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ABSTRACT

CATALYZED HYDROGEN PEROXIDE PROPAGATIONS: STUDY OF

HYDROGEN PEROXIDE DECOMPOSITION, HYDROXYL RADICAL
PRODUCTION, AND BYPRODUCT FORMATION FROM THE REMEDIATION OF

AROMATIC HYDROCARBONS
By
Carlos A. Sanlley Pagan

Catalyzed hydrogen peroxide propagations have been studied in order to determine the
role of hydrogen peroxide decomposition and hydroxyl radical production during in situ
remediation, as well as the byproducts obtained from the oxidation of aromatic

hydrocarbons. Three types of catalyzed systems have been studied: ferrous catalyzed,

ferric catalyzed, and goethite catalyzed reactions.

Hydrogen peroxide decomposition appears to be dependent only hydrogen peroxide
concentration regardless of the catalyzer used. The rate of hydrogen peroxide
decomposition is higher for reactions catalyzed with ferrous ion as opposed to ferric ion,
while maintaining a similar yield for oxygen production. Goethite catalyzed reactions are
slower, with a 24-hour reaction period required to achieve peak yield, versus a few

minutes for soluble iron reactions.

Hydroxyl radical production from goethite catalyzed systems appears to be out competed
by hydrogen peroxide decomposition, resulting in an increase in hydroxyl radical yield
after 24 hours of reaction. Reactions at pH 3 appear to produce more hydroxyl radicals
than reactions at pH 7 under the same experimental conditions. The total yield of

hydroxyl radicals could not be determined due to the production of byproducts in the



reactions, some of which have been identified. Hydroxyl radical production from soluble

iron reactions was estimated using kinetic modeling.

Pyrene was removed from both aqueous and slurry systems using catalyzed hydrogen
peroxide. Pyrene removal was greater in slurry systems than in aqueous systems, possibly
because of limitations due to the water solubility of pyrene. Ferric catalyzed systems
achieved better removal rates than ferrous catalyzed reactions at the same experimental
conditions. Goethite catalyzed reactions appear to be the most efficient achieving similar
removal rates while using lower hydrogen peroxide concentrations. Byproducts were
found for all reactions; 12 of these products have been identified. The byproducts range
from hydroxylation reactions to ring cleaved products. By the use of parameter
estimation software we have found that the aqueous solubility, and therefore their
mobility, of some of these byproducts is orders of magnitude larger than that of pyrene;
causing a potential threat to the environment. Byproducts found in this study are similar

to those found from gaseous ozonation of pyrene.
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Objectives and Hypotheses

Objectives

Chemical oxidation, used as an in-situ remediation technique, is a highly complex system
that is commonly treated as a black box. This research attempts to shed light on the
mechanisms that occur in catalyzed hydrogen peroxide systems while creating tools that
can be applied for estimating the outcomes from this treatment. To complement these
tools, byproduct identification from the oxidation of aromatic compounds during such
reactions has been performed. The fate of these byproducts in the environment has also

been estimated.

The following objectives have been studied:

1) The conditions under which hydrogen peroxide decomposition inhibits hydroxyl
radical production in catalyzed hydrogen peroxide reactions have been
determined.

2) A kinetic model for hydroxyl radical production during catalyzed hydrogen
peroxide reactions has been developed.

3) Byproducts formed from oxidation of pyrene in aqueous and soil matrices have
been identified for the following oxidative treatments:

a) Ferrous ion (Fe*") catalyzed hydrogen peroxide. (Classic Fenton’s Reagent)

b) Ferric ion (Fe*") catalyzed hydrogen peroxide. (Modified Fenton’s Reagent I)



4)

¢) Mineral iron (Goethite) catalyzed hydrogen peroxide. (Modified Fenton’s
Reagent II)
A model that can be used to determine the potential fate of the identified by-

products in the environment has been developed.

Hypotheses

The following hypotheses for this proposed study have been tested:

1)

2)

Based on the known theories of hydroxyl radical interaction with aromatic
species, in-situ chemical oxidation of polycyclic aromatic hydrocarbons in
aqueous systems using catalyzed hydrogen peroxide, Fenton’s Reagent, will
produce hydroxylated, quinonic, hydroquinonic and ring-cleaved by-products,
whose physical-chemical properties (e.g., water solubility) will differ from the

parent compound.

Based on the known theories of hydroxyl radical interaction with aromatic
species, in-situ chemical oxidation of polycyclic aromatic hydrocarbons in seil
matrices using catalyzed hydrogen peroxide, Fenton’s Reagent, will produce
hydroxylated, quinonic, hydroquinonic and ring-cleaved by-products, whose
physical-chemical properties will differ from the parent compound. The extent of

byproduct formation will be greater than that of the aqueous system.



3)

4)

5)

6)

The catalyzer selected to promote hydroxyl radical formation during Fenton
system reactions will affect the structure of the by-product formed and/or the rate

of by-product formation.

