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The Fenton reaction involves the reaction between H2O2 and ferrous iron that 

yields a hydroxyl radical ("OH). H2O2 has been used to generate 'OH in soil and aquifer 

material to oxidize undesirable contaminants. However, non-target chemical species, 

both natural and anthropogenic also react with 'OH. That is, non-target chemical species 

can "scavenge" *OH and limit the "oxidation capacity" of the treatment system. A 

laboratory study was conducted to determine whether soil microbiota or soil organic 

matter in the form of peat would scavenge 'OH and compete with a probe compound (a-

(4-pyridyl-I-oxide)-N-tert-butyl-nitrone (4-POBN)) for *0H. 4-POBN was used because 

of the numerous advantages regarding its fate in soil and ease of analysis, however, it 

would be rare to find this probe as a contaminant in ground water or soil. A soil slurry 

composed of silica sand (SiO,), goethite (FeOOH), 4-POBN and either a suspension of 

catalase-positive bacteriimi (Shewanella putrefaciens) or organic matter (Pahokee peat) 

was amended with HjO,. An analytical technique was used to estimate the steady-state 

"OH concentration, the rate of'OH production, the natural scavenging conditional rate 

constant, and the rate of'OH scavenging. The oxidation efficiency was calculated which 

provided an empirical measure of treatment. Parameter values were compared to evaluate 

the roles of microbes and peat as determinants of'OH availability under the conditions of 

the experiment. 



Microbes did not significantly effect the rate of "OH production. The steady-state 

'OH concentration was estimated to be approximately the same in the microbial-amended 

and unamended reactors, and the treatment efficiency was slightly greater in microbial-

amended reactors. These results indicate that microbes had a minimal scavenging role. 

Pahokee peat increased the rate of'OH production which was partially attributed to the 

iron contained in the peat. The conditional natural scavenging reaction rate constant was 

lower in the peat-amended reactors, and the steady-state 'OH concentration was greater in 

the peat-amended reactors. The rate of'OH scavenging and the total 'OH scavenged were 

greater in the peat-amended reactors. Although the conditional natural scavenging rate 

constant was lower in peat-amended reactors, the rate of scavenging increased. This was 

attributed to the increased concentration of "OH. The degradation rate of 2-chlorophenol, 

a common ground water contaminant, was successfully predicted using 4-POBN 

transformation data obtained under similar experimental conditions. 



2. INTRODUCTION 

2.A Background 

The classic Fenton reaction involves the reaction between H^Oj and ferrous iron 

which yields a hydroxyl radical ('OH) (reaction 2.1). This reaction may involve 

dissolved ferrous iron (homogeneous) or a complexed form of iron such as goethite (a-

FeOOH) in heterogeneous reactions. H2O2 also reacts with the byproduct from reaction 

2.1, ferric iron (reaction 2.2) which yields ferrous iron. These two reactions cycle iron 

between the ferrous and ferric states until the H2O2 is consumed, producing *0H in the 

process. Two general classes of H2O2 decomposition reactions that occur in subsurface 

systems are enzymatic, or microbiologically catdyzed (reaction 2.3), and non-enzymatic, 

or inorganically catalyzed. Due to the abundance of enzymatic and non-enzymatic 

catalysts in soil and aquifer systems, both of these processes may occur simultaneously, 

and it is sometimes difficult to distinguish the mechanism of H2O2 decomposition 

reactions (Aggarwal, 1992). Non-enzymatic reactions yield the highly oxidative 'OH, 

whereas enzymatic decomposition reactions (reaction 2.3) are not known to yield 

significant quantities of'OH. 

# 

H2O2 + Fe(II) > Fe(III) + OH" + 'OH (2.1) 

H2O2 + Fe(III) > Fe(II) + 'Oj* + 2 H" (2.2) 

H2O2 + catalase(+) bacterium ->H20 + 1/2 0, (2.3) 



HiOt has been widely used to generate 'OH in soil and aquifer material to oxidize 

undesirable contaminants (reaction 2.4). Numerous non-target chemical species present 

in soil and aquifer material, both natural and anthropogenic will also react with 'OH. The 

non-target chemical species "scavenge" 'OH from the system which would otherwise 

oxidize undesirable contaminants (reaction 2.5). 

'OH + target contaminant —> reaction products (2.4) 

'OH + non-target chemicals > reaction products (2.5) 
species ("scavengers") 

Overall, both enzymatic decomposition reactions and the non-specificity of'OH can 

limit the ability to oxidize undesirable contaminants via HiO, addition. In other words, 

(H2O2 decomposition and 'OH scavenging) limit the "oxidation capacity" of Fenton 

treatment systems. 

2.B Research Overview 

The purpose of this study was to determine whether soil parameters such as soil 

bacterium or organic matter, in the form of peat, would compete with a target compound 

for *0H. A laboratory study was conducted in which an artificial soil composed of silica 

sand (SiO,) and crushed goethite (FeOOH) was amended with solutions of H2O2, the 

target compoimd, a-(4-pyridyl-l-oxide)-N-tert-butyl-nitrone (4-POBN), H2SO4 and either 



a suspension of catalase-positive microbes (Shewanella putrefaciens 200) or organic 

matter (Pahokee peat). 4-POBN was selected as the target compound because of the 

numerous advantages regarding its fate in soil and ease of analysis, however, it would be 

rare to find this probe as a contaminant in ground water or soil. HiO,, 4-POBN and pH 

were monitored in the soil slurry reactors, and the chemical and physical parameters of 

the soil were well characterized. The effects of the two soil parameters, soil bacterium 

and Pahokee peat, on the oxidation of 4-POBN were evaluated. The fate of 4-POBN was 

established in the soil slurry and then used to quantify *0H activity. Prior to conducting 

the oxidation experiments, other processes potentially affecting the fate of 4-POBN were 

identified and evaluated . In this manner, it was assured that the oxidation of 4-POBN by 

"OH was the only reaction responsible for 4-POBN disappearance under the experimental 

conditions. Specifically, experiments were conducted to examine and quantify the roles 

of photodecay, sorption, volatilization, biodegradation and pH on the fate of 4-POBN. A 

graphical technique was developed and used to estimate kinetics parameters in 

competition experiments involving 4-POBN, 'OH and scavengers. Since numerous 

reactions occurred simultaneously in the soil slurry reactor, the method of analysis 

separated the reactions involving the probe compound from radical scavenging reactions 

(all others, by definition). When microbes and peat were added to the experimental 

matrix, their effect on radical production and scavenging were determined using the same 

mathematical approach. Specifically, the following kinetic parameters were estimated to 



determine the role that soil bacteria and organic matter (Pahokee peat) have on the 

oxidation capacity of Fenton reactions in soil: 

• rate of'OH production (Pqh) [M/L^T] 

• natural scavenging conditional rate constant (k^) [T"'] 

• steady-state "OH concentration ([*OH]sJ [M/L^] 

• rate of'OH scavenging (k„ ['OHJsj) [M/L^T] 

The following tasks were accomplished during the course of this study: 

• Literature review and evaluation. 

• Development of a mathematical method to estimate kinetic parameters and 

evaluate the parameters governing competition kinetics between the target compound 

and scavengers for "OH. 

• Methods development including the identification of an appropriate probe 

compound (4-POBN) for *0H, and analytical methods for measuring HjQi, 4-POBN, 

Fe, and pH in a soil slurry. 

• Evaluation of the processes affecting the fate of 4-POBN in laboratory soil 

slurry reactors. 

• Design and execution of scil slurry' oxidation experiments. 

• Estimation of the kinetic parameters for oxidation reactions involving 'OH to 
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differentiate effects due to microorganisms and peat from other scavengers present. 

The approach used in this study was to focus on the fundamental processes involved 

in a relatively simple, heterogeneous system. Ultimately this information will help 

understand the role of HjO, in oxidation reactions and to improve the feasibility of using 

HjO, to oxidize contaminants in more complex soil or aquifer systems at larger scales. 

2.C Objectives 

The objectives of this study were to: 

1. Develop approximate mathematical tools with which to quantify Pqh, ['OHJJS, and 

kns in soil slurry reactors. 

2. Select an appropriate probe compound with a well defined reaction rate constant 

with 'OH. The characteristics of such a compound, in addition to its reactivity with 'OH, 

are selected for its behavior in soil slurries. For example, reactions with reactor 

constituents other than 'OH, or uncontrolled photodegradation, etc., would be 

unacceptable. 

3. Determine the effects of a catalase-positive soil bacterium and peat on the 

oxidation or 4-POBN by Fenton reactions in a soil slurry reactor. 

4. Predict the fate of target contaminants (eg. 2-chlorophenol) under the same 

conditions and verify the predictions via experiments. 



3. LITERATURE REVIEW 

3.A Overview of HjOj Chemical Reactions in Soil and Aquifer Material 

Reactions involving HiO,, even in simple systems, are complex due to numerous 

competing, side, and scavenging reactions that occur simultaneously. This complexity 

increases dramatically in soil or aquifer systems, where a wide variety of inorganic 

mineral species, organic species, and biological parameters exist. The most notable non-

enzymatic reactions involving HjO, are those in the presence of iron salts for which the 

generally accepted mechanism is a series of complex chemical reactions involving the 

generation of hydroxyl ('OH) and superoxide ('O,') radical intermediates and both ferric 

(Fe(III)) and ferrous (Fe(II)) iron (Schumb et al., 1955). Other metals react with HjOi in 

a similar fashion but do not generate "OH, e.g. Mn(II) and Mn(III). In most soil and 

aquifer environments, Fe(n) and Fe(III) are the dominate species that catalyze these 

reactions and therefore will be the focus of this research. 

lA.(i)JB!£actiQns 

Table 3.1 includes a summary of Fenton and other related reactions. These 

represent most of the chemical reactions believed to occur in the soil slurry reactors 

conducted during this study. It is possible that there may be other reactions occurring 

that are not represented in this summary and that all of these reactions occur 

simultaneously. The reactions shown are discussed in the following sections. Reactions 
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involving *0H and soil bacterium or peat are not included in Table 3.1 but are proposed 

as scavengers. Table 3.1 includes reactions involving a-(4-pyridyl-l-oxide)-N-tert-butyl-

nitrone (4-POBN), a spin-trap compound used as a probe to quantify radical activity. 

Additional discussion of 4-POBN is provided in sections 3. A (4), 3.E, and 3.F. 

Table.3J- - Chemical Reactions Involving in Soil . 
(c:\bioxport\kinetics\sumrxn.doc 1/8/96) 
Fe(II) + HjO, > Fe(III) + OH* + 'OH (3.1) 
Fe(III) + HjO, > Fe(II) + H* + 'HO, (3.2) 
Fe(II) + -OH -> Feail) + OH" (3.3) 
4-POBN + -OH > •4-POBN (3.4) 
'4-POBN + Fe(III) > Fe(II) + products (3.5) 
•4-POBN + -OH > ROH (3.6) 
•4-POBN + 4-POBN > Product (dimer) (3.7) 
•4-POBN + Fe(II) + >Fe(III) + RH (3.8) 
•4-POBN + H2O, > ROH + •OH (3.9) 
• HO, + Fe(III) > Fe(II) + H^ + O, (3.10.a) 
•O,- + Fe(III) > Fe(II) + O, (3.lO.b) 
•OH +H2O2 > 'HO, + H2O' (3.11) 
a-Fe06H + H202 -> a-FeOOH'+ H^ +'HOj (3.12.a) 
a-FeOOH + ^HO, > a-FeOOH'+ H* + O, (3.12.b) 
a-FeOOH- + HjO, > a-FeOOH + OH* + 'OH (3.13) 
a-FeOOH-+^OH >a-FeOOH + OH- (3.14) 
•0H+2CP > (3.15) 
•OH + OH- > (3.16) 
•OH+HCO3- > (3.17) 
•OH+Cl- > (3.18) 
•0H+HS04- > (3.19) 
•OH+^OH >H202 (3.20) 
•OH + 'O,- > OH" + 0, (3.21) 
•OH + •Hb2 > HjO + 62 (3.22) 
•4-POBN > X, (3.23) 
X, >X,>, (3.24) 
Xi., >X„ (3.25) 
'OH + 2"j=, Xj > CO2 + byproducts (3.26) 
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Table 3.1 continued 

where "OH 
•HO, 
•O," 
4-POBN 
•4-POBN 
2CP 
X,..X„ 

hydroxyl radical, 
perhydroxyl radical 
superoxide radical 
spin-trap compound 
radical adduct 
2-chlorophenol 
decomposition products of 4-POBN 

Reaction Reaction Rate and General Comments 
3.1 k, = 53.01 L/mol-s (Ingles, 1972), 76 L/moI-s (Walling, 1975); 

primary reaction responsible for generation of'OH. 
3.2 Rate constant not reported; overall reaction involves iron both in the 

soluble and solid phases. 
3.3 kj = 3.5x10® L/mol-s, pH 4.5-6.2 (Buxton et al. 1988), 3.0x10* L/mol-s 

(Walling, 1975). 
3.4 k4 = 3.83x10' L/mol-s, pH 7, (95% confidence interval 3.3xl0M.4xl0' 

L/mol-s) (Buxton et al, 1988); hydrogen abstraction reaction. 
3.5 Rate constant not reported; radical adduct undergoes oxidation reaction 

which regenerates Fe(II) to propagate Fenton reactions. 
3.6 Resistant to radical-mediated decomposition (Ireland andValinieks, 1992). 
3.7 Rate constant not reported; radical adduct undergoes dimerization. 
3.8 Rate constant not reported; radical undergoes reduction and consumes 

potential "OH generating Fe(II) ion. 
3.9 Rate constant not reported; radical undergoes addition reaction which 

consumes H202but yields an *OH. 
3.10.a k,oA = 2x10'' -10® L/mol-s Watts et al., 1991(a); reduction of Fe'^and 

appears to be pH. 
3.10.b k,oB > 10®L/mol-s (Schumb et al., 1955); superoxide radical more likely 

to exist (pKa=4.8) in the neutral pH range and is more reactive than 
the perhydroxyl radical (Schumb et al., 1955). 

3.11 ki, = 2.37x10' L/mol-s, pH 7 (95% confidence interval 1.7x10' -3.0x10' 
L/mol-s) (Buxton et al., 1988); consumes one mole each of H^O, and 'OH, 
no 'OH yielded and reduces oxidation capacity of system. 

3.12.a-b, Rate constant not reported; proposed heterogeneous reactions of Fe(III), 
3.13-14 F e(II) respectively, as goethite. 
3.15 k,5 = 1.2x10'° L/mol-s (Buxton et al., 1988) 



25 

Table 3.1 continued... 

3.16-3.22 Scavenging reactions where 'OH are constuned 
k,6 = 1.2x10" L/mol-s (Buxton et al., 1988) 
k,7 = 10' L/mol-s, pH 6.5 (Buxton et al., 1988) 
k,g = 4.3 X10' L/mol-s, pH 2, (Buxton et al., 1988) 
k,9 = 6.9x10^ L/mol-s, pH 1 (Buxton et al., 1988) 
kjo = 5.2x 10' L/mol-s, pH 3.7 (Buxton et al., 1988) 
k,, = 9.4x10' L/mol-s, pH 2.74-6.75 (Buxton et al., 1988) 
kj, = 6.6x 10' L/mol-s, pH .46 - 6.75 (Buxton et al., 1988) 

3.23-3.26 Rate constants not reported; Radical adduct transformation and scavenging 
of-OH 

3.A (1) a Fenton and associated reactions 

The classic Fenton reaction specifically involves the reaction between HjO, and 

ferrous u:on which yields a hydroxyl radical. In heterogeneous systems involving solid-

phase media such as soil and aquifer material, Fenton reactions may involve aqueous or 

solid-phase forms of ferrous iron (reaction 3.1) or possibly some other metal catalyst. 

HjOt will react with both Fe(II) and Fe(III) in the soluble or solid phases. Two important 

aspects of these reactions are the production of *0H (reaction 3.1) and the cycling of iron 

between the oxidation states Fe(II) and Fe(III) (reactions 3.1 and 3.2), refer to Figure 3.1. 

Oxyhydrides of manganese also cycle between Mn(II) and Mn(III) oxidation states, but 

*0H is not produced as a byproduct. The thermodynamic feasibility of the 

oxidation/reduction cycling of soluble Mn*^ and MnOOH(s) (i.e. Mn(III)) by H2O2 has 

been demonstrated (Pardiek, et al., 1992). 
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Figure 3.1 - The Fenton Reaction, Cycling of Iron Between +2 and +3 Oxidation 
Slates^.aiidjahtfJPi:QdjicJiQnj5ltJh<LHj:dTj(M3^ 

OH- + -OH Fe(III) HA 

H2O2 (Fenton Fe(II) 2 H^ + *02' 
reaction) 

In heterogeneous systems, numerous chemical reactions occur simultaneously that 

increase the complexity of the system. For example, reactions 3.12-3.14 have been 

proposed, these are similar to reactions 3.1-3.3 but goethite (FeOOH) is the reactive form 

of iron. The ability of minerals to carry out Fenton-like reactions may occur either by 

mineral dissolution (solubilization of iron) and H2O2 catalysis, or heterogeneous catalysis 

of H2O2 redox reactions on mineral surfaces (Tyre et al., 1991; Foget, 1992). The rates of 

H2O2 decomposition by soils or aquifer solids are generally pseudo first-order in H2O2 

(Barcelona and Holm, 1991; Hinchee et al., 1991; Spain et al., 1989; Foget, 1992) and 

increase with increasing pH and iron content (Foget, 1992). In soil and aquifer systems, 

the specific side reactions, competing reactions, and presence of scavengers will 

ultimately determine the rate of HjOj decomposition, the 'OH production rate, the "OH 

scavenging rate, and the composition of byproducts. Because soil is a discontinuous 

medium, and soil parameters vary significantly, it is reasonable to expect that Fenton and 

the associated chemical reactions and rates vary at the microscale within each soil type 
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and between soils. 

3 . A ( l ) b  R a d i c a l s  

A free radical is by definition a species containing an unpaired electron, and is 

therefore paramagnetic (Finkelstein et al., 1980). There are four radicals involved in the 

reactions in Table 3.1, the hydroxyl radical ('OH), the superoxide radical 'O,' and its 

conjugate base, the perhydroxyl radical ('HO,) (pBCa = 4.8) and the 4-POBN radical 

adduct (• 4-POBN). The most notable radical is *0H due to its reactivity. 'OH is second 

only to fluorine in oxidation potential and is capable of a wide variety of non-specific 

oxidations (Dorfrnan and Adams, 1973). The production of'OH occurs in reactions 3.1 

and 3.9. Since no reaction rate information is available regarding reaction 3.9, it is 

unclear whether the rate of'OH production due to reaction 3.9 is significant relative to 

reaction 3.1. As discussed in section 3.E(1) below, due to the very small reaction rate 

constant between 4-POBN and 'HO, / 'O,", no significant 4-POBN degradation occurs by 

this reaction under the conditions of the experiment described herein. 

3.A (1) c pH effects 

Optimum pentachlorophenol (PCP) oxidation via Fenton-like reactions in various 

soil types is between pH 2-3 (Watts et al., 1990). This has been attributed in part to 

mineral dissolution and the reaction between dissolved iron and HjO, but may also be due 



to the reduced concentration of naturally occurring *0H scavengers such as OH" 

(k,6=1.2x10'° l/mol-s, pHl 1), HCO3" (k,7 = 10' L/mol-s, pH 6.5), and CO3-" (k,g = 

4.3'< 10' L/mol-s, pH 2) (Buxton et al., 1988). The stability of high concentrations of pure 

solutions of HiO, decreases with either an increase or decrease in pH using different acids 

and bases (Schumb et al., 1955). However, in a soil slurry system, in the presence of 

inorganic catalysts, mainly iron, the rate of HiO, decomposition increases with increasing 

pH (Watts et al., 1990; Foget, 1994). 

3.A (1) d Stoichiometry of*0H production 

HjOi reacts with Fe(II), Fe(III) and "OH, but the only reaction that yields 'OH, is 

the reaction between HiO, and Fe(II) (reaction 3.1). It was assumed reactions 3.1, 3.2, 

3. lO.b and 3.11 are the reactions which determine the stoichiometry between 'OH 

produced and H2O2 consumed. These reactions were balanced and the theoretical 

stoichiometry of'OH produced per HjO, consumed was calculated to be 0.4. This 

analysis assumed all of the 'OH produced reacted with HiO,. Based on competition 

kmetics where other chemical species react with 'OH, this assumption is not valid and the 

stoichiometry would increase correspondingly. Since the rate of reaction between 'OH 

and H2O2 will vary for each specific system where the concentration of H2O2 decreases 

with time, the net stoichiometry will also change with time. 
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The stoichiometry of *0H yielded per HjO, consumed was approximately 1:1 in a 

photo-Fenton H2O2 catalysis aqueous system, where side and competing reactions were 

minimized (Zepp et al., 1992). In a Fenton system, the rate limiting step in *0H 

production involves the reduction of Fe(III) to Fe(II) by H2O2. During this step, HiO, is 

consumed and "OH is not produced. Relative to a photo-Fenton system, this step reduces 

the overall stoichiometry of the system since H2O2 is consumed without the production of 

•OH. 

3.A_(2X-Scavengers 

One of the primary limitations of using H2O2 to oxidize specific compounds in 

soil arises from the non-specificity of "OH. Glaze and Kang (1989) measured "OH 

scavenging by CI", HCO3", and CO3-" (Table 3.1) in ground water and estimated that 30% 

of the 'OH scavenged was due to non-carbonate scavengers. Various sulfur complexes 

may scavenge *0H. Reaction rates are a function of the form of the sulfur compound; 

HjS (1.5x10' L/mol-s), HS* (9x10' L/mol-s), HSOj^" (4.5x10' L/moI-s), S0{^ (5.5x10' 

L/mol-s), HS04' (6.9x 10^ L/mol-s). It has also been shown that the anionic composition 

of water can affect the availability of'OH to react with organic pollutants. The rate of 4-

chlorophenol degradation in the presence of a series of (equimolar) anions decreased in 

the following order of anions: CIO4" = NO3' > 804 - > CI" » HP04-"> HCO3" 

(Lipczynska-Kochany et al., 1995). In other words, the rate of 4-chlorophenol 



degradation was lowest in the presence of HCOs'due to its effectiveness in 'OH 

scavenging. The relative role that scavenging has in soil and groundwater applications 

must be determined on a site- specific basis due to variability in the concentration of 

these reactants. 

3.A (3) Radical-radical interactions 

Radical-radical reactions (extinguishing reactions) is another potential sink for 

'OH in envirormiental systems. For example (Buxton et al., 1988), 

'0H+ 'OH > H2O2 (k = 5.5X10' L/mol-s, pH 7) (3.27) 

•O," +'0H > OH- + O2 (k = 7x 10' L/mol-s, pH 7) (3.28) 

• HO, + 'OH > HoO + O, (k = 6.6X10' L/moI-s, pH 0.5 - 6.75) (3.29) 

Similar to scavenging reactions, these reactions may reduce the overall oxidation capacity 

of the Fenton-like reactions discussed above. However, examination of the reaction rates 

in conjunction with the relatively low concentrations of the radicals, (i.e. ['OH] 10-'''-10-'® 

M; ['O2', •HO2] 10'"-lO"'- M) indicates that these reactions do not contribute significantly 

to the fate of'OH in most systems. 



3.A (4) Radical activity 

Measurement of radical activity or production from an decomposition 

reaction is generally determined indirectly by using either (1) a spin-trap compound, such 

as 4-POBN (Ireland and Valineks, 1992; Stokes et al., 1994) or (2) a probe compound 

such as nitrobenzene with a well characterized reaction rate constant (Zepp et al., 1992). 

Radical activity can also be inferred by the disappearance of a target compound (Watts et 

al. 1990; 1991(a); 1991(b); 1992; 1994; Tyre etal., 1991; Ravikumar and Gurol, 1994). 

The production of a decomposition product, such as CI' for chlorinated compounds, has 

also been used as an indicator of radical activity. 4-POBN is a spin-trap compound that 

was used as a probe in this study to quantify *0H concentrations, production rates, and 

scavenging rates. Further discussion of the use of 4-POBN in this capacity is presented 

in Section 3.E and 3.F. 

lA_(i)_&QiLand-aqiiife]LCQmpositiQn 

Because of their great abundance in the lithosphere and their low solubilities in 

the normal pH range of soil, aluminum, iron, and manganese form the most important 

oxide, oxyhydroxide, and hydroxide minerals in soils (Sposito, 1989). Common iron 

oxides are listed in Table 3.2. Among these, goethite is the one most often found in soils 

regardless of the climatic region. It is one of the most thermodynamically stable iron 

oxides and, therefore, the final solid-phase to be expected in soil clays. Goethite is the 



most common form of the Fe(III) oxyhydroxide and is the polymorph to which most 

other FeOOH phases eventually revert to upon aging (Murray, 1979). 
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The specific surface area of geothite is relatively low, which accounts for its low 

cation exchange capacity (CEC). The CEC of representative colloid goethite was 4 

cmol/kg total negative charge (pH dependent); 5 cmol/kg positive charge (Brady, 1990). 

Table 3.2 - Iron Oxides 

Name 
Ferrihydrite 
Goethite 
Hematite 
Ileminite 
Lepidocrocite 
Maghemite 
Magnetite 

Commonly Found in Soils. 

Chemical Formula 
fe,oo,5 9h2o 
a-FeOOH 
a-fei03 
FeTibj 
6-FeOOH 
s-fe^oj 
fe304 

In contrast, humus, has a very high specific surface area and the CEC can be 1-2 orders of 

magnitude greater than goethite. Goethite has been used repeatedly to catalyze HiO, 

decomposition (Watts et al., 1990; 1991(a); 1991(b); 1992; 1993; Tyre et al., 1991). The 

aqueous-phase iron content generally does not contribute significantly to the overall rate 

(Barcelona and Holm, 1991; Watts et al., 1990; Foget, 1992). Therefore, it is reasonable 

to assume that radicals are produced by heterogeneous reactions involving H^Oi at the 
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mineral surfaces. 

The available iron in heterogeneous systems that can react with HiO, is a flmction 

of the mass of soluble and solid-phase iron oxides and the specific mineral surface area. 

It is difficult to quantify the concentration of available iron in an experimental setting 

because the extraction process used in the analytical procedure releases iron into solution 

which otherwise is not available. Compounding the problem, available iron is also 

related to the mineral surface area present. The mineral surface area can be measured, but 

the fraction of the surface area covered by available iron is difficult to quantify. 

Accurately measuring Fe(II) presents additional challenges. Under strong oxidizing 

conditions, such as when H2O2 is amended to soil, Fe(II) is a transient species that is 

present at very low concentrations (i.e. below the detection limit). Due to these 

limitations, the most viable means of estimating Fe(III) and Fe(II) concentrations over the 

time course of a reaction appears to be via application of a mathematical model. 

3.A_Cd)_Slabili2atiQn 

Repeated attempts have been made to utilize HjO, as a supplemental 

source of O2 for in-situ bioremediation of hazardous organics. Although this method of 

oxygenation has achieved limited success in that context, it is reasonable to assume that 

gratuitous abiotic oxidation of contaminants occurs in such systems (Ruling et al., 1990; 
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Barcelona and Holm, 1991; Foget 1992). However, the extent to which abiotic, HiO, 

dependent oxidation contributed to treatment in systems designed for in-situ 

bioremediation is not known. 

