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SUMMARY 

In the north-eastern part of Stockholm a new urban area is under construction, 
Stockholm Royal Seaport. In connection to the exploitation, groundwater with 
extremely elevated levels of the volatile aromatic hydrocarbon benzene, which is 
known to cause cancer, was discovered in the northern part Hjorthagen (WSP, 2003; 
IARC, 2012). An attempt to remediate the contamination, which is located at a depth 
of 12 meters, has previously been made. Since the result was not satisfactory, the 
remediation was not completed (Ramböll, 2004). Though in recent years, a great 
development within the area of in-situ remediation has occurred. Two methods which 
have been developing are chemical oxidation and bioremediation (Siegrist et al., 2011). 

Research and previously conducted remediations have shown that these methods can 
be used for remediation of benzene contaminations with great result (ORIN, 2006; 
Crimi & Taylor, 2007; Exo Tech, 2008; Liang et al., 2008). However, the success of 
such a remediation is dependent on several site-specific factors such as the composi-
tion of the contaminant, geology at the site, groundwater properties and prevailing 
temperature. As of this a bench-scale study is usually conducted as a first step before a 
possible remediation (Huling & Pivetz, 2006).  

This master thesis was conducted with the objective to, out of three investigated 
remediation agents, find the most suitable one for in-situ remediation of the benzene-
contaminated groundwater in Hjorthagen. This was made as a bench-scale study 
which was divided into two setups, where Setup 2 was started when the first results 
from Setup 1 was obtained, in order to get a better optimization of the study. The 
setups were based on two separate measurements of the benzene content of the 
groundwater in Hjorthagen, 22,000 μg/l in Setup 1 and 46,000 μg/l in Setup 2. In 
Setup 1 chemical oxidation by the use of hydrogen peroxide (uncatalyzed) and persul-
fate (iron(II)-activated) were investigated as well as bioremediation by the use of a 
calcium peroxide-based compound. In the Setup 2, except for those agents investi-
gated in Setup 1, chemical oxidation by the use of Fenton’s reagent was also studied. 

The bench-scale study was conducted on 30 ml groundwater in 40 ml glass vials with 
screw caps. For each agent three concentrations, based on the mass ratios of agent to 
benzene, were studied. As the oxidation with hydrogen peroxide and Fenton’s reagent 
occur rapidly, these samples were analyzed after two weeks. The samples with persul-
fate and the calcium peroxide-based compound, which have longer time of reaction, 
were analyzed except for the two weeks also after one month for the two setups as 
well as two months for Setup 1. During the time of reaction the samples were stored 
in a cold room with a temperature of 6°C in order to simulate the prevailing ground-
water temperature at the site of contamination. 

The result showed that (i) chemical oxidation by the use of uncaltalyzed hydrogen 
peroxide reaction did not manage to degrade the benzene, (ii) chemical oxidation by 
the use of Fenton’s reagent accomplished very low benzene concentrations for all 
investigated mass ratios, (iii) chemical oxidation by the use of iron(II)-activated persul-
fate reaction degraded some of the benzene but not satisfactory enough and 
(iv) biodegradation by the use of the calcium peroxide-based compound fully 
degraded the benzene for one of the investigated mass ratios, while the other 
investigated mass ratios still contained elevated levels of benzene. From this the 
conclusion can be drawn that Fenton’s reagent is the one of the investigated oxidizing 
agents which is most suitable for remediation of the benzene-contaminated 
groundwater in Hjorthagen. 

Before a full-scale in-situ remediation can be conducted supplementary studies need 
to be carried out. A first step is to further optimize the mass ratios. This should be 
conducted as a matrix test where a mixture of soil and groundwater from the con-
taminated site is investigated in order to simulate more actual conditions. 
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SAMMANFATTNING  

I nordöstra delen av Stockholm byggs en ny stadsdel, Norra Djurgårdsstaden. I 
samband med exploateringen upptäcktes att grundvattnet i en punkt i den norra delen 
Hjorthagen innehöll extremt höga halter av bensen, ett flyktigt organiskt ämne som 
kan orsaka cancer (WSP, 2003; IARC, 2012). Försök till in situ-sanering av förore-
ningen, som är belägen på ett djup av 12 meter, har tidigare gjorts. Då resultatet ej var 
tillfredsställande slutfördes dock inte saneringen (Ramböll, 2004). De senaste åren har 
det emellertid skett en stor utveckling inom in situ-sanering. Två av de metoder som 
utvecklats är kemisk oxidation och biologisk nedbrytning (Siegrist et al., 2011).  

Forskning och tidigare utförda saneringar har visat att dessa metoder med gott resultat 
kan användas vid sanering av bensenföroreningar (ORIN, 2006; Crimi & Taylor, 2007; 
Exo Tech, 2008; Liang et al., 2008). Dock är framgången beroende av en rad platsspe-
cifika faktorer såsom föroreningens sammansättning, platsens geologi, grundvatten-
förhållanden och rådande temperatur. Av den anledningen utförs vanligen bänkskale-
försök som ett första steg inför en eventuell sanering (Huling & Pivetz, 2006).  

Detta examensarbete utfördes med syftet att, utav tre undersökta saneringspreparat, 
finna det mest lämpliga för in situ-sanering av det bensenförorenade grundvattnet i 
Hjorthagen. Detta utfördes som ett bänkskaleförsök vilket var uppdelat i två 
omgångar, där omgång två startades efter det att de första resultaten erhållits för 
omgång ett, för att på så sätt få en bättre optimering av testet. Omgångarna utgick 

från två separata mätningar av bensenhalten i grundvattnet i Hjorthagen, 22 000 μg/l i 

den första och 46 000 μg/l i den andra.  I den första omgången undersöktes kemisk 
oxidation med väteperoxid (okatalyserad) och persulfat (aktiverad med järn(II)) samt 
biologisk nedbrytning med ett kalciumperoxid-baserat oxidationsmedel. I den andra 
omgången undersöktes, förutom de inkluderade i första omgången, även kemisk 
oxidation med Fentons reagens.  

Bänkskaleförsöket utfördes på 30 ml grundvatten i 40 ml glasvialer med skruvlock. 
För varje ämne undersöktes tre olika koncentrationer, baserade på massförhållanden 
mellan ämnet och bensenet. Då oxidationen med väteperoxid och Fentons reagens 
sker snabbt analyserades dessa prover efter två veckor. Proverna med persulfat och 
det kalciumperoxid-baserade oxidationsmedlet, vilka har längre verkningstid, under-
söktes förutom efter två veckor också efter en månad för de båda omgångarna samt 
för omgång ett dessutom efter två månader. Under verkningstiden förvarades vialerna 
i kylrum med en temperatur på 6°C för att simulera den verkliga temperaturen på 
platsen för föroreningen.  

Resultatet visade att (i) kemisk oxidation med okatalyserad väteperoxid inte lyckades 
bryta ned bensenet, (ii) kemisk oxidation med Fentons reagens lyckades åstadkomma 
mycket låga bensenkoncentrationer för alla undersökta massförhållanden, (iii) kemisk 
oxidation med järn(II)-aktiverad persulfatreaktion kunde oxidera bensenen till en viss 
del, men ej tillräckligt och (iv) biologisk nedbrytning med det kalciumperoxid-baserade 
oxidationsmedlet åstadkom en mycket stor bensenreduktion för ett av de undersökta 
massförhållandena men dock var bensenkoncentrationerna fortfarande relativt höga 
för de övriga undersökta koncentrationerna. Av detta kan man dra slutsatsen att 
Fentons reagens är den av de undersökta oxidationsmedlen som bäst lämpar sig för 
sanering av det bensenförorenade grundvattnet i Hjorthagen. 

Innan en fullskalig in situ-sanering kan utföras måste dock vidare studier genomföras. 
Ett första steg är att optimera massförhållandena ytterligare. Detta bör utföras som ett 
matristest där en blandning jord och grundvatten från den förorenade punkten under-
sökts för att på så sätt efterlikna mer reella förhållanden. 
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ABSTRACT 

During the construction of the new urban area in the north-eastern part of 
Stockholm, Stockholm Royal Seaport, groundwater with extremely elevated levels of 
the carcinogenic aromatic hydrocarbon benzene was discovered in the area 
Hjorthagen. Such a contamination can be remediated in-situ by the use of chemical 
oxidation and biodegradation. Due to the fact that many factors such as contaminant 
composition, groundwater characteristics and temperature vary between sites, smaller 
bench scale studies are usually conducted before the full scale remediation on site. 
Little published research exists on the ability of these remediation techniques in areas 
with lower groundwater temperature such as Stockholm, why the need of a bench-
scale study in this case is even larger.  

The objective of this master thesis is to, out of three investigated remediation agents, 
find the most suitable one for remediation of the benzene-contaminated groundwater 
in Hjorthagen. This was made in the form of a bench-scale study and the techniques 
studied were chemical oxidation, for which the two agents hydrogen peroxide 
(uncatalyzed and catalyzed in the form of Fenton’s reagent) and persulfate (activated 
with iron (II)) were used, and biological degradation by the use of a calcium peroxide-
based compound. The study showed that the benzene-contaminated groundwater was 
best remediated with Fenton’s reagent, which was able to degrade the benzene with 
great success.  

Key words: ISCO; bioremediation; hydrogen peroxide; Fenton’s reagent; 
persulfate; calcium peroxide 

INTRODUCTION 

In the north-eastern part of Stockholm a new urban area is under devel-
opment, the Stockholm Royal Seaport (Fig. 1). This area is located at the 
shore of the bay Värtan and includes the areas of Hjorthagen in the 
north, the ports Värtahamnen and Frihamnen as well as Loudden in the 
south. It is planned to be completed in 2030 and will then host 12,000 
new dwellings and 35,000 new working places (Stockholms Stad, 2013). 

 Fig. 1. Stockholm Royal Seaport (Stockholms Stad, 2012). 
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A majority of the land under development in this project has previously 
hosted different industries, of which the largest one is the gasworks 
Värtagasverket in Hjorthagen on the south shore of the bay Husarviken. 
The gasworks produced city gas for Stockholm and it was first opened in 
1893. At that time the gas was produced from coal in retort ovens. After 
different purification processes where ammonia, tar, sulphur hydrogen 
and cyanide was removed, the clean gas was distributed to the city of 
Stockholm (KKH, 2006).    

Värtagasverket has since then undergone several expansions in order to 
modernize and increase the production. In the beginning of the 20th 

century the by-product manufacturing became more important and 
among others an ammonia plant and a benzene plant were inaugurated. 
At this time the production volumes were so large that the coal and coke 
no longer could be stored inside the coal houses which previously had 
been used. To allow for this expansion significant parts of Husarviken 
and its southern shore were dredged and thereafter filled with blasted 
rocks and demolition materials. This was then used to store large piles of 
coal and coke (KKH, 2006).  

The production of gas and by-products in Värtagasverket reached its 
peak in the 1950s. In 1972 the old way of gas manufacturing from coal 
was abandoned and instead gas was produced in a steam cracker unit 
(KKH, 2006). The gas production in the steam cracker unit was in oper-
ation until January 2011 when it was closed as a consequence of the on-
going development project of Stockholm Royal Seaport. However, an 
exception has been made for a backup mixing facility for natural gas, 
which is allowed to operate until the 1st of July 2013, then the gas 
production will be finally abandoned (Exploateringskontoret & 
Fastighetskontoret, 2011; Miljöförvaltningen, 2013).  