A mathematical model can be constructed in order to predict the type of
byproduct formed under specified matrix conditions; specifically what will be the
dominant species in the system. The environmental fate of the byproducts that
result from the chemical oxidation of pyrene using Fenton’s Reagent may be
predicted by computational modeling; using the properties of the by-products
formed (i.e., mobility, sorptive behavior) or the properties of model compounds

with similar structures.

Hydrogen peroxide decomposition into oxygen, a parallel competitive reaction
occurring in Fenton systems during both homogeneous and heterogeneous

catalysis, inhibits maximum hydroxyl radical production.

Oxygen production from hydrogen peroxide decomposition during Fenton
reactions can be quantified and may be used as a tool to predict hydroxyl radical

production during in-situ chemical reactions.



Chapter 1.
Background

Polycyclic Aromatic Hydrocarbons

Polycyclic Aromatic Hydrocarbons (PAHs) are a group of common environmental
contaminants comprised of 2 or more fused benzene rings. These compounds are formed

during the incomplete combustion of organic matter and fossil fuels, and are found in

petroleum derived products, such as diesel, kerosene, and gasolinel’ 2

PAHs are characterized as being recalcitrant. The mobility of these compounds is limited

due to their low water solubility (log water solubility at 25°C ranging from -3.61 to -8.22)

3; with solubility decreasing as their molecular weight or hydrophobic surface area
increases’. PAHs also have a strong affinity toward soil organic matter (log K,w from

336to 6.5)4. As aresult, PAHs are stable in the environment for long periods of time.

The recalcitrant nature of the PAHs as well as their mutagenic/carcinogenic potential,
makes them potential health risks and therefore they are listed as priority pollutants 5 by
the U.S. Environmental Protection Agency (U.S.EPA). The U.S. EPA states that at least 8
out the 16 PAHs listed as priority pollutants may produce skin, liver and/or lung cancer in

humans.

PAHs are associated with industrial activities where fossil fuels are used, leading to their
presence in highly industrialized areas. The formation of PAHs during the combustion of

fossil fuels and their subsequent release into the atmosphere has allowed for their



widespread distribution in air, water, soil and sediments 2 The presence of PAHs in the

atmosphere varies due to seasonal fluxes as fossil fuel consumption increases during
winter months. The contaminant may move to a different medium by wet or dry
deposition from the atmosphere. PAHs may also reach the environment through leaching

from wastes, leaking underground storage tanks or direct contact of petroleum derived

products with soil or water ! Manufactured Gas Plant (MGP) sites, for example, have

been found to contain PAH contamination 6; occurring from mismanagement of coal tar

wastes, as well as direct dumping of these wastes into soil (U.S. EPA).

Current efforts for the remediation of these compounds in soil and water include: soil

1,2, 7, 8 .
. Ex-situ

washing, in-situ and ex-situ chemical oxidation and biodegradation
treatments involve the pumping of water from the contaminated site or the excavation of
the contaminated soil/aquifer material in order to remove the contaminant; the U.S. EPA
promotes the use of incineration for soils extracted from sites that contain PAH
contamination. In-situ treatment may include the use of chemical agents to neutralize or
oxidize the contaminant in place. Bioremediation, which can be performed both ex-situ
and in-situ, includes bioaugmentation or biostimulation of bacteria or fungi that degrade

PAHs. Bioremediation may degrade the these chemicals by utilizing them as a carbon

source for the bacteria or the contaminant may be cometabolized 2

Sims and Overcash ° (1983) found that one, two, and three ring PAHs are believed to be

acutely toxic and that four and five ring PAHs may be genotoxic. Using Gap Junction



Intercellular Communication (GJIC), the epigenetic toxicity of some PAHs and their

derivatives was studied by Luster-Teasley et al. ]0, Hemer et al. (ref), and Upham et al.

' The studies found that GJIC was inhibited by both the PAHs and their ozonated

derivatives; with some derivatives creating greater inhibition than the parent compound.

In-Situ Chemical Oxidation

In-Situ Chemical Oxidation or ISCO has evolved as an effective process to remediate

organic chemicals form soils, especially in places were infrastructure impedes other
treatment techniques 12 1SCO involves the addition of a strong oxidant; often ozone,

catalyzed hydrogen peroxide, potassium permanganate or persulfate; into the soil matrix.
The goal of chemical oxidation is to change the valence state of the chemical species,
ultimately breaking carbon bonds and forming carbon dioxide and water. The
effectiveness of these remediation schemes is dependent on the site characteristics,

distribution of the oxidant in the matrix, the target compound, and the oxidant used 12,13

Permanganate

There are two forms of permanganate used for ISCO: potassium permanganate (KMnOy)

13, 14

or sodium permanganate (NaMnO,) . Sodium permanganate is sold as a 40%

solution, while potassium permanganate is sold in bulk as a solid. Permanganate is
known to oxidize a wide variety of chemicals, such as phenols, cresols, and cyanides; and
is believed to react more effectively with olefins than with aliphatic compounds. It is
especially reactive with double bonds. Permanganate is commonly used to remediate

water contaminated with chlorinated chemicals, such as trichloroethylene:



C 2CI3H +2KMnO, —> 2CO2 (ag) + 2Mn02 s) +2KCl+ HCI (1)
Permanganate produces manganese dioxide as a product from the oxidation reactions and

in most cases the dioxide will coat soil grains and reduce soil matrix permeability. Gates-
Anderson, 2001 1% used permanganate as an oxidizer for PAHs and found that the system
could achieve the similar results to those of catalyzed hydrogen peroxide (about 90%

disappearance).