Among the primary limitations of HjO, as an oxygen source has been its rapid 

decomposition and consequent release of O, gas from the groimd water into the 

unsaturated zone (Spain et al., 1989; Huling et al., 1990). Attempts to stabilize the rapid 

rate of reaction between Fe(II), Fe(III) and HjO, for bioremediation purposes have been 

largely unsuccessful. Phosphate inhibits peroxide decomposition (Schumb, 1955) by 

producing relatively stable iron phosphate complexes (Foget, 1992; Aggarwal et al., 

1991) or perhaps by scavenging radicals (Dorfinan and Adams, 1973), thus preventing 

HjO, oxidation by *0H. Phosphate (Foget, 1992; Britton, 1989) and other inorganic and 

organic stabilizers (Aggarwal et al., 1991) tested over the pH range of 4 to 7, did not 

completely inhibit H^O, decomposition. Thus, even in systems where iron complexation 

by phosphate addition have been tested, available iron is still present to catalyze the HjO, 

decomposition reaction. 

3.A (7) Oxygen production 

Non-enzymatic catalysis of HjO, and oxygen production is not straightforward. 

0, is produced as a byproduct of the reaction between 'O,' or 'HO,, and Fe(III) (reactions 



3.10.a and S.lO.b, Table 3.1). Since one mole of'HO2 is produced per mole of HjO, 

reacted with Fe(III) (reaction 3.2), it is possible that *H02 is produced in sufficient 

quantity to react with Fe(III) yielding measurable quantities of O,. Due to the low 

concentrations of'O,' and 'HO,, the extinguishing reactions, 3.21 and 3.22, probably do 

not occur at rates that yield measurable concentrations of Oj. The rate of oxygen 

evolution was described as directly proportional to the mineral content (goethite) of a 

sand aquifer system (Foget, 1992). Britton, 1985 reported that Fe(II) causes almost 

stoichiometric releases of O, and Fe(III) ahnost none. It is unclear why this apparent 

discrepancy exists regarding O, production. One use of oxygen production data is to 

confirm the role of reaction 3.10.a and b (Table 3.1), that "HO, and "O," react with Fe(III) 

yielding Fe(II). 

3A-C8.)_S.QiLQrganic_matter 

Watts et al. (1990) evaluated the effects of soil organic carbon in slurry reactors. 

Soil samples collected from successive horizons at the same location decreased in organic 

carbon content with depth. It was concluded in this study that soil organic carbon 

successfully competed with PCP for 'OH. That is, the treatment efficiency, measured as 

the ratio of the PCP degradation rate constant to the HjO, degradation rate constant, 

increased with decreasing soil organic carbon. In another study where humic acid was 

evaluated as a competitor against the oxidation of chlorinated compounds by ozone, it 



was concluded that humic acid acted as a promoter of ozone decomposition resulting in 

the formation of "OH. Any competitive effects of the humic acid as an "OH scavenger 

was offset by the formation of free radicals (Masten, 1990). In a system consisting of 

FeS04 and HjO,, and either glucose, cellulose, or lignin, these analogues of soil organic 

carbon were reported to inhibit benzo(a)pyrene degradation (Kelley et al., 1990). All 

three of the organic matter analogues inhibited mineralization of benzo(a)pyrene 

degradation to the same extent at a concentration of 10% (w/v). 

The mechanisms by which soil organic matter interferes with oxidation of target 

organic compounds in Fenton systems is not clear. Soil organic matter may exist as a 

coating on inorganic material that prevents the reaction between and a iron. 

Altematively, soil organic matter may also react with *0H and effectively compete 

against the oxidation of a target compound. Organic matter may alter the redox potential 

or form complexes with the target compound, iron, or scavengers, thereby increasing or 

decreasing their availability. Any of these processes may affect the Fenton reaction 

and/or the oxidation of a target compound. 

Humus is a heterogeneous mixture of complex organic compounds resulting from 

biochemical decomposition and synthesis reactions that comprise the humic and non-

htimic fractions (Brady, 1990). Humic material is composed of humic acid, fiilvic acid. 



and humin. These components may interact with inorganic materials in a soil to affect its 

overall chemical and physical characteristics. Humic material can cement soil particles 

into soil aggregates, form stable complexes with polyvalent cations, affect the cation 

exchange capacity, undergo precipitation reactions, etc. Experiments designed to 

evaluate the effects of organic material commonly involve using neat solutions of fulvic 

or humic acid. However, the effects of the weathered, natural organic matter on the same 

processes may be altogether different. Pahokee peat was selected for use in these 

experiments because it represents a highly humified peat with little visible fiber. Pahokee 

peat also contains inorganic chemical species that are complexed with the organic matter 

during the biochemical decomposition and synthesis reactions. Complete analysis of the 

Pahokee peat is provided in Tables B. 1 - B.3, in Appendix B. 

3.B Hydroxyl Radical Oxidation 

Hydrogen peroxide (HjO,) has been investigated as a means for chemically 

oxidizing contaminants in subsurface systems (Watts et al., 1990; 1991(a); 1991(b); 

1992; 1993; Tyre et al., 1991; Ravikumar and Gurol, 1994; Stevens et al. 1993; 

Pignatello, 1992; Yeh and Novak, 1995;). Oxidation reactions are based on Fenton and 

its associated reactions involving the decomposition reaction of H2O2 in the presence of 

iron-bearing minerals and/or other transition elements in soil and aquifer material. These 

HjOt decomposition reactions yield 'OH, which are highly oxidative and react with a 



wide variety of organic compounds at near diffusion-controlled rates (Walling, 1975, 

Haag and Yao, 1992). Related efforts have employed similar processes to (1) treat 

contaminants in drinking water and wastewater treatment (Potter and Roth, 1993; 

Venkatadri and Peters, 1993; Mohanty and Wei, 1993; Sedlak and Andren, 1991(a); 

Walling and Johnson, 1975; Bishop et al., 1968); (2) pretreatment of biologically 

recalcitrant contaminants (Koyama et al., 1994; Yeh and Novak, 1995); (3) and to 

inactivate viruses (Sjogren and Sierka, 1994; Sjogren, 1995) and bacteria (Ireland et al., 

1993). 

3.B,CL)_Qrganics 

A wide range of organic compounds of environmental significance can be 

oxidized by hydroxyl radicals. Table A.l (Appendix A) represents a compilation of the 

most commonly found contaminants at Superflind sites (U.S. EPA, 1990) and the 

corresponding rate constants for reaction of these compounds with hydroxyl radicals. 

Among the contaminants represented are halogenated and non-halogenated volatile 

organics (ketones, flirans), halogenated semivolatile organics (PCBs, pesticides, 

chlorinated benzenes and chlorinated phenols) and non-halogenated semi-volatile 

organics (PAHs, non-chlorinated phenols). A wide range of other environmental 

contaminants and their reaction rate constants with 'OH have also been reported (Haag 

and Yao, 1992; Cho and Bowers, 1995; Dorfinan and Adams, 1973). The most 
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comprehensive compilation of reaction rate constants is presented in Buxton et al.(1988), 

where the rate constants for 33 radical-radical reactions, 1272 chemicals, and 143 

macromolecules in heterogeneous systems is presented. Other compounds not included 

in Table A.l have also been recently evaluated with respect to their oxidation via Fenton 

reactions in soil. These include methyl and ethyl tert-butyl ether (Yeh and Novak, 1995); 

2,4,6-trinitrotoluene (Li et al., 1995); 2,4-dinitrotoluene (Mohanty and Wei, 1993); 

quinoline and nitrobenzene (Miller and Vallentine, 1995);). 

It is apparent that the Fenton reaction, and its associated reactions, have a good 

potential for remediation of soil and groundwater contaminants. 

l£_(2)LJ!MdatiQrLatinterfaces 

Two heterogeneous reactions in a Fenton system include (1) the reactions between 

HjOt and inorganic catalysts; and (2) the reaction between 'OH and sorbed contaminants 

or scavengers. In experiments where the rate of hexachlorobenzene (HCB) oxidation was 

measured relative to its rate of desorption, desorption controlled the HCB oxidation rate 

at low [HiOi] (3-30 mM). At higher [HjOJ (100-300 mM), the rate of oxidation was 

significantly greater than the rate of desorption indicating that "OH crossed the liquid-

solid boundary to oxidize HCB on the solid surface (Watts et al., 1993). Conversely, in 

another system where "OH was produced in the aqueous phase via a photo-Fenton 
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mechanism, *0H reacted with only soluble PCBs. The overall rate of PCB removal was 

adequately modeled using coupled desorption with aqueous phase reaction kinetics 

(Sedlak and Andren, 1994). Due to desorption limitations, the transformation rates for 

strongly sorbed hydrophobic organic compounds in a photo-Fenton system were very 

slow. In summary, contaminant oxidation rate in Fenton system is a ftmction of the 

concentration of HiO,, the contaminant phase distribution (i.e. soluble vs. sorbed) and 

possibly the location of *0H generation, i.e., homogeneous versus heterogeneous *0H 

production. 

lja_(l)_Xypes_Qfj:eactiQns 

Reactions with 'OH fit into four primary classes: hydrogen abstraction, addition, 

electron transfer, and radical interaction (Dorfiuan and Adams, 1973; Hall and 

Gutteridge, 1989). For example, *0H can extract a hydrogen fi-om an alcohol, forming 

water and leaving behind an organic radical. The organic radical can then react with 

other species. 

*0H can attack an aromatic ring by addition across a double bond (Hall and 

Gutteridge, 1989) or via addition to one of the non-halogenated sites on PCBs (Sedlak 

and Andren, 1991(b). In its reaction with organic molecules,"OH behaves as an 

electrophile and readily adds to unsaturated bonds (Buxton et al., 1988). 'OH addition to 
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double bonds is very rapid (k = 10'-10'° L/mol-s), or 3 to 30x the reaction rate with Fe(II) 

(Walling, 1975). 

Electron transfer reactions may occur with organic and inorganic compounds, 

such as the chloride or carbonate ions (scavengers) commonly found in groundwater 

systems. These reactions may produce chloride or carbonate radicals, which then react 

with other chemical species present. 

Oxidation of organic contaminants in a variety of aqueous Fenton systems 

involves numerous mechanisms and byproducts. Watts et al. (1993) cited the following 

reactions: (1) oxidation of toluene, nitrobenzene, and chlorobenzene to produce phenol, 

cresols, biphenyls, and benzaldehydes; (2) phenol oxidation resulting in ring opening; (3) 

mineralization of a number of chlorophenols with stoichiometric chloride recovery; and 

(4) ring cleavage and partial mineralization of chlorophenol and chlorobenzene. Leung et 

al. (1992) reported the complete mineralization of PCE via a Fenton mechanism. By 

monitoring intermediates, they concluded that the dechlorination sequence is different 

than that of anaerobic biodegradation processes since complete dechlorination was 

observed before decarboxylation. Total dechlorination and mineralization of PCP (Watts 

et al., 1990) and aqueous and sorbed hexachlorobenzene (Watts et al., 1993), 

dechlorination of octodichlorodibenzo-p-dioxin (Watts et al., 1991(b)) and benzene 



hydroxylation and ring cleavage (Kunai et al., 1986) are also among the types of 

oxidative processes and mechanisms reported that involve hydroxyl radicals. 

42 

l̂ -x^x-appjication-s-ystems 

There are several potential applications in which HiOi can be used to oxidize 

undesirable contaminants in the unsaturated zone (i.e. soil) or in the saturated zone (i.e. 

ground water and aquifer material). In either case, HiOj must be placed in direct contact 

with both the Fenton catalyst and the contaniinant(s). Due to high reaction rate constants 

and their average concentrations in ground water and soil, it may be necessary to 

minimize the role of HCO3" and COs'- scavenging by temporarily reducing the pH in 

these systems. 

3.B (4) a Fuimel and gate 

Fuimel-and-gate systems for in-situ treatment are currently under development. 

Ideally, the flow of contaminated groundwater is directed by an impermeable wall (i.e., 

the furmel) through a gate comprised of much more permeable material (i.e., the gate), 

containing reactive, porous media (Starr and Cherry, 1994). The system may be used to 

promote in-situ oxidation with low energy and operation and maintenance costs. Due to 

the engineering controls achieved in the "gate" reactor, significant operational flexibility 

can facilitate the efficient oxidation of groundwater contaminants. It is logical that the 



43 

injection of HiO, into such a gate that contained Fenton catalyst would result in the 

oxidation of contaminants migrating through the gate. 

3.B (4) b Subsurface injection 

Numerous studies have been conducted where the rate of contaminant oxidation 

involving Fenton reactions have been evaluated in the laboratory using soil or aquifer 

material (Miller and Vallentine, 1995; Gates and Siegrist, 1995; Masten, 1990). Few 

studies have evaluated the efficacy of in-situ oxidation by HjOj injection, although there 

have been numerous, largely unsuccessful attempts to inject HjOj as a source of 0, for 

biological processes. No information is available regarding the relative contribution of 

abiotic oxidation of organic contaminants within in-situ bioremediation systems in which 

H2O2 is used as an oxygen source. Ho et al. (1995) developed a scale model injection 

system in which HiOj was delivered into nitrobenzene contaminated aquifer material. 

The concentration of nitrobenzene decreased in all vertical levels monitored (15, 36, 51, 

66 cm). The greatest decline occurred at the lowest level in the tank suggesting that a 

density gradient developed owing to the introduction of 20% HiO,. There appear to be 

only a few cases in which HiOj injection is being considered for oxidation of organic 

contaminants. These cases are in the planning stage and involve the in-situ oxidation of 

the chlorinated compounds TCE, PCE, 1,2-DCE and vinyl chloride. The subsurface 

injection of HjOj and the in-situ oxidation of contaminants is potentially a very 



inefficient treatment system due to the numerous non-ideal processes inherent in the 

subsurface which affect ground water flow, contaminant distribution, and mass transfer. 

Despite these limitations, H2O2 injection may prove to be a feasible remediation 

technology at sites where the hydraulic conductivity is relative homogeneous, 

contaminant distribution is well defined, and where site specific limitations prevent the 

use of more conventional technologies. 

3.B (4) c Surficial application 

Oxidation reactions utilizing HiOj may be a valuable means to treat surface soil. 

In this case, H2O2 would be directly applied to the soil surface and allowed to percolate 

through the soil. The application of H2O2 would be followed by a waiting period to allow 

the water to evaporate to the background soil moisture content, thereby, minimizing 

leachate. In between H2O2 applications, when the soil is dry, the soil could be tilled to 

increase mass transfer in subsequent HiO, applications. In the case where contaminated 

surface soil contains concentrations of contaminants too high to treat biologically, it may 

be feasible to repeatedly apply H2O2 to oxidize contaminants. 

3.B (4) d Soil slurry 

Soil slurry tank reactors have been used to treat contaminated soil using biological 

processes. Among the associated limitations are the necessary time and careful process 



45 

control to biologically treat a batch of soil in this manner. It may be feasible to use the 

same general apparatus to slurry the soil but amend the slurry with HiOt to oxidize the 

contaminant(s). In a well mixed slurry reactor, good contact between HjOj, iron, and the 

contaminant would provide optimal conditions for Fenton reactions. However, as with 

other applications involving Fenton reactions, competition for 'OH by non-target 

chemical species might provide a significant process limitation. 

3.C H2O2 Biochemistry 

Active 0, species are produced as an inescapable by-product of normal aerobic 

metabolism. Toxicity results when the degree of oxidative stress exceeds the ability of 

the cells' defense systems to provide protection against these active O, species (Farr and 

Kogoma, 1991). It is unclear whether iron-bearing proteins react with H,©, to form "OH. 

This has been the subject of considerable debate in the mammalian cell literature but has 

application to soil microbiology as well. The significance of the modified Fenton 

reaction in biological processes has not yet been demonstrated although it has been 

firequently used to describe the mechanisms of action of several enzymes. In cases where 

iron binds to proteins "correctly", it will not participate in 'OH generation at neutral pH; 

where iron "incorrectly" binds to proteins, the iron can detach and promote *0H 

production (Hall and Gutteridge, 1989). 



The cells' defense systems against oxidative stresses consist of various enzymes 

that reduce the cellular damage and toxicity of the active Oj species. Almost all aerobic 

microorganisms have enzymatic systems that prevent accumulation of microbially 

generated HjO, to toxic levels. Enzymatic decomposition of HjOj is catalyzed by hydro-

peroxidases (catalase, peroxidase). Their activities are represented by the following 

reactions: 

catalase, kjo 
H2O2 > HjO + 1/2 0, (3.30.a) 

peroxidase 
H.O, + XH, > 2 H2O + X (3.30.b) 

where XH, is a biological reductant (Britton et al., 1985) and kjou is =4x10' (L/mol-s) 

(Schonbaum and Chance, 1975). Catalase and peroxidase are hemeproteins; they contain 

an iron-bearing prosthetic group that carry four and one protoporphyrin groups, 

respectively. Catalase (M.W. =2.5x 10^ g/mol) also reacts with 'OH with a reaction rate 

constant of 1.4x 10'' L/mol-s (Buxton et al., 1988) and represents another potential 'OH 

sink in soil environments. 

UZ-Ci)—Catalase 

Catalase is an outstandingly effective catalyst for HjO, transformation (Schumb et 

al., 1955). It is active at very low HjOj concentrations and capable of catalyzing H^O, 

decomposition at a rate far exceeding that of most other catalysts. The electron source in 



this reaction is from H2O2, and so the overall reaction is a disproportionation reaction that 

does not require an exogenous reductant (Farr and Kogoma, 1991). The reaction is 

exothermic and does not require ATP; therefore, it provides protection against HjO, in 

energy-depleted cells. In spite of the extensive data on various physical properties of 

catalase and its derivatives, several mechanisms have been proposed to account for the 

catalytic properties of the enzyme. However, one generally accepted mechanism of 

catalase reaction with H2O2 does not appear to exist. 

Catalase content varies among microbial species (Schlegel, 1977; Table 3.3). 

Catalase activity was measured manometrically, i.e. via rate of oxygen generation. In 

these experiments, the oxygen generated was converted to HiO, cleaved (decomposed), 

and the data were normalized on the basis of cell dry weight. While the oxidative stress 

Table 3.3 - Microbial Catalase Activity (Schlegel, 1977) 

(1) MW =240,000 (Nicholls and Schonbaum, 1963) 
(2) Catalase activity measured as |imoles of HjO, converted/minute-mg cell dry wt. at an 

initial [H^O,] of 12.5 mM. Tests were run for 30 s at 30°C. 

CatalaseillActivî ' 
Alcaligenes eutrophus 
Acinetobacter calcoaceticus 
Pseudomonas putida 
Paracoccus denitrificans 
C. oleophila 
S. cerevisiae 

59.5 
92. 
50. 
15. 
4.1 
6.6 



these microbes experienced prior to this measurement is unknown, it is clear that they 

possess the enaymatic defense system to readily decompose HiO,. Correspondingly, the 

greater the cell density, the greater the overall rate of HiO, decomposition (Schlegel, 

1977; Pardieck et al., 1992). 

There are three notable observations with regard to the reaction between catalase 

and HiOi. First, it is difficult to saturate the enzyme with H2O2. In a series of batch 

experiments, HiO, was added incrementally to a cell suspension (Alcaligenes eutrophus). 

At =1700 mg/L, substrate saturation was not yet achieved (Schlegel, 1977). This 

illustrates the ability of catalase to disproportionate HjO, and the rapid reaction between 

catalase and HjO,. This is significant considering that the concentration of HiO, is 

unlikely to ever occur naturally. Second, catalase is inactivated by HiOj. That is, 

catalase does have a finite capacity to catalytically decompose HiOj. For example, the 

greater the initial [H2O2], and the lower the ceil density, the faster the decrease in oxygen 

liberation rate (Schlegel, 1977). One reviewer proposed that this is not due to the 

destruction of catalase; rather it results from the production of an intermediate 
s 

(reversible) enzymie-substrate non-reactive compound (Aggarwal, 1991). It was proposed 

that the reversibility of these enzyme-substrate complexes accounts for self-inhibitory 

effects at high HiO, concentrations followed by recovery when the concentration of HjO, 

is decreased. Experimental data supporting this theory were not provided. Again, the 
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details of enzyme inactivation are not well understood. Third, catalase is persistent in 

soil environments. One reviewer reported that catalase has been isolated from 13,000 

year-old geologically preserved sediments and in another study very little decrease in 

catalase activity occurred in soils stored over a four-month period (Skujins, 1976). 

lXL(2)_PerQxidase 

Peroxidases are enzymes that react with H2O2 in a manner that facilitates the 

oxidation of organic compounds. This serves a useful purpose; a variety of potential 

microbial carbon and energy sources are oxidized in the cell by peroxidase enzymes. As 

indicated in reaction 3.30.b (Table 3.1), the peroxidase reaction does not yield oxygen as 

a by-product. Peroxidase, unlike catalase, reqxiires NADH or NADPH as an electron 

source. When reducing power is limited, the protective role of peroxidase is likely to be 

small (Farr and Kogoma, 1991). There are non-heme and heme peroxidases that have 

varying affinities for substrate and electron acceptors. Similar to catalase, several redox 

states exist for iron in peroxidase enzymes, and the heme center can undergo cyclic 

oxidation and reduction reactions. 

lJCL(3X-Siipeioxidejdismutase_ 

Intracellularly, numerous biochemical redox reactions occur where the 

superoxide radical ('O,')^ or its conjugate base, the perhydroxyl radical ('HOt ) (pK^ 4.8, 



Hall and Gutteridge, 1989) may form. These species are potentially destructive. 

Superoxide dismutase (SOD), one of the four primary enzymes in the oxidative stress 

defense system, is "O," specific. SOD reacts with 'O," and hydrogen ion to form HjO, as 

follows: 

SOD 
2 -O," + 2H* > H.O. + 0, (3.31) 

SOD may reduce the steady-state 'O2' concentration in bacteria up to three orders 

of magnitude relative to microbes that are SOD deficient (Farr and Kogoma, 1991). This 

is an important reaction because it prevents intracellular oxidation by the 'O,'. SOD and 

catalase, working cooperatively, prevent inhibitory levels of "O," and HiO, firom 

accumulating. 

3.C (4) Effects of autoclaving nn soils 

Inhibition of enzymatic HjOj decomposition reactions is accomplished by 

destroying the enzymes responsible for catalysis. Amending microbial suspensions or 

soil with microbial inhibitors such as HgCl or sodium azide is ineffective in inhibiting the 

responsible enzymes. Autoclaving, an effective means of destroying enzymes, also 

affects soil chemical and physical characteristics. Autoclaving 2 times (103.4kPa, 12 PC 

for 1 hour, wait 24 hr, and repeat) was sufficient to accomplish 100% elimination of 

microbial populations in three different soils, as determined by plate counts (Wolf et al.. 



1989). In these soils, the pH increased 3-24%, the CEC, extractable nutrients, and 

microelements were essentially unchanged and extractable Mn increased by 500%. Since 

Mn will react with H2O2, autoclaved soil may introduce an artifact in Fenton experiments. 

Autoclaving the soil generally decreases the extractable Fe, presumably due to 

precipitation of hydroxides associated with an increase in pH. The total surface area was 

reported to increase by 9-38%. In other studies, autoclaving did not alter the HjO,-

decomposing capacity of soils (Aggarwal et al., 1991(a); Ravikumar and Gurol, 1994). 

1jC_(5-X Heine_prQtein-cataLyzed_oxidatiQrLreactiQns 

Heme, the Oj-carrying functional group of hemoglobin in mammals, in 

conjunction with HaO,, causes rapid transformation of some xenobiotic compounds 

(Stevens et al., 1993). Stevens et al. (1993) proposed that heme (P-Fe(III)) reacts with 

H2O2 in a 2e" transfer, producing an activated heme radical (P'-Fe(IV)). This radical 

reacts with an organic compound (eg. PCP) producing a PCP free radical and an activated 

heme (P-Fe(IV)). The activated heme also reacts with PCP producing a PCP free radical 

and heme (P-Fe(III)). The PCP free radical undergoes further reactions yielding 

intermediates, CO2 and chlorides. The reaction cycle does not stop until either the 

electron donor (PCP) or acceptor (H2O2) is exhausted. 

Catalase is a heme protein in which the active site is a bound Fe atom in the center 
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of the heme molecule. In the normal catalytic action of the enzyme, the iron cycles 

between the Fe(III) and Fe(V) oxidation states (Pardieck et al., 1992). Some peroxidases 

are comprised of heme. Cytochrome, an organic molecule, is also a heme protein and all 

cytochromes have one or more prosthetic groups derived from heme. The content and 

type of cytochromes are variable among microbial species and environments. The 

presence of these heme-bearing molecules in microorganisms may possibly behave 

similar to heme in the presence of HjO, and facilitate oxidation reactions via an activated 

heme radical or activated heme as described by Stevens et al. (1993). The production of 

'OH by the reaction between HiO, and these molecules will be specifically tested in this 

study. 

3.D Potential Role of Microbes in a Fenton System 

The following points provide basic information regarding the role microbial 

components may have on Fenton reactions in soil and aquifer material: 

1. Cellular defense against oxidative stresses involves enzymatic components that 

scavenge active oxygen species and reduce the overall concentration of HjO,. This 

system defends against oxidative damage from intracellular HjO, formation and also 

reacts with HiO, from external sources. Defense systems may provide a sink for HjOj 

without the production of "OH. 
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2. HiO, rapidly penetrates cell membranes since they offer little resistance to 

transport (Borg et al., 1984). 

3. Catalase has a very high H2O2 turnover rate (Schumb et al., 1955; Schlegel, 

1977); is present in high concentrations in many soil microbes (Schlegel, 1977); and is 

persistent in soil environments (Skujins, 1976). Significant microbial populations (10^-

10' cells/g soil) may exist in surface soils and in deeper sediments contaminated with 

metabolizable substrate, thus providing high catalase content in soils. 

4. Inactivation of catalase by high concentrations of HjOj results in its inability to 

catalyze the disproportionation reaction responsible for HjO, decomposition. 

5. Heme-bearing macromolecules in microbes may react with HiO, yielding 'OH. 

6. Non-enzymatic reactions yield the highly oxidative "OH, whereas enzymatic 

decomposition reactions are not known to yield significant quantities of'OH. 

In summary, the physical location of H2O2 catalysis may influence the oxidation 

capacity of Fenton reactions in soil and aquifer material. It is logical that extracellular 

non-enzymatic H2O2 catalysis results in the formation of radicals which then oxidize 

contaminants. The presence of microbial matter in such systems may act as scavenging 

material and reduce the oxidation capacity. Intracellular H2O2 catalysis is not known to 

yield significant quantities of'OH. The average diffusion distance of *0H is a few 

nanometers, and their effect will largely depend on its location of formation (Farr and 



Kogoma, 1991). Assuming 'OH are produced, they would be rapidly scavenged 

representing an overall reduction of the oxidation capacity. Due to enzyme inactivation 

or inhibition and the high concentrations of HiOj from anthropogenic sources, short-term 

enzymatic protection is likely. For example, prolonged or repeated exposure of microbial 

systems to HiOj or short term exposure to high concentrations may reduce the activity of 

the enzymes. Therefore, microbial effects on oxidation systems may be short lived and 

relatively insignificant. 