The activities at the gasworks site during the last 130 years have resulted 
in a contaminated environment. Among the common contaminants 
present in the soil and groundwater at the site, polycyclic aromatic 
hydrocarbons (PAHs), metals, petroleum products and cyanide have 
been discovered. Due to the health and environmental hazardous prop-
erties of these contaminants, the site has to be remediated before the 
construction of Stockholm Royal Seaport (Exploateringskontoret, 2010).  

During a preliminary groundwater investigation in 2002 and 2003 one 
groundwater well within the area of Norra 1, located south of the inner 
part of Husarviken at the former coal and coke storage area, contained 
elevated levels of benzene (Fig. 2) (WSP, 2003). Due to the depth of the 
benzene contamination of 12 m it was considered that remediation by 
excavation was not executable. In 2004 a pilot test was made to investi-
gate if the contamination could be remediated in-situ by the use of a 
combination of air sparging and vacuum extraction. Even though ben-
zene was removed by this attempt, it was not sufficient to justify further 
treatment. Therefore it was recommended that no further in-situ remedi-
ation would be carried out. However, it was decided that the elevated 
benzene levels should be monitored (Ramböll, 2004).  
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The technique of in-situ remediation has in recent years undergone 
significant development (FMC, 2006; Siegrist et al., 2011). Together with 
some of the older techniques not tested on the contamination in 
Hjorthagen, these methods have shown a great ability to remediate 
benzene-contaminated groundwater (ORIN, 2006; Crimi & Taylor 2007; 
Exo Tech, 2008).  

As many factors such as contaminant composition, groundwater char-
acteristics and temperature vary between sites, smaller scale investiga-
tions that are adapted to the specific case can be useful before remedia-
tion. Two common investigations of this kind are bench-scale studies 
and pilot-scale studies, where a bench-scale study usually is used as a first 
step. The aim of such a study is to examine whether the contaminant can 
be remediated with the intended technique. Even though a bench-scale 
study is a simplified model of reality, a lot of useful information such as 
optimal amount of agents to apply and an indication of time of remedia-
tion can be gained. This can later serve as a foundation for in-situ 
remediation on site (Huling & Pivetz, 2006).  

A lot of the published research on chemical oxidation and biodegrada-
tion concerns tests conducted at a temperature of 20-25 °C (Heitkamp, 
1997; Crimi & Taylor, 2007; Liang et al., 2008). Since the groundwater in 
Stockholm has a temperature of 6 °C, a bench-scale study conducted at 
this temperature is further motivated (Knutsson & Morfeldt, 2002).  

Objectives 

The objective of this master thesis is to, out of three investigated reme-
diation agents, find the most suitable one for in-situ remediation of the 
benzene-contaminated groundwater in Hjorthagen. This will be made in 
the form of a bench-scale study and the techniques studied are chemical 
oxidation, for which the two agents hydrogen peroxide (uncatalyzed and 
catalyzed in the form of Fenton’s reagent) and persulfate (activated with 
iron (II)) are used, and biological degradation by the use of a calcium 
peroxide-based compound. For each of these agents the efficiency of 
different concentrations applied are also investigated with the intent to 
find the most optimal one to use for this specific contamination.  

Fig. 2. Hjorthagen Norra 1 (Stadsbyggnadskontoret, 2008). 
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BACKGROUND  

This section presents the theoretical background on which the bench-
scale study of remediation of the benzene-contaminated groundwater is 
based. It furthermore constitutes a foundation for the discussion of the 
obtained results.  

Benzene 

Benzene is an organic chemical consisting of six hydrogen and six 
carbon atoms and has the chemical formula C6H6. It is categorized as an 
aromatic hydrocarbon, of which it has the simplest, monoaromatic, 
structure. In temperatures between 5.5 and 80.1 °C it is a colorless and 
clear liquid with an aromatic odor. The density of 0.879 g/cm3 (15 °C) is 
lower than for water and at 25 °C it has a water solubility of 0.188 %. 
Due to its non-polar structure benzene is hydrophobic with a logarith-
mic n-octanol/water partition coefficient of 2.13. The logarithmic soil 
organic carbon partition coefficient of 1.8-1.9 indicates that benzene has 
a low tendency to sorb to particles. Benzene has a vapor pressure of 
75 mm Hg, which is why it is easily evaporated and therefore considered 
a volatile organic carbon (VOC) (HHS, 2007).  

Benzene can be degraded by different processes such as oxidation and at 
denitrifying conditions. In order to oxidize one benzene molecule 
7.5 oxygen molecules are required. Since the molecular weight of 
benzene is 78.11 g/mol and the atomic weight of oxygen is 16.00 g/mol 
this corresponds to a mass ratio of oxygen to benzene of 3/1 in order to 
oxidize the benzene. The end products of this reaction are carbon 
dioxide and water (Eq. 1) (Suthersan, 1999).   

          →             (Eq. 1) 

 

Table 1. Physical and chemical properties of benzene (HHS, 2007). 

Property Information 

Chemical formula C6H6 

Chemical structure 

  

Molecular weight 78.11 g/mol 

Melting point 5.5 °C 

Boiling point 80.1 °C 

Density at 15 °C 0.879 g/cm
3
 

Solubility water 25 °C (w/w) 0.188 % 

Partition coefficient Log KOW
b
 2.13 

Partition coefficient Log KOC
c
 1.8-1.9 

Vapor pressure at 20 °C 75 mm Hg 
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Environmental behavior 

In the environment benzene exists in air, soil and water. In air benzene is 
degraded within a few hours or days through different processes by 
which the predominant one is photooxidation through reaction with so 
called hydroxyl radicals (HHS, 2007).  

Due the moderate hydrophobicity and low density of benzene it is 
considered a light nonaqueous phase liquid (LNAPL). If benzene is 
spilled on the ground at a permeable site it migrates downwards to the 
groundwater table and then stays on top of the water (Fig. 3). There 
some benzene is dissolved into the groundwater and due to its high 
volatility it is also easily evaporated into the air (Newell et al., 1995).  

If present in water near the surface the benzene is usually removed after 
only some hours, mainly by volatilization. However, if it exists deeper 
down in the groundwater it is more persistent. The degradation of 
benzene in groundwater primarily occurs through microbial activity 
under aerobic conditions. The efficiency of this degradation is often 
high, however it is dependent on factors such as amount of benzene to 
degrade, population of microbes, oxygen availability, nutrients, other 
carbon present, inhibitors, pH value and temperature (HHS, 2007). A 
half-life of 28 days has been measured for degradation in groundwater; 
however, if the benzene concentration is very high it becomes toxic to 
microorganisms, which results in an even lower degradation rate 
(Vaishnav & Babeu, 1987; HHS, 2007). For anaerobic conditions the 
degradation rate of benzene is also slower (HHS, 2007). 

Benzene has a comparatively low n-octanol/water partitioning coeffi-
cient, KOC, the lowest of the BTEX compounds (EC, 2002). This indi-
cates that benzene is mobile in the soil and therefore easily leaches 
through the soil to the groundwater, the low KOC further results in low 
bioaccumulation in aquatic organisms (HHS, 2007). However, it has 
been discovered that benzene can accumulate in the biomass of plants if 
the plant grows in an area with elevated levels of benzene (Collins et al., 
2000).  

 
 

  

Fig. 3. Behavior of LNAPLs (Newell et al., 1995). 
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Production 

Benzene was for the first time produced in 1825 by Michael Faraday. 
This was made by compressing oil gas and thereby he obtained benzene 
in a fluid form. In the early days of the production for commercial usage 
of benzene it was mainly extracted from the light oil produced from coal 
tar during the production of coke.  However, it was not until after the 
World War II, when the chemical industry was growing, that benzene 
started to be manufactured to a larger extent. At that time it was mainly 
extracted from by-products from production of ethylene.  Today 
benzene is derived from different kinds of petroleum and coal sources. 
The majority of the benzene manufactured is obtained from the chemi-
cal processes involving catalytic reformers, toluene hydrodealkylation 
and pyrolysis gasoline (HHS, 2007). 

Usage 

The main usage of benzene today is for the manufacturing of other 
chemicals. Of all the produced benzene 55 % is used for the production 
of ethylbenzene which in its turn is used to make styrene, an ingredient 
in plastics. 24 % of all benzene produced is used for making cumene 
(isopropylbenzene) which thereafter is used to produce phenol and 
acetone. Other chemicals that also are produced from benzene are 
cyclohexane and nitrobenzene. Apart from producing other chemicals 
benzene is also used as an additive in gasoline. Gasoline naturally 
contains benzene, but by addition of additional benzene the octane 
rating is increased and engine knocking is prevented. Previously benzene 
was also commonly used as a solvent but due the now known hazardous 
health effects the usage in this area has decreased (HHS, 2007). 

Human exposure and health effects 

Some of the most common ways in which the public is exposed to 
benzene is by emissions related to car usage, industrial processes, 
tobacco smoke, use of solvents and emissions from underground tank 
leakages. Benzene enters the human body mainly through inhalation but 
can also be ingested and penetrated through the skin. Due to the non-
polar and organic properties, if exposed to benzene during a longer time 
period, it is accumulated in fatty tissue and the bone marrow (Lippmann 
& Morton, 2009). Inside the body benzene is known to cause leukemia, 
therefore the International Agency for Research on Cancer (IARC) has 
classified benzene to be one of 109 agents in the so-called Group 1 
substances that are carcinogenic to humans (IARC, 2012). Besides 
leukemia, benzene also causes damages on the bone marrow, so called 
aplastic anemia (Lippmann, 2009). 

If exposed to benzene concentrations in the air of 0.07-0.3 % for shorter 
time periods health effects such as headache, drowsiness, rapid heart rate 
and unconsciousness can occur (HSS, 2007). 

Guideline values  

Due to the carcinogenic nature of benzene several guideline values have 
been set. Swedish guideline values for benzene in groundwater have been 
defined by SPIMFAB, an environmental remediation foundation 
constituting of oil companies, which aim is to remediate contaminated 
soil and groundwater at former gas stations. According to SPBI (2012) 
groundwater with benzene-concentrations above 50 µg/l increases the 
risk of vapors in buildings and groundwater concentrations above 
500 µg/l constitute a threat to surface water.  
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Guideline values for benzene concentrations in drinking water and air 
have also been set. In Sweden the maximum allowable concentration in 
drinking water is 1.0 µg/l (LIVSFS 2011:3). The maximum annual 
average concentration in outdoor air is 5 µg/m3 (SFS 2010:477). For 
indoor air, no guideline values are set for residential buildings apart from 
that sufficient ventilation must be achieved (Boverket, 2010). 

Benzene contamination at Hjorthagen 

During a groundwater investigation at Hjorthagen Norra 1 in the winter 
of 2002 and 2003 one groundwater well, number 815D, showed excep-
tionally elevated levels of benzene (WSP, 2003a). The well is located 
30 m south of the bay Husarviken at the former coal and coke storage 
area of the gasworks Värtagasverket (KKH, 2006; Golder Associates, 
2011). Today it is located in a road 5 m from a newly constructed 
residential building (Fig. 4) (Stadsbyggnadskontoret, 2008). 815D has a 
sampling level of -12.2 m measured in the older Swedish height system 
RH00. The filter through which the groundwater is let into the well is 
2 m long and located in the deeper part of the filling material (WSP, 
2003b).  

 

Fig. 4. Location of groundwater well 815D (Stadsbyggnads-
kontoret, 2008). 

 

8

1

815D 
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Geology 

The geology at the site was investigated in August 2003 when four new 
groundwater wells (1101, 1102, 1103 and 1104) were installed in a square 
of 30 x 30 m with 815D in the center (Fig. 5). It was shown that the 
filling material consists of blasted rocks with elements of concrete, 
bricks, coke, asphalt and porcelain. The filling is about 14 m thick and 
for the wells 1001 and 1002 the filling overlies a clay layer. For 1003 no 
clay layer was discovered, instead at 15.20 m the bedrock, alternatively a 
boulder, was discovered and the drilling was stopped. For 1004 the 
drilling stopped at 12.95 m. Also there the bedrock or alternatively a 
boulder was discovered, and no clay layer (WSP, 2003a).  

