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Abstract

Infiltration of Spilled Oil in Soil under Various Environmental Conditions

Zhaonian Qu

Inland oil spills are environmental accidents that have significant impacts on
environmental and ecological health. Inland spill pollution in the soil may pose a
particular challenge. To achieve a fast response, the oil transport mode such as infiltration
should be well understood. Herein, in this thesis, the comprehensive literature review was
firstly conducted to study the cause, transport, and impact of spilled oil, as well as the
response techniques for spill incidents. Secondly, the new features of oil penetration were
revealed in thawing frozen soil under various weather conditions. The results showed the
penetration behavior of spilled oil in the thawing frozen soil and the influence of salinity
level. The modified Green-Ampt model could simulate the penetration process well
especially with high water content, relatively cold temperature, and slow thawing rate.
Thirdly, the infiltration behavior of water-in-oil emulsions and the influencing factors
were investigated by assessing the characteristics of different emulsions. The experiment
results showed that an increase of water and fine particle content and decrease in
temperature would improve the viscosity of emulsions and reduce the infiltration rate,
whereas salinity levels had a negligible impact on infiltration if the pour point of
emulsion systems was far higher than the freezing point of water droplets. Fourthly, this
study indicate that the presence of nettings and plant roots has a considerable impact on
the oil infiltration process in various soils. The findings of this study can help improve

the emergent response of inland oil spills.
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CHAPTER 1. INTRODUCTION

In the present world, oil is one of the most important natural resources. The petroleum
industry plays a significant role in driving global economic growth and enhancing human
welfare (Hamilton and Wu 2014, Kujawinski et al. 2011). However, the occurrence of oil
spills has also become frequent as a consequence of oil production and transportation
activities (Eckle et al. 2012). Between 1970 and 2022, around 5.88 million tonnes of oil
were lost due to tanker incidents worldwide. While the number of oil spills caused by
tankers has considerably decreased in the past half century, there has been little change
during the last decade as shown in Figure 1-1 (ITOPF 2023). These spill accidents not
only are great lose for the crew members and stockholders but also pose a severe threat to
the ecological system and human beings. For example, the seepage of oil into the soil
would change both the properties of the soil physically and chemically, consequently
affecting the composition and structure of soil microbial communities (Yang et al. 2006).
This, in turn, leads to a decline in soil quality. Additionally, the movement and infiltration
of soiled oil into underground aquifers pose a negative effect to the groundwater
environment and human health (Yue et al. 2023a). Furthermore, Significant oil spills
along shorelines result in several negative effects, including narcotic effects on marine
life, oxygen depletion, reduced sunlight penetration into the water, and hypothermia in
seabirds. These spills also have long-term consequences on marine ecosystems (Amir-
Heidari et al. 2019, Troisi et al. 2016). Therefore, both experts and the general public still
need to maintain their focus and concern to the contamination and appropriate treatment

of oil spills.
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Figure 1-1. Number of medium (7-700 tonnes) and large (>700 tonnes) tanker spills from
1970-2022 (ITOPF 2023)

Recent decades, most scholars and research just focus on its negative impact on marine
and coastal environment. Actually, inland oil spill accounts for most of oil spill accidents
worldwide (Schmidt-Etkin 2011). Spills that occur in inland areas often have a more
profound impact on sensitive environments and can significantly affect health and well-
being, depending on the type of spill. In certain cases, the consequences may be even
more severe compared to spills in coastal areas (Lee and Jung 2015). Hence, it is
necessary to investigate the patterns and treatment methods of inland oil spill accidents.
Besides, rapid oil spill response plays a fundamental role in decreasing the oil spill
contamination. Oil penetration experiments and model exploration are inevitable to
analyze the behavior, distribution, and transportation of oil when it spilled and penetrated
into soil which are extremely necessary for making rapid response plan. Some previous
studies have been conducted to investigate the infiltration behavior of aqueous and non-

aqueous liquid into soil and other porous media (Zhao et al. 2015). Halmemies et al.
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(2003a) studied the time periods and processes by which spilled oils and fuels penetrated
different soils and found that the penetration rate is related to the soil and oil types. The
more permeable the soil is, the faster the oil penetrates. Similarly, McCauley et al. (2002a)
studied the infiltration rates in frozen and unfrozen soils and discovered that soil water
content has a significant effect on the penetration rate. Halmemies et al. (2003a) and
Grimaz et al. (2008) reported similar results and indicated that hydraulic conductivity
differs between frozen and unfrozen soil. The more water soils contain, the less porosity
they have, and the slower oil will penetrate. Hydraulic conductivity decreased four to five
orders of magnitude in frozen soils compared with saturated unfrozen soil (Kane and
Stein 1983). However, some of the special and common situations have never been
studied, such as infiltration process in thawing frozen soil or the formation of water-in-oil
emulsions. The missing of these situations will result in insufficient preparation of
emergent response of oil spill accidents and cause severe pollution to the ecological

system and local community.

Therefore, in this study, it is expected to investigate the infiltration process of spilled oil
in soil comprehensively in a both theoretical and experimental way. Three objectives
have been proposed as follows: (i) to conduct comprehensive literature review about the
features and response technique of inland spilled oil (CHAPTER 2); (ii) to investigate the
penetration process of spilled oil in thawing frozen soil under various environmental
conditions (CHAPTER 3); (iii) to study the infiltration process of water in crude oil
emulsions into soil columns under various conditions (CHAPTER 4); (iv) to figure out
the impact of plant roots and nettings on the oil infiltration process (CHAPTER 5); A
section of conclusion (CHAPTER 6) is also included in this thesis.



