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Abstract: This review highlights the various chemical oxidants used for chemical oxidation remediation of
ground water contaminated with all manner of petroleum hydrocarbon products. The oxidants include:
hydrogen peroxide/Fenton’s reagent, sodium per sulphate, permanganates, potassium ferrioxalate,
Regenoy ™and Zero valent iron. Application of this oxidants as well as their advantages and disadvantages are
discussed.
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I.  Introduction

According to Valen- tinetti, (1989), hydrocarbon contamination from petroleum products leaks and
spills is the most common ground water pollution problems. It is estimated that there are over two million fuel
storage tanks in the United States and any tank can potentially be a pollutant source. Surveys of existing tank
facilities show approximately 30% are leaking (Taylor, 1989). Leaks in underground storage tanks and
underground fuel transfer lines are not easy to detect and locate as they are often so small that inventory studies
are ineffective in locating the source of pollutant. The rate of dissipation or natural degradation of fuel
contamination is extremely slow in many cases and even a small fuel leak can produce serious contamination
that is extremely costly to remediate.

Spilled petroleum products often form non-aqueous phase liquid (NAPL) which constitutes
environmental contaminant sources having high concentrations of benzene, toluene, ethylbenzene, and xylene
(BTEX) isomers and these are the major petroleum hydrocarbon contaminants (Jochen et al., (2002) and Julien
et al., (2011). BTEX constituents are volatile and easily dissolve in water; they make up half of the total number
of water soluble fractions of gasoline, (Pawlowski et al., 1998). Benzene’s low water solubility of 1.8 g/l at 25
°C, low Henry’s constant of 0.23 mg/l at 25 °C, mobility in soil octanol-water position coefficient of 0.24 and
volatility make the creation of ground water treatment scheme quite challenging (ITRC, 2005). It is worthy to
note that benzene is also stubborn under anoxic conditions and potentially carcinogenic (USEPA, 1993). The
tendency for contaminated soil water to leach into the ground water is largely controlled by forces operating
from either the ground surface (infiltration, evaporation) or from the bottom layers of the zone of generation
which eventually leads to the development of soil water potential gradient, first in the vertical direction (NRC,
1993). Groundwater contamination from petroleum hydrocarbon has indeed become a major environmental
concern because of its wide usage and many contamination incidences. In the United States of America alone, it
is reported that there are up to 400,000 contaminated groundwater sites. (Thiruvenkatachari et al., 2008).
Currently, both ex-situ and insitu remediation technologies are being improved to solve this environmental
problem, (Gavrilescu, 2005). Reports also have it that in recent times, chemical oxidation technologies are
becoming more popular, (Hoekstra et al.,and 2011)); however, it is difficult to select an optimal method and
processes at low overall costs (Liquang et al., 2001). Though many techniques have been used to develop
support tools for site remediation decision-making, it should be known that carrying out more studies on this
subject will help to create management systems for petroleum contaminated sites in which desired remediation
methods will be the lowest cost and time efficient as well as guarantee safety of the environment and public
health. Many remedial methods are available but chemical oxidation has been rated high and proven for the
remediation of groundwater contaminated with petroleum products (Julien et al., 2011; Thompson et al., 2008).
The Greater number of scientific researchers are currently shifting attention to chemical oxidation because it is a
preferred remedial alternative to other remediation techniques for hydrocarbon contaminated ground water due
to observed limitations of conventional ground water clean-up technologies (Liang et al., 2011).

According to Mulligan et al., (2000), this kind of information is indispensable for decision makers and
all stakeholders in the selection of appropriate technology for the treatment of hydrocarbon contaminated
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groundwater resources. It will also provide among other things, a general overview of chemical oxidation
technology by examining various oxidants and their reaction chemistry.