At the location for 815D a geological interpretation has been made 
(Fig. 6). The filling is believed to be 15 m thick which overlies a 4 m clay 
layer. Between the clay layer and the bedrock a 2 m layer of frictional soil 
in the form of silty till is situated. The filter of 815D is situated in the 
transition between the filling material and the clay layer (Golder 
Associates, 2011).  

 

Fig. 5. Location of the 
wells 1101, 1102, 1103, 
1104 and 815D (WSP, 
2003a) 

 

Fig. 6. Geological interpretation in the direction of north-west to 
south-east (Golder Associates, 2011). 
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Hydrogeology 

The area of Hjorthagen Norra 1, where 815D is situated, consists of two 
aquifers. The upper one is located in the coarse filling material and the 
bottom one is in the frictional soil. The upper aquifer has considerable 
hydraulic contact with the water of bay Husarviken. The exchange of 
water is dependent on the water level fluctuations in the bay. However, a 
weekly average water exchange has been estimated to 2.1 l/s. The 
groundwater recharge of the upper aquifer due to surface infiltration and 
has been calculated to 1.2 l/s. In addition to this, a groundwater flow 
rate from Hjorthagen Västra, located south of 815D, into the upper 
aquifer of 2.2 l/s has been estimated (WSP, 2003b).  

The temperature of the groundwater in 815 D has a yearly average of 
7°C (Tyréns, 2012). During measurements conducted in February 2013 
the temperature was 5.6°C. At the same period the water had a pH value 
of 7.28, a dissolved oxygen (DO) content of 4,21 mg/l and a redox 
potential of -5.9 mV (Golder Associates, 2013a). In April 2013 the pH 
value was 7.51, the DO was 3.71 mg/l and the redox potential 
was -79.5 mV (Golder Associates, 2013b).  

Benzene concentration 

During the first groundwater sampling of well 815D in December 2002 
the concentration of benzene was measured to 23,000 μg/l (Fig. 7). Due 
to the highly elevated levels, a complementary sampling was made in 
January 2003. This time the concentration of benzene was measured to 
10,000 μg/l (WSP, 2003b). 

As a result of the elevated benzene levels it was decided by the City of 
Stockholm that attempts to demarcate the benzene contamination were 
to be made. In August 2003 the four new groundwater wells 1101, 1102, 
1103 and 1104 were installed in a square of 30 x 30 m with 815D in the 
center (Fig. 5). Also in these four new wells the levels of benzene were 
elevated (34 μg/l, 22 μg/l, 1,100 μg/l and 6,700 μg/l), although not to 
the same extent as for well 815D, which for that measurement contained 
46,000 μg/l. From this investigation it was concluded that the contami-
nation is local, although no more precise demarcation could be made. It 
was furthermore recommended that the benzene contamination should 
be remediated (WSP, 2003a). 

In the summer of 2004 a pilot study of in-situ remediation by the use of 
air sparging and vacuum extraction was conducted. Before the study 
began the benzene level in 815D was once again measured to 
46,000 μg/l (Ramböll, 2004). During air sparging air moves up through 
the saturated zone in the form of small air channels. By doing so the 
contaminants are removed by air stripping, direct volatilization and 
aerobic biological degradation (Suthersan, 1999). A system consisting of 
two vertical air sparging wells and six horizontal vacuum extraction wells 
were set up. In addition to this, two water pumping wells were also 
installed, one for water injection and one for water extraction. The 
objective of these supplementary water wells was to increase the amount 
of water affected by the air sparging and at the same time remove 
benzene from the groundwater by letting it flow through an activated 
carbon filter (MB Envirotech, 2004).  

Throughout the 8.5 weeks the study kept on, it was estimated that a total 
of 0.7 kg benzene was removed by the vacuum extraction (Table 2). This 
corresponds to 1.3 μg benzene/m3 of air, which was the same as the 
limit for carcinogenic compounds in indoor environment in the former 
guideline  provided  by the  Swedish  Environmental  Protection Agency  
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Table 2. Result of benzene removal in pilot study (MB Envirotech, 
2004). 

Method Benzene removed (kg) 

Vacuum extraction 0.7 

Water pumping 7 

Aerobic degradation 220 ( not only benzene) 

 

valid at the time of the pilot-study. The total amount of benzene 
removed by the water pumping was estimated to 7 kg. From the meas-
urements of carbon dioxide (CO2) in the pore air it was calculated that 
220 kg of organic materials had been aerobically degraded, although it 
was not possible to establish how much of this that was benzene (MB 
Envirotech, 2004). Despite this, the method was not considered effective 
enough and the low amount of evaporated benzene was stated not to 
constitute a health threat. Therefore the in-situ remediation was not 
conducted in full scale. Instead it was decided that the contamination 
was allowed to be left unremedied, although monitored during the 
construction of the new residential area and five years after completion 
(Ramböll, 2004).   

In 2007 a monitoring program for ground and surface water within the 
areas of Norra 1 and Västra started, which included monitoring of the 
benzene contamination (Fig. 7). In connection to the program, a ground-
water well numbered T1129D was installed 10 m north of the existing 
well 815D (Tyréns, 2007). As for 815D, this well also had its sampling 
level around -12 m in the lower part of the filling material at the transi-
tion to the clay layer (Golder Associates, 2011). During the sampling it 
was discovered that also this well contained groundwater with highly 
elevated levels of benzene (Tyréns, 2007). The groundwater in the wells 
has so far been sampled four times a year. This will in 2014 be reduced 
to two times a year. Unless large fluctuations in the measured contami-
nant concentrations occur, the groundwater monitoring will be carried 
out up to two years after ground construction work is finished (Exploat-
eringskontoret, 2012). 

During the monitoring program, sampling of well 815D could not be 
made at two time periods. At the sampling occasion in April 2009 the 
well was not found and between January 2011 and October 2012 
sampling could not be made since a road had been constructed on top 
on it (Tyréns, 2009; Tyréns 2012). T1129D was sampled until April 2012, 
whereafter it was removed by the contractor during the construction 
work. In January 2013 well 815D was located and restored. Therefore it 
can again be used for monitoring of the benzene-contaminated ground-
water (Golder Associates, 2013a). 

In 2010 a master thesis was conducted in collaboration with Golder 
Associates AB with the aim to demarcate and to find the source of the 
benzene contamination. Within this work a new groundwater well, 
number 10GA105, was installed 1.5 m east of 815D. This well has its 
sampling depth 13 m below the ground, in the silty till. Measurements of 
the groundwater from 10GA105 showed very low levels of benzene 

(<0.1 μg/l). Thus the presence of the contamination is limited to the 
upper aquifer. In the thesis it was concluded that a probable source of 
the contamination would be contaminated material or some kind of tar 
deposited in the filling material. It was also concluded that the contami-
nation is local around the area of well 815D (Golder Associates, 2011). 
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Other species present in 815D 

Within the scope of the monitoring program other chemical species have 
also been investigated. During the years the monitoring program has 
been going on, highly elevated levels of arsenic have been discovered in 

the groundwater of 815D. Levels of 200 μg/l have been measured, 
however since 2009 the levels have decreased (Tyréns, 2012). During the 

sampling in February 2013 the arsenic concentration was 14.6 μg/l 
which still is considered a very high concentration compared to Swedish 
target values for drinking water where the maximum allowed concentra-

tion is 10 μg/l (LIVSFS 2011:3 ; Golder Associates, 2013a). The iron 

concentration was at this time measured to 724 μg/l, which is signifi-

cantly higher than the target value for drinking water of 200 μg/l 
(LIVSFS 2011:3; Golder Associates, 2013a).  

The other substances included in BTEX (toluene, ethylbenzene and 
xylenes) also have elevated levels, though not in the same range as 
benzene. In February 2013 the groundwater of well 815D contained 

97 μg/l toluene, 79 μg/l ethylbenzene and 520 μg/l xylenes (Golder 
Associates, 2013a). For a full list of analyzed species in the groundwater 
of 815D sampled in February 2013 see Appendix I. 

Remediation techniques 

Contaminated groundwater can be remediated with a wide variety of in-
situ technologies (Suthersan, 1999). Two such techniques, chemical 
oxidation and biodegradation, are described in the following section. 

In-situ chemical oxidation 

In-situ chemical oxidation (ISCO) is a process where the contaminants 
of concern (COCs) are remediated by oxidation generated by the addi-
tion of an oxidizing agent. The most commonly used oxidizing agents 
are hydrogen peroxide (H2O2), permanganate (MnO4

-), ozone (O3) and 
persulfate (S2O8

2-). ISCO is a method applicable mainly to remediation 
of contaminants consisting of chlorinated hydrocarbons, petroleum 
hydrocarbons such as BTEX, phenols, PAHs, pesticides and explosives. 
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It can be used for the remediation of contaminants present both in soil 
and water (Siegrist et al., 2011).  

ISCO includes contaminant degradation both due to electron transfer 
and free radicals (Siegrist et al., 2011). Free radicals are highly reactive, 
and therefore short-lived, species that consist of an ion, atom or a mole-
cule with one or several unpaired electrons in the outer orbital (Gilbert 
& Colton, 1999). In ISCO radicals are generally created by the catalysis 
or activation of the oxidation reaction. For ISCO different kinds of free 
radicals with different properties contribute depending on the oxidant 
used and the site conditions. A majority of these free radicals have the 
ability to degrade a wide variety of contaminants (Siegrist et al., 2011).  

ISCO originates from the chemical oxidation technique used in 
wastewater treatment plants. The first commercial remediation was 
conducted in 1984 by use of hydrogen peroxide. In the beginning of the 
1990s a lot of research were made, mainly focusing on ISCO with 
hydrogen peroxide and the so-called Fenton’s reagent oxidation where 
the hydrogen peroxide reaction is catalyzed with iron(II). Other oxidiz-
ing agents that also were investigated were ozone and permanganate. In 
the early 2000s ISCO gained popularity and the research was intensified. 
At this time remediation by use of persulfate was developed (Siegrist et 
al., 2011). 

Due to the various properties of these agents they have different abilities 
and efficiency to oxidize various contaminants. For example, permanga-
nate is not effective in oxidizing benzene (USEPA, 2006). The oxidizing 
ability of an agent is further determined by its standard reduction poten-
tial measured in volt (V), the higher the potential the greater the oxida-
tion strength (USEPA, 2006). The efficiency is also dependent on how 
well the agents get in contact with the COCs and that it is supplied in 
sufficient quantity during sufficient time-span (Siegrist et al., 2011).  

Advantages with ISCO are that (i) it is cost-effective for treatment of 
areas with high contamination concentrations, (ii) the treatment is often 
fast and can be complete and (iii) it is possible to combine it with biore-
mediation. Disadvantages are that (i) remediation of low contamination 
concentrations over larger areas gets expensive, (ii) it can be difficult to 
get the oxidizing agent in contact with the whole contamination (espe-
cially in areas with low permeability), (iii) it might constitute a health and 
safety hazard, (iv) the oxidant can be reduced by other species present 
beside the COCs and (v) the concentration of COCs might again be 
increased after the remediation due to chemical processes and dissolu-
tion of sorbed phases (Siegrist et al., 2011).  