CHAPTER 2. LITERATURE REVIEW

2.1 Inland oil spill accidents

In order to take emergent response of inland oil spill accidents, the characteristic and
features of spilled oil need to be investigated which is of great difference with oil spill in
marine environment. According to Yoshioka and Carpenter (2002), spills that occur in
inland areas would pose more severe contamination to the ecological system than spills in
coastal areas. The extent of these impacts depends on the type of spill. Their analysis of
oil spill databases reveals that 60% of all spills occurred in inland areas, while the
remaining 40% took place in coastal regions. When considering spills exceeding 10,000
gallons, a staggering 88% of such incidents happened inland, with only 12% occurring in
coastal areas (Brody et al. 2012). According to Stalcup et al.'s research, it is known that
the minor source of spills in inland and coastal waters is pipeline spill. On the other hand,
vessels, such as barges, were recognized as a significant and major source of spills in
both regions (Stalcup et al. 1997). In all inland oil spill accidents, the main source is fixed
facilities and vessels accounted for 39% both. Only 6% of spill accidents were from
pipelines. However, in terms of larger spills (spills of 10,000 gallons or more), the main
source is turned to pipelines accounted for 53.5%. The number of spills from fixed
facilities were still large making up 32% of total large spill quantities. Considering the
types of spilled oil, according to the ERNS data, approximately 41 percent of inland spills
were attributed to fuel oil. Additionally, 20 to 22 percent of spills were related to
hydraulic, transformer, and lubricating oil, while 13 to 18 percent were associated with
crude oil. Moreover, about 5 to 7 percent of spills were caused by gasoline and jet fuel,
with the remaining spills falling under other types of oil as shown in Figure 2-1
(Yoshioka and Carpenter 2002). However, from OSIR spill data, it is easy to observe a
significantly higher amount of crude oil spills and a smaller proportion of fuel oil spills.
In contrast, the majority of the larger coastal spills were attributed to fuel oil spills. From
Figure 2-1, it is depicted that regarding inland spills exceeding 100,000 gallons, 40
percent of them were caused by crude oil spills from pipelines. Conversely, in the case of
coastal spills, the majority of incidents were fuel oil spills originating from vessels

(Zhang et al. 2019).
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Figure 2-1. (a) Sources of all inland oil spill; (b) Sources of larger inland oil spill; (¢)
types of oil in all inland oil spill; (d) types of oil in larger inland oil spill (Yoshioka and
Carpenter 2002)

2.2 Behavior and fate of inland spilled oil

After spill accidents occur, the spilled oil will experience various behavior and fate under
different weather and location conditions (Xin et al. 2022). The most direct behavior is
the movement. When the oil spills occur on land, spilled oil would spread on the land
surface and infiltrate into the deep soil layer at the same time. The spreading process is
mainly affected by the oil density and viscosity, land slope and plant cover, and the
weather conditions like temperature and wind flow (Hussein et al. 2002). The infiltration
process has also been investigated by previous experiments. Halmemies et al. (2003a)
studied the time periods and processes involved in the penetration of spilled oils and fuels
into various types of soils. They observed that the penetration rate is directly linked to the
specific soil and oil types. In particular, they found that soils with higher permeability
allowed for faster penetration of the oil compared to less permeable soils. Similarly,

McCauley et al. (2002a) studied the infiltration rates in both frozen and unfrozen soils



and found that soil water content plays a crucial role in determining the penetration rate
of oils and fuels. The presence of soil water content was revealed to have a substantial
impact on how rapidly the oils and fuels could penetrate the soil, irrespective of its frozen
or unfrozen state. Halmemies et al. (2003a) and Grimaz et al. (2008) reported similar
results and indicated that hydraulic conductivity varies between frozen and unfrozen soils.
Higher water content in soils leads to reduced porosity, resulting in slower penetration of
oil. In contrast, lower water content contributes to increased porosity, facilitating a faster
rate of oil penetration. Hydraulic conductivity decreased four to five orders of magnitude
in frozen soils compared with saturated unfrozen soil (Kane and Stein 1983). Some of the
spilled oil could even infiltrate through soil layers and reach groundwater (Mohler et al.

2020).

Evaporation is also an important behavior of spilled oil on land (Wang et al. 2021).
Hydrocarbons with short carbon chains, typically containing fewer than 12 carbon atoms,
have a tendency to evaporate under natural weather conditions, particularly on warm
summer days. The rate of evaporation is significantly influenced by temperature. When
oil spills occur, the lighter and more volatile components of the spilled oil tend to
evaporate rapidly into the air within the initial hours and days following the incident
(Castiblanco et al. 2021). During the initial stage of evaporation, when the concentration
of light oils in the air is very high, there is a possibility of fire hazard, which poses a
significant threat to the emergency response team (French-McCay et al. 2021). After the
evaporation phase, the remaining oil becomes more viscous, which can complicate
response efforts. Another important process is emulsification. Many spill accidents take
place at or near oil fields, riversides, and shorelines with analogous conditions of oil-
water mixing. Spilled oil may meet water and it is highly likely to produce emulsions,
defined as mixtures of two immiscible liquids, of which one is dispersed phase and the
other one is continuous phase. The most common type of emulsion in crude oil industries
is water-in-oil (W/O), which is also called “chocolate mousse” or “mousse” (Fingas and
Fieldhouse 2004). Due to the high volume of injected and produced water, especially in
mature oil wells, a high quantity of W/O emulsions is inevitable in oil production and
transport (Abdulredha et al. 2020, Lim et al. 2015). An example is the Mingbulak oil spill,
6



considered the fifth largest oil spill and the largest inland oil spill in history, where
hundreds of thousands of tons of crude oil blew out from the oil well (Fingas 2002,

Kaushik 2015).

Furthermore, other options like dissolution, photo-oxidation, sedimentation, and
biodegradation are also possible for inland spilled oil. Certain hydrocarbons possess the
ability to dissolve in water, but this property is primarily observed in the lighter
components or polar chemicals containing elements like sulfur or nitrogen. These
chemicals are still light and volatile, leading them to have a preference for evaporating
rather than remaining in the water. As a result, their tendency is to escape into the
atmosphere rather than staying dissolved in the water. (IPIECA and IOGP 2015). What’s
more, when oil spills meet sunny days, sunlight could also oxidize oil but may only affect
less than 1% of spilled oil. This oxidation makes the compounds more soluble in the
water (Vergeynst et al. 2019). When spilled oil encounters waters with high silt content, it
also has the potential to adsorb to the surface of sediments, form Oil- Particle- Aggregates
(OPA) in the water body or even sink to the bottom (Gong et al. 2014). In terms of
biodegradation, it will be introduced in section 2.4 as a crucial treatment method for

spilled oil.

2.3 Contamination of inland oil spills

(Oil toxic property)The EPA classifies crude oil into four categories based on their risks
(EPA 2023). Class A oils, known for their high volatility and lightness, present a
significant threat to both animals and human beings. They possess extremely low
viscosity and tend to spread rapidly on land or water surfaces once spilled. Although their
color is nearly transparent, their strong odor makes them easily detectable. Class B oils
have relatively milder toxicity compared to Class A. While they can adhere to sediment
surfaces, there are several methods available to remove them and mitigate pollution. On
the other hand, Class C and D oils exhibit very low chemical toxicity due to their high
density and viscosity. However, they can still lead to smothering and drowning of animals

and plants, posing potential risks to aquatic ecosystems (Brody et al. 2012).



