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ABSTRACT

Batch experiments were conducted to examine the effects of ferrous iron source, soil salinity of
temperature on degradation of long-chain petroleum hydrocarbons by Fenton-like processes. The
results show that over 70%, 50% and 25% of aliphatic C16-C21, C21-C35 and C35-C40,
respectively, was eliminated at a H,O, dose of 1.5%. The decomposition rate of petroleum
hydrocarbons was similar to each other for ferrous sulfate and magnetite while the capacity of pyrite
to trigger Fenton-driven decomposition of long-chain aliphatic petroleum hydrocarbons was weaker,
as compared to ferrous sulfate and magnetite. The decomposition rate of aromatic hydrocarbons
decreased with increasing length of carbon chain in the ferrous sulfate and magnetite systems, but the
opposite was observed in the pyrite system. The effect of Fenton-like process on degradation of long-
chain petroleum hydrocarbons was enhanced by increased temperature. At a temperature of 60°C, the
enhancement of Fenton process outweighed the adverse effects from potential loss of H,O, due to
elevated temperature. The use of magnetite as a source of ferrous iron was likely to prevent
consumption of Fe?* by complexation with chloride ion from occurring and consequently effectively

eliminated the inhibitory effect of salinity on Fenton reaction.

Keywords: Oil contamination, chemical degradation, hydrogen peroxide, hydroxyl radical, desert,

saline soil,
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1 Introduction

The use of petroleum as a major source of energy supply in the past decades has resulted in
widespread soil contamination around the world (Hall et al., 2003; Vieira et al., 2007; Safdari et al.,
2018). This prompts increasing effort to develop methods for cleaning up petroleum hydrocarbon-
contaminated soils. Bioremediation is thought to be a cost-effective method for remediating
petroleum hydrocarbon-contaminated soils (Varjani et al., 2017; Li et al., 2018). However, the
operation of bioremediation requires favourable environmental conditions for the hydrocarbon-
degrading microbes. In desert areas where soil moisture and nutrients are lacking, microbially
mediated degradation of petroleum hydrocarbons is generally inhibited. High soil salinity and
temperature can also be limiting factors for soil bioremediation (Rhykerd et al., 1995; Margesin et
al., 2001; Zhu et al., 2017). To allow bioremediation to be operated in these areas, manipulation of
growing environments for microbial degraders such as supply of fresh water, cooling, fertilization
and de-salinization of soil is required. This could add markedly to the operational costs associated

with bioremediation and make it economically unviable.

Alternatively, advanced oxidation methods based on Fenton or Fenton-like process may have
advantage over bioremediation for treatment of petroleum hydrocarbon-contaminated soils in desert
areas given that no highly environment-sensitive biota are involved in these treatment processes.
While advanced oxidation is a well-established method for degradation of organic molecules (Bissey
et al., 2006; Bach et al., 2010; Maizel et al., 2017), there has been limited work reported for its
application to decomposition of long-chain petroleum hydrocarbons, which frequently dominate
aged soil-borne hydrocarbons in most desert environments due to rapid volatilization of the lighter
components. Little is known about the influence of salinity and temperature on the effectiveness of
Fenton or Fenton-like processes for chemical degradation of long-chain hydrocarbons. Furthermore,

to increase the cost-effectiveness of the advanced oxidation process, identification of cheap but
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effective ferrous iron-bearing materials is also important. The objectives of this study were to (a)
compare the effectiveness of various ferrous iron-containing materials for Fenton-driven
decomposition of long-chain petroleum hydrocarbons; (b) examine the effects of salinity on the

degradation reactions; and (c) examine the effects of temperature on the degradation reactions.

2 Materials and Methods

2.1  Ferrous iron-containing materials

Three ferrous iron-containing materials were used in this study: (1) analytical grade ferrous
sulfate (FeSO47H,0), (2) powdered pyrite (FeS,) with a diameter <75 um, and (3) powdered
magnetite (Fe3O,) with a diameter <18 um. The powered pyrite and magnetite were purchased from

Yunkai Powder Co., Ltd. and Guotao Mine Product Trade Co., Ltd., respectively.