Ozone

Ozone is a very reactive and unstable species of oxygen. It is used as an oxidizer and a
disinfectant. Ozone is a gas with a half-life of 30 seconds in distilled water at 20 °C. The
solubility of ozone in water is three times that of oxygen at the same temperature or about
24 ppm at 20 °C. The use of ozone as a remediation agent requires an on-site generator to
produce the gas, which entails high capital costs for treatment. Ozone gas has been
studied as a remediation agent for PAHs in both water and soil; and the byproducts

obtained from this system have been also identified and studied 10,16-20

Persulfate

Sodium persulfate (Na,S,0s) has been recently employed as a chemical oxidant for in-
situ remediation. The persulfate ion is a slow reacting oxidant considered more powerful
than hydrogen peroxide, whose reactivity is a function of pH and concentration 2

Neutral



2- 1
S208 +2H 20 —2HSO, 4t 5 02 ()

Dilute acid (pH 3-7)

32082 +2H,0+H* —2HS0] +H,0, 3)
Strong acid
S2082 +2H,0+ HY - HSO] + HSO; @
Alkaline
S.02~ +0H™ +H* > HSO], +502‘ 1o )
2“8 272

The oxidative strength of persulfate may be increased with the addition of heat or ferrous

salts (although copper, silver or manganese can be used). The increase in strength is
believed to result from the formation of sulfate radicals (SO4 ), which are oxidation

potency comparable to the hydroxyl radical. The half life of the sulfate radical is

believed to be approximately 4 seconds at 40°C.

Persulfate is activated at high pH, where it is capable of degrading chlorinated
compounds and has been used in acid conditions to remove VOC’s from groundwater.
The system does not have the capability of degrading chlorinated solvents in acid
conditions. The catalytic effect of metals in the persulfate system decreases over time and

the distance from the injection point, limiting the application of this oxidizer.



Catalyzed Hydrogen Peroxide

In 1894, H.J. Fenton reported that ferrous ion promoted the oxidation of malic acid by
hydrogen peroxide. This discovery jumpstarted the study of the chemical system that now
bears his name, Fenton’s Reagent. It was not until 1934 that Haber and Weiss proposed
that the addition of the ferrous ion catalyzes the decomposition of hydrogen peroxide,
producing a highly oxidative radical species known as the hydroxyl radical 22 The
catalytic reaction and the subsequent reactions that occur in the presence of an oxidizable

23,24
substrate are shown below

H,0, + Fe?t 5 Fe3 T+~ OH +-0OH ©)
\OH +Fe?* 5>0H™ +F3+ )
-0H+RH—>H20+R- )
R- +Fe3 t Fe2 * +'Products' )
2R-— RR (10)
R+Fe2t +HY S RH+Fe3t a1
-OH + H202 —>H20+ -OOH (12)
2-0H—)H202 (13)
H,0, +Fe3t S Fe2t v HY +.00H (14)

Fenton’s Reagent is defined as a dilute hydrogen peroxide solution catalyzed by ferrous

iron. A dilute hydrogen peroxide solution is considered to be less than 300 ppm (0.03%)



of the oxidizer. In in-situ applications, these dilute conditions may not be achieved and
higher concentrations (4-20%) of peroxide are typically used. Adding to this discrepancy,
the ferric ion produced during the reaction may precipitate out of solution at pH values
greater than 5, which prompted the addition of chelating agents into the system to
maintain iron solubility. Watts et al. have proposed the use of the term Catalyzed
Hydrogen Peroxide Propagations (CHP) as a collective title for the new Fenton hybrid

25, 26

systems . The contaminant removal efficiency using these CHPs is varied and

dependent on the chemical properties of the contaminant, the matrix and the CHP
formulation used. The use of the original Fenton’s composition is commonly referred to

as Classical Fenton’s Reagent.

Hydroxyl radicals are highly reactive, nonspecific oxidizing agents27. Walling et al?®

studied the reaction of the hydroxyl radical with several substituted benzene compounds
and found that reactions would either cause hydroxylation of the aromatic ring forming
phenolic compounds, leading to ring cleavage, or cause a dimerization of the molecule
forming a biphenyl group. The hydroxylation of the aromatics was found to have a first-

order dependence on the concentration of the compound and that ring deactivating groups
such as bromide and chloride have a positive effect on the hydroxylation 2 Casero et
al®® found that the ratio of ferrous to ferric ions (or excess hydrogen peroxide) affected

the intermediates and end products formed during the oxidation of aromatic amines. If

the iron species is predominantly in its ferric state the formation of dimers was favored,

while the predominance of ferrous ion led to ring cleavage byproducts.