(Toxicity to animals and plants) Due to the oil toxicity, spilled oil can have many acute or
long-term impacts on species that living in the water column like neurosensory functions
and decreased fertility (Bhattacharyya et al. 2003, Green and Trett 2012) . When oil is
spilled on the water surface, it can impede oxygen exchange, coat the gills of aquatic
organisms, and cause pathological lesions on their respiratory surfaces. This hampers the
oxygen supply and respiration of these organisms, leading to potential issues. Besides, oil
can negatively affect benthic organisms living in freshwater when it settles on sediment
and impede the colonization of invertebrates or cause various lethal and sublethal effects
(Hoehn et al. 1974). For instance, exposure to crude Dubai oil led to 100% mortality in
the benthos-dwelling isopod Asellus aquaticus, with severe toxicity observed after just a
few hours at concentrations of 9.8 mg/l and above (Ramusino and Zanzottera 1986). In
terms of plants, when seedlings of certain plants are exposed to oil and dispersant, they
undergo various changes in growth, respiration, transpiration, and uptake of oil-based
chemicals (Wilson et al. 2019). The presence of oil in the surrounding soil further stresses
plant roots by hindering the oxygen supply to the roots, leading to the risk of plant death
due to oxygen deprivation. Additionally, oiling on trees typically results in reduced
photosynthesis in salt marsh plants, as confirmed by experimental studies (Caudle and
Maricle 2014). The decrease in photosynthesis or the toxicity caused by oil leads to
reduced growth and production in salt marsh plants. Consequently, oil contamination has
a negative impact on the growth and productivity of these plants in salt marsh ecosystems

(Caudle and Maricle 2015).

(Toxicity to drinking water and human beings) Moreover, spilled oil poses a substantial
threat to the local drinking water system and can result in acute or chronic health issues
for the public. Table 2-1 shows some convincing contamination cases in North America
(Huang et al. 2017). Additionally, some studies have indicated that drinking water
systems were contaminated in nearly half of the chemical leakage accidents that occurred
in the U.S. in 2016, and approximately 60% of these incidents were associated with oil
products (Weidhaas et al. 2016). The majority of crude oil products are transported
through pipelines, trucks, and railways. In the unfortunate event of spill accidents during
the transportation process, the polluted water may unknowingly enter the drinking water

8



supply system. The fast movement of spilled oil can make it challenging for the local
environmental protection agency to detect and prevent its entry into the drinking water
supply system (Yuhua and Datao 2005). When oil enters drinking water source, the
maximum contaminant concentration present in oils for regulated drinking water
contaminants can be up to 2.2 x 10° times greater than the corresponding drinking water
Maximum Contaminant Levels (MCLs), for example, benzo(a)pyrene (Huang et al. 2017).
Indeed, even if the oil concentration is diluted by a significant amount of water, there is
still a possibility of exceeding the relative standards for specific chemicals present in the
oil. In the event of such an accident, thousands of people could be affected, leading to a
disaster for the local community. The potential impact on public health and the
environment in such scenarios is a matter of serious concern. Hence, the potential hazards
of oil spills on drinking water safety must not be underestimated.

Table 2-1. Summary of select oil spills affecting surface and ground water supplies used

for drinking water.

Location Year Pop. Spill Details Water System Details
Est. )
Delay, Dist., )
Cause Product Vol .2, Alert? Assets  Actions
hr mi
gal
Water
WTP, stations in
Nibley, UT 2015 5000 Truck Diesel na nr nf No
DS, PS  nearby cites

Mt. Carbon, Crude: 378,0 Ran out;

2015 2000 Rail na nf Yes nc
wv Light 00 Trucked-in
Greenbrier Ran out;

2015 12,000 Truck Diesel na 4000 nf Yes WTP
Co., WV Trucked-in
Longueuil, WTP,

2015 300,000 AST  Diesel na 7500 nf No Trucked-in
CAN DS, PS
Glendive, Crude: 30,00 WTP,

2015 5500 Pipe nf nf No Trucked-in
MT Light 0 DS, PS

Crude:

Lynchburg, 29,60
VA 2014 492,900 Rail Light na 0 nf Yes nc Alt source



Mayflower,
AR

Sundre, CAN

Marshall, MI

Reston, VA

Simpsonville,

SC

Pittsburgh,
PA

Atlanta,
GA

2013

2012

2010

1993

1991

1988

196

_ Pipe
_ Pipe
_ Pipe
1,000,000 Pipe
10,500 Pipe
23,000 AST

625,000 Pipe

Crude:
Heavy

Crude:
Light

Crude:
Heavy
#2 Fuel

oil

#2 Fuel

oil

Diesel

Kerose

nc

12

23

>17

>0

>0

na

nf

>210,
000

12,60

>800,
000

4774
36

550,0
00

>800,
000

60,0
00

nf

25

25

60

32

600

nf

Yes

Yes

Yes

Yes

Yes

nc

WTP

nc

WTP

WTP

WTP

WTP

n/a

Trucked-in

n/a

Alt source

Alt source;

Trucked-in

Alt source;

Trucked-in

Trucked-in

a. Volume of spilled oils are approximate values. AST = Above ground storage tank; WTP

= water treatment plant; DS = Distribution system; PS = Building plumbing systems; nc

= not contaminated.

2.4 Response techniques of inland oil spills

When oil spill accidents occur, the primary response is focused on oil recovery. However,

the methods for recovering oil in inland spills differ from those used in marine spills

(IPIECA and IOGP 2015). Large equipment like booms and skimmers may not be

suitable for use in small freshwater rivers or on land surfaces (Vandermeulen and Ross

1995). In the case of inland oil spills, sorbents are commonly employed to collect and
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recover spilled oil on land or water surfaces, and they may be the only feasible methods
for collecting oil in small spills (Ge et al. 2016). Sorbents are typically made from
absorbing or adsorbing materials such as sand, clay mixtures, or straw bales due to their
cost-effectiveness and straightforward application (Dhaka and Chattopadhyay 2021).
Nonetheless, not all spilled oil can be fully recovered. For the remaining oil, other
techniques are necessary to reduce contamination. Unlike the wide use in marine spill
accidents, which rapidly dilute the oil and facilitate biodegradation, dispersants are not
utilized in freshwater spills. This is because they are formulated for use in seawater and
are less effective in freshwater, often exhibiting high self-toxicity in such environments

(Chapman et al. 2007).

In-situ burning is also considered an effective method for reducing oil concentration in
certain situations (Wang et al. 2022b). When other removal methods are limited or
impractical, in-situ burning becomes a viable option. This is because in-situ burning can
swiftly remove a substantial amount of spilled oil within a few hours, whereas
mechanical removal methods may require a longer timeframe (Fingas 2011). Waste
management also plays a role in the decision to use in-situ burning. After in-situ burning,
there is minimal waste to be treated, which contrasts with mechanical removal that
generates a significant amount of waste that needs proper treatment, consuming time and
resources. While in-situ burning is efficient and cost-effective, some experts raise
concerns about potential pollutants generated during the burning process. Emissions like
carbon monoxide, sulfur dioxide, and nitrogen oxide could pose a significant threat to
local communities' air quality and health (Aurell and Gullett 2010). In summary, in-situ
burning is a powerful tool in certain spill scenarios due to its rapid oil removal and
reduced waste management requirements. However, environmental and health
considerations related to the burning process should be carefully evaluated before its

implementation.