3.E Spin-trapping Hydroxyl Radicals Using 4-POBN 

l^q) 4-PQBN 

It is difficult to measure 'OH concentrations because the radical is highly reactive 

and very short lived. Direct methods for detecting 'OH are problematic, unsatisfactory, 

and involve sophisticated analytical instrumentation. Therefore "OH quantification is 

generally determined indirectly. There are several approaches using indirect methods that 

have been used to quantify radical activity. Disappearance of a target compound with 

confirmation of the presence of decomposition products has been used. Chloride ion can 

be monitored when pentachlorophenol or trichloroethylene is oxidized. Similarly, a 

probe compound such as nitroberuiene with a well characterized reaction rate constant in 

a well defmed system can be used to estimate radical activity (Zepp et al., 1992). 



Radical activity has also been successfully measured using spin-trap compounds. 

The term spin-trapping is commonly applied to the method of detecting free radicals 

wherein an unsaturated compound is made available for a free radical addition reaction to 

occur, thereby providing a new free radical of longer lifetime (Janzen and Haire, 1990). 

In this reaction, the radical adds to the molecule so that the group that was the radical 

stays with the molecule for future analysis. The molecule that captures the radical is 

called the spin trap, and the addition product is called the spin adduct (Janzen, 1995). 

Quantification of the second, more stable free radical provides an indirect measure of the 

hydroxyl radical activity. 

Janzen et al. (1978) first described the synthesis of a nitrone spin-trap compound 

a-(4-pyridyl-l-oxide) N-tert-butyl-nitrone (4-POBN) that is capable of trapping hydroxyl 

radicals (Figure 3.2). The electron spin resonance (ESR) spectrum of the 4 isomer (4-

POBN) was unequivocally assigned the 4-POBN hydroxyl adduct. Over 150 references 

are currently available regarding 4-POBN and spin-trapping (Dubose, 1996). Most of 

these references represent studies in the physical chemistry and medical literature since 

'OH has been implicated in cancer and aging and its quantification and correlation to 

these conditions is of interest. 



C-nitroso and nitrone compounds 

have been developed most extensively for 

spin-trapping. Nitrone spin-traps have a 
Figure 3.2 - Chemical Structure of 4-POBN 
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high reaction affinity with the 'OH radical f 
H-C=N-C(CH3)3 

(Stokes etal. 1994). The rate of reaction 

and 'OH is on the order of 10® times faster 

between the nitrone family of spin-traps 

n 

than their rate of reaction with 'HOv I 
o 

Although no known reaction rate has been 

published for the reaction between 'Oi" or 

"HO, and 4-POBN, these rates were estimated at approximately 1-100 L/mol-s (personal 

communication, Kotake, 1996), or 10®-10* times slower than 'OH. Therefore, while 4-

POBN may also trap 'HO2 or 'Oj*, the concentrations of'HO, or 'O,' would have to be 

significant relative to 'OH before measurable effects on die 4-POBN concentration were 

observed. 

A comparison of spin-trap compounds was performed using 4-POBN, phenyl-tert-

butyl-nitrone (PBN), 5,5-dimethyl-l-pyrroline 1-oxide (DMPO), a-(3,5-di-tert-butyl-4 

hydroxyphenyl)-N-tert-butybiitrone (BHPBN), nitrosobenzene (NB), and nitrosodurene 

(ND). The *0H trapping abilities of BHPBN, NB and ND were so poor that ESR signals 



of the adduct were not observed (Watanabe et al., 1982). The trapping ability of PBN 

was too low and DMPO was troublesome in treatment. 4-POBN showed the highest 'OH 

trapping ability (i.e. reaction rate) and the most stable adduct. 

4-POBN is stable in the neutral pH range (pH 6-7), but at pH 2 its half-life was 

estimated to be 13.8 minutes and the hydroxy adduct appeared spontaneously in the 

presence of HjO, without photolysis (Janzen et al., 1978). The stability of 4-POBN in the 

pH range of 2 - 6 could not be established from the literature. 

3,e_(2)̂ jpojbj!lliydn3xy.adduct̂ (!4-poj0tt5d 

There are two possible reactions involving "OH and 4-POBN and two byproducts 

from these reactions (Neta et al., 1980). *0H addition to the pyridine ring (= 60% 

probability) forms a short-lived radical adduct; and addition to the nitrone functional 

group in the side chain (= 40% probability) forms the long-lived nitroxide radical adduct 

(Figure 3.3). The rate constants for both these reactions are approximately equal (3.5^ 10^ 

L/mol-s). 



The literature is unclear regarding 

adduct. For example, Ireland and 

the stability of the 4-POBN hydroxy Figure 3.3 - Chemical structure of the 
4-POBN radical adduct; (a) hydroxy I 
radical addition to the nitrone function 
in the side-chain; (b) hydroxyl radical 
addition to the nitrone (pyridine) ring. 

0 0 

Valinieks (1992) reported that the OH.CH-N.CHCH3)3 OH.CH-N.C-(CH3)3 

a relatively stable radical adduct that is 

reaction between 4-POBN and *0H forms 

O O 
Cb) resistant to further radical-mediated («) 

decomposition. Conversely, Janzen et al. 

(1992) indicated that the half-lives of the 

hydoxy spin adduct in an aqueous phosphate buffer solution at pH 6,7, and 8 were 80, 

10, and 3 seconds, respectively. Janzen (1993) suggested that the hydroxy adduct slowly 

transforms to the 'HO, adduct. However, no evidence of decay of the 4-POBN hydroxy 

adduct was observed by Stokes et al. (1994) over a 48-hour period. The decay rate of the 

PBN hydroxy adduct was also pH dependent (Katoke and Janzen, 1991). It is unclear 

why this apparent discrepancy exists. 

Watanabe et al. (1982) trapped *0H radicals formed in the troposphere using 4-

POBN to form a spin adduct that was subsequently derivitized, identified and quantified 

using ESR and gas chromatography (GC)/mass spectroscopy (MS). Aqueous solutions of 

4-POBN can be analyzed by UV fluorescence using capillary electrophoresis, but the 
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adduct cannot be measured in this manner (Ireland and Valinieks, 1992). The 4-POBN 

adduct is thermally unstable, and therefore, GC methods are unsuccessful. The 4-POBN 

adduct can, however, be derivitized to render the compound thermally stable permitting 

quantification by GC/MS (Janzen et al., 1988). Sophisticated analytical instrumentation 

involving coupled electron paramagnetic resonance (EPR) spectrometry, mass 

spectrometry (MS), liquid chromatography, and electrospray ionization has been used to 

quantify the radical adducts of non-'OH"mediated reactions with 4-POBN (Iwahashi et 

al., 1992) and *OH-mediated reactions with 4-POBN (Ireland et al., 1995). The electron 

spin resonance spectrum of the 4-POBN hydroxyl adduct consists o^ a triplet of doublet 

peaks that can be easily identified (Janzen et al., 1978; Watanabe et al., 1982; Ramos et 

al. 1992). 

3.F General 4-POBN Information 

Information has been compiled from various sources regarding 4-POBN. This 

information is important since the parameters discussed will largely influence how this 

compound behaves in multimedia systems. 

4-POBN is commercially available and moderately expensive at approximately 

$100 per gram. Its melting point is 181.5 -183 "C (Janzen et al., 1978). 4-POBN is a 
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crystalline substance, and its hydroxy adduct is a brownish oil in pure form at room 

temperature. Several grams per kg of body weight was required to produce physiological 

effects in laboratory rats indicating that the compound has a very high toxicity threshold 

(personal communication, Kotake, 1994). 

3.F (1) a Volatility and solubility 

4-POBN is non-volatile and extremely water soluble (Ireland and Valineks, 1992). 

Its hydroxy adduct is also non-volatile; solutions have been evaporated to dryness and 

reconstituted with water for 100% recovery (personal communication, Ireland, 1994). 

The aqueous solubility of 4-POBN in water is extremely high. A 1.0 g/10 mL DI 

solution did not result in precipitation and produced a turbidity of 3 JTUs (personal 

communication, Aldrich Technical Support, 1994). No precipitation, color change or 

turbidity has been observed in aqueous solutions up to 0.1 M while conducting the 

research reported in this report. 

3.F (1) b Molecular structure 

The 4-POBN molecule is a pyridine ring with a butyl nitrone 

substituent (Figtire 3.2). The theoretical carbon;hydrogen:nitrogen (C:H:N) content is 

61.8:7.2:14.4 on a weight basis. 
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3.F (1) c Photosensitivity 

The scientific literature alludes to the instability of 4-POBN in the presence of 

light. Watanabe et al.(1982) conducted experiments in a dark room with a small red light 

in order to protect 4-POBN against photolysis. 4-POBN photolysis by sunlight yielded 

three different species that were identified via GC analysis (Watanabe et al., 1982). One 

of these chemical species was tentatively identified as the trimethylsilylated "OH adduct 

of 4-POBN; the other two compounds appeared to be firagments of the parent compound. 

In another study, it was reported that filters impregnated with 4-POBN were wrapped in 

aluminum foil to prevent photolysis and reaction prior to use in *0H trapping experiments 

(Stokes et al., 1994). Conversely, Tomasi and lannone (1993) reported that nitrone spin 

traps are light-insensitive. Overall, no quantitative information is available regarding the 

stability of 4-POBN under typical laboratory lighting. In some studies, solutions of 4-

POBN (Janzen et al., 1978) or PBN (Mikami et al., 1985; Kotake and Janzen, 1991) have 

been exposed to strong pulses of UV light in the presence of HjO, for the purpose of 

generating 'OH. In these studies, quantification of the adduct was of interest, rather than 

4-POBN decay. Therefore, photodegradation was not important in this context. 

3.F (2) 4-POBN reaction rate 

3.F (2) a Reaction rate with 'OH 

The following rate constants have been reported for reactions involving "OH and 



4-POBN; (pH 7), 3.5x 10' L/mol-s (Buxton et al., 1988); 4.0x 10' L/mol-s (Sridhar et al., 

1984); (pH 7) 3.5x 10' L/mol-s (accuracy ± 0.5x10' L/mol-s) (Neta et al., 1980). Using 

these three values, the mean is 3.8x10' L/mol-s and the 95% confidence interval (3.3x10' 

- 4.4 X10' L/mol-s) is 14% of the mean. 

3.F (2) b Reaction rate constant relative to other compounds 

The reaction rate constant between 4-POBN and 'OH has been compared to the 

reaction rate constants between environmentally significant contaminants and "OH (Table 

3.4). 

Table 3.4 - Relative Reaction Rate Constant for 'OH with 4-POBN and other 
Compounds of Environmental Significanee 
Compound Rate Constant'" Relative Reaction'^' 

(L/mol-s) Rate Constant (Unit 
Phenol 1.3x10'° 3.4 
Toluene 3x10' 0.8 
TCE 4.2x10' 1.1 
m-Xylene 7.5x10' 2.0 
o-Xylene 6.7x10' 1.8 
p-Xylene 7.0x10' 1.8 
Benzene 7.8x10' 2.1 
2-Chlorophenol 1.2x10'° 3.2 
Naphthalene'^' 9x10' 2.4 
Pentachlorophenol 4x10' l.l 
4-POBN 3.8x10' 1.0 

(1) second-order reaction rate constant (Buxton et al., 1988) 
(2) ratio of reaction rate constant of compound/reaction rate constant of 4-POBN 



The relative rate is defined here as the ratio of the reaction rate constant between 

*0H and the environmental contaminant to the reaction rate constant between 'OH and 4-

POBN. Equimolar concentrations of the contaminant and 'OH were assumed in these 

calculations. The relative rate of reaction between 4-POBN and *0H, in most instances, 

was comparable to the rate of reaction between *0H and other environmentally significant 

compounds. Assuming equimolar concentrations, 4-POBN appears to be a good 

contaminant analogue to evaluate the oxidation rate of compounds commonly found in 

ground water and soil. Further, it is likely that 4-POBN degradation rate data can be used 

to predict the degradation rate of contaminants under similar experimental conditions. 

l£L(l)_SekctiQn_Qf4tPQBN_as_a_spiiLtrap_CQmpQuad 

4-POBN was initially selected for these experiments due to its low volatility, 

high solubility, commercial availability, well known reaction rate with 'OH, similar 

reaction kinetics with *0H relative to environmentally significant compounds, low 

toxicity, ease and accuracy of quantification by HPLC, long shelf-life, minimal reaction 

with 'HO, or 'O,', and ease of disposal. However, due to the general lack of specific 

information in the literature regarding 4-POBN in soil systems, preliminary studies were 

conducted to evaluate its fate under the conditions imposed by the planned experiments. 

Specifically, 4-POBN was evaluated with respect to photodegradation, sorption in a 

goethite/silica sand soil slurry, pH effects, volatilization, and biodegradation. 



The spin trap compound 4-POBN has been used primarily to produce a radical 

adduct which can be quantified to provide a measure of radical activity. The 

disadvantage of using the radical adduct as a quantitative measure of radical activity is 

that either sophisticated analytical instrumentation and/or sophisticated radical adduct 

derivitization procedures are necessary. It is not clear whether the adduct is sufficiently 

stable to permit the necessary derivitization and analytical steps and achieve the desired 

accuracy. In this research, the disappearance of 4-POBN was used as a measure of 

radical activity since other factors affecting its fate were investigated and quantified. 

Such measurements were used to quantify hydroxyl radical production, scavenging, and 

steady-state concentration in soil systems. 



4. THEORETICAL DEVELOPMENT and MODELING 
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The primary objective of this research was to evaluate whether catalase positive 

microorganisms and organic matter (as peat) interfered with the oxidation of a probe 

compound (4-POBN) in a soil slurry via Fenton reactions. A method was developed to 

quantify the -OH production rate (Poh)» the natural scavenging conditional rate constant 

(k„), the steady-state hydroxyl radical concentration (['OHJsJ, and the rate of *0H 

scavenging (k„ ['OH]ss) in such slurries. Experiments were designed to facilitate the 

comparison of these kinetic parameters in microbial and peat-amended reactors relative to 

control reactors. Control reactors did not contain the microbial matter or peat but did 

contain the same materials and were prepared and maintained similarly. This provided a 

relative measure of the effects that diese two soil parameters had on the oxidation 

capacity of the soil slurry system. 

4.A. Methods Development for Kinetic Parameter Estimation 

The reaction rate constant (k4) between 4-POBN and -OH is well defined (Buxton 

et al., 1988) and therefore, the rate of disappearance of 4-POBN in the soil slurry reactor 

was used as direct measurement of-OH activity. Because of the reactive nature of the 

•OH intermediate, a steady-state approximation for [-OH] is frequently employed in such 
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analyses. Steady-state [-OH] occurs when the rate of OH generation (Pqh) is 

approximately equal to the rate of *0H consumption (Cqh). In this study, the conceptual 

model used to describe the production of-OH and the subsequent competition by 4-

POBN and radical scavengers for -OH is illustrated in Figure 4.1. 

Figure 4.1 - The Fenton Reaction, Cycling of Iron Between +2 and +3 Oxidation 
States, Production of the Hydroxyl Radical (*OH), and Competition Between 
4=EOBIlandJS£a¥!MgersJfoc^^ 

^4 
+ 4-POBN byproducts 

HoO, Feail) OH- + -OH k; 
+ Scavengers (Sj) byproducts 

2 H* + 'Oi' Fe(II) HiOt (Fenton 

reaction) 

4. A (2) Theoretical Development of Kinetic Relationships 

A method developed by Zepp et al. (1992) involving several simplifying 

assumptions has been used to estimate kinetic parameters in photo-fenton systems. The 

assumptions used in this method include the following: (1) that the reactive transients (i.e. 

'OH) rapidly reach a steady-state concentration, in which the rate of generation equals the 

rate of reaction, (2) the rate of reaction of'OH with natural scavengers is significantly 

greater than the reaction rate with the probe, (3) the rate constant and concentration of 
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scavengers is known, and (4) the fractional change of iron compounds catalyzing HjO, 

decomposition and the change in scavenger concentrations are insignificant relative to the 

change in the concentration of the probe. 

Assumptions 2-4 are not valid for Fenton reactions in soil systems. For example, 

it cannot be assiraied a priori that the rate of reaction of -OH with natural scavengers is 

significantly greater than the reaction rate with the probe. Also, in simple, well defined 

aqueous systems, the scavenging rate constants and concentrations may be well defined. 

However in complex, heterogeneous systems, involving solid phase material, microbial 

biomass, and organic matter, a priori estimation of these values may not be possible since 

these parameter values will be variable and literature values are not available. Lastly, the 

firactional change in scavenger concentrations cannot be assumed to be insignificant 

relative to the change in the concentration of the probe. This is because the concentration 

of the probe may be high m some reactors, and will not change significantly, and that the 

concentration of HjO,, a known scavenger of-OH, decreases significantly in 

concentration over the duration of an experiment. 

The method that was developed and used in this study is similar to the method 

described above but does not involve assumptions 2-4. This method is a modification of 

previous methods to determine [*OH]ss as a measure of formation efficiency (Zepp et al.. 



1992); ['OHJss produced photometrically in natural surface waters (Haag and Hoigne, 

1985); [-OHJss in soils (Foget, 1992); and for measuring the apparent rate constant for the 

reaction of -OH with natural scavengers (Zhou and Mopper, 1990). 

The following chemical reactions result from the production of -OH, as illustrated 

in Figure 4.1; 

SVi ki 
*0H + S"j=| Sj > products of scavenging reactions (4.1) 

k4 
*0H + P > products of oxidized probe (4.2) 

where, Sj = concentration of individual scavengers 
kj = second-order rate constant (L/mol-s) for -OH with Sj 
2"i=i ki[Sj] = pseudo-first-order rate constant (T"') for -OH scavenging by all 
constituents of the solution except the probe. 

= S%, ki[Sj] natural scavenging conditional rate constant. 
P = probe (4-POBN) 
k4 = 3.8x10' (L/mol-s) (Buxton et al., 1988) (Table 3.1, reaction 3.4) 

The reaction rate equation for 'OH is simply the difference between the 

production term and the reaction term (equation 4.3). It is assumed that [-OH] is at 

steady-state and invariant with time, and therefore, the rate of "OH generation can be set 

equal to the rate of'OH consumption (equation 4.4). The rate of *0H consumption is 

represented as the rates of reaction with scavengers and probe (equation 4.5). 

d[-OH]/dt = Po„-CoH (4.3) 
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CQH ~ PoH ~ Rns Rp (4.5) 

K = k,[Si] [-OH], (4.6) 

Rns = km (4.7) 

Rp = k,[P][-OH]„ (4.8) 

(4.9) 

where, 
Pqh ' Cqh rate of-OH production and reaction, respectively 
Rns, Rp rate -OH reaction with natural scavengers and probe, respectively 
[•OH]ss steady-state hydroxyl radical concentration 
k4.poBN pseudo first-order 4-POBN degradation rate constant 

The -OH reaction rate equation (equation 4.3) becomes simplified (i.e. d-OH/dt = 

0) as the rate of-OH production is set equal to the rate of-OH reaction (equation 4.4). 

Later, in the Results section (Section 6.0), it will be demonstrated that the degradation 

rate of the probe conforms to pseudo first-order kinetics which provides supportive data 

for this assumption. Therefore, it can be assumed that [-OH] exists at steady-state, and 

that it is constant over the course of an experiment. Since *0H is at steady-state, [-OH] is 

constant ([-OHlsj) and can be combined with k4 in the k4.poBN te™ (equation 4.9). 

The term, kn^ = S"j=, ki[Si] represents the simimed products of scavenger 

concentrations and their second-order rate constants. It is important to note that k„ is not 



a true constant since the concentration of natural scavengers varies as a function of time. 

For example, HjO, is a known scavenger of -OH and at high concentrations the rate at 

which HiO, scavenges -OH can be significant relative to 4-POBN. Since the 

concentration of H2O2 varies with time in the soil slurry, it is not valid to assume that the 

concentration of scavengers does not change significantly relative to the concentration of 

the probe. Furthermore, although the 4-POBN hydroxy adduct (^-POBN) is resistant to 

further radical mediated reactions (Ireland and Valinieks, 1992), the adduct is unstable 

and may transform to other products that react with -OH. 

A technique is used in the data analysis that solves for 2"j„, kj[Sj] at different 

points in time which illustrates that k„ is a variant. Again, it is convenient to group 

together the scavenging rate constants and their concentrations into the k„ term, but this 

does not imply that kn^ is constant with time. 

Combining equations 4.5,4.7 and 4.8 yields an equation containing Pqh and the 

reaction terms: 

PoH = Ksi-OH]^ + k,[P][-OH]„ (4.10) 

Combining equations 4.8 and 4.10 to eliminate [-OHlsj yields; 

Rp - P 
(kns+k4[P]) 

(4.11) 
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4.A (3) Graphical solution 

Equation 4.11 can be re-arranged to yield a linearized form of the equation: 

^ = (k^ / Pqh ICj + P / POH) (4.12) 
Rp 

Plotting [P]/Rp vs. [P], produces a straight line where the y-intercept represents k^oH ^4, 

and the slope represents I/Pqh- Since k4 is known, Pqh and k„ can be determined 

graphically from the slope (m) and y-intercept (b), respectively (equations 4.13,4.14). 

Pqh ~ l/iw (4.13) 

k„ = y-intercept k4 Pqh (4.14) 

A check was performed on the estimated values for Pqh and k^ relative to the 

physical system to ascertain that the estimated values are valid. This is presented in the 

Results section. Equation 4.10 can be rearranged to solve for ['OHlsj (equation 4.15) and, 

equations 4.8 and 4.9 can be combined to solve for [-OHlsj (equation 4.16). 

['OH]ss — Pqh (4.15) 
kns+ K\^] 

[•OH]ss = k4.poBN ^4 (4.16) 

It is apparent from equation 4.15 that ['OH]ss is a fimction of [Fe(II)], [P], [H2O2]. 

and [Sj]. HiO, is responsible for -OH production (i.e., k, [Fe(II)] [H2O2]; reaction 3.1, 

Table 3.1) and is a scavenger of-OH (i.e. k,, [*OH]ss [H2O2]; reaction 3.11, Table 3.1). 
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This analysis predicts that there is not a unique value of ['OH]ss for each combination of 

[P],[HAJ.and[SJ. 

Using the method described above, Pqh, kn^, and [-OHlss are estimated at different 

points in time when the concentration of H2O2 is the same between reactors, but that the 

concentration of 4-POBN is dififerent. For example, the concentration of H^O, is 

described by first-order degradation kinetics (i.e. LnC = LnCo - kH202 (0) for each reactor, 

and the time (t) can be calculated for which the concentration is constant between 

reactors. Since the initial H2O2 concentrations were constant between reactors, the time at 

which the concentration of HiOi was 99%, 95%, 90%, 85%, 80%, 75%, 70%, 50%, and 

30% of its initial concentration was calculated. Similarly, the concentration of 4-POBN 

in each reactor is described by first-order degradation kinetics (i.e. LnC = LnCo - k4.poBN 

(t)). The concentration of 4-POBN was calculated in each reactor at the appropriate time 

when the [H^O,] was constant. These values of [4-POBN] were used to construct the 

inverse plots of [P]/Rp vs. [P]. Since the parameters in equation 4.12 and 4.15 are known 

at each point in time, Pqh, k^j, and [*OH]ss can be estimated as a fimction of [H2O2], or 

time, for each set of reactors. 

It was assumed that the concentration of -OH is at steady-state, i.e. the rate of 



change of the concentration of-OH with time is small, and therefore, the rate of *0H 

production is set equal to its rate of reaction. This assumption does not imply that ['OHlss 

is constant. Since the concentration of H2O2 is changing as a function of time in the soil 

slurry reactors, the rates of *0H production and -OH scavenging by HjOj will also vary. 

Therefore, it is reasonable to expect that some variation in ['OHlss will occur. 

A technique is used to solve for 2",=, ki[SJ (i.e. kp,) at different points in time 

implying that k„ is not constant, kn^ is assumed constant between reactors within a set of 

reactors when the HiOi concentration is equal. Decomposition products from 4-POBN 

oxidation (reactions 3.23 - 3.25, Table 3.1) are potential scavengers of-OH (reaction 

3.26). It is reasonable to expect that the concentration of decomposition products will be 

greater in reactors with greater concentrations of 4-POBN and that these products will 

scavenge -OH. Therefore, the assumption that knj is assumed constant between reactors 

within a set of reactors may have some limitations. 

In summary, determination of Pqh, and [-OHlsj can be used to determine the 

extent to which catalase positive microorganisms and peat effect the oxidation of 4-

POBN in a soil slurry via Fenton and Fenton-Iike reactions. Specifically, comparison of 

these parameters derived fi:om microbe and peat-amended reactors with those 

corresponding to controls, can support conclusions relative to the effects of biomass and 



peat material on -OH scavenging, -OH production, and the steady-state -OH concentration 

in soil slurries. 

4.B 4-POBN Oxidation Treatment Efficiency 

A measure of the treatment efficiency of 4-POBN in the soil slurry reactors was 

estimated by dividing the rate of 4-POBN degradation rate by the rate of HiO, 

degradation (equation 4.17). 

Treatment efficiency (Tg) = (d[4-P0BN]/dt) / (dIHjOJ/dt) (4.17) 

~ ^^poBN [4-POBN] / [H,OJ 

where, 

[4-POBN] = 4-POBN concentration (M) 

kfCQT = first-order H2O2 degradation rate constant (hr"') 

[HiOJ = H2O2 concentration (M) 

A comparison between microbially-amended or peat-amended reactors, and their 

corresponding unamended control reactors, was used to evaluate whether the scavenging 

material had any net effect. The effect of scavenging is reflected in the rate of 4-POBN 

disappearance; the greater the scavenging term (2"=, k,[Si] [-OHJss), the lower the rate of 

4-POBN disappearance (k4[P][*0H]ss), correspondingly, Tg also decreases. Similarly, T^ 



can be used to evaluate effects on the rate of-OH production. For example, an increase in 

pQH will increase ['OHlss (equation 4.15) and 4-POBN disappearance. One disadvantage 

with Tg is that the effects of k„ and Pqh caimot be differentiated. Instead, the net effect of 

these two parameters on 4-POBN disappearance is measured. 

4.C Prediction of 2-Chlorophenol Degradation Using 4-POBN Degradation Rate 

A measure of the validity of the kinetic parameters estimated in experiments 

involving 4-POBN, is to predict how another compound would behave under similar 

conditions using laboratory derived kinetic rate data from the 4-POBN experiments. To 

this end, 2-chlorophenol, a groundwater contaminant found at many Superfimd sites was 

selected for such an analysis. Based on chemical reactions 3.4 and 3.15 in Table 3.1, the 

degradation rates for 4-POBN and 2-chlorophenol (2CP) are represented as follows: 

Kinetics 

d[4-P0BN]/dt = - k, [4-POBN] [-OH] (4.18) 

d[2CP/]dt = -k,s [2CP] [-OH] (4.19) 

The general reaction rate equation for -OH (equation 4.3) can be modified to 

represent systems containing 4-POBN or 2CP and other scavengers of-OH (equations 

4.20 and 4.21, respectively). 



d [-OHJ/dt = k, [Fe*2j [4.POBN] [-OH] + SV, ki[SJ [-OH]) (4.20) 

d [-OHJ/dt = k, [Fe^2j J - (k.j [2CP] [-OH] + S";., k,[SJ [-OH]) (4.21) 

Assuming (1) the rate of-OH production is equal in the two reactors containing 4-

POBN and 2CP; (2) steady-state -OH concentrations; and (3) similar rates of reactions 

with natural scavengers, then the reaction rate equations for -OH in reactors containing 4-

POBN and 2CP can be set equal (equation 4.22). For example, since the -OH production 

term (k, [Fe"-] [HiOJ) is the same in equations 4.20 and 4.21, then these two expressions 

can be set equal. 

k, [4-POBN] [-OH],,. 4.P0BN + Ks [-OH] ss. 4-POBN (4.22) 

k,5[2CP][-OHL.2CP + k„[-OH],.3CP 

where, 

[•OH]ss_4.poBN = steady-state [-OH] when 4-POBN is present 

[*OH]ss 2CP ~ steady-state [-OH] when 2CP is present 

The underlying conditions which serve as the basis for equation 4.22 is that the 

soil slurry systems containing 4-POBN and 2CP, are comprised of the same type and 

concentration of materials (SiOj, FeOOH, H2SO4, H2O2). Additionally, the degradation 

rate of H2O2 must be the same between reactors to assure that the -OH production rate is 



approximately the same. Under these conditions, the steady-state *0H concentration will 

be different in each reactor since the concentration and reaction rate constant is different. 

