolved 

iron, indicating the essential role of dissolved iron in the activation process. However, the 

normalized degraded dioxane in the BR1 system was significantly larger than for the 

other soils, which illustrates the existence of other sources of activation for this soil. In 

total, the above results indicate that dissolved iron was the primary source of oxidant 

activation, with additional contributions from Mn and soil organic matter particularly for 

the BR1 soil. 

 

3.4. Miscible-Displacement Experiments 

Persulfate exhibited slight mass loss for the miscible-displacement experiments 

conducted with the BR1 soil. Mass loss of ~5% was observed at the 3 cm/h pore water 

velocity (hydraulic residence time (tr) = 2.5 h) (Figure 4). The generation of sulfate was 
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also identified, consistent with the observed persulfate mass loss. Mass balance on sulfur 

(sum of persulfate and sulfate) was complete.  

Persulfate breakthrough (pore volume at which C/C0 = 0.5) was observed at 

approximately 1.4 pore volumes, and the breakthrough of sulfate was observed at 

approximately 1.6 pore volumes (Figure S6). The transport of a standard non-reactive 

tracer, bromide, also exhibited retardation (breakthrough at approximately 1.4 pore 

volumes, Figure 4). These results indicate that the transport of the anionic solutes is 

influenced by adsorption, which is consistent with the fact that the BR1 soil has a 

measurable anion exchange capacity (AEC). The BR1 is an acidic soil (pH ~4.2) (Table 

1). The points of zero charge (PZC) of the primary iron minerals of the soil (hematite ~8, 

gibbsite ~5, goethite ~8, and magnetite ~7) are higher than the soil pH, which provides 

measurable AEC to produce the observed anion retardation. 

An experiment was also conducted with a pore-water velocity of 30 cm/h (tr = 0.25 

h) to test the influence of hydraulic residence time (tr) on persulfate transport (Figure S7). 

The results indicate that the impact of hydraulic residence time (tr) on persulfate transport 

was minimal (persulfate breakthrough showed at approximately 1.4 pore volumes, and 

mass loss during transport was ~6%). The lower pore water velocity (3 cm/h) was used 

for the subsequent experiments.  

Transport and degradation of dioxane in the BR1 column in the presence of 

persulfate is shown in Figure 5. Ideal transport of dioxane was observed, with no 

retardation or degradation. Persulfate breakthrough in the presence of dioxane was 

approximately 1.6 pore volumes. The residence time for the column experiment is 2.5 h, 
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significantly shorter than dioxane’s half-life (t1/2, ~108 h) obtained from the batch 

experiments, hence no dioxane degradation was anticipated. Persulfate decomposition 

(~6%) had minimal difference with and without dioxane during transport. Sulfate 

generation was also observed, and the calculated total sulfur recovery was complete.  

The dioxane breakthrough curve for transport in the presence of persulfate and 

peroxide in the BR1 column is presented in Figure 6. A small (~8%) loss of dioxane in 

the presence of peroxide and persulfate was observed (Figure 6A).  The pseudo-first-

order reaction rate constant for dioxane degradation obtained from the column 

experiment is 0.035±0.002 h-1 (Text S2). This value is intermediate to the k values 

calculated for the fast and slow degradation stages of the batch experiment, and is 

essentially identical to the geometric mean of the two (0.032 h-1). The solid-to-solution 

ratio is much higher in the column experiment which is causing the kinetic parameters 

from column studies comparable but not exactly the same as those from batch study. 

Increasing the oxidant (both persulfate and peroxide) concentration resulted in a slight 

increase in the degradation of dioxane to ~11% (Figure 6B).   

 

4. Conclusion 

The batch and column experiments demonstrated that the selected subsurface media 

successfully induced activation of oxidant, which led to enhanced dioxane degradation. 

The oxidation-enhancement potential of the four geomedia used herein varied, and was 

demonstrated to depend primarily upon the magnitude of available sediment-phase iron. 

Mn and soil organic matter possibly provided minor contributions to activation.  
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The magnitude of dioxane degradation in the column experiments was relatively 

small due to the short residence time (2.5 h) compared to dioxane’s half-life (t1/2, ~100 h).  

Approximate transport distances required to achieve a targeted degree of dioxane 

degradation can be estimated using the measured rate coefficients and assumed values for 

groundwater velocity. For example, transport distances of 3 and 10 meters are estimated 

to be required to achieve 99% reduction of dioxane for the Camp Gruber and AFP44 

media, respectively (with a velocity of 0.2 m/d). These calculations suggest that 

geomedia-promoted oxidation has the potential to achieve effective in-situ degradation of 

dioxane and other contaminants. The effectiveness of employing in-situ activated ISCO 

will depend on numerous site-specific factors including groundwater hydraulics and 

contaminant concentrations in addition to geochemical properties of the geomedia and 

groundwater. 

 

Acknowledgments  

We thank Paul Wallace in the University Spectroscopy & Imaging Facility (USIF), 

Prakash Dhakal in the Center for Environmental Physics and Mineralogy, and Mary Kay 

Amistadi in the Arizona Laboratory for Emerging Contaminants (ALEC), University of 

Arizona, for their assistance with XRD and ICP-MS analyses, respectively. This research 

is supported by the National Institute of Environmental Health Sciences Superfund 

Research Program (P42 ES04940) and the Strategic Environmental Research and 

Development Program (ER-2302). The first author acknowledges support by the China 

Scholarship Council. 

http://microscopy.arizona.edu/facility/university-spectroscopy-imaging-facility-usif
http://www.alec.arizona.edu/index.html


77 

 

 

Appendix A. Supplementary data 

Supplementary data related to this article can be found at “Supporting Information” 

File. 
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TABLES 

Table 1 Physical and chemical properties of the subsurface media 

Medium Texture 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

OCa 

(%) 

ECb 

(mS∙cm-1) 

SSAc 

(m2∙g-1) 

CECd 

(mS∙cm-1) 

pHe Mineralogyf 

Accusand Sand   100 0.03  0.14   Q 

AFP44 Sand 2.0 1.8 96.3 0.03     Q,S,M,K 

Florence MR Loam 26.8 33.5 39.7 0.45 417 33 12.2 8.0 Q,S,M,K,B 

Camp Gruber Clay loam 32.3 44.9 22.8 0.83 74 38.3 14.3 5.4 Q,S,M,K,B 

BR1 Clay 71.1 14.7 14.2 9.97 0.7 61.8 3.2 4.2 H,GI,GO,M,Q 

a OC is organic carbon 

b EC is electrical conductivity 

c SSA is specific surface area 

d CEC is cation exchange capacity 

e pH was measured in DI water 

f Primary minerals detected. Mineralogy key listed in order of decreasing content: S = smectite, M = mica, K = kaolinite, Q = quartz, B = biotite, H = hematite, GI = 

gibbsite, GO = goethite, M = magnetite 
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Table 2 Pseudo-first-order reaction rate constant (k) and half-life (t1/2) for dioxane degradation in batch reactors 

Medium 

Rate constant k (h-1)a Half-life t1/2 (h) 

Persulfate Persulfate + Peroxide Persulfate Persulfate + Peroxide 

 Fastb Slowc  Fast Slow 

AFP44 0.003 0.09 0.004 267.6 7.7 187.3 

Florence MR 0.006 0.29 0.005 113.6 2.4 133.3 

Camp Gruber 0.009 0.45 0.014 73.7 1.5 51.3 

BR1 0.006 0.21 0.005 108.3 3.3 147.5 

a All correlation coefficients for rate constants are greater than 0.90, except for slow reaction period of AFP44 which is 0.84. 

b Rate constant k for activated binary oxidant system calculated for fast reaction period 

c Rate constant k for activated binary oxidant system calculated for slow reaction period
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Table 3 Selected metal contents of solid phase before reaction based on ICP-MS analysis 

Medium Fe (mg/g) Mn (μg/g) Co (μg/g) Ni (μg/g) 

AFP44 2.1 79 0.87 1.4 

Florence MR 12 36 3.1 4.6 

Camp Gruber 9.3 369 7.4 13 

BR1 110 122 0.82 11 
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Table 4 Iron concentrations in aqueous phase after media contact with ultrapure water for 1 h and 

192 h. 

Medium 1 h (μg/L) 192 h (μg/L) 

AFP44 88.8 6.0 

Florence MR 265.1 195.9 

Camp Gruber 576.8 1721.5 

BR1 29.3 32.8 

 



87 

 

 

FIGURE CAPTIONS 

Figure 1. Degradation of dioxane by persulfate in the absence/presence of subsurface media in batch 

reactor system. The “ultrapure water” control contained only ultrapure water and dioxane. The 

“oxidant only” control contained only dioxane and oxidant, with no sediment. Error bars show mean ± 

standard deviation (range may be smaller than the symbol). The initial reaction conditions: subsurface 

media = 5 g, [persulfate] = 6.3 mM.  

 

Figure 2. Degradation of dioxane by persulfate combined with peroxide in the absence/presence of 

subsurface media in batch reactor system. The “ultrapure water” control contained only ultrapure 

water and dioxane. The “oxidant only” control contained only dioxane and oxidant, with no sediment. 

The initial reaction conditions: subsurface media = 5 g, [persulfate] = 6.3 mM, [peroxide] = 150 mM. 

 

Figure 3. Electron paramagnetic resonance (EPR) spectra obtained from DMPO trapping experiments 

after 20 min mixing. (A) EPR spectra for supernatant of persulfate-BR1 and different BR1 fractions. 

(B) EPR spectra for supernatant of persulfate-peroxide-BR1 and different BR1 fractions. The initial 

reaction conditions: soil = 5 g, [persulfate] = 6.3 mM, [peroxide] = 150 Mm, [DMPO] = 0.4 M.         

     DMPO-OH;      DMPO-SO4;        DMPO-H or DMPO-R. 

 

Figure 4. Breakthrough curves of persulfate, sulfate, total sulfur (the elution started from 5.2 pore 

volumes), and bromide (the elution started from 4.3 pore volumes) in the BR1 column (no dioxane 

added). Influent persulfate and bromide concentrations are 5 mM and 10 mg/L. Sulfate concentration 

was calculated by converting sulfate concentration as persulfate. The pore-water velocity is 3 cm/h.  

 

Figure 5. Breakthrough curves of dioxane, persulfate, the subsequent generated sulfate, and total 

sulfur during the transport of dioxane and persulfate in the BR1 column at the pore-water velocity of 3 
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cm/h. Influent dioxane and persulfate concentration are 0.5 mM and 5 mM, respectively. The elution 

started from 5.2 pore volumes. 

 

Figure 6. Degradation of dioxane by persulfate and peroxide in the BR1 column and the related 

solution chemistry. (A) Influent dioxane, persulfate, and peroxide concentration are 0.57 mM, 6.3 mM, 

and 150 mM, respectively. The elution started from 5.2 pore volumes. (B) Influent dioxane, persulfate, 

and peroxide concentration are 0.57 mM, 21 mM, and 300 mM, respectively. The elution started from 

4.9 pore volumes. 
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Text S1. The normalized dioxane degradation data were calculated based on the 

measured dissolved iron and dioxane degradation data within 1 h of reaction (Table S4). 

The dissolved iron concentration was normalized by the measured dissolved iron 

concentration of BR1 (29.3 μg/L), which is the lowest value.  