Hydrogen peroxide 

Hydrogen peroxide (H2O2) is a strong oxidizing agent (Fig. 8). It is often 
supplied as a 30 % solution and has the ability to degrade a variety of 
organic contaminants. Contaminant degradation with hydrogen peroxide 
is a rapid process where all hydrogen peroxide usually is depleted within 
hours or days. ISCO by use of hydrogen peroxide composes of a 
complex combination of chemical reactions, where all steps are still not 
fully understood. One way of the degradation of COCs is by direct 
oxidation, which is due to the high standard reduction potential of 
hydrogen peroxide (E°=1.78 V) (Siegrist et al., 2011).  
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Even though the standard reduction potential for hydrogen peroxide is 
high, direct oxidation is not considered to be the major part of contami-
nant degradation. Instead it is the free radicals that account for most of 
the degradation. To activate free radical reactions catalysts can be added 
to the hydrogen peroxide solution. The most commonly used catalyst is 
addition of iron(II) at acidic conditions. This was discovered in 1894 by 
H.J.H Fenton, why it is called Fenton’s reagent (Eq. 2) (Fenton, 1894). 
The reason for the improved oxidative ability is due to the formation of 
hydroxyl radicals (OH•) (Haber & Weiss, 1934). This reaction has played 
a major role in ISCO, although in more recent years it has been discov-
ered that the contaminant degradation is considerably more complex 
than what the original equation accounts for (Siegrist et al., 2011). 

         →                  (Eq. 2) 

When catalyzed, the hydrogen peroxide is now known to form a number 
of different free radicals and not only the hydroxyl radical described in 
the original Fenton’s reaction (USEPA, 2006). It is often difficult to 
establish the presence and importance of the radicals due to their short 
life span, but the free radical that is still considered to contribute the 
most in chemical oxidation by hydrogen peroxide is the hydroxyl radical 
(OH•) (Siegrist et al., 2011). At acidic conditions the hydroxyl radical 
have a standard reduction potential of 2.7 V and it reacts almost instan-
taneously with numerous contaminants, both organic and inorganic 
(Buxton et al., 1998). Other free radicals that contribute in ISCO with 
hydrogen peroxide are the superoxide anion (O2

•-) and the perhydroxyl 
radical (HO2

•) (Siegrist et al., 2011).  

When using hydrogen peroxide for ISCO other species apart from the 
COCs, so called scavengers, can also be oxidized. Substances acting as 
scavengers are among others oxalic acid, the hydroxide ion, the bicar-
bonate ion and the carbonate ion. In addition to these the ferrous ion 
and hydrogen peroxide itself can act as a scavenger if not applied at an 
optimized concentration (Siegrist et al., 2011).  

Under ideal conditions the COCs are degraded into carbon dioxide, 
water and salts. If the contaminant has a larger or more intricate chemi-
cal structure the degradation might not be complete. Then by-products 
in the form of low-molecular weight, degradable and non-toxic carbox-
ylic acids are commonly formed (Siegrist et al., 2011). Another possible 
consequence is a rise in temperature due to the exothermic nature of the 
reactions. The temperature increase might be significant, especially if 
hydrogen peroxide is introduced in high concentrations, why the process 
might become an environmental and safety hazard (USEPA, 2006).  

A higher temperature often generates a more rapid decomposition of the 
oxidant, although the effect on the contaminant decomposition differs 
due to the complexity of hydrogen peroxide reactions. It is therefore 
recommended that bench scale studies are performed at the same tem-
perature as the groundwater to which it is applied (Siegrist et al., 2011). 

A bench-scale test of ISCO on a soil slurry composing of soil from the 
site and distilled water was conducted by Golder Associates (2013c). In 

Fig. 8. Chemical 
structure of hydrogen 
peroxide H2O2 
(Bennedsen, 2011). 
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the test uncatalyzed hydrogen peroxide was used with mass ratios of 
hydrogen peroxide to contaminant of 5/1, 10/1, 20/1, 50/1 and 100/1. 
The test was conducted at 4 °C and after a two-week period it could be 
observed that the best reduction occurred for the lowest investigated 
mass ratio of 5/1, for which 63 % of the contamination had been 
degraded.  

Benzene remediation with hydrogen peroxide 

Benzene is readily degraded by ISCO with hydrogen peroxide (USEPA, 
2006). The degradation is mainly achieved by the hydroxyl radicals which 
easily degrades the monoaromatic structure of BTEX (Siegrist et al., 
2011).  

In a laboratory study conducted by Crimi & Taylor (2007) the degrada-
tion of BTEX in simulated contaminated groundwater by the use of 
hydrogen peroxide and sodium persulfate were tested. The test was con-
ducted at room temperature and the aim was to examine the oxidation at 
different conditions and with different activation methods. Therefore the 
molar ratios were not chosen in order to generate complete BTEX deg-
radation. In the study Fenton’s reagent was investigated. Molar ratios of 
H2O2/citric acid/Fe2+/contaminant of 20/2/10/1, 20/0.4/2/1 and 
20/4/2/1 was used which after a three week period generated a benzene 
depletion of 88 %, 96 % and 98 % respectively.   

Persulfate 

Persulfate (S2O8
2-) is an anion with strong oxidizing capability (Fig. 9). It 

has been used for ISCO since the early 2000s and it is most commonly 
applied in the form of sodium persulfate (Na2S2O8), a white crystalline 
salt, dissolved in water.  Persulfate has the ability to degrade several 
different contaminants such as halogenated aliphatics, chlorinated 
aromatics, fuel hydrocarbons including BTEX, PAHs, nitroorganics and 
possibly pesticides (Siegrist et al., 2011). 

As for hydrogen peroxide, the chemistry of persulfate reactions is intri-
cate and the COCs can be degraded both through direct oxidation and 
by the free radicals created. However, the reaction rate is generally 
slower, especially for direct oxidation, which results in a longer life span 
and better transportability of the oxidant in the subsurface. Depending 
on the subsurface and contaminant characteristics, the persistence of 
persulfate varies from days to months (Siegrist et al., 2011). The standard 
reduction potential for direct oxidation (Eq. 3) is 2.01 V (House, 1962). 

    
      →     

    (Eq. 3) 

In order to form free radicals, the persulfate reaction is usually activated. 
This can be made by an increase of pH to alkaline conditions (pH > 11), 
addition of iron at acidic conditions (pH < 3), addition of iron chelates 
(pH 7), addition of hydrogen peroxide and by heat. When activated, the 
rate of contaminant destruction occurs more rapidly and a wider range of 
contaminants can be degraded. Two different kinds of free radicals 
created are thought to have the greatest impact in the contaminant 
degradation. These are the sulfate radical (SO4

•-) and the hydroxyl radical 
(OH•) (Siegrist et al., 2011). The sulfate radical (Eq. 4) has a standard 
reduction potential of 2.6 V and the hydroxyl radical (Eq. 1) has a stand-
ard reduction potential of 2.7 V (Buxton et al, 1988; Eberson, 1987).  

    
     →    

      
   (Eq. 4) 
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The most commonly used activation method is the addition of iron (II) 
into the system at pH conditions below 3 (Siegrist et al., 2011). The 
chemical reaction occurring at ferrous iron activation (Eq. 5) consists of 
two steps in which a sulfate radical is created (Eq. 6) and depleted 
(Eq. 7). The reaction (Eq. 5) demonstrates that a molar ratio of 2 
between Fe2+ and S2O8

2- is required (Kolthoff et al., 1951). FMC 
Environmental solutions, a producer of persulfate, recommends an 
iron(II) concentration in the groundwater of treatment of 150-600 mg/l 
(FMC, 2013).  

          
  →           

    (Eq. 5) 

         
  →         

      
    (Eq. 6) 

        
  

→         
    (Eq. 7) 

As for hydrogen peroxide, the efficiency of oxidation of persulfate is 
dependent on the presence of scavengers. The most significant scaven-
gers are carbonate, bicarbonate, chloride and the porous media with its 
natural organic matter and soil materials (Siegrist et al., 2011). 

In the bench-scale study by Golder Associates (2013c) ,see the hydrogen 
peroxide section, iron(II)-activated persulfate chelated with citric acid 
was also tested on the oil-contaminated groundwater. Citric acid was 
added in order to create a pH below 3. The amount of iron(II) was set 
constant to 200 mg/l. The investigated persulfate to contaminant mass 
ratios were 5/1, 10/1, 20/1, 50/1 and 100/1. Due to the longer reaction 
time of persulfate three time steps were investigated: two weeks, one 
month and three months.  As for the test with hydrogen peroxide the 
best contaminant degradation occurred for a mass ratio of 5/1. For this 
ratio 53 % of the contamination had been degraded after two weeks and 
after one month 72 % of the original contamination had been degraded. 
However, the analysis after three months showed that the contaminant 
concentration had increased and by that time the mass ratio of 20/1 had 
the greatest reduction with 40 %. The reason for this smaller reduction 
was speculated to be due to heterogeneity of the soil matrix. 

Benzene remediation with persulfate 

Activated persulfate has a very good ability to degrade benzene (USEPA, 
2006). Oxidation is possible with the activation methods of unchelated 
iron(II) and iron(III), chelated iron, hydrogen peroxide, alkaline and 
inactivated persulfate (Block et al., 2004; Siegrist et al., 2011). In the case 
of benzene it is possible to achieve degradation by persulfate alone. 
However, in order to improve the likelihood of full remediation the 
persulfate reaction could be activated (Block et al., 2004). 

In the laboratory study made by Crimi & Taylor (2007), in which the 
degradation of BTEX with sodium persulfate and hydrogen peroxide 
were investigated, it was concluded that addition of ferrous iron and 
citric acid more effectively improved the contaminant degradation than 

Fig. 9. Structure of 
the persulfate 
molecule (Siegrist et 
al., 2011). 
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both elevation to pH 11 and activation by hydrogen peroxide. Molar 
ratios of persulfate/citric acid/Fe2+/contaminant of 20/2/10/1, 
20/0.4/2/1 and 20/4/2/1 were used, however the aim of the study was 
not to optimize these ratios in order to generate the largest degradation. 
The tested ratios resulted in a benzene depletion after the three weeks 
the study was carried out of >99 %, 98 % and >99 % respectively.  

Chemical oxidation of BTEX by iron(II)-activated persulfate has also 
been studied by Liang et al. (2008). In the study degradation of a short 
time period was investigated and the BTEX compounds were tested 
separately in a temperature of 20°C. It was established that the rate of 
degradation increased with an increasing molar ratio of persulfate. The 

benzene concentration used in the aqueous solution was 39,000 μg/l.  
The benzene was degraded by the use of persulfate alone, but if activated 
by iron(II) or chelated iron(II) the degradation occurred at a higher rate. 
It was also discovered that benzene was the most difficult one of the 
BTEX compounds to degrade. If only iron(II) was used as an activator 
and applied excessively, the degradation declined after approximately 
7 minutes which was believed to be a consequence of scavenging by the 
sulfate radical on itself. This was however obstructed if a chelate was 
added. The study showed that citric acid was the best chelate compared 
to hydroxylpropyl-b-cyclodextrin (HPCD) and ethylenediaminetet-
raacetic acid (EDTA). Of the different molar ratios of persulfate/citric 
acid/Fe2+/benzene investigated, a molar ratio of 20/5/5/1 resulted in a 
complete benzene removal within 70 minutes while a molar ratio of 
20/1/5/1 resulted in a remaining of 30 % benzene for the same time 
period (Fig. 10). 