Equation 4.22 can be solved for ['OHJss icp ^ 

[•OH]^,cp = (K [4-POBN] [-OH], .4.POBN knsDOH] ss. 4-POBN )/(k,5 [2CP] + kj (4.23) 

4-POBN concentration and degradation rate kinetic data (k4 [4-POBN], [-OHly 4. 

poBN' in conjunction with equation 4.23, can be used to predict ['OHlsj 2cp for a given 

initial value of [2CP]. The predicted value for ['OHl^s jcp can be compared to laboratory 

derived values of ['OHlsj jcp. Using pseudo first-order degradation rate kinetics for 2CP, 

equation 4.19 can be simplified (equation 4.24) and the pseudo first-order rate constant 

can be used to calculate a laboratory derived estimate of [-OHlss jcp (equation 4.25). 

d[2CP/dt] = - kjcp [2CP] (4.24) 

[•OH]sj 2CP ~ k2cp / k,5 (4.25) 

A value for k,s was obtained from the literature (Buxton et al., 1988) and [2CP] 

was measured by HPLC. Since k,5 and [2CP] would be the same in both the laboratory 

derived and predicted degradation rate equations, a comparison between the laboratory 

derived and predicted ['OHJsj jcp represents the same difference between the laboratory 



derived and predicted degradation rates. The predicted value for [*OH]ss^ jcp (equation 

4.23) can be compared directly to the laboratory derived (equation 4.25) value as a 

measure of the validity of the 4-POBN kinetic parameters. 
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5. METHODS AND MATERIALS 

5.A Reactors 

Six to seven soil slurry reactors were used in the microbial- and peat-amended 

experiments and consisted of 500-mL Ehrlenmeyer flasks containing 3.50 g geothite (a-

FeOOH), 66.50 g sand (SiOj), amended with 70.0 mL H2SO4 (5x10"^ M) and placed on 

an orbital shaker table and allowed to equilibrate for 24 hours for the pH to stabilize. 

Each flask was amended with 35.0 mL H2O2 (= 20,000 mg/L) stock solution, which was 

diluted in the reactor (1:3) for a final HiOj concentration of = 5000 mg/L. The HjO, was 

allowed to react for = one minute and 35.0 mL of a a-(4-pyridyl-l-oxide)N-tert-butyl-

nitrone (4-POBN) solution was added. The reactors were sampled, covered with 

parafilm, and placed on an orbital shaker table (=100 rpm). The pH of the soil slurry was 

measured and adjusted using a small volume of NaOH to maintain the pH in the range 5.8 

to 6.1. The pH of the soil slurry was measured periodically and samples were taken for 

HjOt and 4-POBN analyses. Goethite was obtained from D.J. Mineral Company (Butte, 

Montana); crushed using a mortar and pestle and sieved through a 140 mesh (150 [im, 

0.0041 in) sieve. Silica sand (40-100 mesh) was from Fisher Scientific, and 4-POBN was 

obtained from Aldrich Chemical Company. 

Soil slurry samples were obtained by pipetting 1.5 mL of the well mixed soil 



slurry liquid and placing it in a 20-mL plastic syringe. The soil slurry was then filtered 

through a 25 nun, 0.2 ^irn Gelman Acrodisc syringe filter which stopped all reactions and 

removed colloidal particles interfering with subsequent analyses. Samples were stored at 

4° C pending high performance liquid chromatography (HPLC) analysis for 4-POBN or 

2CP. H2O2 was measured immediately. Photodecay of 4-POBN was minimized by 

wrapping reactors in aluminum foil, and samplmg was performed under low lighting. 

Reactors containing 2CP were handled similarly. 

5.A (1) a Microbially-amended 

The microbe, Shewanella putrefaciem (Sp. 200) were grown to stationary phase, 

washed twice, and resuspended in DI water. The composition of the microbial growth 

solution consisted of the following (per L of solution) 2.0 g Na2S04,1 g NH4CI, 0.1 g 

MgSOj-THiO, 0.2 g CaCl2*2H20,0.5 g K2HPO4,0.5 g yeast ejctract, 1.0 mL FeCl3-6H20 

(0.22 g FeCl3-6H20 /lOO. mL H2O, filter sterilized), and 3.0 mL sodium lactate syrup 

(60%, S.G. 1.26). The K2HPO4 stock solution was autoclaved separately, cooled, then 

mixed. Microbes were amended to one set of reactors and another set of control reactors 

was not amended with microbes. The microbes were added to the 4-POBN solution and 

added to the reactors. The concentration of microbes in the suspension was estimated by 

optical density (absorbance at 600 nm). The final concentration of microbes was 

approximately 2.4x10® cells/g soil. The initid [4-POBN] in the microbial amended 
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reactors ranged from approximately 400- 6000 jiM and approximately 400 - 3900 in 

the non-microbial amended reactors. A control reactor was used which contained all of 

the same components as the test reactors ([4-P0BN]ini^ji was approximately 670 |iM) 

except H2O2 was replaced with DI water. Two more control reactors were used; one 

which contained contain SiOa, H2O2, and 4-POBN but no FeOOH; and another which 

contained microbes (L4'< 10* cells/mL), H2O2, and 4-POBN and no FeOOH. 

5 .A( l )b  Peat -amended 

A similar procedure was used in the reactors amended with Pahokee peat except 

the 35.0 mL 4-POBN solution was amended with the peat instead of microorganisms. 

The fraction of organic carbon (f^c) in the soil slurry was 0.0009 grams organic 

carbon/grams soil (0.139 g Peat/ 70.0 g soil; Pahokee peat is 44.4% carbon by weight). 

The 4-POBN/peat suspension was amended to one set of reactors; a set of control reactors 

was amended with a solution containing 4-POBN only. The initial concentration of 4-

POBN in the peat-amended reactors ranged from approximately 550 - 5500 nM and 

approximately 450 - 6000 fiM in the control reactors (peat not amended) 

Pahokee Peat was used as a source of organic matter (OM) and was obtained from 

the International Humic Substances Society (IHSS). Complete analysis of the Pahokee 

Peat including the elemental composition, inorganic analysis by inductively coupled 



argon plasma (ICAP), and HPLC analysis for organic acids and phenolic is provided in 

Appendix B. Prior to elemental analysis, the peat was de-waxed by Soxhlet extraction 

with 1-propanol, 1-propanol-toluene, and toluene, acid-washed with 0.5 M HCl until the 

wash water was colorless, and then water washed until a test for chloride with silver 

nitrate solution was negative. The peat was then freeze-dried, then dried in a vacuum 

oven at 105°C for 24 hours. Determinations of C, H, O, N, S, P, ash and residual 

moisture were made by Hufftnan Laboratories, Inc., Golden, Colorado. The peat that was 

not dewaxed was analyzed for total organic carbon and is described below in Section 5.B 

(7). 

In addition to the set of reactors that were not amended with peat that were used 

as controls, several more controls were used in this study. First, a control reactor 

contained all of the same components as the peat-amended reactors ([4-POBN]ini,ij, = 720 

jiM), except HiO, was omitted. Second, a control reactor contained SiOi, H^O,, and 4-

POBN but did not contain FeOOH or peat. Third, a control reactor contained all of the 

same components as the peat-amended reactors, except the peat was autoclaved (twice; 

1X, waited 24-hr., 1 x). The peat was autoclaved separately, then added to the reactor. 

Fourth, a control reactor contained all of the same components as the peat-amended 

reactors, except FeOOH. 
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5.A (I) c 2-chlorophenoI-amended reactors 

Similar procedures were used in the reactors amended with 2-chlorophenoI (2CP) 

except no microbes or peat were amended. Four separate reactors were used. The initial 

[2CP] stock solution ranged from approximately 1300 - 2800 |aM which corresponded to 

initial [2CP] ranging from 320 - 530 (xM in the soil slurry reactors. Two replicate control 

reactors were used which contained all of the same components as the test reactors except 

HjO, was replaced with DI water. 2CP was from Aldrich Chemical Company. 

5.A (2) Vial reactors 

The components of the vial reactors, and the procedures involved are similar to 

that described above for the flask reactors. Vial reactors, unless noted otherwise, 

consisted of 40-niL borosilicate glass containers fitted with teflon septa and caps. The 

soil was composed of 0.5 g goethite (±.001 g) and 9.5 g SiO, sand. The reactors were 

amended with 10 mL H2SO4 (10'^ or 5x 10"^ M). Next, 5 mL H2O2 and 5 mL 4-POBN 

solution were added and the reactors were sampled, capped, and placed on a shaker table 

(100 rpm). 

5^(3XJyiQtadegradatiQn-testjvdals 

4-POBN photodegradation was measured using borosilicate glass vials fitted with 

teflon septa and caps containing 4 mLs of 4-POBN solution (=170 ^iM) at neutral pH. 



The vials were placed on the lab bench and were exposed to normal lab lighting for 

different durations, up to 3 hours. Samples of the 4-POBN solution were obtained 

(without filtering), and 4-POBN was analyzed via HPLC. A control vial was used that 

was not exposed to light. 

5.A^(4X-pH-effects 

The stability of 4-POBN as a function of pH was evaluated by preparing dilutions 

of a known concentration of 4-POBN (=900 |iM) with various molar concentrations of 

H2SO4, HNO3, and HCl. The final pH of the solution ranged from neutral to pH 2. 

Solutions were prepared in 40-mL borosilicate glass vials (triplicates). Results indicated 

that 4-POBN transformed at low pH. The transformation of 4-POBN was evaluated by 

adjusting a solution (neutral pH) of 4-POBN (1000 jiM) with H2SO4 (5x10*^ M) to pH 2.5 

where 4-POBN was known to transform. Solutions were mixed in 40-mL borosilicate 

glass vials (triplicates). The pH was adjusted back to neutral (pH 6-7) using NaOH (10*-

M) at specific times allowing for the transformation to occur over a known period of 

time. 

5.B Analyses 

1B_(1) 4-POBJ!J-aad,2HehlorQplienQl 

4-POBN analysis was performed by high performance liquid chromatography 
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(HPLC) using a Waters 996 Photodiode Array detector and a Nova-Pak C18 stainless 

steel column. The mobile phase was 15% methanol in distilled (DI) water, and the flow 

rate was 1.0 mL/min. The wavelength was 331 rmi and the average retention time was 

5.65 to 5.95 minutes. Analysis of the HPLC response to 4-POBN concentrations from 0 

to 1215 fiM yielded a standard curve (Figure 5.1) with an r^O.999, standard error = 

1.62x10®, a detection limit of 2.33 |iM, a quantitation limit of 7.76 |iM, and an analytical 

equation of y = -61.4x- + 1.54xl0^x + 3.15x10^, where x = [4-POBN] (micromolar) 

(Rhynes, 1995). Check standards, blanks, duplicates and spikes were run with each 

sample set and analytical quality was found to be in control. 

Figure S.I -4-POBN Calibration Curva 
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2-chlorophenol analysis was performed by HPLC using a Waters 996 Photodiode 

Array detector and aNova-Pak CIS stainless steel column. The mobile phase was 30% 

acetonitrile and 0.3% acetic acid in distilled (DI) water, the flow rate was 1.0 mL/min and 

the injection volume was 100 |iL. The wavelength used was 220 nm and the average 

retention time was 5.5 to 5.8 minutes. Analysis of the HPLC response and 2CP 

concentration from 0 to 600 ^iM yielded an analytical curve with an r^O.999, and a 

detection limit of 0.14 fiM. Check standards, blanks, duplicates and spikes were run with 

each sample set and analytical quality was found to be in control. 

5^(2)_£lecttQparamagn£ticj:esQnance_(EBR) 

Soil slurry reactors were prepared as described in Section 5.A (1) except that 4-

POBN was replaced by an equal volume of water in the 500-mL flask reactors. A 5-mL 

sample from the soil slurry reactor was placed in an amber vial and amended with 1 mL 

of 4-POBN for a final concentration of 100 mM. This step was necessary to conserve the 

amount of 4-POBN and to use the same reactors for reaction with the spin trap 5,5-

dimethyl-l-pyrroIine-N-oxide (DMPO). DMPO was added to each vial for a final 

concentration of 40 mM. A 2-mL sample was filtered through the 0.2 jim Gelman filter. 

Filtrate was transferred into a quartz flat EPR cell and placed in the cavity of a Bruker 

300E EPR spectrometer. Typical EPR operating conditions were as follows: gain 1x10®; 

modulation amplitude 1.0 G (gauss); modulation frequency 100 kHz; microwave power 
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20 mW; conversion time 82 sec. 

SJBl(3)-H2Q2 analysis 

Analysis of H2O2 was performed using a modified peroxytitanic acid colorimetric 

procedure (Boltz and Howell, 1978). HjO, standards were prepared by diluting a 30% 

H2O2 stock solution to concentrations ranging between 0-100 mg/L; 9.0 mLs of the H2O2 

standard were added to 1.0 mL of titanium sulfate) allowed to react for ^ 1 hour. Filtered 

soil slurry samples were prepared similarly; after dilution, 0.9 mL of the sample was 

added to 0.1 mL of TiS04 (in triplicate) and allowed to react. The absorbance of the 

peroxide-TiS04 mixture (wavelength of407 nm) was determined using a Milton Roy 

Spectronic 401 spectrophotometer. Analysis of the spectrophotometric response and the 

H2O2 concentration from 0 to 100 mg/L yields an analytical curve with an r^O.999, 

standard error = 0.02622, and an analytical equation of ([H2O2] (mg/L) = 44.5 A407) • 

The extinction coefficient calculated from this equation (e=764 L/mol-cm) is less than 

1% from the value reported by Boltz and Howell, 1978 (e=770 L/mol-cm). TiS04 (M.W. 

402) was from Pfaltz and Bauer Inc., and H2O2 (30%) was from the Aldrich Chemical 

company. 

5JB_(4X-SoiLslurr5!_pLELand_ele,ctrQde^polential 

The pH of the soil slurry was measured using an Orion pH/millivolt meter (Model 



No. 611) and an Orion electrode (Ross Sure-flow combo pH, Model No. 81-65). The 

probe was allowed to stand in the reactor for 2-5 minutes for the pH to stabilize before a 

reading was taken. The pH was adjusted by adding small volumes of NaOH or H2SO4 

into the reactors. Changes in the concentration of HjO, or 4-POBN due to dilution were 

negligible. The electrode potential of the soil slurry was measured using an Orion 

pH/millivolt meter (Model No. 611) and an Orion electrode (combo redox Model No. 96-

78) using the same procedures as for pH measurements. 

53_(5_)_Metals_anaLyses 

Metals analysis of goethite and Pahokee peat were performed using inductively 

coupled argon plasma (ICAP). The FeOOH and Pahokee peat stock material were mixed 

separately and representative samples (triplicates) were obtained using a soil riffle. 

Metals were extracted by digesting 0.25-gram samples of the Pahokee peat or goethite in 

40 mL of 10% nitric acid for 40 minutes in a microwave oven at 150° C and 145 psia. 

53_C6)_Cationjexchang€Lcapacity 

The cation exchange capacities of the goethite and silica sand were determined 

using a sodium acetate procedure, test method 9081 (U.S. EPA, 1982). The CEC of the 

Pahokee peat was determined using a barium saturation method (Lyon and White, 1993). 

In this procedure, 100 mL of 0.5 M HCl is added to 2 g of dried peat and shaken. The 



peat was washed to remove the HCl and separated via filtration. The hydrogen-

exchanged peat thus obtained in bariimi exchanged by shaking in 100 mL of 0.25 M 

barium acetate. The displaced acid was titrated with 0.1 M NaOH to the phenophthalien 

endpoint. 

SJLCZX-XolaLand dissolved-oiganic, carbon 

Soil samples were digested in 10% phosphoric acid to remove inorganic carbon, 

filtered, and oven dried prior to injection in the high frequency induction fiimace (LECO 

WR-112) (Pennington, 1994(a)). Aqueous samples used to measure dissolved organic 

carbon (DOC) were acidified with concentrated phosphoric acid to a pHs 2.0 and purged 

with nitrogen to remove inorganic carbon (Pennington, 1994(b)). 

5.B (8) HPLC analysis of phenolic acids 

Phenolic acids in Pahokee peat extracts were measured by HPLC using a Waters 

996 Photodiode Array detector and a Nova-Pak CI8 stainless steel coliunn. The mobile 

phase was 4% methanol, 5 mM tetrabutylammonium acetate and 0.3% acetic acid. The 

flow rate was 1.0 mL/minute, the volume of injection was 50 |iL, the detection 

wavelength was 254 nm, and the analytical time was 60 minutes per run. 



iB-(9.)_&urfeceLarea.anaIysis 

Surface area analysis was conducted by nitrogen adsorption using the detailed 

instructions given in the manual for the Coulter Model SA-3100 (Coulter Corp., 1990). 

Samples were given a 24-hour treatment in a liquid nitrogen trapped vacuum oven at 40° 

C. Samples were outgassed at 40° C for approximately 30 minutes, capped and analyzed. 

SigmaPlot was used to plot isotherms and to smooth regression curves. The BET areas 

assume a molecular parking area of 0.162 nm- for Nj at 77°K. The 5-point BET 

regression was used to estimate surface area. The BET surface area of the material is 

dependent on sample preparation, outgassing, and specific form of the BET regression 

used for the data (Sing et al., 1985). A quality control sample of spherical glass beads 

was run on the apparatus after outgassing at 200° C for 30 minutes. The results indicated 

normal functioning of the apparatus in measurements involving material with low surface 

area. 

5AXLCL)_£aurier.Transfonn Infirared Photoaccoustic Spectra (FTIR-PAS) 

FTIR-PA spectra of the goethite were obtained in duplicate by co-addition of 256 

scans at a resolution of 4 cm"'. The spectra are displayed as a function of PA units (y-

axis) vs. wavenumber (cm"', Res = 4 cm"'). 
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5.C Quality Assurance Project Plan 

EPA policy requires participation in a centrally-managed quality assurance 

program by all EPA Laboratories. In accordance with this policy, the Robert S. Ken-

Environmental Research Laboratory (RSKERL) quality assurance plan requires a quality 

assurance project plan for in-house research. The purpose of the quality assurance project 

plan (QAPP) is to document data quality objectives, steps to be taken to meet the 

objectives, the means by which it will be determined whether these objectives have been 

met, and how the data quality will be reported and validated. A QAPP was prepared for 

the project entitled, "HiOi and Microbial Interactions" (Huling, 1995), and approved May 

31, 1995 by the quality assurance project leader at EPA-RSKERL. 
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6. RESULTS 

Oxidation of 4-POBN by 'OH in H202-amended soil was used to quantify the 

rate of 'OH production (Pqh). the conditional natural scavenging rate constant (kns), the 

steady-state concentration of'OH (['OHlss), and the rate of'OH scavenging (kns [*OH]ss). 

Prior to conducting the oxidation experiments, variables that might affect the fate of 4-

POBN were investigated so that these processes could be controlled and to assure that the 

radical-dependent oxidation of 4-POBN was the only reaction responsible for 4-POBN 

disappearance. Experiments were conducted to examine the role of photodecay, sorption, 

volatilization, biodegradation and pH on the fate of 4-POBN. In addition to determining 

the effects of these processes, control reactors were used during the oxidation 

experiments to evaluate the collective effects of non-oxidation reactions on 4-POBN in 

the soil slurry reactors. The results of these preliminary experiments are presented first, 

followed by the results of the experiments designed to evaluate the effects of microbial 

matter and Pahokee peat (organic matter) on the oxidation capacity of Fenton reactions in 

soil. 

6.A. Potential Processes Affecting 4-POBN Fate in Soil Slurry Reactors 

6.A( 1) Photodegradation 

It was suspected that 4-POBN was photosensitive because data were erratic 

when 4-POBN solutions were not shielded from laboratory-lighting. HPLC 

measurements clearly indicated that the concentration of 4-POBN decreased as a function 

of time (Figure 6.1). The appearance of an unknown decomposition product was 

proportional to the disappearance of 4-POBN. Photodegradation of 4-POBN and 

production of the decomposition product exhibited zero-order dependence on 4-POBN 



93 

Figure 6.1 - 4-POBN Photodecay and Production of 
a Decomposition Product 
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concentration. The HPLC chromatograms indicated that the unknown decomposition 

product had a peak retention time (RT) of =14 minutes compared to the 3.5 minute RT for 

4-POBN. A control sample that was not exposed to light did not show a decrease in [4-

POBN] and did not contain a measurable concentration of the decomposition compound. 

Consequently, to prevent photodecay during all subsequent experiments, the overhead 

lights were turned off, a single indirect light was used, 4-POBN solutions were shielded 

from light by wrapping and covering the reactors in aluminum foil, 4-POBN samples 

were stored in the dark, and filtered samples were shielded from direct and indirect light. 

Controls used during the subsequent experiments indicated that no loss of 4-POBN 

occurred during the course of the experiments. 



6.A ( 2 )  Volatility 

The volatility of 4-POBN relative to that of water was evaluated by allowing a 

20-niL solution to evaporate to 7 mL. The concentration of 4-POBN increased from [4-

POBNJinitiai = 150 ± 0.7 (xM (triplicates) to 432 ±0.2 jiM (i.e., 101% recovery) indicating 

that 4-POBN is essentially nonvolatile in water. Additionally, a beaker containing 4-

POBN ([4-P0BN]initiai = 150 [iM (triplicates)) and covered with parafilm had >99.9% 

recovery of 4-POBN after 5 days. Therefore, it was unnecessary to consider the 

volatilization of 4-POBN from open reactors or volatilization of 4-POBN into the 

headspace of the reactors as a source of probe loss. The Erlenmeyer flasks used in 

subsequent experiments were covered with parafilm to minimize the potential increase in 

[4-POBN] due to evaporation of water. This information was consistent with 

experiments conducted elsewhere where 4-POBN solutions were evaporated to dryness 

and reconstituted with water for 100% recovery (Pers. Comm., Dr. John Ireland, 1994). 

The 4-POBN adduct was also reported to be non-volatile. 

6.A (3) Sorption 

The mass distribution (isotherm) of 4-POBN between solid (a-FeOOH/SiOi 

sand) and aqueous phases was determined. Seven replicate sets of reactors (40-mL 

borosilicate glass vials. Teflon lined caps, = 20o C, pH 7) containing 0.50 g a-FeOOH, 

9.50 g Si02 sand were amended with 20.0 mL of 4-POBN solutions at initial 

concentrations of 540,315, 148, 71.5, 24.0, and 10.3 (xM. These reactors were placed on 

a shaker table (100 rpm) for 24 hours after which the soil slurry was filtered through a 

Gelman 0.2 |im filter. The filtrate was analyzed for 4-POBN. The sorption data were 

modeled using the Freundlich isotherm; S=KCn, where S is the concentration of 4-POBN 

on the solid phase (mg 4-POBN/g soil), K is a distribution coefficient, and C is the final 



aqueous-phase concentration of 4-POBN. The exponent n is an empirically derived 

number that describes the shape of the sorption isotherm and is usually less than 1. The 

Freundlich equation was linearized by plotting Log S vs. Log C to permit the graphical 

determination of K and n (Figure 6.2). 4-POBN sorption in the a-Fe00H/SiO2 soil 

system was satisfactorily described by the Freundlich isotherm with K = 4.0E-5 and n = 

0.615. Thereafter, the mass distribution of 4-POBN between the solid (Ms) and aqueous 

(Ma) phases was determined from the isotherm equation in conjunction with aqueous 

phase measurements of 4-POBN. The purpose of this calculation was to evaluate the 

relative amount of 4-POBN associated with the solid phase with respect to the total 4-

POBN (MT) present. Assuming [4-POBN]finai = 700 ^iM, consider the following: 

Rgure 6.2 • Linearized Sorption isotherm of 4-POBN 

in a FeOOH/Siiica Sand Soil Slurry 
(5% FeOOH w/w Silica Sand, C4 hour test) 
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S = 4.0e-5 (700)0.615 = 0.00225 mg/g 

Ms = 0.00225 mg/g 10 g = 0.0225 mg 

Ma = TOO^imole mmole 194.2 mg 20 mL L = 2.719 mg 

L 1000|imole mmole 1000 mL 

Ma/Mr = (0.0225/(2.719 + 0.0225)) x 100 = 0.8 % 

Based on these calculations, under the conditions of this experiment, 4-POBN 

was present primarily in the aqueous phase, and the sorbed mass was insignificant 

compared to the total mass present. 

6.Af4) Biodegradation 

Biodegradation of 4-POBN by S. putrefaciens 200 was evaluated by preparing 

a 4-POBN-amended microbial suspension and monitoring 4-POBN as a function of time. 

The 4-POBN solution was tested at initial concentrations of 4310, 830, and 86 (iM. Sp. 

200 were grown to stationary phase, washed twice and resuspended in DI water. The 4-

POBN solution was amended to the microbial suspension to produce an initial cell 

density of approximately 8x108 cells/mL. A sterile control reactor was used to evaluate 

other potential 4-POBN losses. Greater than 99.5% recovery was observed in all reactors 

after 120 hours. It was concluded that 4-POBN did not biodegrade under the conditions 

of the experiments (Figure 6.3). The same conditions were used in test reactors designed 

to investigate the effects of microbes on H2O2 oxidation capacity. 

6.A (5^ pH 

4-POBN solutions prepared at pH ranging from 2-7 indicate that 4-POBN was 

unstable at low pH, beginning at approximately pH 4, regardless of the identity of the 
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Figure 6.3 - Biodegradatlon of 4-POBN by Shewanella putrefaciens 
Microbial Concentration Approximately 8e8 cells/mL 

[4-POBN] (micromolar) 

1.000 

800 

600 

400 

200 

1&-

[4-POBN] (micromolar) 

6,000 

- g o  0  

note: greater than 99.5% recovery 
in all reactors 

-a-
J L. 

-Q 
__L 

4,000 

2,000 

0 20 40 60 80 100 120 140 
Time (hours) 

Initial [4-POBN] (micromolar) 
4310 830 86 860 (control) 

—9— — -e- — 

counter-ion (i.e., SO42-, NO3-, CI*) (Figure 6.4). 4-POBN was also unstable at high pH 

(>10.9) as determined using NaOH to adjust the pH (data not shown). A review by 

Finklestein et al. (1980) indicated that nitrones such as 4-POBN are prone to hydrolysis 

and that the pH-dependent reaction rate is faster at low pH. 4-POBN hydrolysis involves 

the addition of H2O across the double bond of the nitrone group to form an aldehyde and 

a hydroxylamine. Spectral scans from 200-380 nm on the HPLC chromatograms of 4-

POBN solutions at pH 2.5 and 7 yielded identical spectral characteristics indicating that 

4-POBN was detected by the HPLC but the hydrolysis compounds were not. The 

stability of 4-POBN in solutions at various pH values is illustrated in Figure 6.5. Below 



Rgure 6.4 - Stability of 4-POBN 
as a function of pH in Different Acids 
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pH 4 the concentration begins to decline significantly with time. At pH 2.5, the time-

dependent concentration of 4-POBN was first-order (k = 0.0028 min-i) with respect to 4-

POBN with a half-life of approximately 4 hours (Figure 6.6). These data indicated that 4-

POBN is unstable at low pH (< pH 4); all subsequent 4-POBN oxidation experiments 

were conducted in the stable pH range. 