10



Not all hydroxyl radicals formed by CHPs may be free in solution, some are caged or
become complexed before they interact with the target molecule 3 Walling found that

high concentrations of hydroxyl radical scavengers did not completely prevent the
oxidation of mandelic acid (a-hydroxy benzeneacetic acid), and therefore concluded that
some of the hydroxyl radicals were not entering the bulk phase of the solution, but still

reacting with the target compound.

Hydrogen peroxide decomposition may be catalyzed by polyvalent metal ions other than

the ferrous ion to create hydroxyl radical formation. Copper (Cu’*), titanium (Ti**), and

manganese (Mn**, Mn*") all produce Fenton-like chemistry when used as catalyzers 23,24,

28,31,32 33

. Fenton systems may also be catalyzed by other iron species, such as ferric ion ~,

33-35 24, 36

mineral iron and chelated iron . The studies performed by Watts 3 and by

Pignatello 37 utilize the ferric ion as the main catalyzer in CHP reactions. Ferric ion
creates reactions that differ from the classical system by the formation of a greater
amount of perhydroxyl ions (HO,-or -OOH). The ferric ion catalyzed system reactions

are described by Walling, 1974, as:

H202+Fe3+—>Fe2++H++-OOH (15)

H,0, + Fe?t - Fe3 t+~OH +-OH (16)

This ferric ion catalyzed system was found to be dependent on the stability of the

24, 29

carbonium ions formed during oxidation of an organic compound . Pignatello also

points oyt that due to the rapid oxidation of the ferrous ion to ferric ion (95% oxidation in

11



2.8 minutes in a 2:/1 mM ferrous : hydrogen peroxide ion solution) most of the actual

studies performed on the degradation of organics may have been actually ferric ion
catalyzed and not ferrous ion catalyzed 37 This same study found that the ferric system

resulted in the mineralization of 2,4 dichlorphenoxyacetic acid (2,4-D) while with the

ferrous ion system, 2,4-D reacted more rapidly, but mineralization was not achieved.

Mineral iron catalyzed reactions utilize the natural iron species found in soils as a

35 o . 33-35, 38
catalyzer ~~. Goethite is one of the most common minerals used as catalysts .
These minerals usually contain a mixture of both ferric and ferrous ions and thus the

reactions that occur are a combination of ferric/ferrous systems. For insoluble minerals

Kwan et al. > proposed Fenton’s Reagent initiation reactions that occur on the mineral

surface:
—Ft+H 0. o=FStH.O a7
2% 2%
—FStYH 0. >HO. + HY+=Fe? ™ (18)
2“2 2
=Fel*t 4 H,0, —-OH + OH ™ += Fe3t (19)

Since the reaction is dependent on the extent of contact between the surface and hydrogen
peroxide, and the binding of hydrogen peroxide to iron atoms on the surface; it is

reasonable to assume that these reactions will be slower than those that contain soluble

iron.

12



Fenton chemistry has been found to be pH dependent, being most effective at pH 2-3 3.

39; with its oxidizing efficiency decreasing as the pH increases. For this reason, chelated

24, 36, 40, 41

iron species such as ferrous/ferric-EDTA are sometimes used to create Fenton-

like reactions at higher pH. The chelated species are expected to prevent the precipitation
of the iron from the solution, and thus avoid the pH adjustment that would be necessary

for the reaction to take place effectively.

No published study has looked at byproduct or intermediate product formation from

Fenton’s Reagent systems catalyzed by mineral iron. Some studies lacked effort in
determining byproducts; Chen et al. 2 stated no byproducts were found in GC analysis

from the oxidation of n-hexadecane, 2-methylnaphthalene, and Diesel Fuel after 24 hour
oxidation; but only looked at low mass products in the GC. The extraction of these
byproducts was performed with a Sohxlet method, which uses hexane as the extracting
solvent. Hexane would only extract non-polar compounds and if hydroxylation is the
principle means of attack for hydroxyl radicals, then polar compounds would be expected

to a major fraction of the products formed.

A study performed by Bowers et al.** ** on the oxidation 2,4-diclorophenol and dinitro-

ortho-cresol with Fenton’s Reagent concluded that not all the hydrogen peroxide was
used to convert the organic matter into carbon dioxide, but that the parent compounds

were altered leaving byproducts in the solution.

13



Conclusion

Polycyclic aromatic hydrocarbons are widespread environmental contaminants. Their
carcinogenic potential has made them priority pollutants in the U.S. and therefore
contaminated areas must be treated in order to minimize potential health risks. In situ
chemical oxidation (ISCO) is one of the most common techniques used for treatment of
PAH contaminated sites. Of the four ISCO chemicals used, Fenton’s reagent is the most
common because of its availability, cost, and versatility. Recent work has shown that
PAH remediation with ozone produces byproducts that are in some instances more
soluble and hazardous than the parent compound. The following work has looked at the
potential problems that arise from the use of Fenton’s Reagent as remediation tool and
the potential byproducts that area formed from the chemical oxidation of PAHs by this

technique.
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Chapter 2.
Hydrogen Peroxide Decomposition