The normalized dissolved iron concentration was calculated as: 

, 

, 
29.3 /

Fe measured

Fe normalized

C
C

g L
  

The normalized dioxane concentration was calculated as: 

, 

Dioxane, 

, 

Dioxane measured

normalized

Fe normalized

C
C

C
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Text S2. The advection-dispersion equation in the miscible-displacement experiments is 

shown in eq. (1), 

2

2

C C C
v D

t x x

  
  

  
           (1) 

wherein v (cm/h) is the mean pore water velocity, C (mM) is the mean dioxane 

concentration in the effluent at steady state, and D is the diffusion coefficient (cm2/h). In 

this study, the dispersion term in eq. (1) is neglected, and the transport is controlled by 

advection (eq. (2-3)), 

C C
v

t x

 
 

 
         (2) 

C
kC

t


 


           (3) 

By applying the equation to the breakthrough curve data obtained from the column 

experiments, the dioxane degradation rate constant k is deteremined by (eq. 4-6), 

0
rkt

C C e


                   (4)  

/rt L v                     (5) 

/v Q An                    (6) 

wherein Q (mL/h) is the flow rate, A (cm2) is the cross-section area of the column, n (-) is 

the porosity, tr (h) is the hydraulic residence time, L (cm) is the length of the column, C 

(mM) is the mean dioxane concentration in the effluent at steady state, C0 (mM) is the 

mean dioxane concentration in the influent. This is based on the assumption that 

advective transport dominates, with minimal significance of dispersive processes. This 
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condition was met as demonstrated by the breakthrough curves obtained for the 

nonreactive tracer. 
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Table S1 pH values of the aqueous phase at the beginning and end of the batch experiments. 

Medium Oxidant Begin End 

Accusand Persulfate 5.4 4.3 

AFP44 Persulfate 7.9 7.8 

Florence MR Persulfate 7.8 7.0 

Camp Gruber Persulfate 4.9 4.9 

BR1 Persulfate 4.4 4.4 

Accusand Persulfate and Hydrogen Peroxide 4.5 2.3 

AFP44 Persulfate and Hydrogen Peroxide 7.3 6.5 

Florence MR Persulfate and Hydrogen Peroxide 7.6 6.2 

Camp Gruber Persulfate and Hydrogen Peroxide 4.8 2.7 

BR1 Persulfate and Hydrogen Peroxide 4.3 3.8 
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Table S2 Metal concentrations (measured by ICP-MS) in solution after contact of geomedia with 

ultrapure water. Measurement was done after 1 h and 192 h of contact. Concentrations reported in 

μg/L. 

Analyte 

AFP44 Florence MR Camp Gruber BR1 

1 h 192 h 1 h 192 h 1 h 192 h 1 h 192 h 

Mn 3.45 BDLa 9.99 85.7 1.13 18.38 110.75 392.52 

Co NM BDL BDL BDL BDL 0.73 3.79 1.95 

Ni 0.17 2.25 0.09 2.96 0.05 10.14 1.35 4.95 

Be BDL 0.08 BDL 0.16 1.85 1.07 BDL 0.17  

Na 4541  5138 2452 2474 3298 6825 3821  4252 

Mg 635.21  1391 596 1932 119 427 146 279.99 

Al 295.99  31.92  592 427 1197 2830 393.21  2303 

K 1373  1601 5708 9928 553 579 769.84  997.25  

Ca 3180  15409 3161 12345 610 1342 43000  77828  

V 0.83  0.41  5.65 4.03 1.80 4.45 0.10  BDL 

Cr 0.78  0.01  1.79 0.19 1.21 2.28 0.31  BDL 

Cu 3.45  0.27  9.03 7.93 1.61 4.48 110.75  392.52  

Zn 88.79  5.96  1.51 0.58 181.87 88.07 29.28  32.75  

As 0.38  BDL 2.43 6.14 0.87 2.16 3.76  1.95  

Se 0.17  2.25  1.53 0.08 32.68 4.89 1.35  4.95  

Mo 0.59  8.72  0.27 2.31 0.57 0.44 6.65  5.75  

Cd 0.52  123.93  BDL BDL BDL BDL 20.25  29.04  

Sn 19.12 29.40  0.15 0.05 0.06 BDL 1.86  0.73  
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Sb 0.52 8.39 0.09 0.90 0.85 0.67 1.55  13.43  

Ba 0.51 2.15 11.47 42.08 0.28 0.06 BDL BDL 

Pb BDL BDL 0.29 0.35 4.23 21.16 BDL BDL  

a Below detection limit  
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Table S3 Dissolved organic carbon (DOC) concentrations after 98 h of contact of geomedia with 

ultrapure water. 

Medium DOC (μg/L) 

Accusand 2414 

AFP44 2762 

Florence MR 9880 

Camp Gruber 18180 

BR1 87032 
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Table S3 pH values of the aqueous phase at the beginning and end of the batch experiments. 

Medium Oxidant Begin End 

Accusand Persulfate 5.4 4.3 

AFP44 Persulfate 7.9 7.8 

Florence MR Persulfate 7.8 7.0 

Camp Gruber Persulfate 4.9 4.9 

BR1 Persulfate 4.4 4.4 

Accusand Persulfate and Hydrogen Peroxide 4.5 2.3 

AFP44 Persulfate and Hydrogen Peroxide 7.3 6.5 

Florence MR Persulfate and Hydrogen Peroxide 7.6 6.2 

Camp Gruber Persulfate and Hydrogen Peroxide 4.8 2.7 

BR1 Persulfate and Hydrogen Peroxide 4.3 3.8 
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Table S4 Iron concentrations (measured by ICP-MS) in solution after contact of BR1 and 

different BR1 fractions with oxidants. Measurement was done after 1 h and 192 h of contact.  

Media 

Persulfate Persulfate and Peroxide 

1 h 192 h 1 h 192 h 

Bulk Soil 29.16 15.03 36.50 31.85 

Mineral Fraction 27.69 1.53 27.69 19.70 

Iron Fraction 19.82 5.86 20.93 6.27 
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Table S5 Normalized dioxane degradation in activated persulfate-peroxide system within 1 hour 

of reaction . 

Medium 

Dissolved 

Iron (μg/L) 

Degraded Dioxane 

(mM)a 

Normalized 

Dissolved Iron 

Normalized Degraded 

Dioxane x100 (mM) 

AFP44 88.8 0.05 3.0 1.7 

Florence MR 265.1 0.14 9.0 1.6 

Camp Gruber 576.8 0.21 19.7 1.1 

BR1 29.3 0.11 1.0 11 

a The decrease of dioxane concentration after 1 hour of reaction.
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Figure captions: 

Figure S1. The degradation of dioxane vs. the oxidant remaining in the activated peroxide alone 

and the binart persulfate-peroxide systems. The initial reaction conditions: Dioxane = 0.57 mM, 

Na2S2O8 = 6.3 mM, H2O2 = 150 mM. 

 

Figure S2. The degradation of dioxane by persulfate and H2O2-persulfate in the presence of 

Florence soil. The initial reaction conditions: Florence soil = 5 g, Dioxane = 0.57 mM, 

Na2S2O8 = 6.3 mM, H2O2 = 150 mM. 

 

 

Figure S3. The persistence of dioxane in subsurface media (in the absence of oxidant). The initial 

reaction conditions: Soil = 5 g, Dioxane = 0.57 mM. 

 

 

Figure S4. Degradation of dioxane by Fe2+ activated persulfate combined with H2O2. The initial 

reaction conditions: Dioxane = 0.57 mM, FeSO4 = 0.8 mM, Na2S2O8 = 6.3 mM, H2O2 = 

150 mM. 

 

 

Figure S5. Breakthrough curves of sulfate in BR1 column (no dioxane added). The highest 

sulfate concentration generated is used as C0. 
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Figure S6. Breakthrough curves of persulfate in BR1 soil with different pore water velocities (no 

dioxane added). Influent persulfate concentration is 5 mM. The elution started from 5.2 and 3.9 

pore volumes for the pore water velocity of 3 and 30 cm/h, respectively. 
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Abstract  

The efficacy of a binary oxidant system, hydrogen peroxide (H2O2) and persulfate, 

was investigated for treatment of 1,4-dioxane (dioxane) and trichloroethene (TCE) co-

contamination. Batch experiments were conducted to examine the catalytic efficiency of 

Fe2+ and NaOH based activation, oxidant decomposition rates, contaminant degradation 

effectiveness, and competitive degradation effects. For NaOH-activation, the oxidant 

decomposition rate was moderate and sustained during the entire test period of 96 hours. 

However, dioxane degradation was limited (~33%). Conversely, the oxidants were 

depleted within 24 hours for the Fe2+-activated system, and dioxane degradation was 

complete within 4 hours. The activation and radical generation processes were different 

between Fe2+ and NaOH activation. Both dioxane and TCE underwent complete 

degradation in the co-contaminant experiment. The results of this study indicate that the 

Fe2+-catalyzed binary hydrogen peroxide-persulfate oxidant system is effective for 

oxidation of the tested contaminants separately and as co-contaminants. 

 

Keywords: 1,4-Dioxane; Co-contamination; Advanced oxidation; Activation mechanism
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1. Introduction 

1,4-Dioxane (dioxane), a prior commonly used chlorinated solvent stabilizer, has 

become an environmental concern due to its widespread occurrence and potential 

negative effects on human health. It has been classified as a suspected carcinogenic 

compound by the United State Environmental Protection Agency (U.S. EPA) and by the 

International Agency for Research on Cancer (IARC) [1]. Dioxane has been detected 

frequently in both surface and subsurface water bodies throughout the world [2-4]. The 

results of a recent survey of sites with groundwater contamination indicated a median 

maximal concentration of dioxane of 365 μg/L [5]. Field data has shown that dioxane is 

present along with trichloroethlene (TCE) and other chlorinated-solvent compounds in 

groundwater at some sites [5-7]. One example is the Tucson International Airport Area 

(TIAA) Superfund site in Tucson, AZ (Figure S1). 

Groundwater extraction with subsequent above-ground treatment (pump and treat) is 

one of the most widely used groundwater remediation technologies. It is typically used to 

remediate groundwater contaminated by chlorinated-solvent compounds and dioxane. As 

a hydrophilic compound (water solubility=4.4×105 mg/L, vapor pressure=29 mmHg; 

20°C), dioxane cannot be treated by traditional methods such as GAC adsorption and air 

stripping. It is also resistant to biological treatment. Thus, advanced oxidation processes 

(AOPs) are being used for above-ground treatment of dioxane contaminated groundwater 

as well as wastewaters (e.g., [3,8-14]). However, it is well established that site closure 

will likely require many decades or longer using pump-and-treat based remediation 

methods (e.g., [15,16]). Given the significant costs associated with long-term operation of 
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pump-and-treat systems, this results in an enormous financial burden for site remediation. 

Thus, alternatives based on in-situ treatment and management of groundwater 

contaminant plumes are being investigated. In situ chemical oxidation (ISCO) has been 

demonstrated to be a relatively effective treatment method for subsurface systems. Ozone 

(O3), permanganate (MnO4
-), hydrogen peroxide (H2O2), and persulfate (S2O8

2-) have 

been used as ISCO reagents due to their high oxidation potential (e.g., [17-19]). Each of 

the oxidants have their advantages and disadvantages. Heat [42, 43, 44], base [31, 45, 46], 

and transition metals [47, 48, 49] are commonly used activators for ISCO. The use of 

ISCO has been proven to be effective for the treatment of dioxane or TCE alone (e.g. [20-

23,34]). 

A promising binary oxidant reagent, catalyzed hydrogen peroxide coupled with 

persulfate, has been shown to be effective for treatment of chlorinated-solvent 

compounds ([22,23,25-27]). Compared to the traditional Fenton reaction (Fe2+-catalyzed 

hydrogen peroxide), the addition of persulfate can moderate the decomposition rate of 

hydrogen peroxide (e.g., [22,28]). Also, the heat released by hydrogen peroxide 

decomposition can accelerate the activation of persulfate. The binary oxidant system 

overcomes the disadvantage of using one oxidant alone, thus enhancing treatment 

effectiveness. 

The effectiveness of catalyzed hydrogen peroxide-persulfate for dioxane degradation 

has not been investigated. Furthermore, its potential for treatment of dioxane-TCE co-

contamination has also not been explored. The objective of this study is to investigate the 

efficiency of catalyzed hydrogen peroxide coupled with persulfate for dioxane 
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degradation alone and as a co-contaminant with TCE. The efficiency and activation 

processes were examined for two catalysts, ferrous ion (Fe2+) and base (NaOH). 