6.A (6) Electroparamagnetic resonance fEPR) 

Identification of the 4-POBN radical adduct (•4-POBN) resulting from the 

reaction between 4-POBN and "OH (Reaction. 3.4) provided unequivocal evidence that 

the disappearance of 4-POBN in the soil slurry reactors was due to reaction with 'OH. 

Analysis of a soil slurry extract using EPR produced a spectrum with specific 

Figure 6.6 - 4-POBN Transformation in Solution 
Where the pH was Adjusted to 2.5 and Neutralized 
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characteristics that confirmed the presence of the 4-POBN hydroxy adduct in the soil 

slurry reactors (Figure 6.7). The spectrum in Figure 6.7(a) corresponds to standard or 

control solution that was used to identify the 4-POBN hydroxy adduct. This spectrum 

was produced by exposing a solution containing 100 mM 4-POBN and 250 mM H2O2 

solution to UV light for 5 seconds (Janzen et al., 1978; Janzen et al., 1992). The triplet 

of doublet peaks is characteristic of the 4-POBN hydroxy adduct (Janzen et al., 1978; 

Watanabe et al., 1982; Ramos et al. 1992). The 1:2:2:1 peaks residing on the shoulders of 

the triplet hydroxy adduct peaks represent the signature of a decomposition product, 

hydroxy t-butyl nitroxide, of the 4-POBN hydroxy adduct (Pers. Comm. Dr. Y. Kotake, 

1996). The decay of the radical adduct has been described as second-order at very high 

concentrations and first-order when the concentration of the adduct was approximately 

10-5 M or lower (Janzen et al., 1992). However, conflicting information exists in the 

literature regarding the stability of the hydroxy adduct. Refer to section 3.F(2) Figure 

6.7(b) represents the spectrum from a soil slurry reactor containing a-FeOOH, Pahokee 

peat, H2O2, and 4-POBN (100 mM). The characteristic hydroxy adduct spectrum was 

observed in this reactor indicating that the reaction between 4-POBN and 'OH occurred 

in the soil slurry reactor. Similarly, the 1:2:2:1 spectrum was also present confirming the 

decomposition of *4-POBN. The soil slurry reactor used to generate the spectra in Figure 

6.7(c) was similar to that of the soil slurry reactor used in Figure 6.7(b) except Pahokee 

peat was not added to the reactors. Again, the reaction between *0H and 4-POBN was 

indicated. Figure 6.7(d) represents an H202-control prepared similar to the reactor in 

Figure 6.7(b) except H2O2 was not added. These results indicated that neither •4-POBN 

nor the hydroxy adduct decomposition product was present in the reactor and that 'OH is 

formed from the reaction between H2O2 and a-FeOOH. 
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Figuro 6.7 Electmparamagnetic resonance spectra of various 4-POBN solutions. TTia 
triplet of doublet peaks in (a), (b) and (c) indicate the presence of the 4-POBN hydroxy 
radical adduct. The 4-POBN hydroxy adduct is ffte byproduct from the reaction between 
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In biological systems, it is possible that reactions involving radicals other than 

•OH can produce a similar spectrum with a triplet of doublet peaks (Moore et al., 1995). 

Although such radicals were probably absent in the soil slurry system used here, an 

additional spin trap compound, 5,5-dimethyl-I-pyrroline 1-oxide (DMPO) was used to 

confirm the presence of 'OH. DMPO is the most popular spin trap for "OH probably due 

to the ease of recognizing the 4-line EPR spectrum with an intensity ratio of 

approximately 1:2:2:1 that is produced in aqueous solutions (Janzen, 1995; Janzen and 

Haire, 1990). Figure 6.7(e) clearly illustrates the presence of the 4-line EPR spectrum of 

the DMPO radical adduct. Again, this indicated that 'OH were produced from the reaction 

between H2O2 and a-FeOOH. 

The EPR spectra of the soil slurry extracts unequivocally demonstrated the 

presence of 'OH and the 4-POBN hydroxy adduct. Correspondingly, competition kinetics 

of'OH reactions between the spin trap compound, 4-POBN, and other scavengers present 

in the soil slurry reactors is validated. 

6.B Microbial Effects on Oxidation Capacity 

6.B f 1) Controls 

Five different controls were used to evaluate the fate of 4-POBN in the soil 

slurry reactors. First, a set of (abiotic) control reactors were not amended with microbes 

but were identical to the test reactors except microbes were not added. Comparison of 

the estimated kinetic parameters (PQH. KNS. [*OH]SS, KNS[*OH]SS) between the two sets of 

control reactors served to evaluate the relative effects of microbial matter. 
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Second, a control reactor was used which contained all of the same components 

as the set of test reactors except H2O2 and microbes were not added. No significant loss 

of 4-POBN was observed in this reactor indicating that 4-POBN disappearance in the soil 

slurry was based on reactions involving H2O2. 

A third control reactor was used that did not contain FeOOH but did contain 

Si02, H2O2,4-POBN, and a fourth control reactor was used which did not contain 

FeOOH or Si02 but did contain microbes (1.4 x 108 cells/mL), H2O2, and 4-POBN. The 

concentration of H2O2 decreased as a fiinction of time in the former reactor containing 

Si02, and decreased initially, but not as a function of time in the latter, microbial-

amended reactor. However, the concentration of 4-POBN did not change in both sets of 

reactors. This indicated that 4-POBN disappearance in the soil slurry was based on 

reactions involving FeOOH, that the reaction between H2O2 and a catalase-positive 

microorganism does not yield 'OH, and that no reaction occurred between 4-POBN and 

H2O2. Overall, the data from the control reactors indicated that the reaction between a-

FeOOH and H2O2 was responsible for 'OH production and the loss of 4-POBN. 

6.B (T\ Analvsis of goethite 

6£ (2) a Inorganic analysis 

The crushed ore used in these experiments contained goethite and other 

impurities. Representative samples of goethite were obtained and analyzed for metals by 

Inductively Coupled Argon Plasma (ICAP). Results are tabulated in Table B. 1 of 

Appendix B. Since the digestion process associated with the analysis of the goethite 

solubilized inorganic species from the solid-phase material, these concentrations do not 
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correspond to those that occur under soil slurry conditions nor do they represent the 

"available" concentrations. Concentrations of sodium, potassium, molybdenum, 

selenium, cadmium, tellurium, silver, lithium and vanadium were below the detection 

limits in the goethite. The iron concentration was the highest of all chemical species and 

was approximately 1.8% (w/w). The high concentrations of iron, relative to other 

elements present in the goethite, indicated that iron was the most likely reactant with 

H2O2 in the soil slurry reactors. 

6JB (2) b Fourier transform infrared (FTIR) photoacoustic spectra (PAS) 

FTIR-PAS spectra of the crushed goethite can be used to determine the mineral 

provenance. Analysis of representative goethite samples amended to the soil slurry 

reactors produced the spectra normally associated with reference goethite samples 

indicating that goethite was indeed present (Pers. Conrni. Dr. Bill Lyon) (refer to 

Appendix B, Section B.l.b). However, the FTIR photoaccoustic spectra also contained 

more bands in addition to the characteristic goethite bands. Quartz is believed to be a 

major constiment of the goethite ore sample due to the characteristic quartz spectrum of 

the additional bands. The presence of two other minor mineral constituents, hematite and 

a clay mineral (possibly kaolinite) was also suspected. 

ICAP analysis indicated high concentrations of iron. It is evident that the form 

of iron in the mineral is primarily goethite and the secondary form is hematite. The 

goethite ore obtained from the mine was not pure as it contained hematite, quartz, clay 

material and other non-goethite elements as illustrated by the ICAP analysis. The iron 

content of the goethite (1.8 % w/w) indicated that the ore was comprised of < 3% 

goethite. Therefore, while the crushed and seived ore added to the reactors is not pure a -

FeOOH, it is referred to as goethite or a -FeOOH in this document. 



105 

6B (2) c Surface area, sieve size, and cation exchange capacity 

The surface area, sieve size, and cation exchange capacity (CEC) of the goethite 

and silica sand are presented in Table B.3 of Appendix B. The surface area of goethite 

was 130 times greater than the silica sand; and on a weight basis (66.5 g silica sand; 3.5 g 

a -FeOOH) the surface area of goethite was 6 times greater than that of silica sand. The 

particle size of the silica sand (-40 to -100 mesh; <425 ̂ im to <150 jim) was larger than 

the goethite (-140 mesh; <106 |xm) but the surface of the silica sand was more regular 

than the goethite. The CEC of the silica sand was not measured and was assumed to be < 

Imeq/ g dry weight. The CEC of the goethite (3.8 meq/g dry wt.) was probably greater 

than the silica sand, but on a mass basis, contributed less to the total CEC than the silica sand. 

6.B (3) Soil slurry parameters 

6£(3)a pH 

The pH was maintained at comparable, nearly-constant levels (average pH 5.6-

5.9) in both the microbial-amended and control reactors (Table 6.1). The greater the 

initial 4-POBN concentration in the reactor, the greater the decline in pH. The variability 

of pH in the reactors is undesirable because it will effect the H2O2 degradation rate, and 

possibly the kinetic parameters associated with probe oxidation. 

6£(3)b H2O2 

H2O2 degradation conformed to first-order rate kinetics in both the microbial-

amended and control reactors (Table 6.1, Figures 6.8 and 6.9). H2O2 degradation was 

slower in the microbial-amended reactors, with an average half-life of 84.5 hours (95% 

C.I. of the mean, 73.1 - 95.9 hours), than in the non microbial-amended reactors, with an 

average half-life of 73.1 hours (95% C.I. of the mean, 55.0 - 91.2 hours). The mean of 
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Table 6.1 - H2O2 Degradation Kinetic and Linearization Parameters 

[4-POBN]i(HM) pHtverage ti/2(hr)(2) r2(3) 

control (approx. 670) 6.49 - - -

Microbial-amended reactors 
420 5.75 0.0097 71.0 0.98 
710 5.75 0.0093 75.0 0.99 
910 5.72 0.0090 77.0 0.99 
1420 5.70 0.0073 95.0 0.97 
1880 5.68 0.0074 94.0 0.98 
4060 5.66 0.0073 95.0 0.97 
5940 5.61 0.0069 100. 0.98 

Control reactors - no microbes amended 
400 5.88 0.0135 51.0 0.99 
560 5.80 0.0110 61.0 0.99 
830 5.78 0.0110 63.0 0.99 
1260 5.73 0.0088 79.0 0.99 
1810 5.70 0.0083 83.0 0.99 
3910 5.63 0.0069 100. 0.99 

(1) kH2O2(hr"0 first-order degradation rate of H2O2 

(2) ti/2 (hr) half-life of H2O2 in the reactor 

(3) r2 coefficient of determination for the first-order correlation 

the degradation rate constant in these two sets of reactors is not statistically significantly 

different (a = 0.05 level of significance). 

H2O2 persistence in microbial suspensions was evaluated with Sp. 200 at =107 

cells/mL. The initial H2O2 concentration was 100 mg/L and 110 mg/L in two separate 

reactors containing Sp. 200. An initial drop in the H2O2 concentration occurred but the 

concentration was stable after 50 minutes. The stabilized concentration was « 70% of the 

initial concentration in each case. These data probably reflect the disproportionation of 

H2O2 by catalase positive S. putrefaciens. However, the microbial suspensions had a 
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Rgure 6.8 • Rrst Order Degradation of Peroxfde in Reactors 
Amended witti Microbes, Initial [peroxide] s 4350 mg/L 

[microbes] approximately 2.4e8 cells/g soil 
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Figure 6.9 - Rrst-Order Degradation of Peroxide 
in Reactors not Amended with Microbes 

Initial [peroxide] = 4660 mg/L 

Ln [peroxide] (mg/L) 
9 

8 

7 

6 

5 
0 50 100 150 200 

Time (houre) 

Initial [4-POBN] (micromolar) 
400 560 830 1260 1810 3910 



108 

limited capacity to disproportionate H2O2 and at much higher concentrations of H2O2, 

such as 5000 mg/L used in the soil slurry experiments, the losses via this mechanism 

were minimal. 

Inorganic analysis was performed on a suspension of 5. putrefaciens (= 2.8x108 

cells/mL) to identify the amount of iron derived from the microbial matter relative to the 

goethite (Table B. 1, Appendix B). The total iron concentration of the microbial 

suspension was 3.3 mg/L, or <0.2% of the total iron present in the reactors. 

6£(3)c 4-POBN 

4-POBN degradation conformed to first-order rate kinetics (Table 6.2, Figures 

6.10 and 6.11). The initial rate of 4-POBN degradation (d[4-POBN]/dt=k4.poBN [4-

POBN]initiai) was calculated by using estimates of Ict-poBN derived by linearizing the 

time-dependent concentration data. The initial 4-POBN degradation rate (dc/dt), 

increased with 4-POBN, although not in proportion to its initial concentration (Table 

6.2). 

6.B ("4") Discussion 

6B (4) a H2O2 reactions resulting in a pH reduction 

Reactions 3.2,3.10.a, and 3.l0.b (Table 3.1) indicate that H+ are produced when 

H2O2, 'ii02, or *02" react with Fe(III). Reaction 3.2 was significant in these reactors 

since FeOOH (5% w/w) and H2O2 (5000 mg/L) were present at high concentrations, and 

H2O2 was clearly degraded (although not in the iron-free control). *^102 is the protonated 

form (pKa = 4.8) of the superoxide radical (•0"2), and reaction 3.2 would therefore release 
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Table 6.2 - 4-POBN Degradation Kinetic and Linearization Parameters 

[4-POBN]i(flM) k4-P0BN(hr-i)(« ti/2(lir)(2) r2(3) dc/dt(4) (^moI/L-hr) 

control (=670) no change - - -

Microbial-amended reactors 
420 .0353 20.0 0.99 14.7 
710 .0310 22.0 0.99 21.9 
910 .0245 28.0 0.99 22.2 
1420 .0152 46.0 0.99 21.8 
1880 .0132 53.0 0.99 24.8 
4060 .0076 91.0 0.99 30.8 
5940 .0055 130. 0.99 32.4 

Non microbial-amended reactors 
400 .0328 21.0 0.99 13. 
560 .0263 26.0 0.99 14.6 
830 .0220 32.0 0.99 18.2 
1260 .0162 43.0 0.99 20.4 
1810 .0137 51.0 0.99 24.7 
3910 .0093 75.0 0.99 36.1 

(1) k4.poBN first-order degradation rate of 4-POBN 
(2) ti/2 half-life of 4-POBN in the reactor 
(3) r2 coefficient of determination for the first-order correlation 

(4) dc/dt = IC4-POBN [4-P0BN]i 

1 - 2 moles of H+ per mole of H2O2 (pH 6). Reaction 3.2 appears to be the primary 

source of *0'2 and *1102 which are also reactants in reaction S.lO.a and 3. lO.b, 

respectively. Reaction 3.11 is another potential source of •0'2 and *1102, but the 

concentration of 'OH was assumed to be too low in these experiments to produce a 

significant contribution to superoxide radical formation. Reactions 3.10.a and 3. lO.b 

were significant due to the measured amount of O2 (g) produced in the reactors. The 

average O2 content was 76% (v/v) in the headspace of 40-mL vial reactors after 74 hours 

when [H202]i = 5000 mg/L, [4-P0BN]i = 1250 ^iM. 
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Rgure 6.10 - Rrst-Order Degradation of 4-POBN in 
Reactors Not Amended with Microbes 
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Figure 6.11 - First-Order Degradation of 4-POBN in 
Reactors Amended with Microbes 

Approx. 2.4e8 cells/g. soil. Initial [peroxide] s 4350 mg/L 
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Reaction 3.1 indicates that OH- is produced providing some acid neutralizing 

capacity to the reactors. The potential for the reaction to occur between Fe+2 and O2 

exists since O2 is known to be a byproduct from these reactions and is present at elevated 

concentrations in the headspace of the reactors. Therefore, it is reasonable to expect that 

H+ produced from reaction 3.2 and OH" produced from reaction 3.1 would not occur in a 

stoichiometric balance. Under these conditions, greater molar quantities of H"^, relative to 

OH", were produced which partially account for the decline of pH in the reactors. 

6B (4) b 4-POBN role in pH decline 

Data from several experiments in which H2O2 degradation occurred in the 

presence of a-Fe00H/Si02 and 4-POBN indicated that the pH decline was greater with 

increasing 4-POBN concentration. In a control experiment without H2O2,4-POBN 

solutions over a concentration range (100 - 8000 |iM) were amended to soil slurry vials 

and the pH did not vary between reactors over a two day period. It can be concluded that 

4-POBN solutions used in these experiments, did not impact the pH of the solutions 

directly. 

There are two proposed mechanisms for the observed pH decline that can be 

attributed to 4-POBN. The CO2 content was 1.6 and 1.69% (v/v) in the headspace of 40-

mL vial reactors after 74 hours when the initial [H2O2] = 5000 mg/L and [4-POBN] = 

1250 |jM. The presence of CO2 can be partially attributed to being a byproduct of the 

oxidation reactions involving 4-POBN. The CO2 resulting from these reactions may 

produce carbonic acid (H2CO3) resulting in a pH decline. The second proposed 

mechanism is that H"*" was produced as a byproduct of the oxidation reaction between 
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•OH and 4-POBN and/or its transformation products. For example, the theoretical C:H:N 

ratio of 4-POBN is 61.8:7.2; 14.4, and the complete degradation of 1000 ^iM 4-POBN, 

and the subsequent release of at pH 5.8, could theoretically reduce the pH to 1.8. 

6.B (4) c 4-POBN Role in H2O2 Degradation Rate 

The data presented in Figures 6.8 and 6.9 clearly indicate an inverse relationship 

between [4-POBN] and H2O2 degradation rate. A competing reaction kinetic analysis was 

performed to evaluate whether 4-POBN competed against H2O2 for its reaction with 'OH 

and whether this reaction was significant relative to the overall H2O2 degradation rate. 

The objective of this competing reaction kinetic analysis was to (1) calculate the relative 

reaction of 'OH with 4-POBN and H2O2 over the concentration ranges used in the soil 

slurry reactors, (2) to evaluate the significance of the relative reaction rate of *OH with 4-

POBN or H2O2, and (3) to determine whether the concentration of 4-POBN could affect 

the H2O2 degradation rate in the reactors. Consider the reaction between 'OH and 4-

POBN (reaction 3.4, Table 3.1) and the reaction between "OH and H2O2 (reaction 3.11, 

Table 3.1). The reaction rates for these reactions are written as 6.1 and 6.2, 

respectively. 

d 4-POBN/dt = k4 [-OH] [4-POBN] (6.1) 

d H202/dt = ki 1 [•0H][H202] (6.2) 

where, k4 = 

kii = 

3.8 X 109 L/mol-s (average of three values, Buxton et al. 1988) 

2.2 X 107 L/mol-s (average of two values at pH 7, Buxton et al. 1988). 
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It was assumed that the concentration of 4-POBN ranged from 300 - 5500 |iM, 

and H2O2 ranged from 500 - 5000 rag/L. Table 6.3 presents the ratio of the reaction rate 

of 4-POBN to the reaction rate of H2O2 (i.e. k4[4-P0BNI/kii[H202]). Values less than 

10 have been bolded and represent conditions where the rate of *0H scavenging by H2O2 

become significant, i.e. 10% of the rate of *0H reaction with 4-POBN. 

It is apparent that when the concentrations of 4-POBN and H2O2 are low and 

high respectively, the condition exists where the reaction between 'OH and H2O2 is 

significant relative to the reaction between 'OH and 4-POBN. Under these conditions, 

the H2O2 degradation rate may potentially be affected by the concentration of 4-POBN. 

In order to evaluate whether the concentration of 4-POBN affects the H2O2 

degradation rate, it was also necessary to determine what role 'OH scavenging by H2O2 

Table 6.3 - Relative Reaction of *0H with 4-POBN and H2O2 

[H2O2] (mg/L) 300 

[4-POBN] (^lM) 

1300 2500 4000 5500 

500 
1000 
2000 
3000 
4000 
4500 
5000 

3.6 
1.8 
0.9 
0.6 
0.45 
0.4 
0.36 

15 
7.6 
3.8 
2.3 
1.9 
1.7 
1.5 

29 
15 
7.3 
4.9 
3.7 
3.3 
2.9 

47 
23 
12 
7.8 
5.8 
5.2 
4.7 

64 
32 
16 
11 
8.0 
7.1 
6.4 

(1) k4[*OH][4-POBNl/k|i['0H][H202] 
(2) bolded values represent k4[4-P0BN]/kn[H202] <10 



(reaction 3.11) has on the overall H2O2 degradation rate. Reactions 3.1,3.2, 3.9, and 

3.11, Table 3.1) comprise the overall mechanism of H2O2 degradation in the reactors. 

Reaction 3.1 involves Fe(II) which is a transient species that is primarily associated with 

the solid phase (goethite). Therefore, H2O2 reaction with Fe(II) is primarily on the solid 

surface and Fe(II) cannot be measured. The reaction of H2O2 and Fe(ni) (reaction 3.2) is 

also heterogeneous and its measurement is problematic. There is no information with 

which to assess the contribution of the reaction between •4-POBN and H2O2 (reaction 

3.9). Since the concentrations and the reaction rates of some of the reactants in this 

reaction were unknown, the relative rate of reaction between 'OH and H2O2 to the overall 

measured H2O2 degradation rate was compared to evaluate its significance. The overall 

theoretical and measured H2O2 degradation rate equations are represented in equations 

6.3 and 6.4. 

dH202/dt = -(ki[Fe(II)][H202] + k2[Fe(IID][H202] (6.3) 

+ k9[-4-POBN][H202] + kii[-OH]ss [H2O2I) 

dH202/dt = -kH202 [H2O2] (6.4) 

where, 

kH202 = ki[Fe(ID] + k2[Fe(IID] + k9[-4-POBN]+ ku[-OH]ss (6.5) 

kH202 represents the experimentally determined pseudo first-order H2O2 

degradation rate constant when 4-POBN was present. The overall H2O2 degradation rate 

constants measured in 3 reactors containing various [4-P0BN]initiai were used to calculate 

the overall H2O2 degradation rate, refer to Table 6.4. The H2O2 degradation rate 

attributable to its reaction with 'OH was calculated. The reaction rate constant 
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Table 6.4 - Comparison of the Scavenging versus Overall H2O2 Degradation Rate 

Overall H2O2 Degradation Rate: 
[4-POBN]initial [H202]initial kH202 d[H202]/dt(l) 
(|jM) (mg^) (hr-1) (mol/L-hr) 
450 4520 0.00984 1.3x 10-3 
2060 4520 0.00620 8.2 x 10-^ 
6060 4520 0.00529 7.0x 10-4 

H2O2 Degradation Rate from Scavenging: 
[4-POBN]initiai [*oh]ss d[H202]/dt (2) Percent of overall H2O2 
(pM) (M) (mol/L-hr) degradation rate (%) 
450 1 . 7 X 1 0 -15 2.0x 10-5 1.5 
2060 6.7x 10-16 7.7x 10-6 0.9 
6060 2.9 X 10-16 3.2 X 10-6 0.5 

(1)  Overal l  H2O2 degradat ion  rate  (measured) ,  kH202 (HaOij in i t ia i  
(2) Degradation rate attributed to its reaction with 'OH, (kii[*OH]ss [H2O2]) 

representing the upper 95% confidence interval (kn = 3.1 107 (L/mol-s)) of the mean of 

three values (Buxton et al., 1988) was used in the calculation. Estimated values for 

[•OH]ss were calculated (['OHlss = k4.poBN/k4) using reactors without microbes or peat in 

which the initial [H2O2] was 4520 mg/L. These parameter values and the estimated H2O2 

degradation rate are reported in Table 6.4. It can be concluded that while 4-POBN may 

compete against H2O2 for 'OH, which would tend to decrease the H2O2 degradation rate, 

the effects on the overall H2O2 degradation rate are not significant, i.e., the percentage of 

the overall degradation rate was < 2%. 

6.B (5) Kinetic Parameter Estimation 

The time at which the initial H2O2 concentration was reduced by 1,5, 10, 15, 

20, 25, 30, 50, and 70% was calculated for each reactor using the first-order relationships 
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illustrated in Figures 6.8 and 6.9 and the corresponding rate constants from Table 6.1. 

The concentration of 4-POBN in each reactor at each time was then calculated. This 

procedure was previously discussed in detail in Section 4.A(3). The concentration of 4-

POBN and the estimate of k4.poBN were used to calculate the rate of 4-POBN 

degradation using the following pseudo first-order degradation rate equation. 

Rp = d[4-P0BN]/dt = k4-pobn [4-POBN] (6.6) 

Inverse plots of P/Rp vs. P were prepared for the microbial-amended and non-

amended reactors at various peroxide concentrations (Figures 6.12 and 6.13). The 

coefficient of determination (r2) for all of these plots was between 0.91 and 0.99 (Table 

6.2). Estimates of PQH and KNS were obtained using a graphical solution and are presented 

in Figures 6.14 and 6.15. The details of this graphical solution were presented in Section 

4.A (3). Recall, plotting [P]/Rp vs. [P], where P is [4-POBN] produces a straight line and 

the y-intercept represents KNS / PQH k4> and the slope represents I/PQH- Since k4 is 

known, PQH and KNS can be determined graphically from the slope (m) and y-intercept, 

respectively (equations 4.20.a and 4.20.b). 

6.B (5) a Rate of hydroxyl radical production (PQH) 

It is apparent from Figure 6.14 that PQH varies with [H2O2]. This makes sense 

since 'OH is produced from the reaction between H2O2 and Fe(II) (reaction 3.1, Table 

3.1) and therefore, a direct correlation exists. Since both lines appear to be linear and 

pass through zero, this implies that [Fe(ID] was relatively constant. The reaction rate 

equation for Fe(II) is written based on the reactions from Table 3.1 (equation 6.7). 
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Rgure 6.12 - Inverse Plots to Estimate the 
Kinetic Parameters in Reactors Amended 

with Microbes 
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Rgure 6.13 - Inverse Plots to Estimate the 
Kinetic Parameters in Reactors Not Amended 

with Microbes 
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Rgure 6.14 - Hydroxyl Radical Production Rate 
as a Function of Peroxide Concentration 

In Soil Slurry Reactors 
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Figure 6.15 - Conditional Natural Scavenging Rate Constant 
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dFe+2/dt = (6.7) 

(k2 Fe(III) H2O2 + ks ^-POBN Fe(IID + kioA •HOzFeCni) 

+ kioB *02- Fe(IID) - (ki Fe(ID H2O2 + ka Fe(ID 'OH 

+ kg •4-POBN H+ FeOD ) 

Assuming steady-state conditions, and that the k2 and ki terms dominate the reaction, this 

equation reduces to equation 6.8. 

k2 Fe+3 H2O2 = ki Fe+2 H2O2 (6.8) 

The rate equation for 'OH production is a function of Fe(II) and H2O2 (equation 6.9). 