Il. Chemical Oxidants
2.1. Hydrogen peroxide and Fenton's reagent

Hydrogen peroxide, when used alone in the oxidation of organic compounds has an oxidizing power
relative to chlorine of 1.31 (Lowe, 2001). When combined with iron (Il) salts, Fenton-like reactions occur
yielding hydroxyl radicals (OH) with a relative oxidation power of 2.06 in the soil, Iron (I1) occurs naturally in
the form of iron oxides or can be added to the hydrogen peroxide as iron sulfate. The reaction is as follows:
H,0, + Fe?* Fe3" + OH™ + OH (Lowe, 2001; ITRC, 2001). There also occurs a number of subsequent reactions
that can lead to the production of perhydroxyl radical (HO,) as well as the scavenging of OH. Both hydrogen
peroxide and the free radicals will oxidize contaminants of concern, however, their reaction rates vary.
Hydrogen peroxide alone and Fenton’s reagent react with the longer chain carbon sources before oxidizing the
lighter hydrocarbons while Fenton’s reagent reacts faster and is much more efficient due to the genesis of free
hydroxyl radicals (Cheryl and Gopal, 2015). The hydroxyl radical rapidly reacts non-selectively by attacking
and attaching the carbon-hydrogen bonds of contaminant organic compounds. This method has been used to
treat many organics such as chlorinated and non-chlorinated solvents, PAHSs, esters, pesticides, VOCs, SVOCs,
BTEXSs, phenols and others (ITRC, 2001; Herbert, et al., 1999). Intermediate compounds formed as a result of
the reaction with the hydroxyl radical can then be subsequently oxidized to carbon dioxide and water in the
presence of excess oxidant (Herbertet al., 1999). Oxidation reactions with hydrogen peroxide/Fenton’s reagent
are affected amongst others by pH, reaction time, temperature, catalysts and concentration (Fiberesima, 2012).
Efficacy of reaction is greatest in conditions of low PH and is minimized in moderate to high alkaline
environments where the ferrous ion (Fe?*) occurs as a colloidal solid that can reduce the permeability of
subsurface media and thereby lower the reaction efficiency (Yin, and Herbert, 1999).

In an attempt to obtain the optimal pH range required, an acidic solution might be required, which
could have a potentially detrimental effect on the surrounding ecosystem. However, it is not always feasible to
decrease the pH without excess acid addition due to buffering action of the soil (Xu, 2003). The impact of
hydrogen peroxide application on biological activity can go either way. It is be possible that Fenton’s reagent
can adversely affect the microbial populations, eliminating the feasibility of using bioremediation as a
companion remediation technique or breakdown of hydrogen peroxide to oxygen and can stimulate the aerobic
biological activity (Amarante and David, 2002). Another factor in the use of this technology is the
exothermicity of the Fenton’s reaction which results in the evolution of substantial quantity of heat and gas. As
hydrogen peroxide readily decomposes to water vapor and oxygen, special care is required during the delivery
process. The success of treatment is further affected by the presence of competing reactions by free radical
(hydroxyl) scavengers such as carbonates, bicarbonates and organic matter ommonly present in the subsurface.
(Cheryl and Gopal, 2015). Advantages of employing this form of oxidant in the treatment of contaminated soil
and/or groundwater include:

1) Low chemical cost; 2) relatively rapid reaction process; 3) application over a wide range of volatile
and semi-volatile organics. Since hydrogen peroxide has been variously applied in the field, there is a range of
reliable information available that can be utilized in designing the appropriate remediation plan (Amarante and
David, 2002).

Considerations for the use of hydrogen peroxide-based solutions, include: (Fiberesima, 2012):

» The dissolved oxygen concentration of ground water which enhances biodegradation is normally due to the
reaction of hydrogen peroxide and Fenton's reaction.

« The precipitation of Fe** in soil may reduce the effective porosity.

e Within the treatment zone, low pH can cause metals to be mobilized.

+ If the reaction of strong peroxide solutions (>10%) which exothermic is controlled, this heat can be used to
enhance the desorption and dissolution of sorbed LNAPL.

» There is potential gas generation and volatilization of contaminants of concern (COC).

+ Strong demand is made on hydroxyl radicals and acids by carbonate ions (high alkalinity).

* The natural organic matter (NOM) existing in ground water along with the COCs will readily be oxidized by
the oxidants since chemical oxidation is a non-selective process, thereby reducing the ratio of the volume of the
COCs oxidized per volume of oxidants.