Moreover, biodegradation may not be considered an emergency response technique, but it

is essential for long-term remediation of polluted soil and aquatic environments (IPIECA

and IOGP 2015). Microbes are naturally present everywhere in nature. A small quantity
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of spilled oil can be completely degraded through microbial metabolic reactions within a
few months, while a larger quantity of oil may require several years or even several
decades for complete degradation (Si-Zhong et al. 2009). This timeline depends on
crucial influencing factors such as nutrients, oxygen, temperature, and the amount of oil
(Bragg et al. 1994). To optimize the rate of oil degradation, it is necessary to add
excessive nutrients at spill sites (Venosa et al. 2010). This helps to reduce the negative
impact on the soil and groundwater, facilitating the microbial degradation process
(Vanloocke et al. 1975). By understanding and manipulating these factors, we can
effectively improve the remediation process and minimize the environmental impact of

oil spills.

To conclude, inland oil spill accidents occurred frequently in the past and caused severe
risks to the ecological system and human beings. To take emergency response for inland
oil spills, the movement and infiltration process need to be investigated. However,
previous experiments only studied the ideal conditions and situations of oil infiltration
process. The impact of special conditions like thawing process of frozen soil, emulsion
formation, and plants on the infiltration process has never been studied. Therefore, in the
research below, such special situations will be investigated to better understand the oil

infiltration process.
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CHAPTER 3. AN EXPERIMENTAL AND MODELING STUDY ON THE

PENETRATION OF SPILLED OIL INTO THAWING FROZEN SOIL!
3.1. Background
Oil spills are significant environmental accidents that occur every year and have serious
impacts on environmental and ecological health (Bi et al. 2021, Chen et al. 2021b,
Ivshina et al. 2015). There are also many concerns about inland oil spills which account
for most of the oil spill accidents worldwide (Yoshioka and Carpenter 2002). Oil residues
in soil can result in acute and chronic toxicity for species inhabiting the soil, leading to
suffocation, neurosensory disruption, behavioral and developmental abnormalities, and
reduced fertility (Green and Trett 2012). Moreover, spilled oil has an obstructive effect on
the groundwater system. Rapid oil spill response plays a crucial role in decreasing the
contamination from oil spills. To achieve a fast response, the oil transport mode such as
penetration should be well understood. The amount of contaminated soil that needs
remediation is determined by the depth and rate of oil penetration. Oil penetration
experiments and modeling exploration are necessary to analyze the behavior, distribution,
and transport of spilled oil. The distribution of oil is another key factor. Oil
concentrations may vary in different soil layers. Knowing the extent of oil contamination

is required to choose the appropriate response technique.

Some studies have discussed the penetration of oil and other liquids into frozen or
unfrozen soil (Amro et al. 2013, Chuvilin and Miklyaeva 2003, Halmemies et al. 2003a).
Halmemies et al. (2003a) studied the time periods and processes by which spilled oils and
fuels penetrated different soils and found that the penetration rate is related to the soil and
oil types. The more permeable the soil is, the faster the oil penetrates. Similarly,
McCauley et al. (2002a) studied the infiltration rates in frozen and unfrozen soils and
discovered that soil water content has a significant effect on the penetration rate.
Halmemies et al. (2003a) and Grimaz et al. (2008) reported similar results and indicated

that hydraulic conductivity differs between frozen and unfrozen soil. The more water

! This work has been published as Qu, Z., An, C., Mei, Z., Yue, R., Zhao, S., Feng, Q., Cai, M. and Wen, J.,
An Experimental and Modeling Study on the Penetration of Spilled Oil into Thawing Frozen Soil.

Environmental Science: Impacts and Processes (Royal Society of Chemistry), 24, 2398-2408 (2022)
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soils contain, the less porosity they have, and the slower oil will penetrate. Hydraulic
conductivity decreased four to five orders of magnitude in frozen soils compared with

saturated unfrozen soil (Kane and Stein 1983).

However, the oil penetration process in soil that is thawing has not been investigated.
Enormous amounts of land in cold regions undergo phases of freezing and thawing every
year (Smith et al. 2004). In the northern hemisphere, 58 percent of the land (55 million
square kilometers) freezes seasonally (Obu 2021). Under the changing climate, the
increasing amount of permafrost soil will become seasonally frozen soil and start to thaw.
As mentioned above, water content and porosity are the most important impact factors
affecting the transport and distribution of oil in soil layers. During the thawing process,
the porosity and ice-water content of soil change rapidly. Many environmental factors
could affect the behaviors of pollutants like spilled oil (La and Chai 2021, Song et al.
2020a, Xin et al. 2019). Soil salt content is also essential in the oil spill and thawing
process. Salt content varies a lot along the long-distance oil pipelines and road
transportation. In the thawing process, it may change the wettability between soil and oil
(Lebedeva et al. 2010), and the heat capacity and unfreezing point of soil (Demand et al.
2019, Yao et al. 2017). Therefore, the effect of soil salinity also needs to be considered in
oil penetration during the thawing process. The water distribution is another interesting
phenomenon in frozen soil. It was found that the liquid like non-aqueous phase liquids
and water with nanoparticles in the soil would redistribute after freezing and thawing
cycles which were affected by the physical and chemical properties of frozen soil (Chen
et al. 2021a, Dou et al. 2022, Tian et al. 2014, Xu et al. 2021). So, it is necessary to study

the oil penetration behavior in thawing frozen soil.

This study aims to support the response to oil spill accidents in cold regions by improving
the understanding of the penetration process in thawing frozen soil, focusing on five
specific aspects: (i) soil temperature and oil viscosity changes during the thawing process,
(i1) oil penetration depth in the thawing frozen soil, (iii) oil concentrations in different soil
layers during the thawing process, (iv) the impact of soil salt content on oil penetration
during the thawing process, and (v) modeling of oil penetration in the thawing frozen soil.
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3.2. Materials and methods

3.2.1. Materials

The soil was prepared according to the standard method NY/T 1121.1-2006. Soil samples
were obtained from the McDonald campus of McGill university, a suburban area near
Montreal in Canada, at a depth of 0~20 cm using cutting ring method from individual
cores in a zig-zag pattern that are combined to produce a composite sample. The samples
were dried in the wind and sieved using a 3-mm sieve. The bulk density of the soil
samples was evaluated using the cylinder method; particle density was measured using a
pycnometer; and hydraulic conductivity was determined using the permeameter falling
head method.(Chitra et al. 2022, Chu and Fwa 2019) Detailed data on the soil properties
are listed in Table 3-1. Engine oil (15W-40) from the Shell company was used as a
representative oil (Table 3-1). Analysis-grade n-hexane was purchased from Fisher
Chemical. Deionized water was used in all experiments.