Substituting equation 6.8 into equation 6.9, it is apparent that the 'OH production rate is a 

function of Fe(III) and H2O2 (equation 6.10). It is reasonable to assume that Fe(II) and 

FeCm) are a function of the surface area of the soil in the reactor which is a constant, and 

therefore, this accounts for the linear dependence of Pqh on [H2O2]. 

PoH was estimated to be greater, initially in the control reactors without 

microbes than in the microbial-amended reactors. As the [H2O2 ] decreased, however, 

PoH decreased more rapidly in the control reactors and eventually decreased less than in 

the microbial-amended reactors. The number of moles of *OH produced by integrating 

PoH over time indicated that the microbial-amended and non microbial-amended reactors 

PoH = ki [Fe+2 ] [H2O2] 

PoH = ^2 [Fe+3 ] [H2O2] 

(6.9) 

(6.10) 
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were within 10%; i.e. fewer 'OH were produced in the reactors without microbes. It may 

be possible that sorption, and/or attachment of the microbes to the goethite blocked 

specific sites where H2O2 would otherwise react. However, the difference between 

estimated values for Pqh for the microbial-amended and the non microbial-amended 

reactors is not significantly different. As indicated earlier, Shewanella putrefaciens 200 

had a limited capacity to disproportionate H2O2 and no hydroxyl radicals were produced 

by the reaction between H2O2 and microbes. Therefore, it is reasonable to expect that 

significant differences in Pqh due to enzymatic reactions would not occur. 

A check on the estimate of Pqh was conducted to determine whether the 

estimated values were feasible given the amount of H2O2 and 4-POBN degraded. The 

moles of 'OH produced was estimated by plotting Pqh as a function of time instead of 

H2O2 concentration and integrating the curves. The maximum number of moles of -OH 

produced was estimated based on the moles of H2O2 degraded, assuming one mole 'OH 

produced per 2 moles H2O2 degraded. The ratio of the moles of 'OH produced from 

H2O2 degraded per mole of 'OH produced by integrating the Pqh curve for the microbial-

amended and control reactors are 10 and 9.7, respectively. This indicated that the 

estimate of Pqh does not exceed an estimate of the maximum number of moles of 'OH 

that could be produced. Similarly, the number of moles of 4-POBN transformed was less 

than the number of moles of 'OH produced. Specifically, in the reactors with high 

concentrations of 4-POBN (i.e. 4060 and 3910 jxM 4-POBN, microbial and non-

microbial, respectively) the percentage of "OH consumed by reacting with 4-POBN 

relative to the moles of "OH produced by integrating the Pqh curves was 65% and 63% 

respectively. These calculations indicate that estimates of Pqh do not contradict the 

physical system. 
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6.B (5) b Natural scavenger conditional rate constant (kns) 

The natural scavenging conditional rate constant (kns) varies with [H2O2] 

(Figure 6.15). This makes sense due to the reaction between H2O2 and 'OH, and that 

H2O2 is among the contributors to kns- The initial [H2O2] in the microbial-amended and 

unamended reactors were 4380 and 4660 mg/L, respectively, and k4=2.4 x 107 (L/mol-s); 

(95% C.I. of the mean (n=3); 1.7 x 107 - 3.0 x 107 L/moI-s); the conditional scavenging 

rate constant attributed to H2O2 is 3.1 x 106 s-i and 3.3 x 106 s-i, respectively. These 

values represent a significant fraction of kns in Figure 6.15. 

kns increased initially in the microbial-amended reactors, then gradually 

decreased with time. Conversely, in the reactors without microbes, kns decreased linearly 

with time. It is not clear why these two trends differed. Since the estimated value for kns 

increased with time, it follows that the concentration of scavengers increased. 

Decomposition products from ^-POBN may have contributed significantly in this 

respect. Such products may explain why kns (Z"i=i ki[Si]) increased during the initial 

period of the experiment. 

It is logical that kns would increase in microbial-amended reactors due to the 

reaction of 'OH with organics of microbiological origin. For example, the following 

macromolecules (enzymes, proteins, etc.) are known to be derived from microbial 

systems and have published 'OH reaction rate constants (Buxton et al., 1988); catalase 

(1.4 X 1011 L/mol-s), cytochrome c (>1 x lOio L/mol-s), DNA (4 x 108 - 8 x 108 L/mol-s), 

dextran (1 x 108 L/mol-s), glycogen (1.8 x 108 L/mol-s), hyaluronic acid (7 x 108 L/mol-

s), RNA(9.3 X 108 - 1.9 X 109 L/mol-s), SOD (5.3 x lOio L/mol-s), etc. The electrode 
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potential was measured in control soil slurry reactors with and without microbes. The 

electrode potential was lower in the reactor with microbes (89 mV) relative to the reactor 

without microbes (272 mV). It may be possible that the difference in electrode potential 

changed the reaction between 'OH and natural scavengers. 

6.B (5) c Steady-state hydroxyl radical concentration (['OHlss) 

The steady-state concentration of'OH (['Olflss) was estimated using equation 

4.15. Computational results of ['OHlss for the microbially amended and control reactors 

are summarized in Figures 6.16 and 6.17, respectively. ['OHlss decreased with increasing 

initial concentration of 4-POBN probably due to the reaction between 4-POBN and 'OH. 

Examination of Figures 6.10 and 6.11 suggest that the ['OH] is essentially time invariant 

since the 4-POBN concentration data conform to pseudo first-order degradation rate 

kinetics. This supports the assumption for the steady-state "OH concentration (['OHlss). 

The ['OHlss in microbial-amended and non-amended reactors was not significantly 

different at two different peroxide concentrations (Figures 6.18 and 6.19). 

6.B (5) d Rate of 'OH scavenging (kns ['OHlss) 

Based on estimates of ['OHlss and kns, the rate of'OH scavenging was 

calculated for reactors with approximately the same initial concentration of 4-POBN 

(Figure 6.20). The non-linear character of kns is reflected in the estimate of kns [*OHlss 

for the microbial-amended reactors. The scavenging rate was expressed as a function of 

time, and the resultant curves were integrated to calculate the number of moles of 'OH 

scavenged in each reactor (Table 6.5). Greater 'OH scavenging was observed with lower 

[4-POBNl which was believed to be due to the competition kinetics. Under these 

conditions, less 4-POBN was present to compete with scavengers for 'OH. However, as 

the concentration of 4-POBN increases, 4-POBN outcompetes the scavengers for 'OH. 
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Figure 6.16 - Steady-State Hydroxy! Radical Concentration 
In Reactors Amended with Microbes 
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Figure 6.17 - Steady-State Hydroxy! Radical Concentration in 
Reactors Not Amended with Microbes 
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Figure 6.18 - Steady-State Hydroxyl Radical 
Concentration in Soil Slurry Reactors 
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Hgure 6.19 • Steady-State Hydroxyl Radical 
Concentration in Soil Slurry Reactors 
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Figure 6.20 - Rate of Hydroxl Radfcal Scavenging in 
Microbial and Nan Microbial-Amended Soil Slurry Reactors 

with Varying Initial 4-POBN Concentrations 
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Table 6.5 - Cumulative 'OH Scavenged (kns [*OH]ss At), "OH Reacted with 4-POBN, 
and Comparison to the Rate of *OH Production 

Non microbial-amended reactors: 
[4-P0BN]initiai 'OH Scavenged Ikns -OH Atd) Z (kns-t-k4P0BN) 'OHAtd) 
(UM) (M) Z POH(2 SPOH 
400 3.3x10-^ 0.48 0.57 
1810 2.3x10-4 0.33 0.71 
3910 1.9x10-^ 0.28 0.88 

Microbial-amended reactors: 
[4-P0BN]initiai 'OH Scavenged 
(^lM) (M) 

420 5.2x10-4 0.84 0.94 
1880 2.5x10-1 0.40 0.81 
4060 1.4x10-4 0.23 0.97 

(1) unitless (moles/moles) 
(2) Z PoH = 6.9xl(H 6.2xl(H moles; unamended and microbial-amended, respectively. 
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A greater number of 'OH were estimated to be scavenged in the microbial-

amended reactor than in the unamended control reactor at low [4-POBN]; specifically, 

58% more 'OH were scavenged in the microbial-amended reactors at 420 |iM 4-POBN. 

The number of moles of *0H scavenged relative to the number of moles of 'OH produced 

by integrating Pqh (i-e., Xkns'OHAt / XPqh) was calculated. These data also suggest that 

greater scavenging occurred in the microbial-amended reactors. However, the combined 

sum of 'OH scavenged and -OH reacted with 4-POBN (i.e., S (lcns+k4P0BN) 'OHAt) 

relative toZPoH suggests errors in the estimated values for kns or Pqh. or a mass ('OH) 

balance problem associated with the unamended reactor. The probability that microbial 

matter would scavenge 'OH is greater at lower [4-POBN] since the scavengers would be 

better competitors for "OH in this concentration range. 

6.B ( 6 )  Treatment efficiency and steadv-state hydroxvl radical concentration 

The treatment efficiency (TE) was calculated (equation 4.17) and was a function 

of [4-POBN] indicating that 'OH was less likely to react with scavengers at higher [4-

POBN] (Figure 6.21). There was not a dramatic difference in Te between the two sets of 

reactors, suggesting the same general performance. However, Te in the microbial 

amended reactors was slightly greater than the unamended reactors at low [4-POBN]. 

Assuming more 'OH were scavenged in the microbial-amended reactors, as was 

estimated in Table 6.5, Te would be less than (not greater than) the unamended controls. 
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Figure 6.21 - Microbial {Matter Effects on the 
4-POBN Oxidation Efficiency in Soil Slurry Reactors, 

[microties] = 2.4e8 cells/ g soil 

(d[4-P0BN]/dt) / (d[peroMde]/dt) (unHless) 
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Equation 4.15 was used to calculate ['OHJss and these values indicated that the difference 

(Figure 6.22) between reactors was small. Assuming more 'OH were scavenged in the 

microbial-amended reactors, the [*OH]ss should be lower than the unamended controls. 

6.C Peat Effects on Oxidation Capacity 

6.C (1) Controls 

Five different control reactors were used to evaluate the fate of 4-POBN in the 

soil slurry. First, a set of control reactors which were not amended with peat were used to 
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Rgure 6.22 - Soil Slurry Reactor Steady-State 

Hydroxyl Radical Concentration, 

(k4-POBN/k4) 
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calculate and compare kinetic parameters (POH. kns, ['OHlss, kns[*OH]ss) to a set of 

reactors that did receive peat. These sets of reactors were identical except no peat was 

added to the control set. 

A second control reactor contained all of the same components as the peat-

amended reactors ([4-P0BN]initiai = 720 |JM), except H2O2 was omitted. No significant 

loss of 4-POBN was observed in this reactor indicating that 4-POBN disappearance in the 

soil slurry was based on reactions involving H2O2. Thus, 4-POBN disappearance could 

not be attributed to other fate processes such as biodegradation, volatilization, sorption, 

or photodecay. 
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A third control reactor contained Si02, H2O2, and 4-POBN but did not contain 

a -FeOOH or peat. Although the concentration of H2O2 decreased as a function of time, 

the concentration of 4-POBN did not, indicating that the goethite, in conjunction with 

H2O2 was responsible for 'OH production and 4-POBN oxidation. It was also clear that 

no reaction occurred between 4-POBN and H2O2. 

A fourth control reactor contained the same amount of peat, H2O2,4-POBN, 

and a-FeOOH as used in the test reactors, but the peat was autoclaved (twice; Ix, waited 

24-hr., Ix). The peat was autoclaved separately, then added to the reactor. The H2O2 and 

4-POBN degradation rates were equivalent to those of a test reactor containing peat that 

was not autoclaved. This indicated that the peat does not contain significant quantities of 

catalase which could disproportionate H2O2. 

A fifth control reactor was prepared without a-FeOOH, but contained the same 

amount of peat, H2O2, and 4-POBN as used in the peat-amended reactors. In this reactor, 

both H2O2 and 4-POBN were observed to degrade with time. These results are further 

discussed below in section, 6.C(4)d Role of peat in the degradation of 4-POBN and H2O2. 

6.C (2) Chemical and physical analysis of peat 

6.C (2) a Elemental analysis 

Pahokee peat is a highly humified peat with little visible fiber. The -100 mesh 

fines fraction represented about 1/3 of the material as received by volume. Elemental 

analysis of the peat is provided in Table B.2 (Appendix B). The TOC of the dewaxed 

peat was approximately 57% (w/w) but the TOC of the waxed peat was 44.2% (w/w) 



130 

(95% C.I. of the mean, 43.7- 44.8%, n=3. Appendix B, Section B.2.b). This value of 

TOC was believed to be lower than the dewaxed peat since the wax was composed of 

primarily non-carbonaceous material. 

6.C (2) b Inorganic analysis 

Representative samples of Pahokee peat were obtained and analyzed for 

inorganic constiments by Inductively Coupled Argon Plasma (ICAP). Results are 

tabulated in Table B.l of Appendix B. Since a relatively small amount of Pahokee peat 

(0.139 g.) was added, only Ca, Mg, Al, Sr, Ba, and Ti were increased significantly in the 

reactors. Based on a review of potential reactions between H2O2 and these inorganic 

species (Schumb et al., 1955), it appears that they would not significantly effect H2O2 

stability. None of these is known to catalyze H2O2 disproportionation. Potassium, 

molybdenum, selenium, beryllium, and lead concentrations were below the detection 

limits; it was assumed that these elements were not responsible for observable differences 

between peat-amended and peat-free reactors. 

The digestion process involved in ICAP analysis utilized high temperamre and 

pressure and low pH to solubilize inorganic species from the peat; resultant 

concentrations are probably higher than those that occur under soil slurry conditions and/ 

or "available" concentrations under field conditions. Concentrations of sodium, 

potassium, molybdenum, selenium, cadmium, tellurium, silver, lithium and vanadium 

were also below the detection limits in the goethite. The average iron concentration was 

9940 mg/Kg. The iron associated with the peat accounted for <0.6% of the total iron in 
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the 5% (w/w) a-Fe00H/Si02 soil slurry reactors. Nevertheless, iron contained in the 

peat was shown to react with H2O2 (refer to Section 6.C(4)d). 

6.C (2) c Organic analysis of Pahokee peat extract 

Dissolved organic carbon (DOC) was measured in a goethite-free peat slurry 

prepared at the same concentration used in the oxidation experiments and filtered through 

a 0.2 ^.m filter. The average concentration was 8.9 mg/L (n=3). HPLC analysis of the 

soil slurry, filtered through a 0.2 |i.m filter, was performed to measure the dissolved 

organics that were derived from the Pahokee peat. Peats are composed of various 

phenolic acids. Eight such phenolic acids (pyrogallol; gallic acid; 3,4-dihydroxybenzoic 

acid; 4-hydroxybenzoic acid; 4-hydroxybenzaldehyde; 4-hydroxy-3-methoxyben2oic 

acid; vanillin) that commonly occur in organic matter were unsuccessfully analyzed for in 

the Pahokee peat slurry. None of these phenolic acids were detected, nor were any other 

peaks observed on the chromatogram. The organic compound(s) that comprise the DOC 

are unknown. However, any organic matter introduced into the soil slurry potentially 

represents a scavenger for 'OH. 

6.C (2) d Surface area, sieve size, and cation exchange capacity 

The specific surface areas of goethite, peat, and silica sand were 4.4,0.9 - 1.0, 

and 0.052 m2/g, respectively (Appendix B, Table B.3). The specific surface area of the 

peat was low considering that humus generally has a very high specific surface area (500-

800 m2/g) (Brady, 1990). On a mass basis (i.e. 66.5 g silica sand, 3.5 g FeOOH; 0.139 g 

peat), the surface area of the solid phase components increased as follows; FeOOH (15.4 

m2) > silica sand (3.5 m2) > Pahokee peat (0.13 m2). The addition of the peat increased 
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the total solid surface area in the reactors by <0.5 %. The cation exchange capacity 

(CEC) of the silica sand was not known but was assumed to be low (0.5 meq/100 g soil). 

The CEC of the peat was 80 times greater than goethite, and on a mass basis, increased 

the total CEC of the solid phase material significantly (73%). 

6.C G") Chemical and physical analysis of goethite 

6.C (3) a Inorganic analysis 

Representative samples of goethite were obtained and analyzed for metals by 

ICAP. Concentrations of sodium, potassium, cobalt, arsenic, molybdenum, selenium, 

cadmium, beryllium, copper, tellurium, boron, and titanium were below the detection 

limits. The iron concentration was the highest of all inorganic chemical species at 6.6% 

(w/w). The iron content of pure goethite is 63% which indicates that goethite comprised 

only a fraction of the ore. As previously discussed, the digestion process solubilized 

inorganic species from the solid phase material; this concentration does not correspond to 

available concentration in the soil slurry. 

6.C (3) b Fourier transform infrared (FTIR) photoacoustic spectra (PAS) 

Fl lK-PAS analysis and interpretation of the spectra were provided by Dr. Bill 

Lyon (ManTech Environmental Research Services Corporation, Ada, OK). Analyses of 

representative goethite samples contained the spectra associated with the reference 

goethite spectra indicating that goethite was indeed present. Unlike the FTIR 

photoaccoustic spectrum of the goethite used in the microbial-amended reactors, this 
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spectrum did not contain bands in addition to the characteristic goethite bands. This 

batch of goethite was not as red in color as that used in the microbial experiments, 

indicating that it did not contain as much hematite. 

6.C (3) c Surface area, sieve size, and cation exchange capacity 

The surface area, sieve size, and cation exchange capacity (CEC) of goethite are 

presented in Table B.3 of Appendix B. The specific surface area of goethite was greater 

than that of the silica sand and on a mass basis (66.5 g silica sand; 3.5 g FeOOH) was 

greater than 6 times that of silica sand. Goethite represented approximately 81% of the 

total surface area of the solid phase material in the reactor without peat. The particle size 

of the silica sand (-40 to -100, <425nm to <150(im) was larger than the goethite (-140, 

<106^m) but the surface of the silica sand was much less irregular than the goethite. The 

particle size of the peat (-100 mesh; < 150 ^im) was larger than the goethite (-140 mesh; < 

106(im) but the surface area was less than the goethite. The CEC of the goethite (2.9 

meq/g soil) was greater than the assumed value for silica sand (0.5 meq/l(X) g soil) but 

significantly less than the peat. 

6.C (4^) Soil Slurry Parameters 

6.C (4) a pH 

The pH was maintained at comparable, near-constant levels in both the peat-

amended and control reactors (Table 6.6). The variations in pH was most likely 

attributed to Fenton reactions releasing H+ and to the release of byproducts from the 

oxidation of 4-POBN; CO2 and H+. A more detailed discussion of these mechanisms 

was provided earlier (Sections 6.B (4) a and b). 
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Table 6.6 - H2O2 Degradation Kinetic and Linearization Parameters 

[4-POBN]i(^M) pHaverage kH202(hr-i)(i) ti/2(hr)(2) r2(3) 

control (approx. 720) 6.09 - - -

Peat-amended reactors 
550 5.69 0.0077 90.0 0.99 
840 5.71 0.0072 96.0 0.99 
1240 5.72 0.0072 96.0 0.99 
1380 5.72 0.0065 107.0 0.99 
2000 5.72 0.0064 108.0 0.99 
3910 5.74 0.0056 124.0 0.99 
5490 5.77 0.0055 126.0 0.99 

Control reactors - peat not amended 
450 5.87 0.0098 71.0 0.99 
700 5.86 0.0076 92.0 0.99 
1060 5.82 0.0074 94.0 0.98 
1440 5.83 0.0065 107. 0.98 
2060 5.83 0.0062 112. 0.98 
4360 5.85 0.0059 118. 0.97 
6060 5.82 0.0053 131. 0.97 

(1)  kH202 (hr- ' )  f i rs t -order  degradat ion  rate  o f  H2O2 
(2) ti/2 (hr) half-life of HiOt in the reactor 

(3) r2 coefficient of determination for the first-order correlation 

6.C (4) b H2O2 

The H2O2 degradation rate was first-order in H2O2 concentration in both the 

peat-amended and control reactors (Table 6.6, Figures 6.23 and 6.24). The H2O2 

degradation rate in the peat-amended reactors were more similar than in the control 

reactors, but the average degradation rate was approximately the same between sets of 

reactors. The average half-life of H2O2 in the peat-amended and control reactors was 107 

hours (95% C.I. of the mean, 94 -119 hours) and 103 hours (95% C.I. of the mean, 86 -

121 hours) respectively. The mean of the degradation rate in these two sets of reactors 
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Rgure 6^3 • First Order Degradation of Peroxide 
In Soil Slurry Reactors Amended with Peat 
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Figure 6^4 - Rrst Order Degradation of Peroxide 
In Soil Slurry Reactors Not Amended with Peat 
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are not statistically significantly different (a = 0.05 level of significance). The H2O2 

degradation rate decreased with increased [4-POBN]. It is believed that 4-POBN may 

have indirectly affected the H2O2 degradation rate by reducing the pH of the soil slurry 

(Section 6.B (4) b). Correspondingly, a decrease in the pH would stabilize H2O2. 

6.C(4)c 4-POBN 

4-POBN degradation conformed to pseudo first-order rate kinetics (Table 6.7, 

Figures 6.25 and 6.26). The initial 4-POBN degradation rate (d[4-POBN]/dt = k4-poBN 

[4-P0BN]initiai) increased as [4-POBN]jniuai increased, although not in proportion to its 

initial concentration. The 4-POBN degradation rate constant (k4.poBN) decreased with 

increasing [4-P0BN]iiiitiai- This may be attributed to the decrease in ['OHlss resulting 

from the increase in [4-POBN]. Since [•OH]ss decreased, then k4.poBN = k4 [*OH]ss also 

decreased (k4 = 3.8x109 L/mol-s) (equation 4.21). The initial 4-POBN degradation rates 

in the peat-amended reactors were 2-3 times greater than corresponding rates in the 

control reactors (Figure 6.27). 

6.C (4) d Role of peat in the degradation of 4-POBN and H2O2 

One control reactor was prepared with the same amount of peat, H2O2, and 4-

POBN as used in the peat-amended reactors except no a -FeOOH was present. A low 

concentration of 4-POBN (137 |iM) was used because the solution was poorly buffered in 

the absence of the solid phase. The pH was again held constant by adding small volumes 

of NaOH during the course of the experiment and the time-average pH was 5.89. In this 

reactor, both H2O2 and 4-POBN disappeared with time. The H2O2 degradation rate was 
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Table 6.7 • 4-POBN Degradation Kinetic and Linearization Parameters 

[4-P0BN]i(^iM) k4-P0BN(hr-i)ti) ti/2(hr)a) r2(3) dc/dt(4) (|imolA.-hr) 
control (=720) no change - - -

Peat-amended reactors 
550 0.0577 12.0 .99 3L4 
840 0.0454 15.0 .99 38.0 
1240 0.0406 17.0 .99 50.2 
1380 0.0252 28.0 .99 34.7 
2000 0.0224 31.0 .99 44.7 
3910 0.0133 52.0 .99 51.9 
5490 0.0086 81.0 .98 47.1 

Control reactors - peat not amended 
450 0.0238 29.0 .99 10.8 
700 0.0159 44.0 .99 11.1 
1060 0.0154 49.0 .99 16.3 
1440 0.0099 70.0 .91 14.2 
2060 0.0093 75.0 .99 19.1 
4360 0.0063 110.0 .99 27.3 
6060 0.0039 180.0 .96 23.8 

(1)  IC4.P0BN f irs t -order  degradat ion  rate  o f  4-POBN 
(2) ti/2 half-life of 4-POBN in the reactor 
(3) r2 coefficient of determination for the first-order correlation 

(4) dc/dt = k4.poBN [4-POBNli 

first-order with a half-life of 250 hours (Figure 6.28). The corresponding specific 

degradation rate constant was 3.5 times lower than the rate constant observed with the 

control reactor with the lowest 4-POBN concentration (i.e., without peat, [4-POBN] = 

450 jiM, Table 6.7). The 4-POBN degradation rate again was first-order in [4-POBN] and 

the half-life was 17 hours (Figure 6.28). These data clearly indicate that Pahokee peat 

will react with H2O2, generate 'OH, and oxidize 4-POBN in the absence of goethite; it is 

reasonable to expect higher 'OH production rates in the Pahokee peat-amended reactors 
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Rgure 6.25 - Rrst Order Degradation Rate of 4-POBN 
in Soil Slurry Reactors Amended with Peat 

initial [peroxide] = 4580 mg/L 
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Figure 6.26 • First Order Degradation Rate of 4-POBN 
in Soil Slurry Reactors Not Amended with Peat 
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Rgure 6.27 • The Initial 4-POBN Degradation Rate 
at Various Initial 4-POBN Concentrations 
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Figure 6.28 - Peroxide and 4-POBN Degradation 
in Reactor Containing Pahokee peat 
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relative to the unamended control reactors. The efficiency of the peat, relative to the 

goethite, to carry out this reaction is discussed below (Section 6.C(5)e). 

6.C fS") Kinetic parameter estimation 

The same approach described above in Section 6.B(5) was used to estimate the 

kinetic parameters in this experiment. Inverse plots were prepared for the control 

(unamended) and peat-amended reactors (Figures 6.29 and 6.30). The coefficients of 

determination (r^) for all of the plots prepared for the control reactors were greater than 

0.96; the plots prepared for the peat-amended reactors were greater than 0.98, except for 

two which were 0.88 and 0.95. Estimates of PQH and KNS were also calculated using the 

procedures described previously (Figures 6.31 and 6.32). 

6.C (5) a Rate of hydroxyl radical production (PQH) 

It is apparent from Figure 6.31 that PQH varies with [H2O2]. This makes sense 

since the rate of'OH production depends on the reaction between H2O2 and Fe(II). As 

discussed in Section 6.B (5) a above, it is reasonable to assume that Fe(II) and Fe(III) are 

proportional to the surface area of the goethite in the reactor which is constant. This 

accounts for the linear dependence of PQH on [H2O2]. PQH was clearly greater in the 

peat-amended reactor than the unamended reactor, but as the [H2O2] decreased, the 

difference between the reactors diminished. 

Pahokee peat contains a relatively high concentration of total iron (average 

concentration = 9940 mg/Kg). Although the peat did not significantly increase either the 

total iron content (<0.6%) or the overall surface area (<0.5%) in the test reactors, the iron 
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Rgure 6.29 - Inverse Plots to Estimate Kinetic 
Parameters in Soil Slurry Reactors Not 

Amended with Peat 
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Rgure 6.30 - Inverse Plots to Estimate the 
Kinetic Parameters In Soli Slurry Reactors 
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Rgure 6.31 - Hydroxyl Radical Production Rate 
as a Function of Hydrogen Peroxide Concentration 

in Soil Slurry Reactors 
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in the peat clearly reacted with H2O2 yielding 'OH, which oxidized 4-POBN. Since the 

peroxide degradation rates were the same between the peat-amended and the unamended 

control reactors, the increased rate of'OH production cannot be attributed to an increase 

in available iron in the peat. 