  

2. Materials and Methods 

2.1. Materials 

All of the reagents used in this study are reagent grade or higher. Trichloroethene 

(TCE, > 99.4%), hydrogen peroxide (H2O2, ~35 wt. % in water), potassium iodide (KI, > 

99.4%) and sodium bicarbonate (NaHCO3, powder), were obtained from Sigma-Aldrich 

Corp., St. Louis, MO; sodium persulfate (Na2S2O8, >98%) was obtained from Acros 

Organics, NJ; 1,4-dioxane (C4H8O2, class 1B) was obtained from Fisher Scientific Inc., 

NJ; ferrous sulfate (FeSO4∙7H2O, granular) was obtained from J.T.Baker Inc., 

Phillipsburg, NJ; ferrous iron and ferrover reagent powder pillows were obtained from 

Hach Corp., Loveland, CO, USA. 

The experiments were conducted using one of two solution matrices, ultrapure 

(filtered, distilled, deionized) water (Barnstead NANOpure water system) or a synthetic 

groundwater solution. The latter was composed of MgSO4, CaCl2, Ca(NO3)2, NaHCO3, 

and NaCl, at concentrations of 124 mg/L, 85 mg/L, 9 mg/L, 171 mg/L, and 20 mg/L, 

respectively [29]. No natural organic carbon was added, to allow focus on reactions 

associated with the target contaminants. 

For reactors with TCE present, 40 µL of pure TCE was added to each vial, 

equivalent to 11.15 mM (1,500 mg/L) in solution. This equivalent concentration exceeds 

the aqueous solubility of TCE, reflecting the presence of TCE liquid. The following 
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reagent concentrations were used for all of the experiments. Dioxane: 0.57 mM (50.2 

mg/L), persulfate: 6.3 mM (1,500 mg/L), hydrogen peroxide: 150 mM (5,100 mg/L), 

FeSO4: 0.8 mM (121.6 mg/L), NaOH: 31.50 mM (1,260 mg/L). The selected dioxane 

concentration is representative of the upper range of groundwater concentrations reported 

for contaminated sites [3,5], and was used to present a conservative case of higher 

concentrations. The oxidant concentrations are relatively low compared to typical 

concentrations used for field applications. Thus, this study will produce conservative 

results. 

 

2.2. Experiment setup  

Batch experiments (in triplicate) were conducted at 25±1 ℃ with 40 mL borosilicate 

vials fitted with PTFE septum caps. Experiments were conducted to examine dioxane 

degradation alone and in the presence of TCE in the catalyzed hydrogen peroxide 

coupled with persulfate system. The traditional Fenton-like reaction (activated hydrogen 

peroxide) was not considered in this study since the oxidant decomposition rate was 

much faster for the peroxide-only system than the binary persulfate-peroxide system but 

the contaminant degradation rate was slower (Figure S2). The addition of persulfate can 

moderate the decomposition rate of hydrogen peroxide and also enhance the degradation 

rate of dioxane. The B group (blank group) contained only ultrapure water or synthetic 

groundwater and the contaminant (dioxane alone, TCE alone, or dioxane + TCE), and 

was used to evaluate the loss of TCE and/or dioxane through volatilization or other mass-

loss mechanisms. The C group (control group) contained oxidant and contaminant 
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(dioxane alone, TCE alone, or dioxane + TCE) but no catalyst to determine if and to what 

extent the contaminant could be degraded under non-catalyzed conditions. The R group 

(reaction group) contained ultrapure water or synthetic groundwater, oxidant, 

contaminant (dioxane alone, TCE alone, or dioxane + TCE), and catalyst, which were 

added in that order. 

The vials were sealed after the addition of all the chemicals. The vials were shaken 

to ensure the solutions were well mixed, and then kept quiescent for the remainder of the 

experiment. Subsamples (0.5 ml) were collected over the course of the experiment and 

then analyzed immediately. 

 

2.3. Analytical methods  

Dioxane and TCE were analyzed using gas chromatography (Shimadu GC-14A, 

Columbia, MD) equipped with a 30m×0.53 mm SPBTM-624 capillary column (film 

thickness was 3 µm), and a flame ionization detector (FID). External standards were used 

for quantification. The temperatures of the injection port and detector were 200 and 250 

℃, respectively. For samples with only dioxane, the initial oven temperature was 50 ℃, 

maintained 2 minutes, and then heated at a rate of 10 ℃/min to a final temperature of 110 

℃. For samples with only TCE, the initial oven temperature was 40 ℃ and heated at a 

rate of 10 ℃/min to a final temperature of 140 ℃. For TCE-dioxane co-contaminant 

samples, the initial oven temperature was 40 ℃ and heated at a rate of 13 ℃/min to a 

final temperature of 131 ℃. The detection of hydrogen peroxide and persulfate 

concentrations were based on iodide spectrophotometry method [30]. For the hydrogen 
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peroxide-persulfate system, the concentrations of the oxidants were determined as the 

sum of the two oxidants. The Fe2+ and total iron were analyzed with a Hach DR2800 

spectrophotometer using 1,10-phenanthroline-based method (HACH module No.8146) 

and FerroVer method (HACH module No.8008) respectively. The concentration of ferric 

iron (Fe3+) was calculated by the difference of total iron concentration and Fe2+ 

concentration. Sample pH was measured by Orion model 290A pH meter. The presence 

of degradation products was evaluated using gas chromatography mass spectrometry 

(Agilent GC-6890/MS-5975). 

 

3. Results and Discussion 

3.1. Dioxane degradation in the catalyzed hydrogen peroxide-persulfate system  

The degradation of dioxane by the binary hydrogen peroxide-persulfate system for 

Fe2+ and NaOH activation is shown in Figure 1a for the experiments conducted using 

ultrapure water. The control test showed minimal loss of dioxane. There was ~10% 

dioxane loss for the non-activated hydrogen peroxide-persulfate system. Complete 

degradation of dioxane was attained for the Fe2+-catalyzed system in 4 h. Conversely, 

dioxane degradation was much slower in the NaOH-catalyzed system, with 33% 

degradation in 96 h. During the reaction, the pH decreased slightly for the Fe2+-catalyzed 

system as persulfate decomposed to generate sulfuric acid, while it increased slightly for 

the NaOH-catalyzed system (Figure 1b). As the pH typically does not change in the base-

activated persulfate system [31], the increase of pH for the NaOH-catalyzed system is 

likely due to the generation OH- from hydrogen peroxide decomposition. The results for 
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dioxane degradation by Fe2+-activated hydrogen peroxide-persulfate in the synthetic 

groundwater solution were essentially identical to those obtained for the ultrapure water 

system (Figure 2). This indicates that the impact of inorganic background species was 

minimal for this system. 

The degradation of dioxane in the hydrogen peroxide-persulfate system followed 

first-order kinetics. Table 1 presents the rate constants (kobs) for the degradation of 

dioxane under NaOH and Fe2+ activation conditions. The kobs for Fe2+ activation is 

approximately 1000 times larger than for NaOH activation. The comparatively slow 

kinetics observed for the alkaline system is consistent with the results from prior studies 

for BTEX and MTBE oxidation [32,33]. An experiment was also conducted using Fe2+ 

activated persulfate alone (Figure S3). The kobs for this experiment is 0.13 h-1 almost 30 

times smaller than the value obtained for the Fe2+ activated hydrogen peroxide-persulfate 

system. 

Prior research using ion chromatography has shown that organic acids, such as 

glycolic acid, acetic acid, and oxalic acid, are observed as degradation products of 

dioxane treatment by activated-hydrogen peroxide or activated-persulfate [9,10,35]. 

Rather than repeating this analysis for this study we employed GC-MS analysis to 

supplement the prior research. This allowed further investigation of potential additional 

degradation products. No measurable compounds were detected (Figure S4), suggesting 

that the organic acids are the primary byproducts. 

Oxidant decomposition results are presented in Figure 3. The results show that 

oxidant decomposition was essentially identical for Fe2+-activation (~32%) and NaOH-
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activation (~35%) up to 4 h of reaction. However, the decomposition rates deviated 

greatly thereafter, with complete loss of oxidant occurring after 23 hours for the Fe-

activated system, whereas ~97 hours were required for the NaOH-activated system. The 

first-order rate constants for oxidant decomposition are presented in Table 2. 

A comparison of dioxane degradation to oxidant decomposition is presented in 

Figure 3. The results show that while oxidant decomposition was essentially identical for 

Fe2+-activation and NaOH-activation up to 4 h of reaction, dioxane degradation differed 

significantly, with complete degradation after 4 h for the Fe2+-activated system but only 

8% degraded in the NaOH-activated system. As noted, the rate constant for dioxane 

degradation is ~1000 times greater for Fe activation versus NaOH activation. Conversely, 

the rate constant for oxidant decomposition is only ~6 times larger for the Fe-activated 

system. These contrasting results indicate that Fe2+ activation apparently generated more 

sulfate radical (SO4⋅-, E0=2.6 V) and hydroxyl radical (HO⋅, E0=2.7 V) per oxidant 

consumed compared to NaOH activation. Based on these results, it is hypothesized that 

different reaction mechanisms are involved in dioxane degradation for the two activation 

methods. 

 

3.2. Activation process analysis 

There appears to have been no prior report on activation processes for the NaOH-

catalyzed binary hydrogen peroxide-persulfate system. However, processes for NaOH 

activation of persulfate alone have been reported [31], described by (Eq. 1-2):  

-
3OS-O-O-SO3

- + 2H2O + OH- → HO2
- + 2SO4

2- + 3H+            (1) 
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H-O-O- + -3OS-O-O-SO3
- → SO4⋅-+ 2SO4

2- + H+ + O2⋅-            (2) 

While NaOH has been demonstrated to be an effective activator for persulfate by 

previous researchers, there is no reported evidence of its effectiviness for hydrogen 

peroxide activation. Hence, it is presumed that NaOH interacts primarily with persulfate. 

In addition, it has been shown that SO4⋅- can convert to HO⋅ via electron transfer reaction 

in highly alkaline conditions [36]:  

SO4⋅-+ OH- → SO4
2- + HO⋅                                  (3) 

Previous investigators hypothesized that hydrogen peroxide may be generated in base-

activated persulfate systems. The generated hydrogen peroxide could react with the 

hydroperoxide anion (HO2
-), shown by (Eq. 4), or convert into HO2

- under alkaline 

conditions (Eq. 5) [37,38].  

H2O2 + HO2
- → O2⋅- + HO⋅ + H2O                            (4) 

H2O2 + OH- ↔ HO2
- + H2O                                  (5) 

Based on the preceeding, we propose (Eq. 1-5) as the hypothesized primary activation 

process for the NaOH-catalyzed binary hydrogen peroxide-persulfate system. 

The process for Fe2+ activation of the hydrogen peroxide-persulfate system is more 

straightforward. It is reported that large quantities of HO⋅ and SO4⋅- are generated in the 

iron-mineral activated hydrogen peroxide-persulfate system [28]. Therefore, it is assumed 

that HO⋅ and SO4⋅- can generated directly in the presence of Fe2+ (Eq. 6-7).  

H2O2 + Fe2+ → HO⋅ + HO− + Fe3+                           (6) 

S2O8
2- + Fe2+ → SO4⋅- + SO4

2- + Fe3+                         (7) 
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Both HO⋅ and SO4⋅- are effective radicals for oxidation of a wide variety of organic 

contaminants. The proposed process for NaOH activation of the binary oxidant system 

involves indirect generation of HO⋅ and SO4⋅-, which is limited by the generation rate of 

HO2
-. These conditions are in contrast to the direct generation of radicals achieved for Fe 

activation of both hydrogen peroxide and persulfate. 

The significant loss of oxidant compared to the minimal degradation of dioxane 

observed for the NaOH-based system (Figure 3) indicates that not all of the oxidant 

consumed was used to generate reactive radicals (HO⋅ and SO4⋅-) and/or that there are 

other mechanisms of radical consumption beyond dioxane degradation. Thus, there must 

be additional sources of oxidant or radical consumption. It was reported that under 

alkaline conditions, the amount of conjugate base HO2
- increases (Eq. 8) and the self-

decomposition rate of hydrogen peroxide also increases (Eq. 9).  