Table 3-1. The physical properties of selected soil and oil.

Properties Soil Oil
Bulk density 1.16° \
Particle density (g/cm?) 2.534 \
Hydraulic conductivity (cm/s) 3.28x10* \
Kinematic viscosity (40 °C) mm?/s \ 118
Kinematic viscosity (100 °C) mm?/s \ 15
Density kg/1 \ 0.878
Flash point °C \ 234

3.2.2. Experimental setup and procedure

The summary of experiment procedure is listed in Table 3-2. Soil sample (8 cm height)
was placed into a glass column with an 18-mm inner diameter (ID), which was ventilated
at the bottom to imitate a real soil environment. The column was put in the environmental
chamber (EPL-2H, ESPEC, USA) with temperature control. When the temperature
reached the set value, 2.5 mL of engine oil were poured quickly onto the top of soil and
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started filming. During the penetration process, the temperature changes in the chamber
and soil were recorded with an external thermometer. After penetration, a soil sample was
dug out every 0.5 cm, and 0.3 g of sample of 0.5 cm of soil column were transported to a
20-mL glass vial. Before examining the oil concentrations in different soil layers, the soil
samples in the glass vials were extracted using 15 mL of n-Hexane and filtered through a
0.22-um PTVE membrane. The concentration of oil was measured using Gas
chromograph (GC 8890, Agilent Technologies Co., Ltd., USA). The chromatograph was
equipped with a HP-5 (30 m x 0.320 mm x 0.25 um) column and a flame ionization
detector. The detector temperatures were maintained at 350 °C. The oven temperature
was maintained at 35 °C and Helium was employed as carrier gas at 25 mL/min. The
viscosity of oil was measured by the viscometer (DVNXLVTIJG, AMETEK Brookfield,
USA).

The experiments were performed under five different conditions: -5 °C, +5 °C, 0 °C, the
high rate of thawing rising from -5 to +5 °C in 5 min (using Rh to represent this situation
below), and the low rate of thawing rising from -5 to +5 °C in 1 hour (using Rl to
represent this situation below) to represent five different situations respectively: frozen
soil, unfrozen soil, ice and liquid water existing simultaneously and thawing rapidly, and
thawing slowly. The same experiment was conducted with water contents of 0%, 5%,
10%, and 15% (weight ratio) and salt contents of 0%, 0.5%, 1%, and 1.5% (weight ratio
of soil). The penetration process was recorded and filmed, and the depth measured by the
scale paper fixed to the column. All experiments were conducted in duplicate, and the
results were reported as the average value.

Table 2-2. Experiment procedure summary

Experiment procedure Details

1. Soil sample preparation (1.1) Four water contents: 0%, 5%, 10%,
15%
(1.2) Four salinities: 0%, 0.5%, 1%, and
1.5%

2. Column preparation (2.1) Place 8 cm height soil sample into a
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3. Column experiment

4. Chamber temperature control

5. Oil extraction and examination

18mm-ID glass column

(2.2) Poke some holes at the column
bottom to ventilate

(3.1) Put columns in the chamber

(3.2) Pour 2.5ml engine oil on soil

(3.3) Film the penetration process

Five temperature conditions: -5 °C, +5 °C,
0 °C, Rh, and RI1

(5.1) Divide soil column into layer every
0.5cm

(5.2) Pick 0.3g soil with oil from each
layer

(5.3) Extract oil from 0.3g soil sample
using 15mL hexane for 24h

(5.4) Detect the oil concentration using

GC-FID

3.2.3. Penetration model

A model will be used based on the Green—Ampt model with some modification

(Simmons and Keller 2005). Darcy’s law: Q = z—iAp. According to the definition of Q:

Ap:p*g*sozp*g*(h+hf+z)

v*(pziAsz*

kxpx*
and K :%

d
p+(2)=K

hthg+z K Sot+hs+(1-@)+z
= ) —

z

So+hf+(1—(p)*l
* ———

z

where Q is the flow of liquid (m?/s); v is the velocity of the liquid (m/s); f is the porosity

of the solid media; A is the cross-sectional area (m?); m is the dynamic viscosity of the

liquid (Paxs); L is the length of the sample (m); k is the permeability of the medium (m?);

Ap is the pressure drop (Pa); So is the initial oil height (m); p is the density of the oil; g is
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the gravity (m/s?); h is the height of the oil (m); hr is the capillary suction (m); z is the
penetration depth of the oil (m); and K is the conductivity (m/s). When p and ¢ are

constant,
d So+he+(1—¢@)*
@ (27) = Ks——L—— (3.4)
1-¢ 1-¢
(So+hf)z . 1+So+hfz
K1-9)2. _  z(-9) (3.5)
@ So+hs Sothy
1-¢
ifmpg = Z 3.6
n So+hf ( )
ar = KA-0", 3.7)
an -_— .
] SO+hf

the ordinary differential equation (ODE) would be converted to dn/dt=(1+n)/n, solve this
ODE, n-In(n+1) =t. Hence, the relationship between the penetration depth z and time t is
obtained. When m and f are not constant but a function of time, the ODE has no
analytical solution. Thus, the MATLAB ode45 solver would be used to obtain the

numerical solution and plot the figures.

3.3. Results and discussion

3.3.1. Temperature and viscosity changes in the thawing process

As shown in Figure 3-1, the temperature of soil samples increased with the ambient
temperature. The faster the temperature of the chamber increased, the faster the soil
temperature increased. It was apparent that the temperature increased slower in soil with
a higher water content. In two different rising groups, the soil with a water content of 15 %
needed the longest time to finish temperature rising. The soil with 5% water content had a
similar curve with dry soil. This is because higher water content soil adsorbs more heat. It
is also worth noting that there is an inflection point when the soil temperature reached
0 °C, especially for the soil with water contents of 10% or 15%. The rising speed was
decreasing before 0 °C but became extremely fast after 0 °C was reached. This is because