The number of moles of'OH produced in each set of reactors was estimated by 

integrating the PQH curves as a function of time. Based on this calculation, 

approximately 50% more 'OH were produced in the peat-amended reactors than in the 

control reactors. A check on the estimate of PQH was conducted to determine whether 

these values were feasible given the amount of H2O2 and 4-POBN degraded. The moles 

of 'OH produced was estimated by plotting PQH as a function of time instead of H2O2 
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concentration and integrating the curves. The maximum number of moles of 'OH 

produced was estimated based on the moles of H2O2 degraded, assuming one mole 'OH 

produced per 2 moles H2O2 degraded. The ratio of the moles of 'OH produced from 

H2O2 degraded, per mole of "OH produced by integrating PQH for the peat-amended and 

control reactors are 7 and 10, respectively. This indicated that the estimate of PQH does 

not exceed an estimate of the maximum number of moles of 'OH that could be produced. 

Similarly, the number of moles of 4-POBN transformed was less than the estimated 

number of moles of 'OH produced (i.e., JPQH dt). In the reactors with high concentrations 

of 4-POBN (i.e., 5490 and 6060 jiM, respectively), the ratios of moles of 4-POBN 

transformed to JPoh dt was 0.71 and 0.75, respectively. It is apparent that at high [4-

POBN], 4-POBN is the dominant reactant with "OH. Overall, these calculations illustrate 

that the estimates of PQH do not contradict with the physical system. 

6.C (5) b Natural scavenger conditional rate constant (kns) 

kns varies with [H2O2] (Figure 6.32) which is probably due to the reaction 

between H2O2 and 'OH (i.e., reaction 3.11, Table 3.1) and H2O2 is among the 

contributors to kns- The initial [H2O2] in the peat-amended and unamended reactors were 

4540 and 4400 mg/L, respectively, and k4=2.4xI07 (L/mol-s) (95% C.I. of the mean 

(n=3); 1.7x107 - 3.0x107 L/mol-s). Based on these values, the conditional scavenging 

rate constant attributed to H2O2 was 3.2x106 (s-i) and 3.1x106 (s-i), respectively. These 

values represent a significant fraction of kns in Figure 6.32. 

The namral scavenging conditional rate constant was calculated to be 2-3 times 

greater in the control reactors than in the peat-amended reactors. This seems illogical 
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Figure 6.32 - Natural Scavenging Conditional Rate 
Constant in Peat Amended and 

Control Soil Slurry Reactors 
kns {Ms) 
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since the addition of organic matter represents additional scavengers. The humic fraction 

of organic matter generally contains phenolic compounds (pyrogallol; gallic acid; 3,4-

dihydroxybenzoic acid; 4-hydroxybenzoic acid; 4-hydroxybenzaIdehyde; 4-hydroxy-3-

methoxybenzoic acid; vanillin) which are soluble. None of these compounds were 

detected via HPLC analysis of a soil slurry extract containing the same mass of Pahokee 

peat that was used in the oxidation experiments. However, the dissolved organic carbon 

(DOC) concentration of the soil slurry was 8.9 mg/L. Although the organic compound(s) 

that comprise the 8.9 mg/L DOC were not identified, organic matter from the peat 

represents a potential sink for 'OH. 
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The non-linear dependence of kns on [H2O2] occurred in both sets of reactors but was 

more apparent in the peat-amended reactors. Since the estimated value for kns increased 

with time (i.e., decreasing [H2O2]), it follows that the concentration of other scavengers 

increased. Decomposition products from 4-POBN are grouped as scavengers in the 

kinetic analysis. This may explain why kns (S"i=i ki[Si]) increased during the initial 

period of the study. 

6.C (5) c Steady-state hydroxyl radical concentration ('OHlss) 

The steady-state concentration of 'OH was estimated using equation 4.15. 

Computational results of ['OHlss for the peat-amended and unamended control reactors 

are presented in Figures 6.33 and 6.34, respectively. ["OHlss decreased with increasing 4-

POBN concentration and was probably due to the increased reaction between 4-POBN 

and 'OH. These curves also illustrate that ["OHlss did not change significantly as a 

function of time. 

A comparison of ['OHlss for peat-amended and unamended control reactors at 

approximately the same H2O2 concentration is presented in Figures 6.35 and 6.36. These 

figures correspond to an approximate [H2O2] of 4400 and 2200 mg/L, respectively. 

[•OHlss is greater in the peat-amended reactors at both high and low [H2O2I. An increase 

in the rate of 'OH production, and a decrease in the natural scavenging conditional rate 

constant in the peat-amended reactors, as estimated above, explains the increase in ['OHlss-



146 

Figure 6.33 - Steady-State Hydroxyl Radical 

Concentration in Soil Slurry Reactors 

Amended with Peat 
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Figure 6.34 - Steady-State Hydroxyl Radical 

Concentration in Soil Slurry Reactors 

Not Amended with Peat 

[OH]steady-state (mole/L) 
1.6E-15 

1.4E-15 

1.2E-15 

1E-15 

8E-16 

6E-16 

4E-16 

2E-16 
0 2,000 4,000 6,000 

1,000 3,000 5,000 7,000 
[4-POBN] (micromolar) 

[peroxide] 
4400 mgA. 3780 mg/L 2220 mg/L 



147 

Figure 6.35 - Steady-State Hydroxyl Radical 

Concentration in Soil Slurry Reactors with Similar 

Peroxide Concentrations 
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Rgure 6.36 - Steady-State Hydroxyl Radical 
Concentration in Soil Slurry Reactors with 

Similar Peroxide Concentrations 
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Examination of Figures 6.25 and 6.26 indicate that the [*0H] is essentially time 

invariant since the 4-POBN concentration data conform to pseudo first-order degradation 

kinetics. This supports the assumption of steady-state 'OH concentration (['Olflss). A 

decrease in the concentration of H2O2 corresponds to a simultaneous decrease in 'OH 

production from the reaction between Fe+2/Fe+3 and H2O2; and a decrease in the 'OH 

scavenged by the reaction between 'OH and H2O2. Concurrently, a decrease in the 

concentration of 4-POBN occurs due to its reaction with 'OH. Assuming the 4-POBN 

hydroxy adduct undergoes transformations yielding products which react with 'OH, then 

the concentration of scavengers also increases. Collectively, this explains why the 

concentration of 'OH remains constant within each reactor, but not between reactors. 

[•OHJss was also calculated using equation 4.16. Estimated values were higher when the 

[4-POBN] was low. However, there was good agreement between estimated values at 

niid to high [4-POBN]. 

6.C (5) d Rate of 'OH scavenging (kns ['OBflss) 

Based on estimates of ['OHlss using equation 4.16, and kns, the rate of natural 

scavenging of "OH (kns [*OH]ss) was calculated for reactors with approximately the same 

initial concentration of 4-POBN (Figure 6.37). These curves indicate that the rate of 'OH 

scavenging was inversely related to [4-POBN]. Scavengers in the reactor were more able 

to compete with 4-POBN for *OH when the concentration of 4-POBN was lower. The 
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Rgure 6.37 - Rate of Hydroxl Radical Scavenging in 
Organic IManer and Non Organic {Matter-Amended Soil 

Slurry Reactors with Varying Initial 4-POBN Concentrations 
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scavenging rate was expressed as a function of time, and the resultant curves were 

integrated to calculate the number of moles of 'OH scavenged in each reactor (Table 6.8). 

From Table 6.8, it is again evident that "OH scavenging increased with 

decreased [4-POBN]. This trend was observed in both the peat-amended and the control 

reactors. More 'OH were scavenged in the peat-amended reactors than in the unamended 

control reactors. This observation seems illogical since kns was lower in the peat-



Table 6.8 - Cumulative *OH Scavenged (kns [*OH]ss At), *OH Reacted with 4-POBN, 
and Comparison to the Rate of *OH Production 

Control reactors - peat not amended: 
[4-POBN]initiai "OH Scavenged Skns 'OH Atd) X (kns+k4POBN)'QHAt(i) 
(HM) 
450 
2060 
6060 

3.9x104 
2.5x10-4 
1.3x10-4 

(M) Z Poh^2) 
0.59 
0.38 
0.20 

XPoH 
0.69 
0.77 
0.83 

Peat-amended reactors; 
[4-P0BN]jnitial •OH Scavenged 

(M) ( l̂M) 
550 
2000 
5490 

6.9x10-^ 
3.5x10-4 
1.4x10-4 

0.76 
0.39 
0.15 

0.83 
0.67 
0.66 

(1) unitless (moles/moles) 
(2) Z Pqh = 6.6x10-4 and 9.1xlCH (moles), unamended and peat-amended, respectively. 

amended reactors (Figure 6.32). However, since the number of moles of 'OH produced 

was greater in the peat-amended reactors, i.e. PQH (Figure 6.31) and ['OHlss (Figures 

6.35 and 6.36) were greater, it is reasonable that the rate of natural scavenging would 

increase. That is, the effect of higher [*OH]ss outweighed that of lower kns; there was 

simply more 'OH present to react with scavenging components within the system. 

The combined sum of 'OH scavenged and 'OH reacted with 4-POBN (i.e., X 

(kns-T-K4POBN) "OHAt) relative TOSPOH suggests errors in the estimated values for PQH. or 

kns, or a mass ('OH) balance problem. 
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6.C (5) e Treatment efficiency and steady-state hydroxyl radical concentration 

Treatment efficiency was clearly greater in the peat-amended reactors than in 

the control reactors (Figure 6.38). The difference is attributed to the higher PQH and 

lower kns in the peat-amended reactors. 

A power function of the form, Y=aXb, was used to describe the TE data 

(equation 6.11, r2 = 0.96) in Figure 6.38 for the unamended control reactors, 

(d[4-P0BN]/dt) / (d[H202]/dt) = 0.00026 [4-POBN] 0.56098 (6.11) 

Using equation 6.11, the TE of reactor with an initial [4-POBN] of 137 was estimated 

to be 0.004108. The TE in the control reactor (Figure 6.28) where goethite was not 

present was calculated to be 0.01545. This indicated that the oxidation of 4-POBN by the 

reaction between H2O2 and peat was almost 4 times as efficient as the reaction between 

H2O2 and goethite. 

[•OH]ss was estimated (equation 4.15) and the difference between peat-amended 

and unamended reactors was significant (Figure 6.39). This provides supportive evidence 

that PoH was greater and/or that kns was lower in the peat-amended reactor. 

6. D Predicting 2-chlorophenol Oxidation Using 4«POBN Degradation Rate Kinetics 

6.D(n Controls 

Two H202-free control reactors containing 620 and 650 |iM 2CP were used to 

quantify the loss of 2CP via processes other than oxidation i.e., volatilization, sorption. 
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Figure 6.38 - Peat Effects on the 4'POBN Oxidation 
Efficiency in Soil Slurry Reactors, 
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Figure 6.39 - Soil Slurry Reactor Steady-State 
Hydroxyl Radical Concentration 
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biodegradation, etc. There was no significant loss of 2CP in these reactors suggesting 

that 2CP disappearance in the soil slurry was based on its reaction with "OH (Table 6.10, 

Figure 6.40). 

6.Dm H202andpH 

Test reactors were set up at four different initial 2CP concentrations (530, 510, 

350, 320 |iM). The pH was held constant (pH 5.92 - 6.07) in all of the reactors (Table 

6.9). H2O2 degradation conformed to first-order kinetics in each reactor (Table 6.9, 

Figure 6.41). 4-POBN degradation kinetic data derived from a peat-free control reactor 

with an initial [4-POBN] = 1060 ^iM (Tables 6.6 and 6.7) was used to predict 2CP 

degradation. This reactor was chosen because the degradation rate was nearest to that in 

the reactors containing 2CP. The initial [H2O2] in this reactors was 5020 mg/L and the 

Figure 6.40 - First-Order Degradation of 
2-chlorophenoi in Soil Slurry Reactors 
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Table 6.9 - H2O2 Degradation Kinetic and Linearization Parameters 

Initial [2CP], [H202linitial kH202 tl/2 r2 pH average 
[4-POBN] 

pH average 

(MM) (mg/L) (hr-i) (hr) 

2CP530 4450 0.0068 lOl.O 0.99 5.92 
2CP510 4870 0.0085 82.0 0.99 6.07 
2CP350 4720 0.0097 72.0 0.99 5.97 
2CP 320 4490 0.0097 71.0 0.99 5.99 
2CP 620 (control) - - - - 5.92 
2CP 650 (control) - - - - 5.95 
4-POBN 1060 5030 0.0074 94.0 0.98 5.82 

Rgure 6.41 - Rrst-Order Degradation of Hydrogen Peroxide 
in Soil Slurry Reactors Containing 2-clilorophenol 

Ln [peroxide] (mg/L) 
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Table 6.10 • 2-Chlorophenol Degradation Kinetic and Linearization Parameters 

Initial k2CP tl/2 
[2CP] (^iM) (hr-i) (hr) r2 

530 0.046 15.0 0.99 
510 0.038 18.0 0.99 
350 0.043 16.0 0.98 
320 0.043 16.0 0.97 
620 (control) 0.00052 1330 0.33 
650 (control) 0.00078 890 0.44 

half-life of H2O2 was 94 hours. The H2O2 degradation rate in the reactors containing 

2CP was within ± 25% of the H2O2 degradation rate in the reactor containing 4-POBN, 

and the average initial [H2O2] was 4630 mg/L. Variability of H2O2 degradation rates 

between reactors was probably attributed to the variability of FeOOH and pH within the 

reactors. 

6.D (31 2-chlorophenol 

Similar to 4-POBN in previous experiments, 2-chlorophenol disappearance 

conformed to pseudo first-order degradation kinetics (Table 6.10, Figure 6.40). 

Equations 4.23 and 4.25 were used to calculate the predicted and measured 

values for ['OHlss, 2CP (Table 6.11). Although [*OH]ss, 2CP is not actually measured since 

•OH is an intermediate, the measured value for ['OHlss, icp refers to the calculation where 

the pseudo first-order rate constant measured in the laboratory is used to estimate ['OHlss. 

2cp. In the 2CP degradation rate equation, kis and [2CP] are the same, but ['OHlss. 2CP is 
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Table 6.11 - Comparison of the Measured and Predicted ['OHlss, zee 

Initial [2CP] Measured Predicted Measured/ 
(HM) [•OHJss, 2CP (M) [•0H]ss,2CP(M) Predicted 

530 1.1 X 10-15 8.6 X 10-16 1.22 
510 8.9 X 10-16 8.8 X 10-16 1.01 
320 9.8 X 10-16 1.2 X 10-15 0.85 
350 1.0 X 10-15 1.1 X 10-15 0.90 
620 (control) - - -

650 (control) - - -

ki5 = 1.2 X 1010 (L/mole-sec) (Getoff and Solar, 1986) 
[2CP] = concentration of 2-Chlorophenol (M) 
kns = 3.1 X 106 - 3.9 X 106 (s-i)(avg.=3.5 x 10^ s-i) (Section 6.C(4)b, Figure 6.32) 
[•OH]4-POBN= 1.13 x 10-15 (M) 

different between the "predicted" and "measured" methods to estimate 2CP degradation; 

a comparison between estimates of [*OH]ss, icp represented the difference between these 

two methods. 

These data indicate good agreement between the measured and predicted values 

for [•OH]ss,2CP- The predicted values ranged from 22% greater than and 15% lower than 

the corresponding actual value. These results indicate that the kinetic data from 4-POBN 

degradation experiments can be used to predict the degradation rate of 2-chlorophenol, a 

ground water contaminant found at numerous Superfund sites. By extrapolation, it 

should be possible to approximate the Fenton-dependent rate of degradation of any 

compound for which there is a published rate constant for its reaction with 'OH. 

Agreement between estimated values for actual and predicted ['OHlss, 2CP provides 

supportive evidence that 4-POBN is a good contaminant analog and that degradation rate 

kinetic parameters derived from the competition kinetic analysis are valid. 
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Differences between the measured and predicted values for ['OHlss, 2CP may be 

attributed to different mechanisms. The H2O2 and 2CP degradation rates vary with pH. 

The pH was slightly greater in the reactors containing 2CP Table 6.9. However, it is 

unclear whether this actually played a significant role. A change in the natural 

scavenging rate constant (kns) may have played a role. As 2CP degrades, chlorides are 

released into solution that are reported 'OH scavengers. These may have increased the 

scavenging rate over the course of the experiment. Variation in the reported values for 

constants used to predict the degradation rate may have caused differences between 

actual and predicted degradation rates. For example, the average difference between the 

measured and predicted values for [*OH]ss, 2CP was 12%. The 95% confidence interval 

(CI) for the mean value of the reported IC4 values was 14% (95% C.I. 3.3 x 109 - 4.4 x 

109 (IVmoI-sec); avg. = 3.8 x 109 L/mol-sec). Therefore, the range of the predicted 

values agrees relatively well with the actual values considering the variability in reported 

values of k4. 

6.E Discussion 

6.E n) Determination of Kinetic Parameters Using the Analvtical Technique 

In the development of the analytical technique (Section 4), it was assumed that 

the rate of 'OH production was the same between reactors. For this assumption to be 

true, the H2O2 degradation rate must be the same between the reactors. Examination of 

Tables 6.1 and 6.6 indicate that H2O2 degradation was not the same between reactors of 

the same set, but was the same between reactors of similar [4-P0BN]imtiai- Such 

variability may effect estimates of PQH and KNS-



158 

Since [H2O2] varied and H2O2 is a known scavenger of'OH, it was not assumed 

that kns was constant with time in each reactor. However, it was assumed kns was 

constant between reactors, within a set of reactors, when [H2O2] was equal. 

Decomposition products from 4-POBN oxidation (reactions 3.23 - 3.25, Table 3.1) are 

potential scavengers of'OH (reaction 3.26). The concentration of decomposition 

products are proportional to [4-POBN] and will vary in reactors with differing initial 

concentrations. It is unclear whether the reaction rate of the decomposition products was 

significant relative to other scavengers present. Therefore, while •4-POBN may be 

unreactive with 'OH (Ireland and Valinieks, 1992), the assumption that kns was constant 

between reactors with different [4-POBN] may not be valid. 

It was assumed that the rate of change of the concentration of "OH with time 

was small and therefore, 'OH was at steady-state. 4-POBN disappearance in all reactors, 

amended and unamended, conformed to first-order kinetics which supported the 

assumption that 'OH was at steady-state. 

Although the rates of H2O2 disappearance were not the same between reactors, 

they were generally the same between reactors with similar initial [4-POBN]. Further, 

the amount of scavengers resulting from the decomposition of 4-POBN may have been 

different between reactors, but the amount of decomposition products (scavengers) 

produced was probably the same in reactors with similar initial [4-POBN]. Therefore, 

while the H2O2 degradation rate and the amount of scavengers produced from •4-POBN 

may have effected the results of estimated values of kns, P0H1 and 'OHss for each reactor, 

the difference in these effects between reactors with similar initial [4-POBN] in different 
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sets of reactors, i.e., amended versus unamended, may be minimal. The relative 

difference between sets of reactors is a better comparison to evaluate the effects of 

microbial and peat amendments and the absolute values of calculated kinetic parameters 

should not be emphasized. 

The analytical model developed and tested as part of this research, in 

conjunction with the laboratory study, was used to estimate kinetic parameters associated 

with oxidation reactions in soil slurry reactors. This approach was used to evaluate the 

roles of microbial and organic matter (Pahokee peat) in soil slurry systems. It is currently 

envisioned that such an approach would not be used to evaluate the role of soil 

parameters in oxidation systems implemented in the field. Instead, it could possibly be 

used to quantify the role of these parameters in a simplified, ideal system. 4-POBN has 

proved to be a good contaminant analog for testing in simplified oxidation systems. For 

example, 4-POBN was successfully used in screening studies in this laboratory (data not 

presented) to evaluate the effects of various chenucal amendments and process 

characteristics (i.e., iron filings, hemin/hematin, EDTA, manganese dioxide, carbonate 

scavengers, mass transfer limitations) on the oxidation capacity in Fenton systems. In 

these experiments, the rigorous multi-reactor approach to identifying kinetic parameters 

was not used. Instead, 4-POBN disappearance was used to estimate the relative effect of 

various soil or ground water conditions. 

There are disadvantages with using the analytical technique to estimate kinetic 

parameters. The decomposition products of the compound being simulated, and their role 

in the oxidation capacity of the system cannot be included in the simulation. Also, the 
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role of the decomposition products of 4-POBN in scavenging *0H is not considered. 

The H2O2 degradation rate and pH can vary between reactors and their control is 

necessary, yet problematic. Resolving all of these issues will require further work. 

6.E ( 2 )  Determining the effects of POH and knc using treatment efficiency 

The treatment efficiency (Tg) is an easy calculation and does not involve 

assumptions regarding KNS or PQH between reactors. This parameter provides an empirical 

measure of the efficiency of 4-POBN and H2O2 degradation. Tg cannot differentiate 

between PQH and KNS effects, but since it provides a measure of the cumulative effect of 

these kinetic parameters, it can be used to verify changes in PQH and KNS. 

6.E O) Microbial effects 

Experiments were conducted in an artificial soil with a relatively large microbial 

concentration (= 2.4 x 108 cells Sp.200/g. soil). Therefore, the effect of microbes on the 

oxidation capacity of Fenton and associated reactions would most likely be evident in this 

study. The 'OH scavenging rate in microbial-amended reactors was estimated to be 

greater than the unamended reactors at low 4-POBN concentrations. While this is 

reasonable since microbial scavengers have the greatest effect at low [4-POBN], 

supportive evidence was not provided by 4-POBN treatment efficiency (Tg) or [*OH]ss. 

The analytical technique of estimating KNS and PQH involved a plot of l/K4POBN versus 4-

POBN to linearize the data, and a curve was fit to the data. These procedures introduce 

potential error and the estimates of KNS and PQH may vary accordingly. Since the amount 

of scavenging attributed to the microbial matter appears to be small in relation to 

scavenging by H2O2; and the analytical technique may introduce variability in estimates 
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of kns and Poh» it is better to evaluate scavenging effects based on the treatment 

efficiency and ['OHlss-

Assuming more 'OH were scavenged in the microbial-amended reactors, 

[•OH]ss would decrease relative to unamended controls and the 4-POBN degradation rate 

would decrease. Conversely, TE was greater in microbial-amended reactors at low [4-

POBN] concentrations suggesting that microbes had a minimal scavenging role. [*OH]ss 

was also greater in the microbial amended reactors which suggested that less scavenging 

had occurred. Estimated values for TE and ['OHlss indicated that the addition of 

microbes in large numbers, had relatively little effect on Fqh and kns-

The effects of microbial matter in soils, soil slurries, wastewater treatment 

reactors, or any other treatment reactors involving the Fenton oxidation process may be 

different. Microbial effects must be determined on a site specific basis due to the 

numerous parameters involved in 'OH production and consumption and various roles that 

each parameter plays in competition kinetics. For example, the concentration and reaction 

rate constant of the target compound, the pH, the H2O2 concentration, and the reaction 

rate constant and concentration of the scavengers, may be such that microbes are 

significantly involved in oxidation reactions. It is reasonable that microbial matter may 

scavenge 'OH in Fenton systems since many chemical compounds derived from 

microbial matter have published 'OH reaction rate constants. Also, microbial 

disproportionation of H2O2 was measured to be insignificant in this system. However, in 

other oxidation systems, this may not be the case. In a treatment train involving 

biochemical and chemical oxidation in series, the microbial effects on scavenging 'OH, 
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or disproportionation of H2O2 may significantly effect the oxidation efficiency, the 

economics, and therefore the feasibility of the treatment sequence. 

6.E ("4'^ Pahokee peat effects 

Organic matter in soil may exist as either particulate material, as a "coating" of 

particulate matter, or as a dissolved organic species. Pahokee peat was added to the soil 

slurry reactors as particulate matter. It is believed that Pahokee peat consisted primarily 

of particulate matter in these experiments, however, it also existed as dissolved organic 

carbon and it may have coated some of the solid phase material. It makes sense that any 

chemical species present in soil represents a potential 'OH scavenger. However, it is 

important to examine other roles this material may have on oxidation reactions in 

heterogeneous systems. As seen in these experiments, the addition of a relatively small 

amount of organic matter (0.139 g, foe = 0.0009) resulted in an increase in the rate of 

•OH production, ['OHlss, and a reduction in kns- Pahokee peat does contain a relatively 

high concentration of iron but its addition only increased the total iron content of the soil 

slurry by < 0.6% (w/w) and the total solid surface area (m2/g) by < 0.7%, and did not 

significantly increase the H2O2 degradation rate. Clearly, Pahokee peat contained iron 

that reacted with H2O2, yielding "OH which then reacted with 4-POBN. Different 

mineral species of iron will have different activities in terms of 'OH production, given 

similar total iron content. For example. Tyre et al. (1991) found that equimolar iron 

slurries of hematite resulted in a greater rate of pentachlorophenol degradation than 

goethite and magnetite in Fenton reactions. 

Since the peroxide degradation rate was the same between the peat-amended 

and the control reactors, it is logical that a process other than the additional iron in the 
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peat affected PQH- One theory is that peat, or components in the peat, participated in 

electron transfer reactions that permitted the oxidation-reduction reactions of iron to 

occur more efficiently. A property of humic acids is their ability to undergo reduction and 

oxidation; humic substances can transfer electrons from reduced inorganics and organics 

to contaminants (Lovely et al., 1996). If organic constituents associated with the peat are 

capable of undergoing oxidation-reduction reactions, these reactions may be coupled with 

oxidation-reduction reactions involving goethite. In such case, Fe(II) may be produced in 

addition to the reaction involving Fe(III) and H2O2 (reaction 3.2, Table 3.1). The overall 

effect is that fewer moles of H2O2 would be required to produce Fe(II). An increase in 

Fe(II) would favor an increase in its reaction with H2O2 which would increase PQH 

(reaction 3.1, Table 3.1) 

The results from the peat-amended reactors were contrary to conventional 

theory. It is logical that peat addition would introduce additional scavenging material that 

would increase the rate of 'OH scavenging and decrease the rate of 4-POBN oxidation. 

However, kns decreased in the peat-amended reactors. One possible mechanism which 

explains why kns is lower in the peat-amended reactors is that the peat, or its constituents, 

could coat the surfaces of the Si02 or FeOOH and prevent the reaction between 'OH and 

scavengers. For example, it has been demonstrated elsewhere that fulvic and humic acids 

adsorb to goethite (Parfit et al., 1977; Tipping, 1981), silicon and aluminum oxide 

surfaces (Schulthess and Huang, 1991), and that dissolved organic matter adsorbs to 

aluminum oxides (Davis and Gloor, 1981). A second theory is that components of peat 

may have undergone a complexation reaction with scavengers in the soil slurry which 

prevented their reaction with 'OH. Another possible theory is that 4-POBN may have 
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sorbed to the peat. Assuming the carbon and iron associated with the peat were present in 

the same mineral complex, sorption of 4-POBN to the carbon, and proximal production 

of 'OH may increase the efficiency of 4-POBN oxidation. Although the precise 

mechanism is unknown, these results indicate that the peat decreased kns and that the 

combined reaction rates and concentrations of the chemical constituents of the peat did 

not represent a significant sink for 'OH. 