H2O2 → HO2
- + H+                                        (8) 

2H2O2 → 2H2O + O2                                       (9) 

Although the production of HO2
- can promote the generation of HO⋅ according to (Eq. 4), 

HO2
- can also react with another molecule of HO⋅ via (Eq. 10). Therefore, the 

productivity of HO⋅ decreases with decreasing amount of hydrogen peroxide. At the same 

time, high solution pH also depletes HO⋅ according to (Eq. 10-11) [39,40], with the 

generation of weaker radicals (superoxide (O2⋅-) and HO2⋅) [41].  

HO⋅ + HO2
- → H2O + O2⋅-                                   (10) 

HO⋅ + H2O2 → H2O + HO2⋅                                  (11) 
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The consumption of radical to generate O2⋅- and HO2⋅ would result in a lower availability 

of HO⋅ for oxidation of dioxane, although some HO⋅ could be “re-generated” according 

to (Eq. 12).  

HO2⋅ + H2O2 → H2O + O2⋅+ HO⋅                                 (12) 

Additionally, in the Fe2+-activated system, the combination of Fe2+ and hydrogen 

peroxide is Fenton reagent, which generates large quantities of HO⋅. The radical 

generation efficiency per unit of hydrogen peroxide consumption is higher in the Fenton 

reaction compared to the NaOH-catalyzed hydrogen peroxide-persulfate reaction. 

 

3.3. Degradation behavior of dioxane and TCE co-contamination 

 A set of experiments was conducted to investigate the degradation of dioxane in 

the presence of TCE co-contamination. Fe2+ was selected as the preferred activation 

reagent for the subsequent co-contamination experiments based on the prior results.  The 

degradation of dioxane and TCE in Fe2+-activated binary oxidant systems are presented 

in Figure 4a, b, and c, respectively. The presence of TCE reduced the rate of dioxane 

degradation for the specific conditions employed. However, complete degradation of 

dioxane occurred within 48 hours. 

The intramolecular bond energy of dioxane is higher than TCE because of its 

epoxide structure. Hence, dioxane is more recalcitrant to oxidation processes compared to 

TCE. This is the reason that advanced oxidation processes are being investigated for 

dioxane. The presence of TCE slowed the degradation rate of dioxane because TCE is 

more readily degradable. Although the co-occurrence of dioxane and TCE influenced the 
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degradation behavior compared to the single contamination condition, complete 

degradation of dioxane, as well as TCE, was still attained. 

 

4. Conclusion 

The ability of the binary oxidant hydrogen peroxide-persulfate system to degrade 

dioxane was investigated. Activation by Fe2+ and NaOH was explored, and Fe2+ was 

significantly more effective. Activation processes were delineated by analyzing dioxane 

degradation efficiency and oxidant decomposition rates. Fe2+ directly catalyzed the 

decomposition of hydrogen peroxide and persulfate and generated radicals (HO⋅ and 

SO4⋅-) with high oxidation potential. In contrast, it is hypothesized that the NaOH-

activated system generated HO⋅ and SO4⋅- indirectly. It is proposed that under alkaline 

conditions, HO⋅ and SO4⋅- were generated via the reactions between hydrogen 

peroxide/persulfate and an intermediate ion, HO2
-, which decreased effective production 

of radicals. The degradation of dioxane-TCE co-contamination was also examined. 

Complete degradation of dioxane and TCE was observed. The results of the study 

indicate that the activated binary oxidant system is generally effective for treating 

dioxane and TCE. 
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Appendix A. Supplementary data 

Supplementary data related to this article can be found at “Supporting 

Information” File. 
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TABLES 

Table 1 

Kinetic equations for the degradation of dioxane 

Activator 

FeSO4 

(mM) 

NaOH 

(mM) 

Na2S2O8 

(mM) 

H2O2  

(M) 
Regression equation R2 

kobs
a
  (h-

1) 

Fe (UWb) 0.8   6.3 0.15 y = -3.46x + 0.33 0.97 3.5 

Fe (SGc) 0.8   6.3 0.15 y = -3.45x – 0.28 0.98 3.4 

NaOH (UW)   31.5 6.3 0.15 y = -0.004x - 0.08 0.97 0.004 

a kobs is the first-order rate constant 

b SW is ultrapure water 

c SG is synthetic groundwater 



137 

 

 

Table 2 

Kinetic equations for the decomposition of oxidants 

Activator 

R.T. a 

(h) 

FeSO4 

(mM) 

NaOH 

(mM) 

Na2S2O8 

(mM) 

H2O2 

(M) 

Regression 

equation 
R2 

kobs  

(h-1) 

Fe 0-36 b 0.8  6.3 0.15 y = -0.17x + 0.255 0.93 0.17 

NaOH 0-98  31.5 6.3 0.15 y = -0.03x - 0.234 0.95 0.03 

a R.T. is the reaction time 

b The total length of the experiment. The time interval used is less than 98 h for the treatment that attained 

complete decomposition prior to the end of the experiment. 

 



138 

 

 

FIGURE CAPTIONS 

Figure 1. a) Dioxane degradation by catalyzed H2O2-S2O82- in unltrapure water (the insert 

presents the first 4 hours of reaction for higher resolution); b) pH change in the system.  

 

Figure 2. The comparison of dioxane degradation by Fe2+-H2O2-S2O8
2- in ultrapure water 

synthetic groundwater. 

 

Figure 3. The comparison of dioxane degradation with oxidant decomposition in activated H2O2-

S2O8
2- system. 

 

Figure 4. Comparison of dioxane and TCE degradation under single or co-contaminant condition 

in Fe2+-H2O2-S2O8
2- system system: a) control experiments without activation; b) dioxane 

degradation; c) TCE degradation. 
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Figure captions: 

Figure S1. 1,4-Dioxane and TCE plumes in Tucson International Airport Area (TIAA ) 

Superfund site (the contours designate 1,4-dioxane and TCE concentrations above 3 and 5 ug/L, 

respectively). 

 

Figure S2. Dioxane and TCE degradation vs. the oxidant remaining in the activated peroxide 

alone and the binary persulfate-peroxide systems. The initial reaction conditions: Dioxane = 

0.57 mM, TCE = 11.15 mM, Na2S2O8 = 6.3 mM, H2O2 = 150 mM. 

 

Figure S3. Dioxane degradation by Fe2+ catalyzed persulfate in unltrapure water. [FeSO4]=0.8 

mM, [persulfate]= 156.3 mM. 

 

Figure S4. GC/MS results for 1,4-Dioxane degradation products. Blank line represents dioxane 

blank control; green, red, and blue lines represent 1, 1, and 4 hours degradation of dioxane by Fe2 

activated hydrogen peroxide-persulfate system. The peak before 3.4 min is solvent. All the peaks 

in the figure exist in both blank control and reaction groups. No new peak was identified in the 

reaction group. 
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Figure S1. 
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Abstract  

The influence of groundwater on the degradation of 1,4-dioxane (dioxane) by 

siderite-activated hydrogen peroxide coupled with persulfate was investigated through a 

series of batch experiments. The degradation of dioxane was considerably slower in 

groundwater compared to the tests conducted with ultrapure water. Additional tests were 

conducted to examine potential inhibitory effects of selected ions in isolation. The 

inhibition effect of anions on dioxane degradation, from strongest inhibition to weakest, 

was: bicarbonate (HCO3
-) > sulfate (SO4

2-) > chloride (Cl-). The inhibition effect of 

cations on dioxane degradation, from strongest inhibition to weakest, was: calcium 

(Ca2+) > potassium (K+) > magnesium (Mg2+). Bicarbonate and calcium ions, which are 

the most abundant ions in the groundwater used herein, resulted in the greatest decrease 

in dioxane degradation rate compared to the other constituents. The results of 

experiments conducted to evaluate their impact over a range of concentrations showed 

that dioxane degradation was reduced asymptotically with the increase in their 

concentrations. The results of this study reveal a potential inhibitory effect caused by 

groundwater constituents during the application of activated binary H2O2-persulfate for 

in-situ treatment of organic contaminants in groundwater. This effect is attributed to 

radical scavenging, and its impact should be considered during the evaluation of total 

oxidant demand (TOD) prior to application. 

 

Keywords: 1,4-Dioxane; in-situ chemical oxidation; ionic composition; radical 

scavenging  
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1 Introduction 

1,4-Dioxane (dioxane) in surface and groundwaters continues to attract considerable 

attention due to its widespread occurrence and potential negative effects on human-health. 

Dioxane has been classified as a suspected human carcinogen (B2) (EPA 2000). As a 

widely used solvent stabilizer, dioxane commonly co-occurs with chlorinated 

contaminants, typically 1,1,1-trichloroethane (1,1,1-TCA), at contaminated sites (EPA 

1995; IARC 1999; Adamson et al. 2014; Adamson et al. 2015). Dioxane is miscible in 

water, has low retardation, and generally low transformation potential, and thus is 

typically highly mobile in subsurface environments. Therefore, large groundwater 

contaminant plumes of dioxane often form, usually co-occurring with chlorinated-

constituent plumes (Anderson et al. 2012; EPA 2013; Adamson et al. 2014; Adamson et al. 

2015).  

The remediation and management of groundwater contaminated by dioxane is 

challenging. It is generally resistant to biological treatment under both aerobic and 

anaerobic conditions (Adams et al. 1994; Raj et al. 1997; Beckett and Hua 2000). 

Standard above-ground treatment strategies such as GAC adsorption and air stripping are 

ineffective. Advanced oxidation processes (AOP) are now being used for above-ground 

treatment of dioxane-contaminated groundwater. However, alternative, in-situ treatment 

approaches that would hopefully be less costly than these pump-and-treat methods 

continue to be investigated. In-situ chemical oxidation (ISCO) is a promising direct 

treatment alternative for contaminated soil and groundwater. 

The advantages and disadvantages of ISCO have been discussed (Watts and Teel 
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2006; Krembs et al. 2010; Tsitonaki et al. 2010; Brusseau et al. 2011). The effectiveness 

of ISCO for subsurface applications is known to be influenced by geochemical properties 

and conditions of the subsurface. For example, natural-occurring organic matter serves as 

a background oxidant demand. Groundwater temperature and pH can also influence 

ISCO reactions. It has also been shown that various inorganic constituents (e.g., salts) 

present in groundwater may influence ISCO through scavenger effects. 

Salts can interact with and quench radicals or complex with a metal activator and 

thus reduce radical production, both of which would reduce contaminant degradation 

(Lipczynska-Kochany et al. 1995; Beltran et al. 1998; Valentine and Wang 1998; De Laat 

et al. 2004; Liang et al. 2006; Bennedsen et al. 2012). Furthermore, the presence of some 

anions (such as ClO4
-) leads to acidification, which has been observed to inhibit some 

oxidation reactions (Barbeni et al. 1987; Peyton 1993; Lipczynska-Kochany et al. 1995; 

Liang et al. 2006; Bennedsen et al. 2012). While the influence of anions (e.g., Cl-, CO3
2-, 

HCO3
2-) on the degradation of selected contaminants (e.g., trichloroethene) during ISCO 

have been reported, minimal research has focused on the inhibition effect of cations. To 

our knowledge, the influence of groundwater constituents on dioxane degradation has not 

yet been reported.  

The objective of this study is to investigate the influence of groundwater and 

selected constituents on the degradation of dioxane. A promising binary oxidant system, 

siderite-activated hydrogen peroxide (H2O2) coupled with persulfate, was used as a 

representative ISCO reagent for our experiments due to its high oxidation potential and 

moderate oxidant decomposition rate (Block et al. 2004; Huang et al. 2012; Ko et al. 
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2012; Yan et al. 2013; Yan et al. 2015; Zhang et al. 2015). Batch experiments were 

conducted to determine dioxane oxidation rates in ultrapure water and groundwater. The 

influence of selected anions and cations on the oxidative degradation of dioxane was also 

explored. 