2.2 Artificially contaminated soils

The synthetic petroleum hydrocarbon-contaminated soils were formulated by thoroughly
mixing quartz sands (<38 um) with a range of long-chain hydrocarbon species purchased from
Sigma-Aldrich. This artificially contaminated soil contained 5000 mg/kg of eicosane (purity: 99 %),
6500 mg/kg of tetracosane (purity: 99 %), octacosane (purity: 99 %) and dotriacontane (purity: 97
%), 3000 mg/kg of hexatriacontane (purity: 98 %), 5000 mg/kg of naphthalene (purity: 99 %),

acenaphthene (purity: 99 %), phenanthrene (purity: 98 %) and pyrene (purity: 98 %).

2.3 Experiment 1: Comparison between different ferrous iron-containing materials

A batch experiment was conducted to compare the effects of ferrous sulfate, pyrite and
magnetite on the decomposition of the hydrocarbons in the synthetic soils. For each ferrous iron-
containing material, one control and three treatments were set. The ingredients for the controls and

various treatments are given in Table 1. 100 mL plastic bottles were used as batch reactors. After

4
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placing all the solid components in the batch reactor, 50 mL of a relevant H,O; solution was added
into the reactor. The reaction was allowed to proceed until the reaction was completed, as indicated
by no visible gas bubbles being observed. The soil was then freeze-dried using a 40 freeze-dryer.

Table 1 Experimental set-up for comparison between different ferrous iron-containing

materials
Contaminated soil () FeSO,7H,0 (Q) Pyrite (g) Magnetite (g) 50 mL of H,0,

CFS 50 4.5322 0%
T1FS 50 4.5322 0.5%
T2FS 50 4.5322 1%
T3FS 50 4.5322 1.5%
CP 50 1.9559 0%
T1P 50 1.9559 0.5%
T2P 50 1.9559 1%
T3P 50 1.9559 1.5%
CM 50 3.77 0%
T1iM 50 3.77 0.5%
T2M 50 3.77 1%
T3M 50 3.77 1.5%

2.4 Experiment 2: Effects of salinity and temperature on degradation reaction

For this experiment, only magnetite was used. The dose of H,O, was also fixed to 1.5%. The
amount of contaminated soil and magnetite used in the experiment was the same as in Experiment 1.

Two levels of salinity and two levels of temperature were set, as shown in Table 2. 100 mL plastic

bottles were used as batch reactors. After placing all the solid components in the batch reactor, 50
mL of H,O, solution was added into the reactor. The reaction was allowed to proceed in two ovens
with one set at 35°C and another set at 60°C. After the reaction was completed, as indicated by no

visible gas bubbles being observed. The soil was then freeze-dried using a 40 freeze-dryer.
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Table 2 Experimental set-up for effects of salinity and temperature on degradation reaction

CT3581.5
CT35S3.0
CT60S1.5
CT60S3.0
TT35S1.5
TT35S3.0
TT60S1.5
TT60S3.0

2.5  Analytical Methods

The petroleum hydrocarbons contained in the soils were extracted with dichloromethane.
Impurities are removed from the extract with sodium sulfate and silica. The aliphatic and aromatic
fractions are separated using solid-phase extraction techniques. Additional clean-up for the extract
was performed by passing the solution through a membrane filter. The filtrate was treated with 15 g
of acid silica in a clean round bottom flask placed on a rotary evaporator with no heat for 30 min.
The solution is then analyzed using a capillary gas chromatography with flame ionization detection

(GC/FID) method (Weisman, 1998). The analysis was performed in an accredited commercial

Contaminated soil (g)

50
50
50
50
50
50
50
50

Magnetite (g)

3.77
3.77
3.77
3.77
3.77
3.77
3.77
3.77

Temperature (°C)

35
35
60
60
35
35
60
60

NaCl (g)

0.8188
1.6376
0.8188
1.6376
0.8188
1.6376
0.8188
1.6376

50 mL of HzOz

0

0

0

0
1.5%
1.5%
1.5%
1.5%

analytical laboratory (Concept Life Sciences Analytical & Development Services Limited).