2.2.  Sodium persulfate

The potential liberation of ammonia gas during injection of ammonia persulfate and potassium persulfate low
solubility in water is the main reason for the use of sodium persulfate. The chemical oxidation process consists
of the dissociation of persulfate salts to persulfate anions (S,0s”) which are strong oxidants. As oxidants,
persulfate ion is more powerful than hydrogen peroxide, although the hydroxyl radicals generated during

DOI: 10.9790/2402-1205017681 www.iosrjournals.org 77 | Page



Advances On Chemical Oxidants For Remediation Of Ground Water Contaminated....

hydrogen peroxide are kinetically faster in destroying COCs. The persulfate anion reaction with NOM is much
lower and Kinetically slower in the oxidation than the hydroxyl radical. The oxidative strength free radicals
(SO,%) is increased by the addition of heat or, as in Fenton’s system, a ferrous salt or chelated ferric iron. From
this medication, the resulting solution is called activated sodium persulfate. E.g. decomposition of hydrogen
peroxide can provide heat for activation of:

250, + 20H 525047 + Operrvoereeeeeeeerveeeeeeeesseseiesseenns (2.1)

H,S; + $,08° + 2H" —250,% + 2H0. oo (2.2)

The sulphate radical is kinetically faster than the persulfate anion. The use of sodium persulfate has some design
considerations which include (Hoeskra, et’ al, 2011):

» Persulfate reaction with COCs is kinetically slower than with hydroxyl radical which results into the possible
further distribution of the oxidant before degradation.

» Soft metals (e.g. copper or brass) can be degraded by persulfate.

» Chelated iron when used may increase the longevity of iron in groundwater.

»  Within the treatment zone, low pH can cause metals to be mobilized.

*  The increase of NOM reduces the ratio of the volume of COCs oxidized per volume of oxidant as this is
common with all chemical oxidation applications.

Sodium per sulphate (Na,S,0g) is the most common persulfate salt used in chemical oxidation applications
(Hoekstra, et al., 2011).

2.3. Permanganates

Permanganates are oxidants that have over the years been used for the treatment of drinking water and
wastewater. Permanganate ion has a relative oxidizing power of 1.24 (Manzardo, et al.,) it comes either as
NaMnO, or KMnQO,4 Permanganates in reaction with organic compounds produce manganese dioxide (MnO,) as
well as CO, and intermediate organic compounds (Yin, et al.). R+ Mn O, MnO, + CO, or R, + others where,
R = organic contaminant of concern Rox = oxidized intermediate compound.

Organics which have carbon-carbon double bonds; aldehyde groups or hydroxyl groups find
permanganate ion, especially useful oxidant. Many processes such as cleaving, hydroxylation hydrolysis, and
others lead to the production of intermediates and eventually to carbon dioxide and water (Chapagain, et al.,
2006). Manganese dioxide (MnO,) occurs naturally in soil and so, that produced during the reaction does not
pose environmental concerns, though there is some concern about the precipitation of MnO, leading to a
decrease in permeability. Manganese is known to exist in multiple valences, occur simultaneously and hence its
reactions tend to be effective over a wide pH range. Reaction with contaminants of concern can occur either by
direct electron exchange or free radical advanced oxidation reactions: (Hoekstra, et al., (2011).

The potential release of 4MnO4+ 4H*—30, (g) + 2H,0+MnO,(s)(slightly acidic)......... (2.3)

2MnO, + 3Mn*? + 2H,0 — 5MnO?(s) + 4H" (condition is acidic)..........c..cc..ccoeomrneene. (2.4)
MnO,+ 8H™ 56~ — Mn™? + 2H0 (07 Z3.5) ..o (2.5)
MnO; + 2H,0 + 3¢™ — MnOy(s) + 40H™ (3.5 < p"< 12).cvececiceieeveceeeeevee e (2.6) Contaminants that

have been oxidized via the use of permanganate include: alkanes, aromatics, phenols, PAHs, pesticides, some
organic acids, aldehydes, amines, alcohols, ketones, chlorinated solvents (PCE,TCE), sulphides, MTBE and
others (Damm, et al., 2002, Schroth, et al., 2001). Oxidation rate as a result of permanganate is often influenced
by pH, temperature, the solubility of the target contaminant and the concentration of each contaminant species
(Siegrist, et al., 2000).