Introduction

Fenton’s Reagent is a complex set of reactions in which a dilute solution of hydrogen
peroxide is catalyzed by polyvalent metals, usually iron, to form hydroxyl radicals. The
catalyst is recycled back its original state through a series of complex reactions. Fenton’s
Reagent has seen a large increase in demand as an in situ remediation technique but with
modifications to the catalyzer and oxidant used. The modified Fenton Reagent systems
are becoming known as Catalyzed Hydrogen Peroxide Propagations (CHP). CHP systems
utilize higher hydrogen peroxide concentrations than those used in traditional Fenton’s
reactions; this increase in concentration is usually done as a means of compensating for
the nonselective nature of hydroxyl radicals and the amount of oxidizable material

present in project sites. The typical reactions in a Fenton Reagent system are:

Fe?t 4 H,0, Ft yOH™ +OH k=16 M's" 1)
Fet 4 H,0, - F* +HT +HO,-  k=002M's’ @)
H,0, +-OH > H,0+HO, - ks=27x10'M's" (3)
Fe?* + OH > Fe3t +OH™ ke=43x108M'sT (@)
Ft +H02-—>Fe2++02+H+ ks=10x 10°M's? (5)

Fe?t + HO, +HT S5 FSt +H)0, k12 x10°M'sT  (6)
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HO .—>-02'+H+ k=8x10°M'sT ()

2
F3t+ 05 - Fe?t 4 0, kg=15x 108 M's? (8)
Fe2t 4+ 05 + 2HY S FST 4 H,0, ko= 10x10'M'sT (9)

Hydrogen peroxide decomposes to oxygen over time; this process is accelerated by the
presence of soluble iron and other polyvalent metals, as well as by certain minerals that
may be present in the soil. The kinetic rate constant for hydrogen peroxide decomposition
to oxygen is rarely found in the literature, nor is the equation ever incorporated in the

Fenton’s Reagent system.

1
H202 —)H20+§02 kjo="? (10)

Studies of Fenton’s Reagent reactions avoid the issue of hydrogen peroxide
decomposition by using low end concentrations of both hydrogen peroxide and soluble
iron (1uM-1mM), where oxygen evolution is minimal. In field applications much greater
peroxide concentrations are commonly used. Typically solutions of 4%-15% hydrogen
peroxide injected into the soil or surface water”. Oxygen production in these systems
would be significant wherever soluble iron species exceeds mM concentrations or where
mineral iron is found, and thus the limiting reactant in CHPs, hydrogen peroxide, would
decrease at a faster rate than expected, resulting in a decrease in the removal efficiency of

the system.
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Another factor that affects the remediation process is that hydrogen peroxide
decomposition is an exothermic reaction releasing 98 kJ/mole of energy; this energy is
transformed to heat, which then increases the temperature of the solution accelerating all

reactions in the system including kinetic, sorptive and decomposition reactions.

Decomposition of hydrogen peroxide from reaction with mineral Iron:

Goethite

Hydrogen peroxide decomposition on mineral surfaces is easily seen due to the formation

of oxygen bubbles on the surface and the diffusion of these throughout the liquid phase.

This decomposition rate was found to be zero order by Watts45, which is the expected

reaction order for surface catalyzed reactions. Lin and Gurol* found a relationship for
hydrogen peroxide decomposition on goethite to follow the empirical equation:

kq= ko(FEOOH)" (11)

FeOOH is the concentration of Goethite (g/L)

k, has an empirical value of 0.037, dimensionless.
kg is the decomposition rate constant in 1/(Ls/mole)
In a subsequent paper Lin and Gurol*’ give a value for a hydrogen peroxide

decomposition rate, kq, on goethite that does not match the value the authors would get

from equation 11. The reason for this discrepancy may be due to the equation being

incomplete. Using the goethite concentration in g/L would not work because the surface
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area (SA) and number of available kinetic sites (S) would differ on samples of goethite
not obtained from the same manufacturing process, where the size and shape of the
particles will vary from batch to batch. The equation found is unique to the goethite used
for that particular experiment. For that reason, the goethite concentration (g/L) should be

substituted for the effective surface area of the goethite (m% g) in the sample.

Method and Materials

Chemicals: All chemicals used were A.C.S reagent grade unless stated otherwise.
Ferrous perchlorate, ferric perchlorate, Ethyldiamnie acetic acid disodium salt (EDTA),
salicylic acid, potassium iodide, bypyridine, goethite (a-FeOOH, 30-50 mesh), and
perchloric acid were obtained from Sigma-Aldrich (St. Louis, Mo). Stabilized hydrogen

peroxide 30% solution was obtained from Fisher Scientific (Hampton, NH).

The hydrogen peroxide concentrations greater than 1uM were determined by iodometric
titration with sodium thiosulfate*®. Concentrations of hydrogen peroxide less than 1 pM
were titrated by peroxidase catalyzed oxidation of N,N-diethyl-p-phenylenediamine
(DPD) as described by Bader et al.*’ and modified by Voelker and Sulzberger50 to

minimize interference by ferrous and ferric ions.