26  QC/QA and Statistical analysis

Analytical quality control is maintained by a number of measures. Multi-point calibration was

performed with authentic standards (with defined minimum performance characteristics).

Independent standards, matrix spikes or reference materials were used for each analytical batch.

Statistical

Repeatability analysis shows that the mean RSD was 4.79% for aliphatic C16-C21 fraction, 4.92%

significance analysis was performed using One-way ANOVA (SPSS22.0).
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for aliphatic C21-C35 fraction, 4.65% for aliphatic C35-C40 fraction, 2.55% for aromatic C10-C12

fraction, 3.14% for C12-C16 fraction, and 3.06% for aromatic C16-C21 fraction.
3 Results
3.1  Various Residual Aliphatic Hydrocarbons Using Different Fe?* source

For the C16-C21 fraction, there was no significant difference among the three controls (CFS,
CM and CP). For each of the 3 Fe?* sources, there was a clear trend that the residual hydrocarbon
decreased with increasing H,O, dose at a statistically significant level (p<0.05) except for CP vs T1P
where no statistical significance was observed (Table 3).

Table 3 Concentration of various residual aliphatic hydrocarbon fractions in the soils mixed
with different Fe**-containing materials at various H,O, doses

Treatment Fe®* source H,0, dose Cl6-C21 C21-C35 C35-C40
CFS FeSO47H,0 0% H,0, 5200+0a 18000+0b 2800+0a
T1FS FeSO47H,0 0.5% H,0, 3733+88c 14667+667cd 1967+67¢c
T2FS FeSO,7H,0 1.0% H,0, 2433+133d 12667+882¢ 1733+33d
T3FS FeSO47H,0 1.5% H,0, 950+27¢g 8533+669fg 1533+120d
CM Fes0y4 0% H,0, 5200+0a 21000+0a 2700+0a
TiM Fes;04 0.5% H,0, 4233+88b 15000+1528¢c 1733+88d
T2M Fes;04 1.0% H,0, 2600+173d 12967+33de 1600+100d
T3M Fes;04 1.5% H,0, 1400+200f 8400+200g 1700+58d
CP FeS, 0% H,0, 5300+0a 18000+0b 2700+0a
T1P FeS, 0.5% H,0, 4893+321a 150004577¢ 2380+92b
T2P FeS, 1.0% H,0, 1933+33e 13400+265cde 2100+58¢
T3P FeS, 1.5% H,0,  1300+153fg 10300+351f 2000+58¢

All values are presented as mean = standard error (n=3) and different letters in the same column
indicate significantly different (p< 0.05).

For the C21-C35 fraction, the value in the control was significantly higher in the magnetite-
treated soil than in the ferrous iron-treated and pyrite-treated soils. However, at 0.5% and 1% H,0,
doses, there was no significant difference among the three Fe?* sources. At the highest H,O, dose

(1.5%), the residual hydrocarbon was higher in pyrite treatment than in the magnetite treatment.
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Overall, there was a clear trend showing that the residual hydrocarbon decreased significantly with

increasing H,O, dose for all the three ferrous iron sources (Table 3).

Like the C16-C21 fraction, there was no significant difference among the three controls (CFS,
CP and CM) for the C35-C40 fraction. However, for the 0.5% H,0, dose, the residual hydrocarbon
showed the following decreasing order: T1P > T1FS > T1M. There was no significant difference in
residual hydrocarbon between the two higher H,O, doses (1.0% and 1.5%) for all the three ferrous
iron sources. By comparison, the concentration of residual hydrocarbon tended to be higher in pyrite

treatment than in the other two ferrous iron sources (significant at p<0.05) (Table 3).

3.2 Various Residual Aromatic Hydrocarbons Using Different Fe?* source

The concentration of the C10-C12 fraction tended to be higher in the pyrite treatment system
than in the other two systems for any of the three levels of H,O, doses with statistically significant
difference being observed for most of the situations (Table 4).