when the temperature reaches 0 °C, the ice in frozen soil undergoes a phase change, with
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ice turning to liquid water, resulting in an extra phase transition and thus a slower
temperature increase. It is found that the faster the ambient temperature rose and the
higher the water content, the faster the soil would thaw. The rate at which soil
temperature increased with time decreased before 0 °C, and increased after 0 °C. Figure
3-1(b) shows that the viscosity of the oil decreased as the temperature increased (the soil
temperature was considered the same as the oil temperature in this study) in an
approximately linear way. This result is similar to that reported in other studies (Esteban
et al. 2012, Patel et al. 2018). The relationship fits the following function: viscosity = -
114.14 x temperature + 1482.09, in the range of -5 to +5 °C. Viscosity is one of the
parameters that changes with the soil temperature, and it is one of the most important
impact factors impacting the transportation and distribution of oil in soil layers. The main
resistance in the penetration progress is the adsorption force between soil and oil, which
is closely related to the oil temperature. Consequently, this part of the soil thawing
process and changes in oil viscosity have a significant effect on the model exploration

discussed below.
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Figure 3-1. (a) The temperature change of soil during penetration; (b) The viscosity

changes of oil during penetration

3.3.2. Penetration depth of oil in thawing frozen soil
It can be seen from Figure 3-2 that the penetration rate (which is the slope or first

derivative of the curve in Figure 3-2 is dependent on the temperature and thawing rate.
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When the temperature was high or the rate of thawing was fast, the infiltration rate was
high. In the case of low temperature and a slow thawing process, it is totally converse.
This is because at a relatively higher temperature the viscosity of oil is higher. As shown
in Figure 3-1, the viscosity of engine oil at -5 °C is almost twice that at 5 °C
(approximately 2000 Cp and 1000 Cp, respectively). Evidence of the effect of viscosity
was seen in dry soil (Figure 3-2(a)). As there was no water in the soil pores, the porosity
did not change, but the penetration rates at -5 °C and 5 °C differed greatly. At a higher
temperature and Rh, the ice converted to liquid water more quickly than at a lower
temperature and Rl, which meant the porosity was higher due to the higher unit volume
of ice. Another indication of the significant effect of porosity is that oil penetrated faster
in soil with lower water content irrespective of the thawing rate. In dry soil, the time it
took for oil to reach 5.5 cm was less than 20 min, whereas it took 20 min, more than 20
min and almost 30 min for soil with water contents of 5%, 10%, and 15%, respectively.
Moreover, at 0 °C, where ice and liquid water coexisted in the soil column, the
penetration rate was between 5 min and 1 hour of the thawing rate, as most of the
penetration process was finished in 30 min after 5 min thawing rate completely and

before 1 hour thawing rate started to thaw.
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Figure 3-2. The penetration depth vs time in (a) 0% water content; (b) 5% water content;

(c) 10% water content; (d) 15% water content.

In addition, the scope of the depth—time curve was slower as time increased. This
phenomenon may be caused by the soil’s adsorption of oil, which is the main resistance
to penetration (Li et al. 2021). As more oil penetrates into the soil, the adsorption force
between the oil and soil increases until the force equals that of gravity. Further, the
columns used in the penetration experiments were ventilated at the bottom, so it was not
high bottom air pressure that stopped the oil penetration. The lower soil under the front
head remained oil free, while the higher soil retained oil or was saturated, and thus the
suction capillary force assisted the penetration. Hence, the adsorption force between soil
particles and oil provides the main resistance to penetration. As the temperature decreases,

the viscosity of oil increases, which results in an increased adsorption force and a slower
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penetration rate. Comparing soil with a water content of 5% and 10% at the same
temperature, the penetration rate and depth were slightly different. As noted earlier, a
lower water content results in a faster penetration rate, while a higher water content leads
to lower porosity and a lower penetration rate. Nevertheless, the experiments revealed
that when the water content was low, the main factor affecting the penetration rate was oil
viscosity in changing temperature conditions. Considering that oil penetration is blocked
when the soil is saturated with water, the oil viscosity and soil water content, which affect
porosity, are the two main factors affecting penetration at different temperatures. When
the water content is low, viscosity is the dominant factor, and when the water content is
high, porosity is the main factor. Accordingly, the response to inland oil spills should take
the water content and temperature into consideration. Interestingly, the penetration rates
for all states and conditions were initially similar. This could be because the oil
temperature was not the same as the soil temperature, and the initial adsorption force was
relatively low in the beginning. Consequently, the oil viscosity was the same in every

state, resulting in the similar penetration rates.

In sum, the penetration rate is mainly determined by two factors: oil viscosity and soil
porosity. During the thawing process, due to the negative correlation between viscosity
and temperature and between porosity and the temperature, the penetration rate will
increase as the temperature increases. In real oil spill situations, the oil penetration depth

could be predicted by the temperature, soil type, and oil characteristics.

3.3.3. Oil concentrations at different depths during the thawing process

Figure 3-3 shows a chaotic picture of oil concentrations in different soil layers. This is
because the sample extraction was not completely homogenous. The size distribution was
heterogenous and both fine and larger particles were present, leading to different amounts
of oil in samples with the same mass, and thus the sample extraction10% location and
many other factors could also affect the results (Ji et al. 2021). However, some regular
patterns can still be obtained. For the 5 °C and 5-min thawing process, in which there was
no ice content or ice converting to water rapidly, the oil penetrated into the deeper layer.
The penetration at 0 °C was similar with the 5 °C and 5-min thawing process. For the -
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5 °C and 1-hour thawing process, the spilled oil tended to stay in the surface layers. In
Figure 3-3, concentration 0.1% means there is lul engine oil in 1ml solution of oil and
hexane. As noted above, the penetration process is mainly affected by viscosity and
porosity, which were represented by the water and ice content in this study. In the 5 °C
and 5-min thawing process, the viscosity was lowest and changed to the lowest quickly,
while the porosity was largest because, for the same mass of H20, the liquid phase had a
smaller volume. Thus, the oil penetrated faster due to gravity, capillary soil suction, and
lower resistance. This was also similar at 0 °C because the initial viscosity was low and
the porosity was relatively high, leading to the deeper penetration of oil; hence, the
concentration of the soil columns at 0 °C was relatively uniform. As for the -5 °C and 1
hour thawing process, because of the higher volume of ice than liquid water, the porosity
was lower; due to the higher viscosity, the resistance was higher. Therefore, the

concentration of oil in the top layer was higher.

These results emphasize the need to pay attention to different layers of soil when spills
occur depending on the time, weather, and soil type. In wintry weather (cold enough for
water to freeze) and high-water content soil with low porosity, higher soil layers would
retain most of the oil. In the case of a warmer temperature and low water content soil
with high porosity, most of the oil would be held in the deeper soil layers. When inland
oil spill accidents occur, the rapid response plan and remediation method should depend
on the specific circumstances. With a high temperature and Rh, the response and
remediation can focus on the whole soil column because of the uniform distribution of
spilled oil. In the event of cold weather and a R, the soil on the top layer should be the
focus because it contains most of the spilled oil (Iturbe et al. 2007, Thomas et al. 2019).
This adaptability based on circumstances can significantly improve oil removal and

remediation efficiency while reducing the risk of contamination.
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Figure 3-3. The oil concentration in different soil layers in (a) 0% water content; (b) 5%

water content; (c) 10% water content; (d) 15% water content.