Preliminary Experiments

Experiments were designed to determine the decomposition rate of hydrogen peroxide to

oxygen in CHP systems and how the rate of decomposition varies with the concentration

3

of catalyzer, Fe2+, Fe’', and/or goethite. The tests were performed by measuring water
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displacement on an inverted graduated cylinder. Borosilicate vials (40 mL) were
completely filled with the desired catalyzer solution and capped with a Teflon liner to
which the desired amount of hydrogen peroxide was injected through the liner. The liner
was cut and fit with a Teflon tube with a gas sparger at the other end. The sparger was
placed inside an inverted graduated cylinder filled with water held inverted inside a tub of
water (Torricelli Experiment). As oxygen was produced in the 40 mL vial it flowed
through the tube and into the graduated cylinder the gas then displaced water and a

volume reading was recorded form the cylinder.

The volume of water displaced was then used to back calculate the hydrogen peroxide
concentration using the ideal gas law to determine the moles of oxygen produced from
the volume reading, and the rate of oxygen production versus hydrogen decomposition of
2 to one to determine the hydrogen peroxide concentration.
B dH 202 _1 a’O2
dt 2 dt

(12)

Gravimetric Tests: Oxygen Evolution

Experiments were conducted to measure the change in mass that occurred in the reactive
samples over time using an analytical scale. CHP reactions were carried out in 40 mL
borosilicate vials containing 25 mL of an aqueous catalyzer solution. Before initiating the
reaction the weight of the vials was recorded. To start the reaction a previously weighed
and titrated hydrogen peroxide solution was added to the catalyzer mixture and allowed
to react for 2 minutes before the first measurement was taken. The 2 minute time frame

was given to allow the aqueous solution to become saturated with the oxygen produced,

24



thus creating steady state conditions for mass loss in the system. For this data to be of
significance we have to assume that the only mass leaving the system would be that of
the oxygen produced during the reaction. The mass difference over time was used to
calculate the moles of oxygen produced by:

Moles of Oxygen = AMass (13)

32 g 02 / mole

Because the decomposition of hydrogen peroxide to oxygen is an exothermic reaction the
temperature of the reaction was monitored and recorded throughout the experiments with

the use of temperature probe attached to a Jenway 4330 pH/Conductivity meter.

The pH of the solution was also monitored during reactions, but no buffer was added.
The pH of the samples was adjusted using 0.1 M perchlorate acid or 0.1M sodium

hydroxide solutions.

The experiments were carried out for a wide range of catalyzer and oxidant

concentrations (10” to 1M), for the three catalyzer systems used: ferric ion, ferrous ion
and Goethite. Goethite experiments were carried out at pH 7, were Watts et al®

determined was the pH with the greatest oxygen production.

Effect of a chelating agent on Oxygen Evolution

CHP reactions often use the addition of a complexing agent to solubilize the ferrous or
ferric ion at pH values greater than 3. For this reason, EDTA was added as desired and

the effect this complexing agent had on oxygen evolution was recorded. EDTA (0.1 M)
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was added to the reaction vials containing the soluble iron species and allowed to interact

with the iron for 20 minutes before the start of the experiments.

Effect of aquifer Material on Hydrogen Peroxide Decomposition

To determine the effect that aquifer material might have on the production of oxygen
during CHP reactions, the experiments were also carried out as soil slurries using 20 g of
Ottawa sand. Experiments were conducted with the soil either partially or fully saturated
with water/catalyst solution. Results from all experiments are averages of at least

triplicates.

Results

Preliminary tests using water displacement as an oxygen production measure show that
the rate of decomposition of hydrogen peroxide may be 1st order for CHPs using soluble
ferric ion as seen in

Figure 2-1 and Figure 2-2. Water displacement experiments were replaced with

gravimetric tests to improve on precision and accuracy.

The displacement of water by oxygen showed a region during the reaction phase in which

the oxygen production followed a linear trend. This time frame was then selected for

further experiments with soluble iron catalyst.
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Figure 2-1: Volume of Oxygen produced during a CHP with high end hydrogen peroxide
concentration (0.5M) catalyzed by ferric ion (0.01M). Volume of air was measured by
water displacement on an inverted cylinder.
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Figure 2-2: Hydrogen peroxide concentration over time, back calculated from the
volume of oxygen collected in the inverted cylinder shown in Figure 1. The figure also
shows the linear relationship between log concentration and time for the reaction

The change in mass in the reaction vials was measured for several hydrogen peroxide and
soluble iron concentrations as seen in Figure 2-3. The data was corrected for evaporation
by weighing blanks; 40 ml borosilicate vials containing water, catalyzer solution; and
diluted hydrogen peroxide were used as evaporation blanks. The change in mass that
occurred in these vials, if any, over the experimental time frame was subtracted from the

change in mass of the reactions.
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——H202 [0.62) Ferric [0.06] = H202 [0.62] Ferric [0.34]  —+ H202 [0.11] Ferric [0.06]
« H202[0.11] Ferric [0.34]  —= H202 [0.11] Ferrous [0.06] —e—H202 [0.62] Ferrous [0.06]
——H202 [0.11] Ferrous [0.34)

Figure 2-3: Moles of oxygen produced during reactions catalyzed with ferrous and ferric
soluble iron for varying hydrogen peroxide concentrations. The graph shows that oxygen
production is independent of catalyzer concentration.