Table 4 Concentration of various residual aromatic hydrocarbon fractions in the soils mixed
with different Fe**-containing materials at various H,O, doses

Treatment Fe®* source H,O, dose C10-C12 Cl12-Ci16 Cl16-C21
CFS FeSO47H,0 0% H,0, 9000+0b 9700+0a 5700+0a
T1FS FeSO,7H,0 0.5% H,O, 4167+88cd 4367+67d 4367+240c
T2FS FeSO,7H,0 1.0% H,0, 1467+33h 3700+58de 3133+67e
T3FS FeSO47H,0 1.5% H,0, 1233+33h 3033+145e 2000+116f
CM FesO,4 0% H,0, 8600+0b 9400+0a 5700+0a
TiM FesO,4 0.5% H,O, 3900+58de 6333+674c 5467+67a
T2M Fes04 1.0% H,0, 3393+299f 5500+231c 4633+88¢
T3M FesO,4 1.5% H,0, 1500+361h 3033+88e 2267+120f
CP FeS, 0% H,0, 9600+0a 9700+0a 5100+0b
T1P FeS, 0.5% H,O, 4383+93c 7433+561b 4033+203d
T2P FeS, 1.0% H,0, 3600+58ef 6233+88c 817+55¢g
T3P FeS, 1.5% H,0, 2200+153g 1643+202f 383+92h

All values are presented as mean = standard error (n=3) and different letters in the same column
indicate significantly different (p< 0.05).

For the C12-C16 fraction, there was no significant difference among the three controls. While

the concentration of residual hydrocarbon tended to be higher in the pyrite system than in the two
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other systems at the H,O, dose of 0.5% and 1.0%, the opposite was observed at the H,O, dose of
1.5%, showing that the concentration of residual hydrocarbon was significantly lower in the pyrite

system than in the other two systems (Table 4).

In contrast with C10-C12 fraction, the concentration of C16-C21 fraction tended to be
significantly lower in the pyrite system than in the other two systems at any of the H,O, dosage

levels (Table 4).

3.3  Various Residual Aliphatic Hydrocarbons under Different Temperature and Salinity

Conditions

In general, the concentration of aliphatic hydrocarbon was significantly lower in the treatment
than in its respective control for all the three fractions (C16-C21, C21-C35 and C35-C40). However,
different distribution patterns were observed for each individual fraction. For the C16-C21 fraction,
there was no significant difference among the four controls. At the same temperature condition, the
concentration of residual hydrocarbon was lower at the lower salinity level than at the higher salinity
level. At the same salinity level, the concentration of residual hydrocarbon was lower at a lower

temperature than at a higher temperature (Fig. 1a).
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Figure 1 Various soil-borne aliphatic petroleum hydrocarbon fractions in the controls and
different combined temperature-salinity treatments. (a) C16-C21 fraction, (b) C21-C35
fraction, (c) C35-C40 fraction. All values are presented as mean + standard error (n=3) and

bars with different letters indicate significantly different (p< 0.05).
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For the C21-C35 fraction, the concentration of hydrocarbon was significantly lower in
CT60S3.0 than in other controls. There was no significant difference in residual hydrocarbon among
TT35S1.5, TT35S3.0 and TT60S1.5. However, TT60S3.0 was significantly lower than any other

treatments (Fig. 1b).

For the C35-C40 fraction, there was no significant difference among the four controls. At the
same salinity level, the concentration of residual hydrocarbon was lower at 60°C than at 35°C. There
was no significant difference in the residual hydrocarbon between the two 35°C treatments with
different salinity. However, for the two 60°C treatments, the residual hydrocarbon concentration was

lower at the higher salinity than at the lower salinity (Fig. 1c).

3.4  Various Residual Aromatic Hydrocarbons under Different Temperature and Salinity

Conditions

There was no significant difference among the four controls for any of the aromatic
hydrocarbon fractions. For C10-C12 fraction, no residual hydrocarbon was detected for all the

treatments (Fig. 2a).