3.3.4. Effect of salinity on oil penetration

As shown in Figure 3-4, the temperature changes for various salinity levels were quite
different. The inflection points of the curve of 0% salt content soil occurred at 0 °C for
both thawing rates (Rh and Rl), as did the 0.5% salt content soil with Rl. The inflection
points for other salinity and thawing rates were not obvious. It may be caused by the low
heat capacity of salty water, which means less heat would be absorbed to increase same
temperature (Lynn et al. 2018). This may be the reason that the temperature rising curve
is straighter than 0% salt water and the temperature rising faster than it which is similar

with the freezing curve (Wan et al. 2015).
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As for the penetration curve (Figure 4 (b), (c), (d), (e), and(f)), it is noted that the
penetration rate has no obvious difference at various salinity level. Under all kinds of
conditions, no matter is the high temperature, Rh or lower temperature or Rl, the
penetration rates at different salinity are almost same. The previous study reported that
the increasing of salinity in soil could decrease the wettability between oil and soil, which
would decrease the attraction and adhesion definitely (Lebedeva et al. 2010). This means
the penetration rate was supposed to be faster in higher salt content than lower ones.
Besides, the decrease of melting point of frozen soil and its interstitial water can promote
the penetration rate (Demand et al. 2019). However, Chuvilin and Miklyaeva (2003)
concluded from their study that the salinization of frozen soil would result in a marked
decrease in oil migration. Oil migration flow (Jn) in the sample with salinization of 0.3%
was 0.4x10—8 g/cm? c, which was an order lower than of in unsalinized clay, when
Jn=10.4x10-8 g/cm” ¢ which is very significant. Therefore, the effect of salinity on the
oil penetration process was expected remarkable. But the results in the present study
didn’t present that pattern. Demand et al. (2019) reported that the unfreezing point would
be reduced owing to the salinity. It can be found in Figure 3-4 that the melting point in
temperature changing curve is not obvious at all just like the 0% salt content. What is
more, in the penetration depth and time figure at Rh and R, it is not significant either to
distinguish the penetration rate in various salt content. At the 5 min rate, the oil may be
infiltrated too fast to reach the melting point, but there is still no obvious gap for the lines
in the figure which may be caused by the system error. As for the theory of Chuvilin and
Miklyaeva (2003), we could get back to the curves of 5 and minus 5 degree. For these
two cases, the temperature is constant which means the viscosity of oil and porosity of
soil would not change. Therefore, the only variable is the salt content. But it is to know
from Figure 3-4 that the increase of salt content means the decrease of wettability and the
attraction and adhesion, while the penetration rate does not change. These theories might
be not suitable for the rapid response of oil spill. Consequently, a conclusion could be
obtained from this study that the salinity level does not have obvious effect on the oil

penetration after oil spill under the present experimental conditions.
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3.3.5. Modeling of oil penetration in thawing frozen soil

Environmental modeling can be used to further explore the related processes (Babamiri et
al. 2021, Chen et al. 2020, Mei et al. 2021, Sundar et al. 2021). To better understand the
penetration mechanism, a model will be explored based on Green-Ampt model but will
be modified (Simmons and Keller 2005). This model contains parameters such as
porosity, hydraulic conductivity, and water content. But some parameters like porosity are
constant in this model. So according to this experiment, this model will be modified to
satisfy this experiment by transforming these constant parameters to the function of time

or temperature. The figure and result of the model will be compared with the column tests.

The Kwater is known as 3.28x10™* c¢m/s, which is equal to 1.97x102 cm/min at 25 °C.
However, this conductivity was assessed for totally compacted soil sample while the
column penetration experiments were conducted in uncompacted soil. Due to the fact that
the compaction ratio has a significant influence on the hydraulic conductivity (Andrade
1971, Horton et al. 1994), the number needs to be modified. According to the best-fitted
relationship of saturated conductivity and relative compaction (Yin 2009), the
conductivity at 78% relative compaction which is the compaction ratio at column
experiments is almost two orders of magnitude greater than that of 100% which is the
compaction ratio at column experiments. Therefore, using the fitted relationship of the
saturated conductivity and relative compaction (conductivity = 7.011 exp (-0.2034 x
relative compaction)), the ratio of conductivity is 87.78. Hence, the conductivity used in
this model is 3.24 x10™* cm/s x 87.78 = 2.84x102 cm/s. This conductivity is for water
infiltrating in the soil which needs to be converted to conductivity for engine oil. Koil/
Kwater = (Poil/ Pwater) X (Hwater/Moi) = (0.878/0.997) x (0.89/911.39) = 8.60x10*, therefore,
Koi is equal to Kwaterx 8.60x10°* which is 2.44x107 cm/s, converting to 1.46x10” cm/min.
The viscosity of oil is the function of temperature according to Figure 3-1 (y=-114.14xx
+1482.09) resulting the conductivity Koii changes with temperature satisfying the
equation Kr is equal to ps/pr XK 5= 911.39/ (= -114.14xx +1482.09) x1.46x10 cm/min.

As for porosity, it is determined by the water content and ice-water conversion which is

also the function of temperature. Originally, the porosity equation is ¢ = 1- pv/pp.
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Considering the water content w and ice-water convention rate, the equation would be
modified. When the temperature is greater than or equal to -5 °C and less than or equal to
Tm which is the melting point of ice, f would be equal to 1-pv/ pp- WX pv/ pwx(r-(r-1) T/
(Tmt+ 5)). When temperature is greater than Tm and less than or equal to 5 °C, f would be
equal to 1- pv/pp - W X pv/ pw, where r is the volume ratio of ice to water. Therefore, for
five different situations: -5 °C, +5 °C, 0 °C 5 min thawing, and 1 hour thawing, four
different water contents: 0%, 5%, 10%, and 15%, and four different salinity levels: 0%,
0.5%, 1%, and 1.5%, these parameters would be reflected in the function. As for capillary
suction ht, according to Rawls et al. (1983), the Wetted front capillary pressure in cm of
silty clay is 30.66. Besides, the conversion method of capillary suction is hf= hf x (c/c)
x (p/p) where o is the liquid surface tension (dynes/cm). To simplify the model, the
wetted front is constant in this model which is represented by the hr at 25 °C. The surface
intention of water is 72 dynes/cm and that of 15W40 engine oil is 31 dynes/cm (Basit et
al. 2018). Therefore, the wetted front of engine oil is hf = hf x (c/c’) x (p/p) = 30.66x
(31/72) x(0.997/0.878) = 14.99 = 15cm.