  

2 Materials and methods 

2.1 Chemicals 

All solutions used in this study were prepared using ultrapure (filtered, distilled, 

deionized) water (Millipore Model Milli-Q Academic A10), except where noted. All of 

the reagents were reagent grade or higher. Siderite was purchased from the Wuhan Iron 

and Steel (Group) Corporation, China; hydrogen peroxide (H2O2, ~30 wt. % in water), 

1,4-dioxane (C4H8O2, ≥99%), ascorbic acid, sodium chloride (NaCl, ≥99.8%), sodium 

sulfate (Na2SO4, ≥95%), sodium bicarbonate (NaHCO3, ≥99.8%), potassium chloride 

(KCl, ≥99.8%), calcium chloride (CaCl2, ≥96%), magnesium chloride (MgCl2, ≥97%) 

were obtained from Beijing Chemical Works, China; sodium persulfate (Na2S2O8, >98%) 

was purchased from the Xilong Chemical Co., Ltd, China. 

The following reagent concentrations were used for all of the experiments. Oxidant 

concentrations were selected based on the results of previous studies employing 

persulfate and H2O2 (Yan et al. 2013; Yan et al. 2015). For dioxane, 10 µL of dioxane was 

added to each vial for the relevant experiments. This quantity is equivalent to 11.69 mM 

(1,030 mg/L) in solution. Concentrations of persulfate, H2O2, and siderite in the final 

solutions were 6.3 mM (1,500 mg/L), 150 mM (5100 mg/L), and 11,450 mg/L 
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respectively for all experiments. The oxidant concentrations are much lower than the 

concentrations typically used for standard field ISCO applications. Thus, use of these 

concentrations will produce conservative results. 

 

2.2 Experiment setup  

Batch experiments (in triplicate) were conducted at 20±1 ℃ with 20 mL borosilicate 

vials fitted with PTFE septum caps. Two sets of control experiments were set up. One set 

comprised only ultrapure water and dioxane, and was used to evaluate the loss of dioxane 

through any potential mass-loss processes during the study. Another control group 

contained oxidant and contaminant to determine whether dioxane could be degraded in 

the absence of activator. The control test with ultrapure water and dioxane is under 

neutral pH condition. The pH of the control group containing oxidant and contaminant is 

~3. 

Three sets of treatment reactors were used. One set of reactors was designed to 

compare dioxane degradation efficiency in ultrapure water and groundwater. The 

groundwater was collected from a monitoring well located in the China University of 

Geosciences (Beijing), China. The chemical composition of the groundwater is shown in 

Table 1. The estimated mineralization of the studied groundwater is 412.45 mg/L by 

solving Eq. (1), which indicates the groundwater used herein was a relatively low mineral 

content.  

= cation anionM M M                        (1) 
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Ultrapure water or groundwater was used to create the solutions of Na2S2O8, and H2O2. 

Then dioxane was added to the vial. The total solution volume was 10 mL. Each vial 

contained 0.1145 g siderite. 

The second reaction group was designed to evaluate the influence of anions on 

dioxane degradation by the binary oxidant system. Three common anions (Cl-, SO4
2-, 

HCO3
-) were tested. Solutions of 0.6 mM NaCl or NaSO4 or NaHCO3, 6.3 mM Na2S2O8, 

and 150 mM H2O2 were added to the vial. Then dioxane was added to the vial. The total 

solution volume was 10 mL. Each vial contained 0.1145 g siderite. 

The third reaction group was designed to evaluate the influence of cations on 

dioxane degradation by the binary oxidant system. Three common cations (K+, Ca2+, 

Mg2+) were tested. Solutions of 0.6 mM KCl or CaCl2 or MgCl2, 6.3 mM Na2S2O8, and 

150 mM H2O2 were added to the vial. Then dioxane was added into the vial. The total 

solution volume was 10 mL. Each vial contained 0.1145 g siderite. 

Another reaction group was designed to evaluate the influence of ion concentrations 

on dioxane degradation by the binary oxidant system. Two ions (HCO3
- and Ca2+) were 

tested. Solutions of 0.2/0.6/1/2 mM NaHCO3 or CaCl2, 6.3 mM Na2S2O8, and 150 mM 

H2O2 were added to the vial. Then dioxane was added to the vial. The total reaction 

volume was 10 mL. Each vial contained 0.1145 g siderite. 

After preparation, the vials were maintained at 20 ± 1 ℃ in an air bath for the 

experiments. At selected time-points, samples were collected and ascorbic acid was 

added to quench further oxidation. The pH of the siderite-activated binary H2O2-

persulfate system is ~3. HCO3
-/H2CO3 is expected to be the dominant carbonate species 
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at equilibrium in the system.  

 

2.3 Analytical methods  

Dioxane was analyzed using gas chromatography (Agilent GC6820) equipped with a 

headspace autosampler, a flame ionization detector (FID), and a 30 m × 0.53 mm DB-5 

capillary column (film thickness was 1.5 lm). External standards were used for 

quantification. The temperatures of the injection port and detector were 200 and 250 ℃, 

respectively. The initial oven temperature was 50 ℃, maintained 2 minutes, and then 

heated at a rate of 10 ℃/min to a final temperature of 110 ℃.  

 

3 Results and discussion 

3.1 Influence of groundwater chemistry on dioxane degradation 

Both control tests showed that the mass-loss of dioxane was ~4% for the ultrapure 

water and dioxane group, and ~10% for the oxidant and dioxane group in 48 hours ( Fig. 

1a). The results for dioxane degradation by siderite-activated persulfate-H2O2 in ultrapure 

water and groundwater are presented in Fig. 1b. There was approximately 35% dioxane 

loss for the system in the presence of groundwater at 48 hours. In contrast, approximately 

50% degradation was attained for the system with ultrapure water. The results indicate 

considerable impact of the background groundwater constituents on the removal of 

dioxane. Dioxane degradation was essentially identical in ultrapure water (~31%) and 

groundwater (~29%) after 4 hours of reaction. However, the degradation rates deviated 

greatly thereafter.   
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Dioxane degradation exhibited a two-stage reaction pattern, with a high rate of 

degradation in the first 4 hours followed by a relatively slow rate of degradation. Pseudo-

first-order reaction rate constants for dioxane degradation with and without groundwater 

are 0.064±0.001 and 0.068±0.001 h-1 for the initial degradation stage, indicating similar 

degradation efficiency during this period. Conversely, the rate constants were 

0.006±0.001 and 0.016±0.001 h-1 for the later stage. The results indicate that the presence 

of groundwater resulted in approximately 3 times slower degradation after the first 4 

hours. 

 The reduction of the rate of dioxane degradation in the presence of groundwater 

was most likely caused by activation inhibition and/or the radical scavenging effect. As 

shown in Table 1, several ions are abundant in the groundwater sample used herein. They 

are typical constituents for most groundwaters. Specific experiments were conducted to 

illuminate the impact of specific ions on dioxane degradation, the results of which are 

presented in the following sections. 

 

3.2 Influence of selected anions on the degradation of dioxane 

Chloride (Cl-), sulfate (SO4
2-), and bicarbonate (HCO3

-) ions were studied, since 

they are the most abundant anions in the groundwater used in the previous section. They 

are also three typical anionic constituents in groundwater. The degradation of dioxane in 

the presence of chloride, sulfate, and bicarbonate, respectively, is illustrated in Fig. 2a. 

The addition of chloride ion produced no significant impact on dioxane degradation. 

However, dioxane removal was significantly inhibited with the addition of sulfate and 
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bicarbonate ions, with degradation reduced by ~35% and 66%, respectively, compared to 

ultrapure water. 

It is hypothesized that the inhibition effect observed is related to the scavenging of 

hydroxyl and sulfate radicals by the added ions. The scavenging ability is expected to 

decrease in the following order (for equal concentration): bicarbonate > sulfate > chloride 

(Kochany and Lipczynska-Kochany 1992; Lipczynska-Kochany et al. 1995; Liang et al. 

2006). It is also reported that chloride might have a greater impact on Fenton processes 

than bicarbonate and sulfate (Riga et al 2011). However, a chloride concentration of 100 

mM (3.5 g/L) was used in that study, higher than what is typical for most groundwaters.  

Additional experiments were conducted with different concentrations of bicarbonate 

ion. The inhibition effect increased with the increase of bicarbonate concentrations from 

0 to 2 mM (Fig. 2b). Moreover, dioxane degradation efficiency was significantly 

inhibited with as low as 0.2 mM bicarbonate present. No further significant increase in 

inhibition was observed above 0.2 mM bicarbonate. Further inhibition was limited due to 

the limited amount of radicals present.  

 

3.3 Influence of selected cations on the degradation of dioxane 

The degradation of dioxane in the presence of potassium (K+), calcium (Ca2+), and 

magnesium (Mg2+), respectively, is illustrated in Fig. 3a. Dioxane degradation was 

inhibited with the addition of potassium, calcium, and magnesium ions, with degradation 

reduced by ~35%, 59%, and 28%, respectively. It is noteworthy that the observed 

inhibition is particularly strong for calcium.  
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One possibility is that potassium, calcium, and magnesium ions might consume 

oxidant without generation of effective radicals, and lead to less oxidant available for the 

oxidative degradation of dioxane. For example, calcium might consume persulfate to 

generate CaSO4 without the generation of sulfate radicals. Calcium is a typical cationic 

constituent in groundwater, and its concentration can reach hundreds of milligram per 

liter in high salinity groundwater. Additional experiments were conducted with different 

concentrations of calcium ion. The inhibition effect increased with the increase of 

calcium concentrations from 0 to 2 mM (Fig. 3b). There was a considerable decrease in 

degradation efficiency when calcium concentration increased from 0 to 0.2 mM. 

However, the decrease in efficiency was more modest when the concentration exceeded 

0.2 mM. 

 

4 Conclusion 

Dioxane was successfully degraded by the siderite-activated binary H2O2-persulfate 

system. However, the rate of degradation was slower in the presence of groundwater and 

typical groundwater constituents compared to ultrapure water. Chloride, sulfate, 

bicarbonate, potassium, calcium, and magnesium ions that are present in groundwater 

inhibited the oxidative degradation of dioxane. The inhibition was particularly strong for 

bicarbonate and calcium ions. 

Traditional factors considered during calculation of the total oxidant demand (TOD) 

usually include: 1) stoichiometric demand of contaminant (dissolved phase, sorbed phase, 

and free phase), 2) soil mineral (dissolved and solid phase) consumption, 3) organic 
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carbon (dissolved and sorbed phase) consumption, and 4) oxidant decomposition 

(Haselow et al., 2003). The results of this work indicate that the scavenging effect of ions 

may be another contributor to TOD that should be considered. This may be especially 

critical for bicarbonate and calcium, which are typically present in groundwater at 

concentrations higher than 0.2 mM (usually 1-2 mM). 
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Tables 

Table 1 The chemistry compositions of the groundwater 

Major ions detected in the groundwater (mg/L) 

K+ Na+ Ca2+ Mg2+ Fe3+ Fe2+ Cl- NO3
- SO4

2- HCO3
- 

2.22 18.38 80.75 38.18 NDa ND 52.94 17.19 74.89 255.8 

Trace elements detected in the groundwater (μg/L) 

Co Cr Cu Mn Mo Ni Ti Sr V Zn 

0.24 6.44 2.75 0.52 4.38 0.65 0.82 2733 1.19 3.31 

As Ba Be Cd Ga Li Pb Rb Sc U 

0.65 81.9 0.12 0.13 0.02 3.21 0.14 0.94 0.76 2.58 

a Not detected 
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Table 2 Pseudo-first-order reaction rate constant k and half-life t1/2 for dioxane degradation in 

siderite-activated H2O2 and persulfate 

Aqueous phase 

Rate constant k (h-1) Half-life t1/2 (h) 

Rapida Slowb Rapid Slow 

Ultrapure water 0.068 0.016 10.2 43.3 

Groundwater 0.064 0.006 10.8 115.5 

a Rate constant k for siderite-activated binary oxidant system was calculated by rapid reaction period 

b Rate constant k for siderite-activated binary oxidant system was calculated by slow reaction period 
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Figure Captions 

Fig. 1 (a) The loss of dioxane in the control test; (b) dioxane degradation by the siderite-activated 

persulfate and H2O2 in ultrapure water and groundwater. Bars represent standard error. 