For the C12-C16 fraction, there was no significant difference in residual hydrocarbon between
the two 35°C treatments with different level of salinity. The concentration of residual hydrocarbon
was lower in the 60°C treatments than in the 35°C treatments. For the 60°C treatments, the
concentration of residual hydrocarbon was much lower at higher salinity than at the lower salinity

(significant at p<0.05) (Fig. 2b).
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For the C16-C21 fraction, residual hydrocarbon under 60°C treatments was not detected. For the
35°C treatments, the concentration of residual hydrocarbon was lower at the higher salinity level than

at the lower salinity level (Fig. 2¢).
4 Discussion

Under the set experimental conditions, the maximum decomposition rate of petroleum
hydrocarbons was achieved at the highest dose of H,O; (1.5%). At this dosage level, over 70%, 50%
and 25% of aliphatic C16-C21, C21-C35 and C35-C40, respectively, was eliminated, depending on
the type of ferrous iron-containing materials being used to trigger the Fenton reaction (Table 3). The
decreasing removal rate with increasing length of carbon chain is expected since larger petroleum
hydrocarbon molecules tend to be more resistant to chemical attack (Waples, 1985; Rothermich et
al., 2002; Khan et al., 2004). Despite that ferrous sulfate is a water-soluble chemical and, in theory,
its rapid release of dissolved Fe?* could be favourable for hydroxyl radical generation through
Fenton reaction, it did not exhibit a significantly stronger capacity to decompose the petroleum
hydrocarbons, as compared to magnetite. Possibly, oxidation of ferrous iron prior to Fenton-like
reaction resulted in a reduction of Fe?* availability (Minegishi et al., 1983). The oxidation of Fe®* can
be accelerated under alkaline conditions (Hove et al., 2007; Daenzer et al., 2015) such as those
encountered in desert soils and this could further weaken its availability. Therefore, the use of
magnetite that is usually much cheaper than ferrous sulfate has the advantage over the use of ferrous
sulfate as a source of Fe?" for triggering Fenton-like reaction. The relatively lower removal rate of
aliphatic hydrocarbons in the pyrite system was likely due to the competition of reduced sulfur
species contained in pyrite with the ferrous iron for the available H,O, and possibly hydroxyl radical
as well (Ma et al., 2013). This could reduce the amount of hydroxyl radical available for

decomposing the hydrocarbons.
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231  Figure 3 Comparison of removal rate for (a) aliphatic hydrocarbons and (b) aromatic

232  hydrocarbons among the treatments with the three different ferrous iron-containing materials

233

234 It is interesting to note that while there was a trend showing the decomposition rate of aromatic
235  hydrocarbons decreased with increasing length of carbon chain in the ferrous sulfate and magnetite
236  systems, the opposite was observed in the pyrite system where the decomposition rate of aromatic
237  hydrocarbons increased with increasing length of carbon chain (Table 3). This may be attributed to

238  the strong capacity of pyrite-induced Fenton process to destroy aromatic ring (Zhang et al., 2014).
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With the same carbon range (i.e. C16-C21), the removal rate tended to be higher for aliphatic

hydrocarbons than for aromatic hydrocarbons in the ferrous sulfate and magnetite systems.

Apart from the generally poorer performance of ferrous sulfate and pyrite relative to magnetite
in terms of decomposing the long-chain petroleum hydrocarbons, the formers are hazardous
materials that require careful handling while the latter is generally viewed as harmless or less
harmful material. It is therefore reasonable to select magnetite as a source of ferrous iron for

advanced oxidation of long-chain petroleum hydrocarbons.