In-situ bioremediation 

In-situ bioremediation is the process by which the organic contaminants 
in the subsurface are degraded by microorganisms. There are different 
kinds of in-situ bioremediation techniques applicable for groundwater 
remediation depending on the site and contaminant conditions. Some of 
these are injection of denitrifying solutions, injection of pure oxygen 
through air sparging or as hydrogen peroxide (H2O2), natural intrinsic 
bioremediation, enhanced aerobic degradation by addition of more easily 
degradable organic compounds and addition of oxygen-releasing com-
pounds such as magnesium peroxide (MgO2) and calcium peroxide 
(CaO2) (Suthersan, 1999; FMC, 2013).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

Together with nutrients such as phosphorous, nitrogen, sulfur and other 
trace nutrients, the microorganisms use the carbon in the contaminant in 

Fig. 10. Benzene removal with citric acid chelated iron(II)-
activated persulfate (Liang et al., 2008). 
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order to either multiply or for cell respiration. The most important kind 
of microorganisms involved in biological degradation are bacteria due to 
their ability to grow fast and because they can degrade a wide range of 
different contaminants. Other microorganisms contributing to biological 
degradation are fungi, algae, actinomycetes and protozoa (Suthersan, 
1999). 

Due to the large variety of microorganisms, these processes can occur 
both under aerobic and anaerobic conditions. In aerobic conditions 
oxygen is used as the election acceptor and for anaerobic conditions the 
election acceptor consists of different oxidized organic or inorganic 
compounds. In these processes the contaminant acts as the electron 
donor. Under aerobic conditions where oxygen is the electron acceptor 
the end products are carbon dioxide and water. Under anaerobic condi-
tions both nitrate and sulfate can act as electron acceptors, which results 
in the end products of nitrogen gas or sulfide together with carbon 
dioxide, water and chloride ions (Suthersan, 1999). For aerobic biodeg-
radation to occur, enough dissolved oxygen (DO) needs to be present in 
the water. In uncontaminated groundwater DO is usually 4 mg/l, this 
value is then decreased if the oxygen is used by the microorganisms 
(SEPA, 2006). Generally a DO concentration of ≤2.5 mg/l is considered 
very low, 2.5-5 mg/l is low, 5-7.5 mg/l is moderate, 7.5-10 mg/l is high 
and >10 mg/l is very high. For the lower DO concentration (≤2.5 mg/l) 
it is mainly the anaerobic microorganisms that contribute in the biodeg-
radation processes, at higher DO concentrations it is instead the aerobic 
microorganisms that are present (SGU, 2013).   

In-situ bioremediation has its origin in the 1970s when the method of 
injecting oxygen and nutrients into petroleum hydrocarbon-contami-
nated subsurface was developed (Norris & Figgins, 2005). The imple-
mentation of bioremediation started to be more commonly used during 
the 1980s and today it is a popular and well established remediation 
technique (Suthersan, 1999). 

Advantages with in-situ bioremediation are that it is (i) cost-effective, 
(ii) a well-tested technique, (iii) applicable for different situations due to 
the numerous forms of microorganisms present in the subsurface and 
(iv) possible to combine with other remediation techniques such as 
chemical oxidation (Farhadian et al., 2007). Disadvantages are that (i) the 
efficiency is reduced in subsurface with low permeability and that 
(ii) microorganisms can be sensitive to temperature and pH conditions 
(SEPA, 2007).  

Calcium peroxide-based compound 

Calcium peroxide (CaO2) (Fig. 11) based oxidizers can be used as slow 
rate oxygen releasing compounds in order to enhance the available 
oxygen at the contaminated site. The slow release of oxygen is due to the 
lower water solubility and the oxygen releasing can be continuous up to 
one year (Cassidy & Irvine 1999; FMC, 2012). The calcium peroxide 
compounds are applied as an off-white powder which can be used for in-
situ bioremediation of different hazardous compounds in soil, sludge 
and water such as petroleum hydrocarbons and creosote. There are 
different forms of calcium peroxide based oxidizers. In this bench scale 
study a compound with a calcium peroxide content of 72.8 % of the 
total mass weight was used. In total the compound contained a mini-
mum of 18 % available oxygen. The oxygen from such a compound is 
released in a two-step process where hydrogen peroxide is created and 
depleted (Eq. 8 and 9). The end products of the reaction are calcium 
hydroxide, oxygen and water (FMC, 2003). 
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         →               (Eq. 8) 

     →           (Eq. 9) 

When applying calcium peroxide-based compounds it is recommended 
that to each mass unit of hydrocarbon, 24 mass units of oxygen should 
be applied. This is based on that for biodegradation of petroleum hydro-
carbons, a mass ratio of 3 to 1 of oxygen to petroleum hydrocarbon is 
required. In addition to this, a safety factor of 8 is advocated (FMC, 
2002).  

The effect of bioremediation with oxygen-releasing compounds is also 
dependent on the pre-existing conditions at the site such as hydrology, 
geochemistry and the microorganisms present. If not enough microor-
ganisms are present at the original state, addition of oxygen releasing 
compounds might not be enough in order to achieve successful 
contaminant degradation. This might be especially important at sites with 
low oxygen content or anoxic conditions, where the amount of aerobic 
bacteria can be low (Landmyer & Bradley, 2010).  

In a laboratory experiment conducted by Heitkamp (1997) the oxygen 
releasing based compound PermeOx® was used to microbially degrade 
p-nitrophenol (PNP) and phenol. PermeOx® has an oxygen content of 
11.5 weight-% and the experiment was conducted under oxygen-limiting 
conditions at a temperature of 25 °C. For 40 ml water containing 
194 mg/l PNP or 230 mg/l phenol different amounts of the calcium 
peroxide-based compound were added together with bacteria able to 
degrade the PNP and phenol. A majority of the reduction occurred 
within the first days and at day 7 additional oxygen was added. For PNP 
complete degradation at day 7 occurred for the use of 200 and 300 mg 
PermeOx®, for phenol complete degradation at day 7 occurred for the 
use of 75, 100, 200 and 300 mg PermeOx® (Fig. 12).  

 

Fig. 11. Chemical 
structure of calcium 
peroxide CaO2 

(Bennedsen, 2011). 

Fig. 12. PNP and phenol removal by the calcium peroxide-based compound 
PermeOx® (Heitkamp, 1997). 
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Benzene remediation with calcium peroxide-based compound 

Calcium peroxide-based compounds have been shown to stimulate bio-
remediation of groundwater contaminated with benzene and the other 
compounds included in BTEX (toluene, ethylbenzene and xylene). In a 
study made by Lin et al. (2012) this was investigated as the form of a 
column test with immobilized cell beads conducted on synthetic 
groundwater. In the test two kinds of BTEX-degrading bacteria were 
also introduced. The calcium peroxide-based compound managed to 
degrade 67 % of the benzene and 81-90 % of the toluene, ethylbenzene 
and xylene.  

Limited published research exists on the topic of benzene remediation 
by the use of the calcium peroxide-based compound used in this bench-
scale study (PermeOx® Plus). The published information is manly basic 
descriptions of reference projects. These descriptions however show that 
soil and groundwater contaminated with benzene has successfully been 
remediated with the compound. For one case, where soil and ground-
water was contaminated with petroleum compounds, a 15 % PermeOx® 
Plus solution was injected into the subsurface consisting of a clayey silt. 
This led to a decrease in benzene concentrations from 1,400 μg/l to 
1.8 μg/l over a three-month period (ORIN, 2006).  

MATERIALS AND METHODS 

The following section presents the materials and methods used in the 
bench-scale study conducted on the benzene-contaminated groundwater.  

Groundwater of investigation 

The bench-scale study was conducted on groundwater collected from 
well 815D in Hjorthagen. To calculate the amount of agents required to 
remediate the benzene contamination, the original benzene concentra-
tion needed to be known. Therefore water samples of untreated 
groundwater were collected according to the same methodology as for 
the groundwater used in the bench-scale study described below in 
section “Collection of groundwater”. For Setup 1 one sample was taken 

which showed to contain a benzene concentration of 22,000 μg/l. For 

Setup 2 two samples were taken, one containing 46,000 μg/l and the 

other containing 41,000 μg/l.  Since previous analysis of the groundwa-
ter in well 815D had also shown concentrations above these measured 

ones, it was decided that 46,000 μg/l were to be used as the basis for 
Setup 2 (Table 3). For a full chemical composition of the groundwater 
analyzed in connection to the first occasion of sampling, see Appendix 1.  

Table 3. Benzene concentrations used as basis in the two setups. 

 
Benzene concentration (μg/l) 

Setup 1 22,000 

Setup 2 46,000 
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Chemicals 

The chemicals used were hydrogen peroxide (H2O2) 30 %, manufactured 
by Merck KGaA, sodium persulfate (Na2S2O8) in the form of Klozur® 
obtained from FMC Environmental Solutions and the time-release grade 
of calcium peroxide in the form of PermeOx® Plus obtained from FMC 
Environmental Solutions. The iron(II) was provided as iron(II) sulfate 
heptahydrate (FeSO4 * 7H2O) and the citric acid was provided  as citric 
acid monohydrate (C6H8O7 * H2O), both obtained from Merck KGaA. 

Experimental setup 

The bench-scale study included two separate setups. In order to achieve 
better optimization of mass ratios the setups were arranged so that Setup 
2 started when the first results of Setup 1 had been obtained.  

In Setup 1 the tested agents were (i) hydrogen peroxide (uncatalyzed), 
(ii) persulfate (activated with iron(II)) (iii) calcium peroxide-based com-
pound (Fig. 13). In Setup 2 the tested agents were (i) hydrogen peroxide 
(uncatalyzed), (ii) Fenton’s reagent, (iii) persulfate (activated with 
iron(II)) and (iv) calcium peroxide-based compound (Fig. 14). For each 
setup reference samples were also investigated in order to examine the 
influence of storage time and sample treatment.  

For all agents in the two setups three concentrations (C1, C2 and C3) 
were investigated. The amount of concentrations was decided as a com-
promise between the information gained from the study and the cost for 
the test analysis. The time steps for the analyses were decided from the 
chemical properties of the agents and the time frame of the thesis.  In 
Setup 1 three time steps were applied: t1=2 weeks, t2=1 month and t3=2 
months. In Setup 2 only two time steps, t1 and t2, were applied. For 
hydrogen peroxide (uncatalyzed and Fenton’s reagent) only t1 was inves-
tigated since these processes are very rapid.  

 

 
 

Fig. 13. Setup 1. 
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Selection of concentrations 

The bench-scale study was conducted using a fixed mass ratio between 
the agents and benzene. The concentrations of hydrogen peroxide and 
persulfate were determined from journal papers and from previous 
bench-scale studies conducted by Golder Associates AB. In Setup 1 
mass ratios of 5/1, 10/1 and 20/1 were investigated and in Setup 2 mass 
ratios of 10/1, 20/1 and 50/1 were examined. The concentrations of the 
calcium peroxide-based compound were determined from journal papers 
and technical information provided by the manufacturer. In Setup 1 
mass ratios of 17/1, 68/1 and 137/1 were applied and in Setup 2 the 
mass ratios were 68/1, 137/1 and 205/1 (Table 4).  

The quantity of iron(II) added to the vials investigating Fenton’s reagent 
and activated persulfate chelated with citric acid was also based on liter-
ature and previous bench-scale studies conducted by Golder Associates. 
In the study a fixed value of 200 mg/l was used.  

The amount of citric acid was chosen as the amount required generating 
a pH of 2.7, which also was based on the literature. In Setup 1 this was 
generated by an addition of 127 g citric acid monohydrate and in Setup 2 
the amount of citric acid monohydrate required was 239 g. 

Table 4 . Mass ratios of agents to benzene (C6H6). 