 

Fig. 2 Dioxane degradation by the siderite-activated persulfate and H2O2 after 48 h reaction (a) the 

effects of Cl-, SO4
2-, and HCO3

- on the degradation efficiency; (b) the influence of HCO3
- 

concentration on the degradation efficiency. Bars represent standard error. 

 

Fig. 3 Dioxane degradation by the siderite-activated persulfate and H2O2 after 48 h reaction (a) the 

effects of K+, Ca2+, and Mg2+ on the degradation efficiency; (b) the influence of Ca2+ concentration on 

the degradation efficiency. Bars represent standard error. 
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APPENDIX D 

In-situ Activation of Persulfate by Iron Filings and Degradation of 1,4-

dioxane 
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ABSTRACT 

Activation of persulfate by iron filings and subsequent degradation of 1,4-dioxane 

(dioxane) was studied in both batch-reactor and column systems to evaluate the potential 

of a persulfate-enhanced permeable reactive barrier (PRB) system for combined 

oxidative-reductive removal of organic contaminants from groundwater. In batch 

experiments, decomposition of persulfate to sulfate and degradation of dioxane both 

occurred rapidly in the presence of iron filings. Conversely, dioxane degradation by 

persulfate was considerably slower in the absence of iron filings. For the column 

experiments, decomposition and retardation of persulfate was observed for transport in 

the columns packed with iron filings, whereas no decomposition or retardation was 

observed for transport in columns packed with a reference quartz sand. Both sulfate 

production and dioxane degradation were observed for the iron-filings columns, but not 

for the sand column. The pH of the column effluent increased temporarily before 

persulfate breakthrough, and significant increases in both ferrous and ferric iron 

coincided with persulfate breakthrough. Multiple species of free radicals were produced 

from persulfate activation as determined by electron paramagnetic resonance (EPR) 

spectroscopy. The impact of the oxidation process on solution composition and iron-

filings surface chemistry was examined using ICP-MS, SEM-EDS, and XRD analyses. A 

two-stage reaction mechanism is proposed to describe the oxidation process, consisting of 

a first stage of rapid, solution-based, radical-driven, decomposition of dioxane and a 

second stage governed by rate-limited surface reaction. The results of this study show 
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successful persulfate activation using iron filings, and the potential to apply an enhanced 

PRB method for improving in-situ removal of organic contaminants from groundwater. 

Key words: persulfate, iron filings, dioxane, radical, surface reaction, permeable reactive 

barrier 
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1. INTRODUCTION 

Contamination of groundwater by chlorinated-solvent constituents (e.g., 

trichloroethene, tetrachloroethene, carbon tetrachloride), 1,4-dioxane, and related 

compounds is ubiquitous, and remains a significant human-health and water-resource 

sustainability issue for many industrialized regions. Extensive dissolved-phase 

groundwater contaminant plumes typically form at sites contaminated by these 

compounds because of their relatively high aqueous solubilities (in comparison to 

regulatory standards), low retardation, and generally low (or very site dependent) 

transformation potential. These large plumes, which are typically hundreds of meters to 

several kilometers long, present complex and costly challenges to remediation and 

closure of the sites. In fact, it is now recognized that most sites with large groundwater 

plumes comprising these contaminants will require many decades or longer before 

cleanup will be achieved under current methods and standards (NRC, 2013). Hence, 

alternatives are under investigation for cost-effective, long-term management of sources 

and plumes at these sites. 

One approach that has received widespread attention is the application of in-situ 

chemical oxidation (ISCO) for direct treatment. However, standard ISCO applications 

employing injection of aqueous solutions into a grid of wells are designed for relatively 

small areas, and are not cost-effective for treating large plumes. In addition, it is now 

recognized that most ISCO applications cannot fully treat the target area, thus leaving a 

residual source of contamination that must be managed. Another now-standard 

alternative for management of source zones and groundwater plumes is the use of 
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permeable reactive barriers (PRBs). PRBs employing iron filings or related materials 

have been used successfully for many chlorinated-solvent contaminated sites, and have 

proven to be a cost-effective method for long-term management. However, standard 

PRBs are generally not effective for treating some of the primary contaminants of 

concern, such as dioxane, perfluoroalkyl compounds, or mixtures of such contaminants 

(Lee et al., 2012; EPA, 2006). We hypothesize that supplementing a standard iron-filings-

based PRB with persulfate could significantly enhance the range of contaminants treated, 

as well as increase rates of treatment. 

Activated persulfate is selected as the primary oxidant for our application based on 

the advantages of persulfate over other regularly used oxidants such as H2O2 and 

permanganate (Furman et al., 2010; Ahmad et al., 2010; Liang et al., 2003; Anipsitakis 

and Dionysiou, 2004; Huang et al., 2005; Nadim et al., 2006; Liang et al., 2007; Liang 

and Bruell, 2008; Lee et al., 2009; Rastogi et al., 2009; Guan et al., 2011; Fang et al., 

2013a; Fang et al., 2013b). In general, persulfate activation refers to the use of energy or 

specific reagents to cause generation of the sulfate radical (SO4•
-) and/or hydroxyl radical 

(HO•-) in sufficient quantities for contaminant degradation. Common persulfate 

activation methods include heating (Lee et al., 2012; Liang, et al., 2003; Liang and 

Bruell, 2008; Ghauch et al., 2012; Johnson et al., 2008), UV irradiation, ultrasonication 

(Wang and Liang, 2014), electrochemical activation (Yuan and Liao, 2014), transition 

metal amendment (Liang and Lee, 2008; Liang et al., 2004; Buxton et al., 1997), and 

base activation (Furman et al., 2010; Liang et al., 2007; Liang and Guo, 2012). Heat, 

base, and ferrous iron activation are the methods that are currently used for field ISCO 

http://pubs.acs.org/action/doSearch?ContribStored=Johnson%2C+R+L
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applications (Block et al., 2004). Zero-valent iron (ZVI) has been shown to activate 

persulfate through release of Fe2+ into solution as the ZVI oxidizes (Lee et al., 2012; Lee 

et al., 2010). ZVI serves as a very capable activator not only because of the long-term 

supply capacity associated with its solid-phase form, but also due to an apparent 

synergistic interaction with persulfate (Lee et al., 2012; Lee et al., 2010; Oh et al., 2010). 

These results provide the basis for development of the persulfate-enhanced PRB (PE-

PRB). 

The objective of this study is to investigate the activation of persulfate by iron 

filings, and the resultant degradation of a representative generally recalcitrant organic 

contaminant (1,4-dioxane). Batch and miscible-displacement experiments were 

conducted to determine magnitudes and rates of degradation. Furthermore, the 

mechanisms for persulfate activation and dioxane degradation were explored by using 

SEM-EDS, XRD, and ICP-MS to characterize solid and aqueous phase geochemistry, 

while free-radical formation was measured using EPR spectroscopy. 

 

2. MATERIALS AND METHODS 

2.1. Materials and Chemicals 

 
Iron filings (lab grade, Ward's Science, Rochester, NY), sieved (45-mesh) to exclude 

the ≤ 355 µm size fraction, were used in batch and column experiments. Compositional 

analysis of these iron filings was conducted using X-ray diffraction (XRD, X’Pert Pro 

MPD, PANalytical, Almelo, Netherlands) and variable pressure SEM (S-3400N) 

equipped with an energy dispersive X-ray spectrometer (UltraDry EDS, Thermo 
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Scientific, Madison, WI). Commercially available natural silica sand (40/50 mesh 

Accusand, Unimin Corporation) was used to represent a natural porous medium for the 

column experiments.  

Sodium persulfate (Na2S2O8, 98+%) was obtained from Acros Organics. Hydrogen 

peroxide (H2O2, 35%) was obtained from Sigma-Aldrich. 1,4-dioxane (C4H8O2) was 

from Fisher Scientific (Fair Lawn, NJ). 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO, 98%) 

was from Matrix Scientific (Columbia, SC). All other chemicals used in this study were 

of reagent grade and used as received. The concentration of dioxane was 0.5 mM (44 

mg/L) for all the experiments, which is representative of the upper range of groundwater 

concentrations reported for contaminated sites (Mohr et al., 2010). Concentrations of 

persulfate and H2O2 were 5 mM (1190 mg/L and 170 mg/L, respectively) for all 

experiments. While these oxidant concentrations are in excess compared to the 

concentration of dioxane, they are much lower than the concentrations typically used for 

standard field ISCO applications. These lower concentrations are employed to enhance 

cost effectiveness. 

 

2.2. Batch Experiments 

 
The degradation of dioxane by iron-filings-activated persulfate was measured in 

batch reactors. Solutions of 10 mM Na2S2O8 and 1 mM dioxane were mixed 1:1 (v:v) in a 

glass flask. Iron filings were added to the mixture to yield a solid-liquid ratio of 1:10 

(w/w). The flask was sealed with parafilm and placed on a rotary shaker table at 

approximately 200 rpm at a room temperature of 30±1°C. Subsamples (2 ml) were 
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collected over the course of the batch experiment in glass vials, and placed in an ice-

water bath to quench further reaction. The samples were centrifuged for 1 minute to 

separate iron filing particles, and the supernatant was transferred to a glass tube, cooled to 

~0°C in an ice-water bath, and immediately analyzed for the concentrations of dioxane, 

persulfate, sulfate, ferrous ion, total iron, and pH. Each subsample comprised only a very 

small portion of the total reactor volume (approximately 1%) and, therefore, the sampling 

process was assumed to have no significant impact on the solid-liquid ratio or the 

relevant reactions. 

The batch experiments included several control treatments. The purpose of the first 

control was to determine dioxane degradation by persulfate in the absence of iron filings. 

For comparison purposes, dioxane degradation by H2O2 was also examined. The second 

control was to determine dioxane degradation in the presence of iron filings but absence 

of persulfate. Another set of controls was designed to determine separately the reactivity 

of persulfate and sulfate with the iron filings in the absence of dioxane. The final control, 

dioxane solution with no oxidant or iron filings, tested for loss of dioxane due to 

volatilization, photochemical decomposition, or other potential mass-loss processes 

during the course of the batch experiments.  

Dioxane concentration was measured using gas chromatography (Shimadu GC-14A, 

Columbia, MD) equipped with a SPBTM-624 capillary column (Supelco, 30m×0.53 

mm×3µm) and a flame ionization detector. Splitless direct injection was used with 

injector temperature of 200°C. The temperature program was set to start at 40°C and then 

ramp to 110°C at 10°C/min. Detector temperature was 250°C. A modified iodide 
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spectrophotometry method of Liang et al. (2008) was used to determine persulfate (S2O8
2-

) and H2O2 concentrations. KI salt was dissolved in a 5 g/L NaHCO3 solution to the 

concentration of 100 g/L. Samples were mixed with the KI-NaHCO3 solution at a ratio of 

1:19 (v:v). Absorptivity of the solution was measured after a 20 minute holding time with 

spectrophotometry (Hach DR2800, Loveland, CO) at a wavelength of 400 nm. 

Interference by ferric iron in solution on the absorptivity of the persulfate or H2O2 

complex was corrected via independent analysis for the solution-phase concentration of 

ferric iron and associated relative absorptivity. Sulfate, ferrous ion, and total iron were 

measured with spectrophotometry using the Ba2+-based USEPA SulfaVer4 method 

(HACH module No.8051), 1,10-phenanthroline-based method (No.8146), and FerroVer 

method (No.8008), respectively. The ferric iron concentration was calculated as the 

difference between total iron and ferrous ion concentrations. The pH of the samples was 

measured by a Beckman 510 pH meter (Brea, CA). 

 

 

2.3. Column Experiments 

The columns used in the experiments were constructed of 316-stainless steel. They 

have a 2.2-cm inner diameter and are either 25-cm or 7-cm long. Porous frits were placed 

on each end of the column to promote uniform flow and retain the porous media. All 

tubing, frits, and connectors were constructed of stainless steel.  