The oxygen production curves were generated from the data collected from soluble iron

gravimetric tests. The best fit for the curves and the coefficients found from these fits are

found in Table 2-1. The best fit for the curves was found using equation 14.

Moles O, produced(t) = a-Ptic.edt (14)

The coefficients from Table 2-1 were then graphed versus the initial hydrogen peroxide
concentration to try and establish a correlation between the concentrations of oxidant and

catalyzer used, as shown in Figure 2-4.
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Figure 2-4: Relation between regression coefficients and the initial hydrogen peroxide
concentration for oxygen production for soluble iron catalyzed reactions

The temperature of the solution during the reaction period was also monitored and a plot
of normalized temperature over the experimental time for ferric catalyzed systems can be
seen in Figure 2-5. Only three of the trials are shown for clarity. A comparison for the

temperature profiles between ferrous and ferric catalyzed reactions is seen in Figure 2-6.
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Figure 2-5: Temperature of the solution was measured during reactions. Here the
temperature data is normalized by initial temperature for initial hydrogen peroxide
concentrations of 0.11, 0.34 and 0.73 M. The ferric ion concentration used in all

experiments was 0.3 M at a pH ranging between 2-3.
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Figure 2-6: Comparison between solution temperature for ferrous and ferric catalyzed
systems, normalized by the initial temperature at 2-3 pH range.

As with the oxygen production, the normalized temperature curves were fit through
regression analysis, and the values for the best fit equation are shown in Table 2-2. The

best fit was found using the equation:

—=aqg-e " +c-e“’ 15)
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The coefficients from Table 2-2 were then graphed versus the initial hydrogen peroxide

concentration to determine if there was any correlation between them, as shown in Figure

2-7.
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1.500 - ' : ' '
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Figure 2-7: Relation between regression coefficients and the initial hydrogen peroxide
concentration for normalized temperature for soluble iron catalyzed reactions.

The results for the experiments with Ottawa sand slurries and EDTA experiments are

shown together in Figure 2-8
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Figure 2-8: Comparison of Oxygen production between reactions with and without
Ottawa sand and with and without EDTA.

Goethite
Results from the gravimetric experiments for hydrogen peroxide catalyzed by goethite
can be found in Figure 2-8. Fits for the regression analysis on data can be found in Table

2-3 for an exponential regression using equation 14, Table 2-4 shows the coefficients for

the same data fit through linear regression.

Moles of 02 Produced =a-x+b (16)
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Discussion

Soluble Iron

Water displacement experiments show, as seen in

Figure 2-1 and Figure 2-2, that hydrogen peroxide decomposition in the presence of
soluble iron may be first order. Since the decomposition of hydrogen peroxide is
exothermic, the temperature of the solution increases as hydrogen peroxide decomposes,
thus the rate of decomposition is accelerated. Because of this issue, the water
displacement experiment was replaced with a gravimetric test that did not depend on

temperature and the precision of the measurements could be improved.

As seen in Figure 2-3 the gravimetric data collected show that hydrogen peroxide
decomposition with soluble iron is independent of the catalyzer concentration and the
oxidation state of the soluble iron. Results from reactions containing 0.06 M and 0.34 M
ferric ion concentration and 0.11 M hydrogen peroxide concentration show no significant
difference within 95% confidence for the rate of oxygen production. Figure 2-3 also
shows that hydrogen peroxide concentration appears to control the rate of oxygen
production, and that higher hydrogen peroxide concentrations produce oxygen at a higher
rate for the same catalyzer concentration. It can be seen in this figure that the moles of
oxygen produced by an initial hydrogen peroxide concentration of 0.62 M is significantly
higher than those produced from an initial hydrogen peroxide 0.11 M concentration for
either ferric ion concentrations of 0.06 or 0.34 M. This finding is also consistent with a

first order rate expression with respect to hydrogen peroxide decomposition.
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Oxygen production from ferrous ion catalyzed systems was not significantly different
from ferric ion catalyzed systems for the same catalyzer and hydrogen peroxide
concentrations. The reason for this is that the Fenton system initiation reaction, equation
1, is faster than the decomposition reaction; thus most, if not all, of the ferrous ions react
with hydrogen peroxide to form ferric ion and hydroxyl radicals, before the hydrogen
peroxide decomposes. This leads to reactions being catalyzed mostly by ferric ion, even

if, initially, iron ions were in the ferrous state.

The data obtained from oxygen production with both ferrous and ferric ions, was fitted
with a regression line to better understand the process. The best fit curve for the data is a
double exponential expression shown in equation 13. The coefficients from this fit were
then graphed versus the initial hydrogen peroxide and iron concentrations to determine if
any correlation between them existed. No correlation was found between iron
concentration and any of the coefficients, but there appeared to be a strong correlation
between hydrogen peroxide concentration and the coefficients, seen in Figure 2-4, this
finding is consistent with what has been described in the previous paragraph about Figure
2-3. The value of coefficient “a” for this system increases as hydrogen peroxide
concentration in what appears to be a linear trend. Inversely coefficient “b” decreases

linearly as hydrogen peroxide concentration is increased.