Advantages of utilizing permanganate for oxidation of contaminants include the following (Cheryl and Gopal,
2015):

The oxidation reactions are not exothermic

They are readily soluble and has a higher efficiency in water and soil treatment

Relatively safe to handle

Catalysts are not needed

No pH control is required

The presence of free radical scavengers in the soil (e.g. carbonate, bicarbonate) has no adverse impact on
performance

7. Neither the oxidants nor their by-products are toxic to the local microbial population allowing the use of
bioremediation as a companion remediation technology

8. They are more persistent in the subsurface and therefore can migrate by diffusive processes to further regions
within the contamination zone. However, two main difficulties are associated with the use of permanganates:
Regulatory concerns regarding the amount of dissolved manganese in an area and the remaining purple colours
of unreacted permanganate in groundwater, MnO,(s) precipitate occupies pore space thereby reducing soil
permeability and limiting further injections of aqueous oxidants into the contaminated zone (ESTCP, 1999)

Il
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2. Permanganates are more expensive than hydrogen peroxide/Fenton's reagent, however, its ease of delivery to
the contaminated sites, applicability over a wider pH range, higher level of treatability, reliability and high
solubility makes remediation of contaminated soil and/or groundwater by permanganate cost effective (Seol et
al., 2003).

2.4. POTASSIUM FERRIOXALATE

Potassium ferrioxalate (potassium trisoxalatoferrate (I11)), is a chemical compound with formula K; [Fe
(C,04)%], which its iron is in the +3-oxidation state. It has a metal complex of an octahedral transition in which
three bidentateoxalate ions are bound to an iron centre. Potassium acts as a counter ion, balancing the —3 charge
of the complex. All crystals of the trihydrated form of the complex, K3 [Fe (C,04)s] *H,0 are emerald green in
colour. When in solution, the salt dissociates to give ferrioxalate anion, [Fe (C,04)s]°  which displays
fluorescent green colour. Potassium ferrioxalate is at times sometimes used in chemical the measure of light flux
(actinometry).

2.4.1 PREPARATION: Potassium ferrioxalate trihydrate crystals are often synthesized by reacting iron (1)
sulphate, barium oxalate and potassium oxalate: (Barla et al., 1993).

FeZ(SO4)3 + 3 BaC,0, + 3 K,C,0, — 2 K3[F€(C204)3] +3BaSOy ....cccoeeeeurnnns (27)

When the reactants are mixed in water, it precipitates solid BaSO,4 which is removed and the green trihydrate
crystallizes from cooled solution. Potassium ferrioxalate could also be synthesised by reacting aqueousiron (I11)
chloridehexahydrate and potassium oxalate monohydrate. (Benjamin et al.,) FeCl36H,0 + 3K,C,0,H,0
—K;3[Fe(Cy04)3] 3H,0 + 3KCL + 6H0. .. (2.8)

In structure, Ferrioxalate complex has Dsmolecular symmetry, in which the iron centre is octahedral. The six
Fe—O bond distances are sometimes close to 2.0 A(Junk et al.,) which indicates that Fe (I11) is high spin; as low
spin complex displays Jahn—Teller distortions. Ammonium and mixed sodium-potassium salts are isomorphous,
similar to complexes V**, Al**and Cr*".

The ferrioxalate complex shows helical chirality since it could form two non-superimposable geometries.
Referencing IUPAC convention, the isomer with the left-handed screw axis is assigned the Greek symbol A
(lambda) while mirror image with the right-handed screw axis is normally given the Greek symbol 4 (delta).
(Greenwood et al.,).
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Its reactions include: 1. Photoreduction

Ferrioxalate when in solution, undergoes photoreduction in which, the complex absorbs a photon of light and
subsequently decomposes to form Fe (C,0,), > and CO,. The iron centre is then reducedi.e., gains an electron
from the +3 to +2 oxidation state, while the oxalate ion is oxidised tocarbon dioxide:

2 [Fe(C,04)s]> + hv — 2 [Fe(C,04),]* + 2 CO, + C,0, *(Pozdnyakov etal.,) ........c.co......... (2.9)

2.4.2 Thermal decomposition

During thermal decomposition trihydrate loses its three water molecules simultaneously on heating at 113 °C.
(Ladriere, 1992).

The anhydrous salt decomposes into iron (I1) complex potassium ferrioxalate, potassium oxalate, and carbon
dioxideat the temperature of 296 °C, (Ladriere, 1992).