The 25-cm column was dry packed with a 20-cm length of iron filings, capped at 

each end with 2.5 cm of sand. The vertically oriented packed column was then flushed 
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with CO2 to displace air, and then saturated with deaerated water using a single-piston 

precision-flow HPLC pump (Gilson, Acuflow Series ІІ). The column was then oriented 

horizontally for the experiments.  

A solution of 5 mM persulfate or a mixed solution of 5 mM persulfate and 0.5 mM 

dioxane was injected into the column at a constant flow rate of either ~1 or ~0.1 ml/min, 

equivalent to pore-water velocities of ~30 or ~3 cm/h. After 7~9 pore volumes of 

injection, the influent was switched to water. Effluent samples were collected in glass 

tubes emplaced in an ice-water bath to quench the reaction, and weighed. The samples 

were then immediately analyzed for concentrations of dioxane, persulfate, sulfate, ferrous 

ion, total iron, and pH, accordingly. The concentrations of persulfate and dioxane in the 

reservoir were measured before, during, and after each experiment to monitor for 

potential loss.  

Control experiments were conducted using identical procedures. One set of 

experiments was conducted to measure the potential reactivity of dioxane to the iron 

filings in the absence of persulfate. Another experiment was conducted to evaluate the 

transport and degradation of persulfate in silica sand. Finally, experiments were 

conducted with hydrogen peroxide as the oxidant in place of persulfate. 

 

2.4. Ancillary Studies 

 Specific experiments were conducted to investigate the impact of combining 

persulfate and iron-filings on aqueous and solid-phase geochemistry. Iron filings (15 g) 

were added to flasks containing either 150 ml of 5 mM Na2S2O8 solution or 150 ml of 
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nano-pure water. The flasks were sealed with parafilm and shaken at 200 rpm (30±1°C). 

Subsamples (10 ml) were collected from the flasks at 1 h and 24 h, and analyzed for 

aqueous-phase concentration of persulfate, sulfate, Fe2+, total iron, and pH following the 

procedures described above. Concentrations of metals in the subsamples were analyzed 

using inductively coupled plasma mass spectrometry (ICP-MS, ELAN DRC-II, Perkin 

Elmer, Shelton, CT). The calibration solution was prepared in 1% nitric acid from multi-

element stock solutions such as those available from AccuStandard (New Haven, CT). 

Immediately after the 10-ml subsample was drawn from the flask, the remainder of the 

solution in the flask was discarded and the iron filings were rinsed more than 10 times 

with de-ionized water. The iron filings were then dried in pure N2 atmosphere under 

room temperature. The dried iron filings were analyzed with electron scanning 

microscopy-energy dispersive X-ray spectroscopy (SEM-EDS, S-3400N SEM with 

UltraDry EDS, Thremo-scientific, Madison, WI) for surface element composition, and 

with X-ray diffraction (XRD, D8 Advance, Bruker AXS, Madison, WI) to identify 

minerals formed on the surface. 

Formation of radicals was examined employing electron paramagnetic resonance 

spectroscopy. Two ml of the reaction solution (supernatant with suspended fine iron 

particles if iron filings were present) was mixed with the spin trapping agent DMPO to a 

final DMPO concentration of ~0.1 M. The mixed solution was immediately placed in 

capillaries with 1 mm ID, and analyzed with an X-band EPR spectrometer (Elexsys 

E500, Bruker, Woodlands, TX) equipped with the rectangular resonator operating in 

TE102 mode. The spectra were recorded at room temperature, at the microwave frequency 
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of 9.340 GHz, microwave power of 2 mW, and magnetic field modulation amplitude of 1 

G. 

 

3. RESULTS AND DISCUSSION 

3.1. Batch Experiments 

The surface chemistry of the iron filings was analyzed with SEM-EDS and XRD, 

and the results are presented in Table 1 and in Figure S1 in the Supplementary 

Information (SI). O, Fe, and C are the three major elements on the surface of the iron 

filings. Oxygen was introduced as the iron filings were oxidized by O2 in the air. Carbon 

is a common element in the source steel. Low levels of silicon were identified, which is 

attributed to dust introduced during collection and transportation of the iron filings. A 

small quantity of manganese was also observed, likely due to its use as an additive for 

alloy steels. XRD results showed that magnetite with chemical formula of Fe3O4 is the 

major form of oxidized iron on the surface of the iron filings. 

The results of the dioxane degradation batch experiments conducted in the absence 

of iron filings are presented in Figure 1. Dioxane loss for the control, due to 

volatilization, photochemical decomposition, or other processes, is minimal. This is 

consistent with the fact that dioxane has low vapor pressure at room temperature (~4.0 

Kpa at 20°C; Verschueren, 1983) and is chemically stable under ambient conditions. In 

contrast, dioxane underwent significant degradation in the presence of persulfate (no iron 

filings) with an approximately 70% loss in the first 300 h. As the reaction proceeded, 

sulfate was detected and the concentration increased over time. The combined 
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concentration of sulfate and persulfate was close to the initial persulfate concentration 

during the entire experiment, showing complete mass balance for sulfur and indicating 

that sulfate was the only measurable product of persulfate decomposition. 

The reaction is assumed to follow first order kinetics given that the oxidant is present 

in great excess (molar ratio of oxidant to dioxane is 10:1). First-order reaction rate 

constants for dioxane and persulfate decomposition were calculated to be 0.006 (Table 2) 

and 0.00033 h-1 (Figure S2B, SI), respectively. By the end of the reaction, the molar 

decomposition ratio is calculated to be 0.5:1 (dioxane:persulfate) (Figure 1), indicating 

high efficiency for persulfate degradation of dioxane. In contrast, degradation of dioxane 

was minimal when H2O2 was used as the oxidant, with a first-order reaction rate constant 

of 0.0003 h-1 (Table 2). Approximately 35% of H2O2 was lost from solution after 300 h 

(Figure S2B, SI). This result shows that H2O2 is less efficient for dioxane degradation and 

has lower stability than persulfate.  

The results of the dioxane degradation experiments conducted with the addition of 

iron filings are presented in Figure 2. There was approximately 10% loss of dioxane in 

the absence of persulfate (Figure 2A). This is in contrast to the no measurable loss 

observed for the control with no iron filings added. These contrasting results indicate that 

the iron filings apparently produced a small degree of dioxane degradation. Dioxane 

degradation in open aqueous systems in the presence of micron-  (~44 µm) or nano-sized 

(~1 µm) particles of ZVI has been reported (Son et al., 2009; Shina et al., 2012). Such 

degradation was caused by dissolved oxygen oxidation catalyzed by the ZVI. The 

pseudo-first-order reaction rate constants, k, vary from 0.03 to 0.18 h-1, depending on the 
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experimental setup, particle size, and solid-liquid ratio. The k for dioxane degradation 

with iron filings in this study is 0.0014 h-1 (Table 2). The significantly smaller value 

determined for our experiments is to be expected given the significantly greater reactive 

surface areas associated with the micron- or nano-ZVI compared to the iron-filing 

particles used herein. 

Dioxane concentrations decreased rapidly in the presence of combined persulfate and 

iron filings, and approximately 70% of the dioxane was removed within 50 h (Figure 

2A). Dioxane degradation was significantly faster in the presence of iron filings, wherein 

70% reduction in dioxane required 300 hours in the absence of iron filings. Dioxane 

degradation exhibited a two-stage reaction pattern in the presence of iron filings. An 

extremely high reaction rate was observed in the first 0.5 h of contact, with 30% of 

dioxane removed. After 0.5 h, degradation of dioxane slowed and followed first-order 

kinetics with a k of 0.016 h-1 (Table 2 and Figure S2A, SI). Approximately 85% of the 

persulfate was lost from bulk solution within the first 0.5 h, resulting in production of a 

substantial amount of sulfate. This rapid loss of persulfate and concomitant production of 

sulfate contrasts greatly with the results observed for the experiment conducted without 

the iron filings (Figure 1). The results for dioxane, persulfate, and sulfate all demonstrate 

that the iron filings produced rapid activation of persulfate. 

The concentration of total sulfur in bulk solution deceased after the reaction was 

initiated, and there was a loss of approximately 30% in total sulfur by the end of the 

experiment. Recall that there was no measurable loss of total sulfur for the experiment 

conducted with no iron filings present. Loss of sulfur from solution was also observed for 
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the control tests wherein iron filings were added to sulfate (10 mM) or persulfate (5 mM) 

solutions with no dioxane present (Figure 2A). It is hypothesized that the sulfur loss 

observed for the iron-filings experiments is related to transfer of sulfur from bulk solution 

to the iron filings surface. 

Enrichment of sulfur on the surface of the iron filings was observed with SEM-EDS 

after 1-h contact between iron filings and persulfate solution (Figure 3A and 3B). This 

sulfur species existed in a form that could not be removed by repeated flushing with 

deionized water, showing that it was bound in some manner to the iron filing surface. 

Consistent with the SEM-EDS observations, the XRD analysis indicated the presence of 

minerals in the form of Fe2(SO4)3 and FeSO4 on the iron filing surface after 1-h contact 

with persulfate. Enrichment of sulfur on the solid surface was not observed for the 

original iron filing sample or the control sample shaken with water for 24 h. In addition, 

after 24-h contact, the sulfur species associated with the iron filing surface observed for 

the 1-hr sample disappeared, which was accompanied with a decrease in the relative 

abundance of Fe (Figure 3B). 

Solution pH increased for the batch experiment, which is expected due to 

consumption of persulfate, the source of H+, in the presence of iron filings. Large 

amounts of both ferrous and ferric iron were released to the aqueous phase as a result of 

reaction between persulfate and iron filing surface (Figure 2B). The metals and their 

concentrations in bulk solution measured by ICP-MS are presented in Table S1, SI. 

Release of Fe was also observed by ICP-MS and the concentration was close to the total 

Fe concentration measured spectrophotometrically. Soluble manganese with 
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concentration higher than 5 mg/L was also detected. In contrast, contact of the iron filings 

with water (no persulfate) for 24 h had little impact on iron filing surface element 

composition and caused minimal release of metals (Table S1, SI). 

 

3.2. Miscible-Displacement Experiments 

Transport of persulfate in the column packed with sand was ideal, with no 

measurable retardation or mass loss (Figure S3, SI). In contrast, persulfate exhibited 

retardation (breakthrough at approximately 3 pore volumes) and significant mass loss 

(~85%) during transport in the iron filings (Figure 4A). Sulfate production was observed, 

with breakthrough occurring at approximately 1 pore volume, much earlier than 

persulfate (Figure 4A). This is because transformation of persulfate to sulfate was quick 

and adsorption of sulfate by iron filings was minimal, as indicated by the results of the 

batch experiment (Figure 2A). An initial plateau in sulfate concentration was observed at 

approximately C/C0 of 0.55. A subsequent rise in sulfate concentration occurred 

coincident with persulfate breakthrough. The pH of the effluent was approximately 5.5 at 

the time of persulfate injection, increased to 9.5 for two pore volumes, and then returned 

to the initial value coincident with persulfate breakthrough. Significant increases in both 

ferrous and ferric iron were also observed coincident with persulfate breakthrough. This 

release of Fe to the aqueous phase was not a result of the decrease in pH, given that Fe 

concentrations were lower than 1 mg/L in the effluent at the beginning of injection when 

the pH was also initially lower. 
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Dioxane transport in the iron filing column was ideal in the absence of oxidants, with 

no retardation or mass loss (Figure S4, SI). The observed no mass loss for this column 

experiment, for which the hydraulic residence time (tr) was approximately 7 h, is 

consistent with the results of the batch experiment wherein no loss of dioxane occurred 

within ~6 h after mixing with iron filings (Figure 2A). There was also minimal mass loss 

of dioxane in the presence of persulfate for the experiment conducted at the pore-water 

velocity of 31 cm/h (tr = 0.6 h) (Figure 5A). However, the transport behavior of the sulfur 

species was essentially identical to that observed for the experiment conducted without 

dioxane (Figure 4A), indicating excellent reproducibility. 