 

 

Mass 
ratio 

Setup 1 Setup 2 

Hydrogen 
peroxide  

(Uncatalyzed) 

Persulfate 
(iron(II)-
activated)  

Calcium 
peroxide-
based 
compound 

Hydrogen peroxide  
Persulfate 
(iron(II)-
activated) 

Calcium 
peroxide-
based 
compound 

Uncatalyzed 
Fenton's 
reagent 

H2O2/C6H6 S2O8
-
/C6H6 

PermeOx® 
Plus/C6H6 

H2O2/C6H6 H2O2/C6H6 
S2O8

-
 

/C6H6 
PermeOx® 
Plus/C6H6 

C1 5/1 5/1 17/1 10/1 10/1 10/1 68/1 

C2 10/1 10/1 68/1 20/1 20/1 20/1 137/1 

C3 20/1 20/1 137/1 50/1 50/1 50/1 205/1 

 

Fig. 14. Setup 2. 
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Field and laboratory work 

The practical work with the bench-scale study was conducted in two 
steps. First the groundwater was collected at the site in Hjorthagen. 
Thereafter the bench-scale study itself was conducted in the premises of 
Golder Associates AB in Stockholm. 

Collection of groundwater 

Groundwater from well 815D for the two setups was collected at two 
different occasions but with the same collection method. As a first step, 
the groundwater in well 815D was purged by the use of a peristaltic 
pump. A total of 70 dm3 was pumped out in order to assure that the 
water sampling would be made on representative groundwater and not 
water that been situated in the groundwater well for a longer time period. 
After the purging, groundwater was allowed to refill the well during one 
week. Thereafter sampling was made in 40-ml glass vials with a plastic 
screw cap which had a gas-tight membrane on the top. These vials were 
later used in the bench scale experiment. The vials were filled to the top 
and no air was permitted. For this the peristaltic pump was also used and 
the flow was held at a low rate in order to minimize the emissions of 
volatile organic compounds (VOCs) into the air (Fig. 15). 

Between the collection of groundwater and the execution of the bench 
scale experiment the vials were stored in a cold room with a temperature 
of 6 °C.  

In connection to the groundwater collection for Setup 2 one extra 
sample was taken with the intent of investigating the effect of emissions 
from the water due to the contact with the air. To do this 100 ml 
groundwater was manually shaken three times for 10 seconds each in a 
212 ml glass-jar. Between the shakes the lid was removed for 5 seconds 
to allow for exchange of air in the jar. After the shakes the water was 
filled to the top in a 40-ml vial and the screw cap was put on. The vial 
was analyzed right away, at time t0. 

Bench-scale experiment 

The bench-scale experiment was conducted on 30 ml groundwater in 
40 ml vials. By knowing the benzene concentration in the untreated 
groundwater the total mass of benzene in 30 ml groundwater was calcu-
lated. This was then used together with the chosen mass ratios to derive 
the required masses of the hydrogen peroxide, persulfate and calcium 
peroxide-based compound to be added. 

Fig. 15. Collection of groundwater in vials by the use of a 
peristaltic pump. 
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To achieve the selected pH conditions for the persulfate and Fenton’s 
reagent tests the required amount of citric acid was determined. This was 
made by adding the selected amount of iron(II) sulfate to 30 ml ground-
water and thereafter the citric acid was added in steps. The mass of 
added citric acid was measured with an electronic scale with a resolution 
of 0.001 g.  Between each step, the pH was measured by use of a pH pen 
pHep®5 pH/Temperature Tester manufactured by Hanna Instruments 
with a resolution of two decimals. When the desired pH was achieved 
the total mass of citric acid required was determined.  

As the agents were not provided in concentrated form the masses of 
which to be used were calculated. Then the agents in the different 
concentrations were added to empty 40 ml vials. For Fenton’s reagent as 
well as persulfate the iron(II) sulfate and citric acid were added too. For 
this the electronic scale was also used. Thereafter, 30 ml of the collected 
groundwater was added by driving a syringe with a metal cannula 
through the membrane of the filled vials and then transfer the ground-
water to the new vials. The lid was rapidly put on in order to minimize 
the emissions of benzene. The vials were manually shaken for 
10 seconds to ensure complete mixing and then put in the cold room 
with a temperature of 6 °C with the aim of simulating the groundwater 
temperature on site (Fig. 16).  

Reference vials 

To investigate how the benzene concentration is affected by the treat-
ment and storage of the vials, control vials without agents were also 
prepared. For Setup 1 two control vials of 30 ml water, transferred with 
the same method as for the ones with agents, were prepared. Unfortu-
nately matrix disturbances occurred during the analysis at ALS 
Scandinavia why the benzene concentration could not be analyzed.  

For Setup 2 five control vials were prepared. One was created the same 
way as the two ones in Setup 1. In addition to this, the effect on storage 
temperature and tightly closed lid were investigated. Therefore one open 
and one closed untreated vial with 40 ml groundwater were stored in the 
cold room at 6°C and one open and one closed untreated vial were 
stored in 20°C (Table 5). The reference vials were analyzed after t1.  

 

Fig. 16. The 21 vials with agents and one control vial in Setup 1.  
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Table 5. Reference vials for Setup 2. 

Reference vials of Setup 2 
Transferred and stored at 6 °C 

Open and stored at 6 °C 

 
Closed and stored at 6 °C 

 
Open and stored at 20 °C 

 
Closed and stored at 20 °C 

Analysis 

After the specified time steps the vials were sent to the accredited labor-
atory ALS Scandinavia AB in Täby for analysis of BTEX. The concen-
trations were determined by the use of a gas chromatography-mass 
spectrometry (GC-MS). 10 ml of the groundwater was analyzed in 20 ml 
headspace vials. Where the benzene concentrations were suspected to be 
high, the samples were diluted with a factor of 1000. To each vial 100 ng 
of an internal standard of flourobenzene in methanol was added in order 
to correctly calculate the BTEX concentrations. ALS Scandinavia AB 
provided an accuracy of ± 32 % of their benzene analysis. The results 
from the laboratory were then compared and evaluated. From this the 
most suitable one out of the investigated agents for remediation of the 
benzene contamination in Hjorthagen was decided. 

RESULTS  

First the results from the analysis of the reference vials are presented. 
Thereafter this section presents the results of the analyzed groundwater 
after the determined time steps of the study. The results presented are 
the ones obtained from the laboratory with the accuracy of ±32 %. 

Reference vials 

The vial which was collected, shaken and analyzed right away in connec-

tion to the collection of water for Setup 2 showed to contain 28,000 μg/l 
benzene. The other reference vials for Setup 2 without added agents 
were analyzed after t1. The vial where water had been transferred to a 
new vial in the same way as if an agent would have been introduced, 

showed the lowest benzene concentration of 11,000 μg/l. The open vials 
contained less benzene than the ones that had been stored with a tightly 

closed lid. The highest concentration of 51,000 μg/l was observed in the 
closed vial stored at 6°C (Table 6). 

Setup 1 

In Setup 1 hydrogen peroxide (uncatalyzed), persulfate (iron(II)-acti-
vated) and a calcium peroxide-based compound were investigated. The 
setup was based on groundwater with an initial benzene concentration of 

22,000 μg/l. After the investigated time steps the benzene concentra-
tions were still elevated in all samples except for the lowest mass ratio 
after the last time step of the calcium peroxide-based compound.  

Table 6. Reference vials of Setup 2. 

Reference vials of Setup 2 Benzene (μg/l) 

Transferred and stored at 6 °C 11,000 

Open and stored at 6 °C 32,000 

Closed and stored at 6 °C 51,000 

Open and stored at 20 °C 34,000 

Closed and stored at 20 °C 41,000 
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For that vial the remaining benzene concentration was 0.34 μg/l.A vast 
majority of the other samples contain a remaining benzene concentration 

higher than or equal to the initial concentration of 22,000 μg/l (Table 7). 

Hydrogen peroxide 

The benzene concentration in the vials with uncatalyzed hydrogen 
peroxide reaction showed an increase of benzene for all the examined 
mass ratios after the investigated time step t1 (Fig. 17). The lowest 
concentration was observed for C1, tightly followed by C3. 

Persulfate 

The benzene concentration in the vials with iron(II)-activated persulfate 
reaction showed different patterns for the investigated mass ratios (Fig. 
18). The C1 and C3 treatments behaved the same way while C2 behaved 
differently. After the first time step C1 and C3 are increased. This was 
followed by a reduction at the second time step and a minor increase at 
t3. C2 on the other hand decreases at the first time step to a concentra-
tion lower than it was in the original measurement. Thereafter, at t2, it 
increased to become the one out of the three with the highest benzene 
concentration. In the last time step C2 has again decreased to a concen-
tration between the ones of C1 and C3. However, it should be pointed 
out that the variations observed for these samples are largely within the 
reported accuracy of benzene determination (± 32 %). 

Calcium peroxide-based compound 

All studied vials with the calcium peroxide-based compound showed 
increased benzene concentrations at t1 (Fig. 18). Here the highest 

concentration for the whole Setup 1 of 41,000 μg/l is observed for C1. 
All investigated ratios of the calcium peroxide-based compound to

 

Table 7. Remaining benzene concentration in Setup 1 (μg/l). 

 

Hydrogen 
peroxide 

(uncatalyzed) 

Persulfate 

(iron(II)-activated) 

Calcium peroxide-based 
compound 

Time t1 t1 t2 t3 t1 t2 t3 

C1 23,000 33,000 22,000 22,000 41,000 26,000 0.34 

C2 31,000 19,000 29,000 24,000 37,000 35,000 29,000 

C3 24,000 29,000 24,000 25,000 38,000 28,000 29,000 

0

10,000

20,000

30,000

40,000

t0 t1

Hydrogen peroxide (uncatalyzed) 

C1

C2

C3

Fig. 17. Remaining 
benzene concentration 
in vials for Setup 1 
after using chemical 
oxidation with 
hydrogen peroxide 
(uncatalyzed).  
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benzene are then decreased to t2, however they still contain 
concentrations higher than the originally measured one. At t2 the lowest 
concentration is observed for C1 and at t3 almost all benzene has been 
depleted for C1. For that vial the lowest concentration of the whole 

bench-scale test is measured, 0.34 μg/l. A benzene degradation that is so 
large that it is not affected by the laboratory accuracy of ±32 %.  At the 
same time the other two concentrations still show to contain a high 
content of benzene. 

Setup 2 

In Setup 2 hydrogen peroxide (uncatalyzed and Fenton’s reagent), 
persulfate (iron(II)-activated) and a calcium peroxide-based compound 
were investigated. The setup was based on groundwater with an initial 

benzene concentration of 46,000 μg/l and two time steps were investi-
gated. A substantial reduction in benzene-concentrations was observed 
for all investigated Fenton’s reagent mass ratios. For the other applied 
agents the benzene levels in the vials were still elevated (Table 8). 

Hydrogen peroxide 

The results from the tests with uncatalyzed hydrogen peroxide and 
Fenton’s reagent are presented separately in this section. 

Hydrogen peroxide (uncatalyzed) 

The benzene concentration in the vials with hydrogen peroxide (uncata-
lyzed) was still elevated after t1 (Fig. 19). A minor decrease compared to 
the initial concentration occurred for all tested mass ratios, with the 
lowest concentrations observed for C1 and C2.  

Table 8. Remaining benzene concentration (μg/l) in Setup 2. 