While it is generally believed that Fenton reaction is accelerated by increase in temperature
(Neyens et al., 2003; Zapata et al., 2010; Diaz de Tuesta et al., 2015), the effectiveness of Fenton-
driven degradation of organic molecules may be affected due to enhanced decomposition of H,0,
under high temperature conditions (Lee et al., 2003; Malik et al., 2003; Rodriguez et al., 2003; Lopez
et al., 2005; Gulkaya et al., 2006; Alaton et al., 2007). Aygun et al. (2012) found that the landfill
leachate can be most effectively removed by Fenton reaction at around 35°C. However, the work by
Khamaruddin et al. (2011) showed that degradation rate of diisopropanolamine by Fenton process
increased with increasing temperature up to 60°C. The enhanced effects of Fenton process on
degradation of long-chain petroleum hydrocarbons by increased temperature observed in this study
suggests that at a temperature of 60°C, the enhancement of Fenton process outweighed the adverse
effects from potential loss of H,O, due to elevated temperature when the Fenton process is applied to

treatment of long-chain petroleum hydrocarbons.

Bacardit et al. (2007) showed that the overall TOC removal by photo-Fenton process was not
influenced by the presence of chloride, but the process becomes much slower. This was in contrast
with our results showing that the decomposition of soil-borne petroleum hydrocarbons was not
impeded in the presence of sodium chloride. Lu et al. (2005) suggested that the inhibition of aniline

oxidation by Fenton's reagent was due to complexation of chloride ion with water-borne Fe?*,

15
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reducing the availability of Fe?* for Fenton reaction. In our experiment, solid-borne Fe?* (magnetite)
was used, which could prevent consumption of Fe** by complexation with chloride ion from
occurring. This could effectively eliminate the inhibitory effect of chloride on Fenton reaction. In
fact, the removal rate of aliphatic hydrocarbons in our experiment even tended to be higher at a
higher salinity when the temperature was 60°C and the removal rate of aromatic hydrocarbons tended
to be higher at a higher salinity when the temperature was 35°C. The reason for this is unclear and
further investigation is required to gain insights into the mechanism behind the observed

phenomenon.

While it is expected that a higher dosage level of H,O, could result in higher decomposition rate
of the petroleum hydrocarbons, the use of H,O, at a concentration of 1.5% is deemed to be more
appropriate for safe on-ground soil treatment operation purposes (Kalloo et al., 1997; Young et al.,
2003). This also considers the special climatic conditions in desert areas where the soil moisture
content tends to be very low and therefore requires a larger volume of liquid to be added into the
contaminated soils to ensure sufficient contact between the hydroxyl radical and the petroleum
hydrocarbons. An increase in concentration of H,O, will markedly increase the treatment costs,
which could outweigh the potential benefit from the enhanced removal rate of soil-borne petroleum
hydrocarbons. The use of a low dose of H,O, can be further justified by the fact that desert soils
frequently contain only a limited amount of organic matter. The presence of soil organic matter could
strongly compete with the petroleum hydrocarbons for the available hydroxyl radical generated from
Fenton-like reaction (Wang et al., 2015). The organic matter-deficient nature of desert soils means

that competitive consumption of hydroxyl radical by this consumer is limited.

The findings obtained from this study have implications for developing cost-effective strategies
to remediate aged crude oil-contaminated soils in desert areas such as the widespread oil-

contaminated soils in Kuwait that were resulted from the first Gulf War. Following the weathering
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complexation with chloride ion from occurring and consequently effectively eliminated the

inhibitory effect of salinity on Fenton reaction.
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Figure Captions

Figure 1 Various soil-borne aliphatic petroleum hydrocarbon fractions in the controls and different
combined temperature-salinity treatments. (a) C16-C21 fraction, (b) C21-C35 fraction, (c) C35-C40
fraction. All values are presented as mean + standard error (n=3) and bars with different letters

indicate significantly different (p< 0.05).

Figure 2 Various soil-borne aromatic petroleum hydrocarbon fractions in the controls and different
combined temperature-salinity treatments. (a) C10-C12 fraction, (b) C12-C16 fraction, (c) C16-C21
fraction. All values are presented as mean + standard error (n=3) and bars with different letters

indicate significantly different (p< 0.05).

Figure 3 Comparison of removal rate for (a) aliphatic hydrocarbons and (b) aromatic hydrocarbons

among the treatments with the three different ferrous iron-containing materials
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