2 K3[Fe(C204)°*] — 2 Ko[Fe(C04)°] + KoCaOu + 2C0 covrvemeererreeeiseeeeeeseseseseeessss e, (2.10)

Research has revealed that photo radiation of ferrioxalate can be harnessed to generate Intermediate or reactive
radical in the presence of hydrogen peroxide for measurement of light intensities; photo dissociation of
ferrioxalate with hydrogen peroxide (H,O, generates Fe?* or iron (11) oxalate ion which will suitably be a
medium of generating an intermediate species (OH) and a kind of Fenton’s reagent (Zepp et al., 1999 and
Safarzadeh-Anvri et al., 1997). The photo dissociation of ferrioxalate reaction process is shown below:

2H202—> 2H20 + 02
[Fe(C204)s]* +hv — [Fe(Co04)s]” + C;0y ...

C,04 + [Fe (C204)s]* — [Fe (C204)3]7 " Co0s% +2C0u.mimiiiieeeeeeeeeseseeeeeies s (2.13)
C204 + 02 — 02_ + 2C02 .............................................................................................................. (214)
2.5 Ozone:
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Ozone is a gas that can be emplaced by injection into the vadose zone, by sparging, or by injection of ozonated
water. It is highly reactive with a short half-life of about 20 minutes and should be generated close to the
treatment area. Unlike other chemical oxidation methods, injection of ozone requires a semi-permanent
remediation system. Also, corrosion resistant piping and injection points are required. The sparge points or
injection wells need to be placed closely together and fugitive ozone emissions during production or injection
often represent unacceptable risks. A vapour collection system may be necessary according to (huling and pivetz
2006). Ozone has the potential to degrade PCE, TCE, DCE, VC, BTEX, phenols, MTBE, TBA, and explosives.
But reacts poorly to with DCA, PAHs, TCA, PCBs, and pesticides. Ozone reactions with contaminants of
concern could come as direct or indirect oxidation with the production of hydroxyl radicals. Direct oxidation
involves the direct insertion of ozone molecules into unsaturated carbon-carbon bonds forming an ozonide.
Indirect oxidation reaction is faster than direct oxidation and it is caused by its reaction with the hydroxide ion at
neutral to basic pH which forms hydroxyl radicals. A chain reaction is usually initiated bringing about the
formation of new radicals. Hydroxyl radical formation is enhanced in the presence of ultraviolet light especially
in ex-situ application and by reacting with certain cations.

Equation: O+ 2H" + 26— O+ 2H,0. ..o, 2.15

03 + OH+—> 02 + Hzo ..................................................................... 2.16

When ozone is applied in combination with hydrogen peroxide it results in increased generation of hydroxyl
radicals by reacting peroxide and ozone independently and with intermediate products.

Regenox'™: Regenox ' is a proprietary sodium percarbonate blend produced by regenesis which is catalysed to
slowly release oxidant over about 30 days. This oxidant operates under alkaline conditions unlike hydrogen
peroxide and per sulphates, it does not require the manipulation of subsurface geochemistry. This technology
was put in place by regenesis as a prelude to, or concurrent with, enhanced bioremediation. From literature,
Regenox Mis a very effective oxidizer of nearly all common contaminants but must be verified further.

Zero valent Iron also known as (ZVI1): This is sometimes listed as a chemical technique, ZVI removes
contaminants through reduction rather than oxidation. It is a completely different set of reactions and
geochemistry.

I11. Conclussion

Chemical oxidation is a form of oxidation technique known to be the most rapid, cost saving and
innovative treatment method for the remediation of soil or ground water contaminated by targeted
environmental contaminants of concern. Oxidizing agents commonly used include: hydrogen peroxide
catalysed with ferrous in Fenton's reagent (Claudia et al., 2006; John et al., 1993), potassium permanganate
(David et al., 2004) and sodium per sulphate (Julien et al., 2011). For proper application of different oxidants,
laboratory studies must be carried out to choose the most suitable one and concentration, because each oxidant
has its specific advantages and disadvantages. An increase of dissolved contaminant concentrations in
contaminated groundwater most times occurs after treatments as a rebound effect, this has therefore become a
vital factor in evaluating effectiveness of source depletion technologies. Most of the previous studies reviewed
do not consider the possible effect of these site-specific scenarios on the outcome of the results obtained.Sodium
persulfate application as a preferred oxidative alternative to the widely used oxidants in treating organic
compounds in groundwater has been studied and more research on its optimal applicability should be carried out
because of their emerging potential for better performance comparative to other oxidants.
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