 
Hydrogen peroxide Persulfate 

(iron(II)-acti-
vated) 

Calcium per-
oxide-based 
compound  Uncatalyzed 

Fenton's 
reagent 

Time t1 t1 t1 t2 t1 t2 

C1 40,000 8.6 32,000 23,000 41,000 42,000 

C2 40,000 1.9 32,000 33,000 51,000 39,000 

C3 42,000 1.1 33,000 32,000 31,000 52,000 

0

10,000

20,000

30,000

40,000

t0 t1 t2 t3

Persulfate (iron(II) activated) 

C1

C2

C3

Fig. 18. Remaining benzene concentration in vials for Setup 1 after using chemical 
oxidation with persulfate (iron (II) activated) and bioremediation with a calcium 
peroxide-based compound. 
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Fenton’s reagemt 

The benzene in the vials where Fenton’s reagent was used was almost 
completely oxidized (Fig. 19). The higher concentrations of Fenton’s 
reagent that were applied, the larger were the degradation. At t1 the vial 

C1 contained 8.6 μg/l, C2 contained 1.9 μg/l and C3 contained 1.1 μg/l. 
This benzene reduction is so large that it is not affected by the laboratory 
accuracy of ± 32 %. 

Persulfate 

All the investigated vials with iron(II)-activated persulfate reactions 
showed a decrease of benzene concentrations at t1, with a slightly higher 
concentration observed for C3. At the second time step the benzene 
concentrations differed more between the investigated treatments. Here 
the lowest concentration is observed for C1 while the highest concentra-
tion is detected for C2 closely followed by C3 (Fig. 20).  

Calcium peroxide-based compound 

In the study of the calcium peroxide-based compound elevated levels of 
benzene were observed for all vials (Fig. 20). For the lowest investigated 
mass ratio, C1, the concentration in the two time steps was quite stable. 
The benzene concentrations for C2 were increased at t1 and thereafter 
decreased to be the lowest one for t2. In contrast to C2, C3 showed a 
reduction after the first time step to thereafter it increased and became 
the one with the highest concentration at t2. 

0

10,000

20,000

30,000

40,000

50,000

t0 t1

Hydrogen Peroxide (uncatalyzed) 

C1

C2

C3

Fig. 19. Remaining benzene concentration in vials for Setup 2 after using chemical 
oxidation with hydrogen peroxide (uncatalyzed) and Fenton’s reagent. 
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DISCUSSION  

In this section, the result of the bench-scale study is discussed. First the 
applied original benzene concentration and the experimental setup are 
analyzed. Thereafter the investigated agents are discussed separately. 
Finally recommendations of future work are presented.  

Original benzene concentration 

The two setups were based on different original benzene concentrations, 

22,000 μg/l for Setup 1 and 46,000 μg/l for Setup 2. During the previ-
ous measurements of the benzene in the groundwater the concentrations 

have been fluctuating from 10,000 μg/l to 97,000 μg/l. Therefore both 
measured concentrations in this study are considered representative even 

though 22,000 μg/l is quite a low concentration. However, because all of 
the remaining benzene concentrations for t1 in Setup 1 showed even 
higher levels of benzene than the original one for all samples except for 
C2 for persulfate, it is speculated that the original benzene concentration, 
on which all those mass ratios are based, might not be accurate. This is 
further supported by the two groundwater samples made for Setup 2, 
conducted only one month after the Setup 1 sampling, which showed 

benzene concentrations of 41,000 and 46,000 μg/l.  

The reason for this rather major difference can only be speculated. The 
collection of the groundwater was conducted with the same methodol-
ogy for the two setups, why the difference is not believed to be caused 
by the handling at the sampling occasions. The accuracy of the labora-
tory analysis of ± 32 % allows for quite a significant variation in the 
outcome, although not to this extent. It cannot be entirely excluded that 
the difference was due to handling at the laboratory. Since benzene is 
such a highly volatile compound the handling of the samples are 
especially crucial.  

As the two setups are based on different initial benzene concentrations, 
where the concentration used in Setup 2 is more than twice as large as 
the one in Setup 1, the mass ratios between the two setups cannot be 
compared directly. Even though some ratios have been used for both 
tests, they do not represent the same mass of agents which have been 
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Persulfate (iron(II) activated) 
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Fig. 20. Remaining benzene concentration in vials for Setup 2 after using 
chemical oxidation with persulfate (iron (II) activated) and bioremediation with 
a calcium peroxide-based compound. 
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added. The original benzene concentration is therefore important to 
keep in mind when analyzing the efficiency of the tested ratios. If the 
initial concentration is incorrect it has the consequence of too low levels 
of agents being added due to the mass ratio, which is based on the 
amount of benzene present in the vial. This in turn caused Setup 1 to not 
represent what it was intended to. 

Experimental setup 

The use of two setups, where Setup 2 started after the first results from 
Setup 1 were obtained, gave an opportunity to optimize the amounts of 
agents to apply. In the first results from Setup 1 none of the investigated 
agents had resulted in any significant benzene reduction, instead the 
majority the benzene levels were increased. This indicated that (i) the 
originally measured benzene concentration might not be correct and 
(ii) the contamination appears to be difficult to degrade. Therefore the 
mass ratios were increased for Setup 2 and the chemical oxidation 
method of the highly reactive Fenton’s reagent was added.  

The amount of citric acid applied in order to generate a pH of 2.7 also 
differed between the two setups. The pH in the previous measurements 
of groundwater from 815D has fluctuated but not so much. The need 
for different amounts of citric acid required is believed to be due to 
different buffering capacity in the water.  

The accuracy of the benzene analysis provided by ALS Scandinavia AB 
of ±32 % provides for a lot of uncertainty of the measurements. 
However indications of the benzene degradation capacity can still be 
observed and in order to find a remediation technique suitable for this 
groundwater with highly elevated levels of benzene the benzene reduc-
tion needs to be vastly larger than 32 %. The accuracy of the laboratory 
is therefore not considered to greatly affect the conclusions drawn from 
this bench-scale study. 

Also the amounts of other contaminants present in the groundwater of 
815D in Hjorthagen are not believed to greatly affect the design or 
degradation in this bench-scale study. This is based on that the concen-
tration of benzene is far higher than the concentrations of any of the 
other contaminants. 

Effect of treatment and storage temperature 

The reference vial which was collected, shaken and analyzed right away 
in connection to Setup 2 showed a lower benzene concentration 

(28,000 μg/l) than the other two samples collected at the same time 

without shaking (41,000 μg/l and 46,000 μg/l). This emphasizes the 
volatility of benzene. However, despite this harsh treatment the benzene 
concentration is still largely elevated. From this it can be presumed that 
the samples with very low benzene concentrations obtained in the 
bench-scale study, which were not this roughly treated, are caused by the 
added agents and not by the treatment of the samples. 

For Setup 2 where the reference vial, which had been treated the same 
way as the ones with the added agents, showed the clearly lowest 

concentration of benzene of only 11,000 μg/l. This is considerably lower 
than for many of the vials with additives, why it is assumed that some 
error during analysis has occurred.   

From the investigation of how much the vials are affected by a closed or 
open lid it can be observed that the benzene concentrations in the open 
vials were clearly lower than the ones with a tightly closed lid. Since 
benzene with its low vapor pressure is considered a volatile organic 
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compound (VOC) this was an expected result. This highlights the need 
for using handling methods which minimizes the opportunity for the 
benzene to vaporize.  

In the test of how much the benzene-contaminated water was affected 
by the storage temperature the investigated vials showed only a small 
variation in concentration after the two weeks of storage. For the open 
vials the one stored at 20°C contained marginally more benzene than the 
one stored at 6°C. For the closed vials the one stored at 20°C contained 
less benzene than the one stored at 6°C. This indicated that the temper-
ature of storage of vials without additives did not matter. 

The fact that all these reference vials still contained elevated levels of 
benzene further supports the postulation that the very low benzene 
concentrations in some of the analyzed vials with added agents, are 
caused by the agents and not by the handling of the samples. 

Hydrogen peroxide 

The two versions of chemical oxidation by the use of hydrogen peroxide, 
uncatalyzed hydrogen peroxide reaction and Fenton’s reagent, are 
discussed separately. 

Hydrogen peroxide (uncatalyzed)  

Hydrogen peroxide is considered a strong oxidizing agent on its own. 
However out of the investigated agents, direct oxidation with hydrogen 
peroxide has the lowest standard reduction potential and in this bench-
scale test none of the investigated concentrations managed to effectively 
degrade the benzene.  

In the literature benzene is considered an easily degradable compound. 
Since equal mass concentrations of hydrogen peroxide to contaminant 
successfully were used in the previous bench-scale study conducted on 
an oil contamination by Golder Associates, it was speculated to be suffi-
cient for this groundwater as well. The result indicates that the benzene 
in this test is difficult to degrade. One explanation of the unsuccessful 
reduction could be differences in concentrations of other compounds 
present in the groundwater, compounds that either consumes the 
oxidants or helps catalyze the reactions. Even though the water of well 
815D contained elevated levels of iron, this should not be enough to 
catalyze the hydrogen peroxide on its own. The test by Golder 
Associates showed that the lowest investigated ratio generated the largest 
degradation. In this test the largest reduction also belong to the lowest 
tested mass ratios, although not as obviously. The reason for smallest 
mass ratios being most successful is believed to be due to scavenging of 
the hydroxyl radical by itself, which can occur if not applied at an 
optimized concentration. 

According to the literature the oxidizing ability of hydrogen peroxide 
increases at a higher temperature. It is possible that a higher temperature 
than the 6°C used in this study would have generated a better benzene 
reduction. But since the temperature on site is this low, no need for such 
an investigation was motivated unless heat will be used as an activator. 
Due to the minor decrease of the benzene-concentrations for all investi-
gated uncatalyzed hydrogen peroxide to benzene mass ratios, this 
method is not recommended to be applied for remediation of the 
contaminated groundwater in Hjorthagen. 

Fenton’s reagent 

Fenton’s reagent was only investigated in Setup 2. Out of the tested 
agents it is the only one able to considerably degrade the benzene for all 
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tested mass ratios. The degradation was almost complete leaving 

concentrations below both the risk of surface contamination (500 μg/l) 

and risk of vapor in buildings (50 μg/l). For the highest tested mass 
ratio, which generated the best reduction, the remaining benzene 

concentration of 1.1 μg/l is almost in level with the guideline value of 

benzene in drinking water (1.0 μg/l). 

Fenton’s reagent with the hydroxyl radical is a very strong oxidant. With 
a standard reduction potential of 2.7 V it is the strongest one used in this 
study. Therefore it was also expected to be one of the best degrading 
agents tested. The study resulted in even larger benzene degradation than 
was observed by Crimi & Taylor (2007), where successful degradation 
also was obtained. Their use of a molar ratio between hydrogen peroxide 
to benzene of 20/1 corresponds to a mass ratio of 9/1. This is almost 
equal to the lowest mass ratio investigated in this study. Cirimi & Taylor 
(2007) tested different ratios of iron(II) and citric acid. Their largest 
reduction of benzene of 98 % was observed for the test with the most 
citric acid added, which still was substantially less than what has been 
used in this study. This emphasizes the need of a low pH in order to 
obtain efficient degradation. Since both this bench-scale test and the test 
conducted by Crimi & Taylor (2007) anyhow generated successful 
removal of benzene it can be concluded that degradation can be 
obtained by different combinations of the substances. It is therefore 
important with thorough investigations for each specific contamination 
in order to find the most applicable combination of additives. Due to 
both environmental and economic reasons it is also desirable to use the 
lowest amounts of chemicals possible. Since the benzene in the ground-
water of well 815D in Hjorthagen was efficiently degraded by chemical 
oxidation with Fenton’s reagent, it is recommended to be used for on-
site remediation. Due to the great ability of oxidation, the use of as small 
amounts of additives as possible is further motivated. 