Approximately 10% of the dioxane injected was degraded when the pore-water 

velocity was lowered to 3 cm/h (tr = 6.7 h) (Figure 5A). Patterns of iron species 

production and pH change in the effluent (Figure 5B) were similar to the experiment 

conducted without dioxane (Figure 4B). By assuming dioxane degradation follows first-

order kinetics, a reaction rate constant k of 0.018 h-1 is obtained for pore-water velocity of 

3 cm/h by solving the first-order kinetics equation:  

                       (1) 

tr = L/v          (2) 

v = 4Q/(πD2n)         (3) 

where C (mM) is the mean dioxane concentration in the effluent at steady state, C0 (mM) 

is the dioxane concentration in the influent, L (cm) is the length of the iron filing bed, v 

(cm/h) is the mean pore-water velocity, Q is flow rate (mL/h), D is the inner diameter of 
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the column (cm), and n is porosity. The k determined from the column experiment is 

essentially identical to the k obtained for the second reaction stage of the batch 

experiment (0.016 h-1). 

When H2O2 was used in the column experiment, no breakthrough of H2O2 or 

degradation of dioxane was observed for either pore-water velocity (Figure S5A and 

S5C, SI). Release of ferrous or ferric ion into the bulk aqueous phase was minimal 

compared to the case of persulfate (two order of magnitude lower), and also no 

significant variation of pH was observed (Figure S5B and S5D, SI). The results are 

consistent with the fact that H2O2 is not stable and readily self-decomposes. These results 

suggest that persulfate is superior to H2O2 for oxidative removal of dioxane using iron-

filing-based PRB. 

 

3.3 Free Radical Analysis 

The results obtained from the experiment conducted specifically to characterize free-

radical formation are presented in Figure S6, SI. Both DMPO-OH and DMPO-SO4 

signals were observed in the EPR spectrum measured for the persulfate solution, which 

shows the presence of both HO• and SO4•
- radicals. This is consistent with prior 

observations (Fang et al., 2013; Yan et al., 2015). The DMPO-SO4 signal diminished 

quickly over time, accompanied by a slight increase in the DMPO-OH signal, due to 

conversion of DMPO-SO4 adduct to DMPO-OH (Davies et al., 1992; Zalibera et al., 

2009; Yan et al., 2015). 
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The persulfate-dioxane solution with iron filings present exhibited a much more 

complicated EPR spectrum than the others (Figure 6A). Radicals other than HO• and 

SO4•
-, such as a spin adduct with H (DMPO-H) and a carbon-centered radical (DMPO-

R), were observed (Figure 6B). Such radicals could be intermediate radicals generated 

during decomposition of dioxane. The signal of these radicals diminished over time and 

the DMPO-OH signal intensity also decreased, as shown by repetitive scanning on the 

same sample for 30 min (Figure 6B). 

The above results demonstrate that significant quantities of radicals are generated 

immediately upon combining persulfate and the iron filings. The very fast rate of dioxane 

degradation observed during the first 0.5 hour of the batch experiment is attributed to this 

surfeit of radicals in solution. However, the data presented in Figure 6B indicate that the 

concentration of radicals in solution decreases rapidly over 0.5 h. Additionally, EPR 

analysis of samples from the batch experiment shows that radical presence is minimal 

after 0.5 h (Figure S7, SI). This is consistent with the fact that the persulfate 

concentration decreased by 85% within 0.5 h (Figure 2), which thereby significantly 

reduced the source of radicals. The continued, albeit slower, degradation of dioxane in 

the absence of significant free-radical levels after 0.5 h indicates the existence of a 

second reaction process. This process is hypothesized to comprise a surface reaction 

mechanism. Such a mechanism is supported by the SEM-EDS and XRD results discussed 

above, which show a temporary accumulation of sulfur species on the iron filings surface. 

This mechanism is also hypothesized to be responsible for the retardation of persulfate, 
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two-stage increase in sulfate concentration, and significant release of iron to the aqueous 

phase observed for the column experiments. 

 

4. Conclusion 

 Successful activation of persulfate was achieved by using iron filings in both 

batch and column experiments. The activation process comprises two stages, including a 

first stage of rapid decomposition of persulfate and a second stage of rate-limited surface 

reaction. Comparison of the pseudo-first-order reaction rate constants for dioxane 

degradation shows significantly higher reaction rates in the presence of iron filings, 

indicating the effectiveness of iron filing in activating persulfate and facilitating dioxane 

degradation.  

The PRB bed length required for field application of the persulfate-enhanced PRB 

can be calculated based on assumed first-order reaction kinetics and using the reported k 

of 0.018 h-1. Assuming the persulfate is perfused uniformly within the PRB, and given a 

typical groundwater velocity of 0.3 m/d, the estimated bed lengths (L in equation (2)) are 

1.6, 2.1, and 3.2 m for dioxane removal rates of 90%, 95%, and 99% (C/C0 = 0.1, 0.05, 

and 0.01), respectively. These thicknesses are in the range of bed lengths typically used 

for PRB applications. It is significant to note that the persulfate concentration used 

herein, ~1 g/L, is an order of magnitude lower than the concentrations typically used in 

standard field ISCO applications. It is also interesting to note that the k (0.018 h-1) is 

comparable to the values (0.03~0.12 h-1) obtained with micron- or nano-ZVI in batch 

experiments (Son et al., 2009; Shina et al., 2012), indicating that the persulfate-enhanced 
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PRB has the potential to achieve a dioxane removal efficiency similar to nano-ZVI. 

These results illustrate the potential of the persulfate-enhanced PRB for in-situ 

remediation of dioxane contaminated groundwater. 
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Table 1.  Compounds and elements on surface of the iron filings based on XRD and SEM-EDS 

tests 

Chemical name or formula Mole Quantity (%) 

Elements identified with SEM-EDS  

      Oxygen (O) 61.97±0.28 

      Iron (Fe) 26.72±0.10 

      Carbon (C)   9.29±0.14 

      Silicon (Si)   1.06±0.02 

      Manganese (Mn)   0.37±0.04 

      Copper (Cu)   0.24±0.03 

      Sulfur (S)   0.12±0.01 

      Aluminum (Al)   0.09±0.01 

      Chromium (Cr)   0.09±0.01 

      Calcium (Ca)   0.05±0.01 

Compounds identified with XRD  

      Iron diiron(III) oxide, Magnetite (Fe3O4) 50 

      Iron titanium oxide (Fe1.696Ti0.228O3) 26 

      Magnesium diiron(III) oxide (MgFe2O4) 17 

      Iron manganese(IV) oxide (FeMnO3) 7 
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Table 2.  Pseudo-first-order reaction rate constant k and half-life t1/2 for dioxane degradation in 

batch experiments 

Reactants Rate constant k (h-1) Half-life t1/2 (h) 

Dioxane only 0.00008 8664 

Dioxane + H2O2 0.00029 2390 

Dioxane + Fe filings 0.0014 495 

Dioxane + persulfate 0.0060 116 

Dioxane + persulfate + Fe filingsa 0.016 43 

a calculation is based on the data for the second reaction stage (t ≥ 0.5 h, proposed surface 

reaction) 
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 Figure 1   Degradation of dioxane by persulfate in the absence of iron filings in batch reactor 

system.  Error bars show mean ± standard deviation (range may be smaller than the symbol). 
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Figure 2  Degradation of dioxane in the presence of iron filings in batch reactor system. Controls 

of persulfate + iron filings, sulfate + iron filings, and dioxane + iron filings are also included. (A) 

Concentration of sulfur species and dioxane versus time. (B) Concentration of iron species and 

pH versus time. 
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Figure 3  Elements and their relative abundance on iron filing surface for activation of persulfate. 

(A) SEM-EDS spectra of the iron filing surface. G(2), original iron filings; O(1), after 1 h 

reaction; R(1), after 24 h reaction; B(2), after 24 h mixing with water. (B) Relative abundance of 

the four major elements on iron filing surface. 

A 

B 
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Figure 4  Breakthrough curves of persulfate in iron filing column and the related solution 

chemistry (no dioxane present). Influent persulfate concentration is 5 mM. The pore-water 

velocity is 31 cm/h. (A) Breakthrough curves of persulfate, sulfate, and total sulfur. (B) 

Concentration of iron species and pH in the effluent.
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Figure 5  Degradation of dioxane by persulfate in iron filing column and the related solution 

chemistry. Influent persulfate and dioxane concentrations are 5 mM and 0.5 mM, respectively. 

(A) Breakthrough curves of persulfate, sulfate, total sulfur and dioxane at pore-water velocities of 

31 and 3 cm/h. (B) Concentration of iron species and pH in the effluent at the pore-water velocity 

of 3 cm/h. 



208 

 

 

 

B 

A 



209 

 

 

Figure 6  Electron paramagnetic resonance (EPR) spectra. (A) EPR spectra for different reaction 

combinations at the start of reaction (~2 min). (B) EPR spectra versus time for supernatant of 

persulfate-dioxane-iron filing batch experiment.        DMPO-OH;      DMPO-SO4; ▼ DMPO-H 

or DMPO-R. 
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Table 1S.  ICP-MS-based Metal concentrations in bulk solution after contact of 5 mM persulfate 

solution or pure water with iron filings at a liquid/solid ratio of 10:1 (v/w). The flask reactor was 

shaken at 200 rpm, 30±1°C. The metals with concentration lower than 0.01 mg/L are not 

included. 

Analyte 1 h contact 24 h contact 24 h contact with water 

Metals measured by ICP-MS method (mg/L) 

    Na 195.84 186.56 1.52 

    Fe 168.26 115.97 0.14 

    Mn 5.96 9.53 0.01 

    Ca 0.61 0.69 0.05 

    Ni 0.51 0.05 0.00 

    K 0.50 0.65 0.29 

    Mg 0.30 0.44 0.03 

    Ba 0.03 0.02 0.00 

    Co 0.02 0.01 0.00 

    Zn 0.01 0.01 0.00 

    Mo 0.00 0.03 0.00 

    Cu 0.00 0.01 0.00 

Sulfur and iron species measured by spectrophotometric method (mg/L) 

    Fe2+  111.74 82.77 0.12 

    Fe3+  102.45 55.38 -0.04 

    Total Fe  214.19 138.15 0.08 

    pH 4.70 5.28 6.42 
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Figure S1. (A) SEM-EDS spectroscopy and the image of scanned area for iron filing sample. 
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Figure S1. (B) XRD spectroscopy and identified minerals for iron filing sample.  
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Figure S2. (A) Degradation of dioxane and (B) oxidant decomposition in batch reaction system. 

The initial dioxane concentration is approximately 0.5 mM. The persulfate or H2O2 concentration 

is approximately 5 mM.   
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Figure S3.  Breakthrough curves of non-reactive tracer pentafluorobenzoate (PFBA NRT) and 

persulfate in sand-packed column.  
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Figure S4.  Breakthrough curve of dioxane in the iron-filing-packed column in the absence of 

oxidants. Influent dioxane concentration is approximately 0.5 mM. Pore-water velocity is 3.0 

cm/h. 
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Figure S5. Degradation of dioxane by H2O2 in iron-filing-packed column and the related solution 

chemistry. Influent H2O2 and dioxane concentrations are 5 mM and 0.5 mM, respectively. (A) 

Breakthrough curves of H2O2 and dioxane at the pore-water velocity of 31 cm/h. (B) 
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Concentration of iron species and pH in the effluent at the pore-water velocity of 31 cm/h. (C) 

Breakthrough curves of H2O2 and dioxane at the pore-water velocity of 3.0 cm/h. (D) 

Concentration of iron species and pH in the effluent at the pore-water velocity of 3.0 cm/h. 
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Figure S6  EPR spectra of persulfate solution over time.    DMPO-OH;     DMPO-SO4. 
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Figure S7.  EPR spectra of the solution in persulfate-dioxane-iron filing batch reaction system. 