The treatment efficiency and ['OHjss were clearly greater in the peat-amended 

reactors than in the control reactors. These parameters values provide supportive 

evidence that higher PQH and lower KNS occurred in the peat-amended reactors. 
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7. CONCLUSIONS 

7.A Analytical Model for Kinetic Parameter Estimation 

1. An analytical technique was used to evaluate the kinetics of competition 

between natural scavengers and a probe compound for 'OH in a soil slurry. The spin-trap 

compound, 4-POBN, was used as the probe compound because of the well known 

reaction with 'OH, and the well defined reaction rate constant which is similar to many 

environmental contaminants. 4-POBN is an ideal analogue for environmental 

contaminants in the soil slurry reactors because it (1) is nonvolatile, (2) does not 

hydrolyze in the mid-pH range, (3) does not significantly sorb to solid phase material, (4) 

does not biodegrade (under the conditions tested), (5) is non-toxic, (6) is easily and 

accurately quantified by HPLC, (7) has a long shelf-life, (8) is commercially available, 

and (9) provides no problem in disposal. 

Inverse plots were used to graphically solve for the rate of *0H production (FQH ), 

the natural scavenging conditional rate constant (knj) and the steady-state hydroxyl radical 

concentration ([*0H]ss) in a series of batch reactors. The estimate of Pqh did not 

contradict the physical systems being tested. This evaluation was based on the number of 

moles of H2O2 and 4-POBN degraded, and the stoichiometry relative to *0H. 

Not all of the assumptions used to develop the analytical technique of parameter 
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estimation could be validated. Therefore, absolute values of kinetic parameters may be 

unreliable to evaluate the effects of microbial and peat amendments. But the relative 

difference in parameter values between sets of reactors, in conjimction wth supportive 

calculations of treatment efficiency and steady-state hydroxyl radical concentrations can 

be used to evaluate the effects of microbes and peat on the oxidation of 4-POBN. 

7.B 4-POBN Fate in Soil Slurry Reactors 

2. 4-POBN is photosensitive and transforms via zero-order kinetics under lab 

lighting. The photodecay transformation product absorbs UV light at 331 nm and is 

produced in proportion to the decay of 4-POBN. 

3.4-POBN is non-volatile. It concentrated in a water solution as water 

evaporated. 100% recovery of 4-POBN occurred when the evaporated water was 

replaced. 

4. a-(4-pyridyl-l-oxide) N-tert-butyl nitrone (4-POBN) partitioned onto a 5% 

(w/w) goethite and SiO, sand. Sorption was satisfactorily modeled using the Freundlich 

isotherm (S =4.0x10-5 [4-POBN]''®"' (r^ = 0.98)). In the FeOOH/SiO, experimental 

system, 4-POBN was almost entirely in the aqueous phase (>99.2%). The mass 

contribution of the sorbed phase was negligible. 
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5.4-POBN was not biodegraded by Shewanella putrefaciens Sp. 200 (8x 10* 

cells/mL) in soil slurry reactors consisting of 5% goethite (w/w) in silica sand over a wide 

concentration range (86 - 4310 |iM). The test period (120 hours) was similar to that of 

the oxidation experiments. No H2O2 was amended to the biodegradation test flasks. 

6.4-POBN is unstable at pH extremes; < pH 4.5 and > pH 10.5. At low pH, 4-

POBN undergoes irreversible reaction. Transformation kinetics are first-order in [4-

POBN] (t,;2 = 4.1 hr, pH 2.5). The products of that reaction have not been identified. 

7. EPR spectral analysis of the 4-POBN and DMPO hydroxy adducts 

unequivocally demonstrate that hydroxyl radicals are produced and react v^th 4-POBN in 

the soil slurry reactors. Due to the controls used in the microbe- and peat-amended 

experiments, the fate of 4-POBN was attributed to its reactions with "OH. 

Biodegradation, volatilization, photodegradation, sorption, and hydrolysis did not 

appreciably affect the concentration of 4-POBN. 

7.C Microbial Effects on Oxidation Capacity 

8. The disappearance of HjO, and 4-POBN conformed to first-order kinetics. 

The microbes used in these experiments, Shewanella putrefaciens Sp. 200, were catalase 
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positive. The catalase reacted with HjO, but the reaction was limited and at high [H2O2] 

(= 5000 mg/L), the relative effects of enzymatic decomposition were insignificant. 

9. No significant reactions occurred between 4-POBN and HjO,. The reactions 

between SiO, and HjO,, and microbial matter and HjO, do not produce *0H. "OH 

production was entirely dependent on the reaction between HiOj and a-FeOOH. 

10. The pH of the soil slurry reactors decreased with time due to the release of H* 

from the Fenton and its associated reactions and from the oxidation of 4-POBN. 

11. The rate of *0H production (Pqh) decreased linearly as a function of HiOi 

concentration. The difference between the number of moles of'OH produced by 

integrating PQH over time indicated that the microbial-amended and non microbial-

amended reactors were within 10%; i.e. fewer 'OH were produced in the reactors without 

microbes. It is concluded that microbes did not significantly affect the rate of'OH 

production. This conclusion is also supported by the limited reaction between H^O, and 

microbes, the lack of production of-OH by the reaction between H2O2 and microbes, and 

by similar steady-state 'OH concentrations in microbial-amended and unamended 

reactors. 
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12. The treatment efficiency (T^) was sunilar between microbial-amended and 

unamended reactors which suggested that microbes had a minimal scavenging role. 

[•OH]ss was similar between microbial-amended and unamended reactors which also 

suggested that microbes had a minimal scavenging role. Estimated values for Tg and 

[•OH]ss indicated that the addition of microbes in large numbers, had relatively little effect 

on PoH and lc„. 

13. The steady-state 'OH concentrations were calculated using the pseudo first-

order rate constants for 4-POBN in conjunction with the reported second-order rate 

constant. The "OH concentration was at steady-state which supported the steady-state 

assumption used in the kinetic analysis. The steady-state hydroxyl radical concentration 

(['OH]ss) decreased with increased initial concentration of 4-POBN. 

14. The rate of scavenging (i.e., k^^ ['OHJa) and the total 'OH scavenged (i.e., YMns 

'OHAt) was greater at lower [4-POBN] suggesting diat 4-POBN competed effectively 

with other scavengers for *0H. 

15. Under experimental conditions when [H2^2] was high and [4-POBN] was 

low, HIOT scavenging of'OH was estimated to be significant relative to the reaction 

between 4-POBN and *0H. The reaction of HjO, and 'OH did not significantly effect the 
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HjOj degradation rate in the soil slurry reactors, and therefore, the reaction between 4-

POBN and 'OH relative to the reaction between HJOT and 'OH does not significantly 

effect the H,02 degradation rate. 

7.D Pahokee Peat Effects on Oxidation Capacity 

16. HiOt and 4-POBN disappearance conformed to first-order kinetics. In a 

goethite-free reactor where Pahokee peat was the only source of iron, H2O2 and 4-POBN 

degraded in a reactor. The reaction between H2O2 and peat was almost 4 times as 

efficient as the reaction between H2O2 and goethite. The reaction between SiO^ and HjOj 

do not produce 'OH. "OH production was entirely dependent on the reaction between 

HjO, and a-FeOOH or peat. 

17. Pahokee peat increased the rate of *0H production in soil slurry reactors 

relative to the peat-free controls. PQH in the peat-amended reactors, integrated over time, 

accounted for approximately 50% more 'OH than in the control reactors. This can be 

partially attributed to the reaction between H^Oj and iron in the peat. The peat only 

increased the total iron content by < 0.6% and the total solid surface area by < 0.7%. 

Since the H2O2 degradation rates were the same between the peat-amended and the 

unamended control reactors, the increased rate of'OH production cannot be entirely 

attributed to an increase in available iron in the peat. One possible explanation involved 
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coupled oxidation-reduction reactions with peat and iron where Fe(III) was reduced to 

Fe(II) which subsequently increased 'OH production based on its reaction with HiO,. 

18. The natural scavenging conditional reaction rate constant (k^) was time 

dependent and was lower in the peat-amended reactors than in the unamended, peat-free 

reactors. There is no clear explanation for the differences. It was suggested that the peat 

may have formed a complex with the natural scavengers, thereby preventing their 

reaction with *0H, or constituents from the peat may have coated solid surfaces 

preventing the reaction between scavengers and *0H. 

19. The steady-state "OH concentrations were calculated using the pseudo first-

order rate constants for 4-POBN in conjunction with the reported second-order rate 

constant. The 'OH concentration was at steady-state which supported the steady-state 

assumption used in the kinetic analysis. The steady-state hydroxyl radical concentration 

([•OH]ss) decreased with increased initial concentration of 4-POBN. 

20. ['OH]ss was greater in the peat-amended reactors than in the control reactors. 

This is reasonable since the rate at which *0H was being produced was greater and the 

rate at which *0H was being scavenged was lower in the peat-amended reactors. 
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21. *0H scavenging increased with decreased [4-POBN] in both the peat-

amended and the unamended reactors. This suggested that 4-POBN effectively competed 

with the scavengers for 'OH. More 'OH were scavenged in the peat-amended reactors 

than in the unamended control reactors. Although knj was lower in the peat-amended 

reactors, the number of moles of'OH produced and ['OH]^ were greater in the peat-

amended reactors, and therefore, the rate of scavenging also increased. That is, the effect 

of higher ['OH]ss outweighed that of lower kn,; there were simply more 'OH present to 

react with scavenging components within the system. 

7.E Predicting 2-chlorophenoI Degradation Using 4-POBN Kinetics 

22. The disappearance of 2-chlorophenol conformed to first-order kinetics. 4-

POBN degradation kinetic data were successfully used to predict the degradation rate of 

2CP in soil slurry reactors under similar experimental conditions. It is suggested that 4-

POBN can be used as a contaminant analog or probe in laboratory studies. The rate of 

probe disappearance can be used to predict the rate of reaction of any contaminant with a 

published 'OH reaction rate constant. 
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8. APPENDICES 

Appendix A - Hydroxyl Radical Oxidation of Common Environmental Contaminants 
Found at Superfund Sites 

Table A.1 - Reaction Rate Constants of Hydroxyl Radicals and Compounds of 
Environmental Significance 

Compound Name'" pH k (I/mol-s) References Reaction 
No.® 

Halogenated Volatile Organics: 

Carbon Tetrachloride 27 
CUorobetizeae 9.8 5.5 X 10' 2,7,12 436 
Chloroform 5.6 0.5 X 10* 2,8,16 442 

- 1.5 X 10' 
- 7.4 X 10® 

0.4 7.3 X 10* 
0.4 1.4 X 10' 
- 7.6 X 10' 

Cis-1,2-dichloroethylene 
1,1-Dichloroethane 16,26 
1,2-Dichloroethane 16 
1,1 -Dichloroethylene 6.5 6.2 X 10' 2 526 
1,2-Dichloropropane 6 
Ethylene Dibromide 27 
Methylene Chloride 11 
1,1,2,2-Tetrachloroethane 7 
Tetrachloroethylene 6.5 2.6 X 10' 2.5,7-9 1167 
Trans-1,2-dichloroethene 2 
1,1,1-Trichloroethane 26 
1,1,2-Trichloroethane 6 
Trichloroethylene 6.5 4.2 X 10' 2.5.7,16 1217 

Gases 

Chloroethane 
Vinyl Chloride 6.5 1.2 X 10'° 2 1262 
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Table A. 1 Continued... 

Compound Name'" pH k (I/mol-s) References Reaction 

Non-Halogenated Volatile 
Organics: 

Methyl Ethyl Ketone 
4-MethyI-2-Pentanone 
Tetrahydrofiiran 4.0 X 10' 

29 

2,18 1173 

Aromatics 

Benzene 
Ethyl Benzene 

Styrene 
Toluene 

m-Xylene 
o-J^lene 
p-J^lene 

7 
7 

5.5 
3 

7 
7 
7 

7.8 X 10' 
7.5 X 10' 
6.0 X 10' 
3.0 X 10' 
7.5 X 10' 
6.7 X 10' 
7.0 X 10' 

2,7,8,1216-18,21 
2 
2 

2,17 
2 
2 
2 

353 
643 
1150 
1205 
1268 
1269 
1270 

Halogenated Semivolatile 
Organics: 
ECB:S 
Aroclor 1242 
Aroclor 1254 
Aroclor 1260 

23 
16 

Pesticides 
Chlordane 
DDD 
DDE 
DDT 
Dieldrin 

6 

16 
15,16,21 

Chlorinated Benzene 
1,2-Dichlorobenzene 
1,4-Dichlorobenzene 

24 
24 

Pentachlorophenol 
2,3,4,6-TetrachlorophenoI 6,14-16,19-22 



Table A. 1 Continued... 

Compound Name'" pH k (I/mol-s) Reference Reaction 
No.®' 

Non-Halogenated SemivolatOe 
Organics: 
PAH'S 

Acenaphthene 11 
Anthracene 28,29 
Benzo(a)anthracene 28 
Benzo(a)pyrene 30,31 
Benzo(b)fIuoranthene 
Benzo(gIii)perylene 
Beiizo(k)fluorantfaene 
Chrysene 
Dibenz(a,h)anthracene 
Rucranthene 
Fluorene 12 
Indeno( 1,2,3-cd)pyrene 
2-Melhyl-naphthaIene 
Naphthalene - 5.0 X 10' 2,16 

7 1.2 X 10'° 973 
Phenanthrene 28 
Pyrene 

Nnn-Chlnrinated Phennls 

m-Cresol 17 
o-Cresol 17 
p-Cresol 17 
2,4-DimethylphenoI 
2,4-Dinitrophenol 10 
Phenol 7 6.6 X 10' 2,8,13,16-18 

7-8 1.4 X 10'° 1054 
6.7 1.8 X 10'° 

Inorganics: 
Arsenic 
Cadmium - 2.0 X 10'° 2,9,25 27 
Chromiimi 1 4.8 X 10' 1,2 62 
Cyanide 11 7.6 X 10' 2,3,16 21 
Lead 3.9 < 2 x  1 0 '  2,25 177 
Mercury 25 
Selenium 12 
IrondD 3 4.3 X 10« 2 85 

(1) U.S. EPA. 1990. Subsurface Contamination Reference Guide. EPA/540/2-90/011. 
(2) Reaction number as specified in Buxton, et al., 1988. 
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Appendix B - Analyses of Pahokee Peat, Goethite, SiO; and Microbial Suspension 

This appendix presents a compilation of analytical results and other chemical, 

physical and biological information on soil slurry parameters used in the experiments; 

goethite, Pahokee peat, silica sand, and the microbial suspension containing Shewanella 

putrefaciens (Sp. 200). 

B.l Goethite 

B.l.a Inorganic Analysis 

Two batches of goethite were obtained from D.J. Minerals in Butte, Montana. The 

first batch (G-1) was used in the microbially amended experiments and the second batch 

(G-2) were used in the organic matter amended experiments. Samples of the goethite (G-

1, and G-2) were mixed and representative samples (triplicates) were obtained using a 

soil riffle and analyzed for metals by Inductively Coupled Argon Plasma (ICAP). The 

results are presented in Table B.l. Inorganics were extracted by digesting 0.25 g. 

samples in 40 mLs of 10% nitric acid in a microwave oven at 150° C and 145 psia for 40 

minutes. Since the extraction process solubilized inorganic species, these concentrations 

do not correspond to those that occur under soil slurry conditions nor do they represent 

the "available" concentrations (i.e. soluble and solid phases). The average concentration 

of uron in the goethite was high and varied between batches of goethite. The ore samples 
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Table B.l- Inductively Coupled Argon Plasma Inorganic Analysis of Geothite, Microbial 
Suspension, and Pahokee Peat^'"^' 

Element Goethite (G-l) Goethite {G-2) Sp. 200 (microbes) Pahokee peat 

avg. 95% C.I. avg. 95% C.I. avg. 95% C.I. avg. 95% C.I. 

Na 37.0 37.0 43.0 39.0-47.0 0.680 .387-.974 65.2 40.1-90.3 

K 210. 210. 1270 1090-1440 1.37 1.28-1.45 178 137-220. 

Ca 258 246-270. lOl 72.0-130. 1.71 1.68-1.74 47400 45900-48900 

Mg 476 444-508 201 162-241 0.452 .436-.467 2302 2230-2380 

Fe 18400 12600-24300 65900 47300-84600 3.26 3.22-3.29 9940 9430-10400 

Mn 277 238-316 185 138-231 0.00997 .00990-.0101 17.5 16.6-18.3 

Co 1.94 1.59-2.28 8.33 7.59-9.07 0.00707 .00680-.00740 3.11 2.70-3.52 

Mo 0.603 .595-.612 32.7 29.5-35.8 0.0143 .0130-.0150 3.48 3.04-3.92 

A1 901 798-1010 793 608-978 0.260 245-275 3048 2570-3530 

As 9.33 5.27-13.4 17.7 15.9-19.4 0.0263 .0250-.0270 5.70 4.24-7.16 

Se 14.7 8.99-20.3 77.0 54.3-99.7 0.0360 .0350-.0380 9.73 8.05-11.4 

Cd 0.540 0.540 3.20 0-6.58 0.00157 .0000860-.00300 1.27 1.14-1.39 

Be 1.32 1.02-1.62 0.957 .900-1.01 0.00173 .00160-.00180 0.385 .372-.398 

Cu 19.7 18.8-20.5 34.7 31.5-37.8 0.0360 .0340-.0380 8.67 6.29-11.0 

Cr 1.93 1.77-2.08 5.60 4.32-6.88 0.00240 .00220-.00260 5.23 4.60-5.87 

Ni 4.93 3.67-6.19 12.1 5.37-18.8 0.00417 .00360-.00470 7.75 7.06-8.44 

Zn 4.80 3.60-6.01 22.7 18.7-26.8 0.0347 .0310-.0390 3.96 2.90-5.01 

Ag 3.17 2.60-3.73 17.7 0-40.2 0.0153 .0140-.0160 4.70 3.33-6.07 

T1 5.40 5.40 36.3 32.9-39.8 0.00637 .00610-.00670 5.25 5.06-5.44 

Pb 7.40 4.80-10.0 15.0 13.5-16.5 0.0263 .0250-.0270 4.75 2.04-7.46 

Li 52.0 52.0 

Sr 2.14 1.96-2.32 10.8 4.34-172 0.00123 .OOI10-.00130 669 647-691 

V 7.00 7.00 20.3 17.2-23.5 0.0263 .0250-.0270 7.20 5.64-8.76 

Ba 5.43 5.05-5.81 10.6 8.76-12.4 0.00293 .00280-.00300 121 120.-126 

B 9.63 6.65-12.6 12.9 0-33.3 0.0140 0.0140 11.8 10.7-12.9 

Ti 12.8 8.54-17.1 15.7 13.9-17.4 0.0163 .0150-.0170 45.2 30.6-59.7 

(1) G-l, G-2: goethite used in microbial and Pahokee peat experiments, respectively. Sp. 200: (Shewanella 
putrefaciens) used in microbial experiments. 

(2) Goethite and Pahokee peat in units of mg/kg. Microbial suspension in units of mg/L. 
(3) Avg. concentration geothite (n=3), Sp. 200 (n=3), Pahokee peat (n=6). The value of the detection limit 

was used to calculate the average concentration. 95% C.I. is the 95% confidence interval of the average 
concentration. 



181 

were received on different dates and presumably could represent different locations at the 

mine. Relative comparison of results from experiments involving goethite amended 

reactors were based on reactors containing the same source of goethite. 

B.l.b Fourier Transform Infrared (FTIR) Photoacoustic Spectra (PA) 

FTIR-PA analysis of the crushed ore samples was used to determine the mineral 

provenance. FTIR-PA spectra of the two samples of goethite were obtained in duplicate 

by co-addition of 256 scans at a resolution of 4 cm"'. The analysis and interpretation of 

the spectra was provided by Dr. Bill Lyon (ManTech Environmental Research Services 

Corporation, Ada, OK). Both the G-1 and G-2 samples contained the spectra associated 

with the reference goethite spectra indicating that goethite was indeed present. The 

spectra of the G-l sample indicated more bands in addition to goethite than the G-2 

sample. Quartz is believed to be a major constituent of the G-l sample as indicated by 

the quartz characteristic spectra of the additional bands. The presence of two other minor 

mineral constituents was suspected due to their characteristic spectra, hematite and a clay 

mineral, possibly kaolinite. The first batch of goethite ore received (G-l) was much more 

red in color than the second batch of goethite ore (G-2), which was a reddish-yellow 

color. The spectra indicate that the reddish color was most likely attributed to the 

presence of hematite. 
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B.2 Pahokee Peat 

B.2.a Inorganic Analysis 

Samples of the Pahokee peat were mixed and representative samples (triplicates) 

were obtained using a soil riffle and analyzed for metals by ICAP. Inorganics were 

extracted by digesting 0.25 g. samples in 40 mLs of 10% nitric acid in a microwave oven 

at 150°C and 145 psia for 40 minutes. Since the extraction process solubilized inorganic 

species, these concentrations do not correspond to those that occur under soil slurry 

conditions nor do they represent the "available" concentrations (i.e. soluble and solid 

phases). Pahokee peat contained significantly more Ca, Mg, Al, Sr Ba, and Ti than the 

goethite (G-2). On a weight basis in the reactors (i.e. 3.5 g. FeOOH, 0.139 g. peat), these 

elements increased the overall average soil slurry concentration by a factor of470, 12, 

3.8,62, 11, and 2.9, respectively. Based on a review of potential reactions between HiO, 

and these inorganic species (Schumb et al., 1955), it appears that these chemical species 

would not significantly effect the stability of H2O2, as none of these are reported as 

known catalysts. Pahokee peat accounted for approximately 6.6 times less iron in the 

reactors as the goethite (G-2). The amount of iron associated with the Pahokee peat 

amended to the soil sltirries accounted for <0.6% of the total iron contained in the 

reactors. 
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B.2.b Elemental Analysis 

Elemental analysis of the peat is provided in Table B.2. The peat was dewaxed by 

Soxhlet extraction and determinations of C,H,0,N,S,P, ash and moisture were made by 

Huffhian Laboratories, Inc., Golden, Colorado. The average TOC concentration of the 

"as is" peat was 44.2% (n=3,95% C.I. 43.7-44.8%). This value of TOC was believed to 

be lower than the dewaxed peat since the wax was composed of non-carbonaceous 

material. Additionally, the moisture content of the peat was "as is" for the TOC analysis 

rather than oven dried. The fraction of organic carbon (fo^) of the Pahokee peat 0.442 (mg 

OC/mg Pahokee peat) was based on the TOC data values. 

Table B.2 - Elemental Analysis of Pahokee Peat 

C H 0 N S P ASH MOIST SUM 

56.84 4.57 31.37 3.98 0.55 0.05 3.74 3.40 101.01 

MOIST = moisture content of as-received sample 
ASH = remaining mass percent on combustion 
SUM = (C+H+O+N+S+P+ASH) 

B.2.C Organic Analyses 

The dissolved organic carbon was measured for a slurry of Pahokee peat prepared 

similarly to the reactors used in the oxidation experiment except FeOOH and SiO, was 

not present. The concentration was 8.9 mg/L. HPLC analysis of the soil slurry was 

performed to determine the organic compounds in the Pahokee peat. Peats are known to 

be composed of various phenolic acids. Eight phenolic acids ( Pyrogallol; Gallic acid; 
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3,4-Dihydroxybenzoic Acid; 4-Hydroxybenzoic Acid; 4-hydroxybenzaIdehyde; 4-

HydroKy-3-methoxybenzoic Acid; Vanillin) were analyzed for in the Pahokee peat slurry. 

None of the target phenolic acids were detected, nor were any peaks detected. The 

organic compound(s) which comprise the 8.9 mg/L are unknown. 

B.3 Microbial Suspension (Shewaneila putrefaciens, Sp. 200) 

ICAP analysis of a microbial suspension of Sp. 200 was performed to evaluate the 

total iron added to the soil slurry reactor in the microbial amended experiments. The 

microbial suspension (= 2.8x10' cells/mL) contained very low concentrations of the 

inorganic elements measured. The iron concentration was 3.3 mg/L and on a weight 

basis in the microbial amended experiment, accounted for <0.2% of the total iron present 

in the reactors. 

B.4 Physical and Chemical Characteristics of Goethite, Pahokee Peat, and Silica 

Sand 

The surface area, sieve size, cation exchange capacity (CEC), and electrode 

potential of goethite, Pahokee peat, and silica sand are presented in Table B.3. The 

surface area of the Pahokee peat was low considering humus generally has a high surface 

area (500-800 m-/g) (Brady, 1990). The surface area on a mass basis in increasing order 

was, goethite > Pahokee peat »silica sand. On a mass basis in the reactors used in the 
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experiments (i.e. microbial experiments - 66.50 g. silica sand; 3.50 g. FeOOH; organic 

matter experiments - 66.50 g. silica sand, 3.50 g. FeOOH; 0.139 g. Pahokee peat), the 

surface area increased in the order of FeOOH > silica sand > Pahokee peat. The sieve 

size of the silica sand was larger than the goethite and peat, and the surface of the silica 

sand was much less irregular than the goethite and peat. 

Table B.3 Physical and Chemical Characteristics of Goethite, Pahokee Peat and SiO,'" 

Goethite-1 
(FeOOH) 

Goethjte-2 
(FeOOH) 

Pahokee 
Peat 

Silica sand (SiO^) 

Surface Area'-* (mVg.) 
(5-point BET isotherm) 

6.8 4.4 0.9, 1.0 0.052"> 

Percent Total Surface Area 
1. Microbial experiment 
2. Organic Matter experiment 

87 
87 <0.5 

13 
13 

Sieve size -140 mesh 
(<l06nm) 

-140 mesh 
(<106nm) 

-100 mesh 
(<150nm) 

-40 to-100 mesh 
(<425nm to <150nm) 

CEC (meq/100. g. soil) 3.8 2.9 227 

(1) G-I, G-2: goethite used in microbial and Pahokee peat experiments, respectively. Sp. 200: {Shewanella 
putrefaciens) used in microbial experiments. Goethite and Pahokee peat in units of mg/kg, Microbial 
suspension in units of mg/L. 

(2) Quality control samples on spherical glass beads indicated normal functioning of the instrument 
(3) Average value (n=3) 

The CEC of Pahokee peat was high and was much greater than the goethite. The 

CEC of the silica sand was not measured but is believed to be very small. In a controlled 

experiment where the electrode potential was measured in soil slurry reactors, the 

electrode potential was greater in the reactor containing SiOi and FeOOH (272 mV) 



relative to reactors with relative to the reactor with SiOz, FeOOH, and microbes (89 

mV), and relative to reactors with SiO,, FeOOH, and Pahokee peat = 0.01,0.001; 213 

and 225mV, respectively). 



Appendix C - Abbreviations and Symbols 

4-POBN: a-(4-PyridyI l-oxide)-N-tert-butyInitrone 

•4-POBN ; 4-POBN hydroxy adduct 

CEC : Cation Exchange Capacity 

2CP; 2-chlorophenoI 

DOC : Dissolved Organic Carbon 

EPR: Electroparamagnetic Resonance 

ESR: Electron Spin Resonance 

: Fraction of Organic Carbon 

FTIR-PAS : Fourier Transform Infrared Photo Acoustic Spectra 

•HO2: Perhydroxyl radical 

H2O2: Hydrogen peroxide 

HPLC : High Performance Liquid Chromatography 

: natural scavenging conditional rate constant 

mV: Millivolts 

O,: Oxygen gas 

•O2': Superoxide radical 

•OH: Hydroxyl radical 

[•OH]ss: Steady state hydroxyl radical concentration 

OM: Organic Matter 



pH : -log of the hydrogen ion (H"^) concentration 

Appendix C continued... 

pBCa: Dissociation constant 

PQH "• Rate of hydroxy I radical production 

Sp. 200 : Shemmella putrifications. Species 200 

TOC : Total Organic Carbon 
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