These results appear to indicate that the first term of the equation and coefficient “a” are

related to the decomposition of hydrogen peroxide into oxygen as it reacts with the

catalyzer; while the second term of the equation may be dependent on either the release
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of oxygen from solution; or the reaction of hydrogen peroxide with the ration of iron

catalyzer that is cycling back to its initial state.

Temperature

The reason why the best fit for the oxygen production is an exponential equation may be
because of the increase in solution temperature that results as hydrogen peroxide
decomposes. The temperature of the solutions was monitored throughout the
experiments, in order to correct the rate constant obtained from oxygen production for
hydrogen peroxide decomposition. Figure 2-5 shows the normalized temperature profiles
between three different initial hydrogen peroxide concentrations catalyzed with 0.3 M
ferric ion. As expe;:ted the higher hydrogen peroxide concentration produces the highest
temperature increase in the solution. The normalized temperature profiles show that the
maximum reaction temperature is reached early in the reaction period, before 5 minutes,
after which the solution is slowly cooled down by the release of oxygen, which absorbs
energy; and convection processes, due to the difference between ambient temperature and

solution temperature.

Normalized temperature profiles for the reactions between ferrous and ferric catalyzed
systems appear to differ only in their initial increase in temperature. Ferrous catalyzed
reactions reach maximum temperature earlier than ferric catalyzed systems, shown in
Figure 2-6. This difference in temperature increase causes ferrous reactions to be more
violent than ferric catalyzed reactions, making ferrous catalyzed systems more dangerous

to work with. This rate of temperature increase also leads to an increase in the initial rate
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of hydrogen peroxide decomposition and sometimes forces the reactions to become
diffusion limited when certain concentrations of hydrogen peroxide and the catalyzer are
mixed. The solutions become diffusion limited when the reactions occur faster than the
hydrogen peroxide can mix in the solution. By testing certain hydrogen peroxide and
ferrous catalyzer ratios, it was found that concentrations higher than 0.5M ferrous ion in
solution combined with concentrations 8% or higher of hydrogen peroxide produce

diffusion limited reactions.

Ferrous and ferric catalyzed systems only differ, in terms of hydrogen peroxide
decomposition, by the steepness of the temperature elevation at the start of the
experiment. This could mean that hydrogen peroxide is preferentially decomposed when
the ferrous ion is present, explaining why the ferric ion reactions were observed to be less
violent than those catalyzed by ferrous ion. Ferric catalyzed systems require that the
reaction shown in equation 2 occur before hydrogen peroxide decomposes or catalyzes to
hydroxyl radical. The decomposition of hydrogen peroxide may only be occurring when
the iron cycling process produces ferrous ion in the solution. Since the ending point for
reactions in both systems appears to be the same, this point may be irrelevant when

comparing oxygen production.

The temperature profiles from the reactions were fit with a regression analysis like those
performed for oxygen production. The best fit for this regression was found with equation
14. This appears to indicate that the oxygen production and the temperature of the
solution are directly related. As before, the coefficients from this regression analysis were

graphed versus catalyzer and initial hydrogen peroxide concentration, and found that the
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latter appears to have strong correlation to the coefficients presented in Table 2-4. This is
expected as well because the cause for temperature increase is the decomposition of

hydrogen peroxide.

Ottawa Sand Slurries

Soluble iron

Ottawa sand was saturated with water by adding 4.5 mL of water/catalyzer solution to 20
gm of sand. Under completely saturated conditions reactions in Ottawa sand reactions
with soluble iron catalysts were found not to be significantly different from that observed
in solutions without Ottawa sand, as shown in Figure 2-8. This means that under these
conditions the sand did not interfere or interact with the CHP reactions and did not affect
oxygen production. Results from reactions with unsaturated Ottawa sand could not be
reproduced, because of oxygen was not released freely into the atmosphere during
reaction. Throughout the experiments with unsaturated sand, air bubbles were seen
forming inside the sand matrix, and it appeared that the sand particles prevented the

release of the oxygen being produced.

EDTA experiments

Oxygen production in CHP reactions decreased with the addition of EDTA, and
continued to decrease as the EDTA concentration increased. At EDTA concentrations
less than 2.5 mM, no significant effect on oxygen production was observed when
compared to reactions conducted in the absence of EDTA, as seen in Figure 2-8. When

the concentration of EDTA reached 2.5 mM, oxygen production decreased. The oxygen
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production continued to decrease as more EDTA was added, with oxygen production
becoming negligible when the EDTA concentration reached 25 mM. Figure 2-8 shows
the oxygen production for a solution containing 12.5 mM of EDTA. The oxygen
production rate found may be only due to uncomplexed iron reacting with the hydrogen
peroxide. Further experiments and modeling iron speciation under these conditions may
shed more light on this phenomenon. Pignatello and Baehr *° have shown that hydroxyl
radicals are generated during Fenton reactions catalyzed by ferric-complexes. Ferr