Persulfate 

The persulfate used in this bench-scale test in the form of Klozur® was 
activated with iron(II) under acidic conditions generated by citric acid. 
For none of the investigated mass ratios did any major benzene degrada-
tion occur. However in both setups it can be observed that the lowest 
investigated persulfate to benzene ratio generated the best degradation. 
The largest degradation occurred in Setup 2 with the lowest mass ratios 
of 10/1. There 50 % of the benzene present in the vial was removed 
after one month (t2). As the initial benzene concentration for Setup 1 is 
believed to be incorrect, the actual decrease in these vials cannot be 
calculated. If it is assumed that the original concentration was of the 
same level as for Setup 2, the reductions correspond to up to 52 % 
benzene being removed, with the largest reduction in the vials with the 
lowest mass ratio. A consequence of the incorrect initial benzene 
concentration is further that the actual ratios are even lower than the 
intended ones of 5/1, 10/1 and 20/1. As low remaining benzene 
concentrations were measured for all ratios in Setup 1, this further 
supports the hypothesis that the low mass ratios applied are the ones 
which generates the best benzene reduction.  

Chemical oxidation by the use of persulfate occurs at a slower rate than 
the use of hydrogen peroxide. Due to the limited amount of time within 
the scope of this master thesis, a third time step could not be investi-
gated for Setup 2. The 10/1 mass ratio in Setup 2 demonstrates a trend 
of constant reduction of benzene. If a third time step would have been 
investigated a further reduction might have been generated. Also the low 
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storage temperature of 6°C results in slower reactions why a decrease of 
benzene is believed to occur after even longer time of operation than 
two months.  

As for Fenton’s reagent, also chemical oxidation by the use of activated 
persulfate was investigated by Crimi & Taylor (2007). Their use of a 
molar ratio between persulfate to benzene of 20/1 corresponds to a 
mass ratio of 49/1. Also Liang et al. (2008) obtained efficient benzene 
reduction using a molar ratio of 20/1. Their very successful remediation 
with high ratios does not coincide with the results obtained from this 
study. Instead in this study and the bench-scale study by Golder 
Associates (2013) the best degradation (which was not as large), occurs 
for the lowest mass ratios. The differences between the studies may have 
several explanations such as the temperature applied, the chemical 
composition of water and different ratios of iron(II) and citric acid 
applied. Anyway a relation can be observed for better success of lower 
ratios for the tests conducted at low temperatures. The differences also 
suggest that the optimal ratios vary for prevailing conditions, why the 
needs of bench-scale studies are strongly motivated.  

The largest mass ratio applied in this bench-scale study (50/1) is in 
correlation to the ratios used by Crimi & Taylor (2007) and Liang et al. 
(2008). As mentioned above, this ratio is not the one generating the 
greatest benzene reduction of the tested ratios. It is possible that even 
larger mass ratios would generate a better benzene reduction. However, 
in this test these larger mass ratios were not considered relevant due to 
the large amount of agents that then would be required in order to 
remediate the contamination in full scale on site.  

If activated properly, persulfate with its sulfate radical with a standard 
reduction potential of 2.6 V, is a strong oxidant which ought to be able 
to degrade the benzene. It is therefore speculated that the persulfate in 
this study might not have been fully activated or that the reactions are 
very slow due to the low temperature. The activation method with 
iron(II)-chelated citric acid is according to the studies of Crimi & Taylor 
(2007) and Liang et al. (2008) the one which has resulted in the best 
activation. However, since the chemical composition and characteristics 
of the contaminated waters, such as temperature, greatly varies between 
the tests, other activation methods might have been more suitable for 
this bench-scale study.  

Due to the extremely elevated levels of benzene in the groundwater from 
well 815D in Hjorthagen a degradation of 50 % is not satisfactory 
enough. It is assumed that a longer duration of action of the persulfate 
would have generated a better result. Unfortunately, the time frame of 
the thesis did not allow for such investigations. Since this bench-scale 
study does not verify this assumption it cannot be used as a foundation 
to recommend iron(II)-activated persulfate reaction for remediation of 
the contaminated groundwater in Hjorthagen. However, if this technique 
is studied further it might result in successful benzene degradation. 

Calcium peroxide-based compound 

Biodegradation of benzene by the use of the calcium peroxide-based 
compound PermeOx® Plus showed varying results for the two setups 
and studied mass ratios. The most interesting result is the one of the 
lowest mass ratio in Setup 1. For this ratio the benzene concentration 
was moderately decreased from the first time step to the second. Then, 
at the third time step, almost all benzene was depleted with a resulting 
concentration of only 0.34 µg/l. This is the lowest observed concentra-
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tion for the whole bench-scale study. None of the other studied mass 
ratios of the calcium peroxide compound at any time step contain con-
centrations anywhere near this value. The reason for the extremely low 
concentration in the third time step is speculated to be due to the pres-
ence of benzene degrading microorganisms in that vial. The dissolved 
oxygen concentration of approximately 4 mg/l in the groundwater from 
815D in Hjorthagen allows for some aerobic microorganisms to live 
there. The pH value of around 7.4 results in good conditions for micro-
organisms while at the same time, the extremely elevated levels of 
benzene can be toxic to the microorganisms. These three factors 
combined support the theory that the degrading microorganisms only 
were present in sufficient amount in one of the vials. There, due to the 
release of oxygen generated by the calcium peroxide-based compound, 
they were able to degrade the benzene. An explanation to why this 
occurred in a vial with one of the lowest investigated mass ratios could 
be that the lower amount of calcium peroxide added generated a smaller 
rise of pH. Therefore the habitat of the microorganisms was not 
changed as much as for the ones with higher mass ratios. This leads to 
better conditions for the microorganisms why they more easily multiply 
and degrade the benzene. 

That calcium peroxide-based compounds are able to degrade benzene is 
also supported by the research of Lin et al. (2012). Unfortunately limited 
published research exists on the topic of benzene remediation by the use 
of PermeOx® Plus. Within the literature study of this master thesis no 
such published research has been found about bench-scale tests. The 
bench-scale test conducted by Heitkamp (1997) where PermeOx® was 
studied differs vastly to the conditions of this study. Therefore it is diffi-
cult to draw many more conclusions than that biodegradation can occur 
by the use of a calcium peroxide compound.  

The results of this bench-scale study indicates that it is possible to reme-
diate the benzene-contaminated groundwater in Hjorthagen with the 
calcium peroxide-based compound PermeOx® Plus. However, since 
efficient reduction only was obtained for one of the vials, this technology 
needs to be studied further before a final remediation on site could be 
made.  

Future work 

The result of the bench-scale study shows that chemical oxidation by the 
use of Fenton’s reagent is the best of the investigated remediation tech-
niques. However before actual remediation of the groundwater at 
Hjorthagen, further research has to be made. Due to the fact that the 
contaminant is present in the groundwater, it is affected both by the 
properties of the water and the soil matrix. It is therefore recommended 
that an additional bench-scale study should be conducted on a soil 
matrix consisting of soil and groundwater obtained from the depth of 
the contamination. In connection to this new bench scale study, the 
mass ratio of hydrogen peroxide to benzene should be optimized. All 
investigated mass ratios for Fenton’s reagent in the bench-scale study 
resulted in a substantial oxidation of benzene. In full-scale remediation 
on site it is crucial to use as small amount of hydrogen peroxide as pos-
sible and still obtain good benzene remediation. By doing so the cost of 
the remediation is held to a minimum and the environmental as well as 
the possible health and safety effects are also held as low as possible.  

An alternative to remediation by chemical oxidation with Fenton’s rea-
gent could be biodegradation with PermeOx® Plus. However, since suc-
cessful degradation occurred for only one test, more thorough bench-
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scale studies conducted on a soil matrix over a longer time period are 
required before on site remediation with this technique. Addition of 
nutrients and bacteria cultures could also be introduced in order to 
generate more unambiguous benzene degradation. An extended time 
period of investigation at a soil matrix could also be made for the 
iron(II)-activated persulfate reaction. This might as well result in success-
ful remediation of the benzene-contaminated groundwater. 

CONCLUSION  

The result from this bench-scale study demonstrates that, out of the 
three investigated remediation agents, the most suitable for remediation 
of the benzene-contaminated groundwater in Hjorthagen is chemical 
oxidation by the use of hydrogen peroxide in the form of Fenton’s 
reagent. For this chemical oxidant all investigated mass ratios success-
fully degraded the benzene.  

The study further demonstrates that both chemical oxidation with 
iron(II)-activated persulfate reaction and biodegradation with the 
calcium peroxide-based compound may to some extent be able to 
degrade the benzene. However, the information obtained from this 
bench-scale study is not sufficient enough to state that it is suitable for 
remediation of the benzene-contaminated groundwater in Hjorthagen. 
Chemical oxidation by the use of uncatalyzed hydrogen peroxide reac-
tion was shown not to be suitable in this case. 

Before remediation at site, further investigations are required. As a first 
step it is recommended that an extended bench-scale study should be 
conducted on a soil matrix, in order to further optimize the mass ratio.  
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APPENDIX I  –  CHEMICAL COMPOSITION OF 

GROUNDWATER IN 815D  AT SAMPLING IN FEBRUARY 2013 

ELEMENT 
 

815D 
 

ELEMENT 
 

815D 

Ca mg/l 164 
 

aliphatics >C12-C16 µg/l <10 

Fe mg/l 0,724 
 

aliphatics >C5-C16 µg/l <20 

K mg/l 24,2 
 

aliphatics >C16-C35 µg/l 62 

Mg mg/l 31,5 
 

aromatics >C8-C10 µg/l 22 

Na mg/l 266 
 

aromatics >C10-C16 µg/l 11 

Al µg/l 6,86 
 

methylpyreners/methylfluoranteenes µg/l <2 

As µg/l 14,6 
 

methylkrysenes/methylbenz(a)antracenes µg/l <2 

Ba µg/l 121 
 

aromatics >C16-C35 µg/l <2 

Cd µg/l <0.05 
 

naphthalene µg/l 86 

Co µg/l 1,33 
 

acenaphtylene µg/l 1,1 

Cr µg/l <0.5 
 

acenaphtene µg/l 3,6 

Cu µg/l <1 
 

fluorene µg/l 1,8 

Hg µg/l <0.02 
 

fenantrene µg/l 0,77 

Mn µg/l 314 
 

antracene µg/l 0,08 

Ni µg/l 1,6 
 

fluorantene µg/l 0,14 

Pb µg/l <0.2 
 

pyrene µg/l 0,11 

Zn µg/l <2 
 

bens(a)antracene µg/l 0,06 

Mo µg/l 2,07 
 

krysene µg/l 0,05 

V µg/l 5,68 
 

benz(b)fluorantene µg/l 0,06 

S mg/l 15,5 
 

benz(k)fluorantene µg/l 0,03 

CN total mg/l 0,038 
 

benz(a)pyrene µg/l 0,04 

CN available (free) mg/l <0.010 
 

dibenz(ah)antracene µg/l 0,01 

benzene µg/l 22000 
 

benzo(ghi)perylene µg/l 0,03 

toluene µg/l 97 
 

indeno(123cd)pyrene µg/l 0,03 

ethylbenzene µg/l 79 
 

PAH, sum 16 µg/l 94 

m,p-xylene µg/l 400 
 

PAH, sum carcinogenic µg/l 0,28 

o-xylene µg/l 120 
 

PAH, summa other µg/l 93 

xylenes, sum µg/l 520 
 

PAH, sum L µg/l 90 

aliphatics >C5-C8 µg/l <10 
 

PAH, sum M µg/l 2,9 

aliphatics >C8-C10 µg/l <10 
 

PAH, sum H µg/l 0,31 

aliphatics >C10-C12 µg/l <10 
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