All the parameters have been required until now including porosity f, capillary suction hs,
conductivity K, and oil amount So. These parameters will be used in situations like
various water contents (0%, 5%, 10%, 15%) and different salinity levels (0%, 0.5%, 1%,
and 1.5%). The simulated curves are presented in Figure 3-5. It is shown that the
simulated curves are more suitable for higher water content. At the same temperature and
the thawing rate, the gap between the experimental data and the model is biggest in 0%
water content and the gap gets smaller with water content increasing. The period when
the model falls behind is the initial few min at which the experiments penetrated in a high
rate. For instance, the oil fell almost one centimeter in the first 30 seconds under the
condition of 0% water content and 5 °C. This phenomenon is common in all experiments
which may be slower than 0% water content and 5 °C but still fast enough compared with
the simulated model. This occurrence may be resulted from two reasons. One is the
viscosity of the oil spilled. When the experiment was conducted, the oil was carried from
outside of the environmental chamber and poured on the top of the soil which matches
the actual oil spill situation due to the fact that the temperature of the oil transported in
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pipeline is usually higher than the surrounding soil (Zhao et al. 2014). Consequently,
when the spill happened, the viscosity of oil is exceedingly low, resulting in the fast
penetration rate at the beginning. But the model did not include such temperature and
viscosity change. Future study could overcome this shortage by doing more work on the
heat exchange and temperature distribution of pipeline and frozen soil. Despite the high
temperature at the initial penetration and the gap produced, the penetration trend and the
relative penetration rate are still suitable with the actual situation, and this proved the
accuracy of the modified model. The other reason of fast penetration rate at the beginning
is that during the experiments, the oil was injected by a syringe to reduce the oil residue
in the syringe and insure the spilled oil amount. This operation would lead to the spilled
oil with an initial speed and energy which helps accelerate the penetration rate. Actually,
considering the oil transported by the tanker and truck, this is also valuable to investigate.
However, in this study, such initial energy cannot be quantified and thus this situation did

not demonstrate in the model.

What is more, from the figure, it is easy to find the model is more agreeable with the low
temperature and Rl. All the experiment data at 5 °C are of great different of the model.
But for the -5 °C, 5 min thawing and 1 hour thawing, the model has satisfactory
performance. This is because according to our hypothesis, the impact of the water in soil
pore on the penetration is to occupy the porosity to hinder the oil penetration. The oil and
water would not interact. Hence, when water is frozen for a period of time, the model set-
up is affable with the actual situation. But when the water is unfrozen, the limitation of
Green-Ampt model is obvious. Besides the initial temperature and energy mentioned
above, the hypothesis of the model is also important. It is said assumptions of the uniform
water content and the uniform pressure, along with the air compression and air
counterflow are the main disadvantages (Lukyanets 2010). Consequently, some methods
based on multiphase seepage were also developed (Afanas’ev and Mel’nik 2013, Grimaz
et al. 2008, Skryleva et al. 2020, Xuwen et al. 2022). However, in this experiment, the
main focus is about the frozen and thawing process which is suitable and convenient to
use this model owing to the solid ice under freezing condition and the features of
changing temperature, viscosity, porosity, and hydraulic conductivity easily. Therefore,
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when oil spill incidents happen, according to the local soil parameters like hydraulic
conductivity and water content, and oil characteristics like density and viscosity as well
as temperature, the penetration process and depth of spilled oil could be simulated using
this modified Green-Ampt model with the spilled time. Hence, the spilled situation could
be understood quickly, and rapid response time could be reduced significantly which is

extremely helpful to reduce the oil spill pollution and protect the local soil environment.
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Figure 3-5. The penetration depth simulated by modified Green-Ampt model of (a) 0%
water content; (b) 5% water content; (c) 10% water content; (d) 15% water content.

3.4. Summary

This is the first study to investigate the oil penetration behavior in thawing frozen soil at
different temperatures and water contents. The results showed that the spilled oil tends to
penetrate faster and stay in the bottom layer of soil as the temperature and thawing rate

increase. Conversely, oil tends to penetrate slower and remain in the top layer as the
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temperature and thawing rate decrease due to the changing viscosity of oil and porosity of
soil. Moreover, the salinity level has a slight influence on oil penetration process despite
its theoretical impact. The modified Green-Ampt model could simulate the penetration
process well especially with high water content, relatively cold temperature, and slow
thawing rate. This study investigated the problem of the effect of temperature change on
the oil penetration into soil including the phase transition in frozen soil. When oil spill
occurs when frozen soil thaws in spring or under other temperature changing situations,
responders could help determine how deep oil has reached and the relative distribution of

oil in different soil layers which will be helpful for implementing response measures.
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CHAPTER 4. ASSESSMENT OF THE INFILTRATION OF WATER-IN-OIL
EMULSION INTO SOIL AFTER SPILL INCIDENTS?

4.1. Background

Oil spills are major disasters occurring every year, which can cause negative effects on
ecosystems and human health (Merlin et al. 2021, Wang et al. 2021, Yue et al. 2023b).
Among these accidents, many spills take place at or near oil fields, riversides, and
shorelines with analogous conditions of oil-waste mixing. Spilled oil may meet water and
it is highly likely to produce emulsions, defined as mixtures of two immiscible liquids, of
which one is dispersed phase and the other one is continuous phase. The most common
type of emulsion in crude oil industries is water-in-oil (W/O), which is also called
“chocolate mousse” or “mousse” (Fingas and Fieldhouse 2004). Due to the high volume
of injected and produced water, especially in mature oil wells, a high quantity of W/O
emulsions is inevitable in oil production and transport (Abdulredha et al. 2020, Lim et al.
2015). An example is the Mingbulak oil spill, considered the fifth largest oil spill and the
largest inland oil spill in history, where hundreds of thousands of tons of crude oil blew
out from the oil well (Fingas 2002, Kaushik 2015). Furthermore, according to the data for
31,481 unconventional oil and gas (UOG) wells from 2005 to 2014 in Colorado, New
Mexico, North Dakota, and Pennsylvania, 2—16% of wells reported a spill each year
(Patterson et al. 2017). After spills happen, the infiltration of emulsions into soil is
unavoidable. Therefore, it is critical to explore the oil infiltration process for improving

spill response.

Some previous studies have been conducted to investigate the infiltration behavior of
aqueous and non-aqueous liquid into soil and other porous media (Zhao et al. 2015). For
example, McCauley et al. (2002b) compared hydraulic conductivities and infiltration

rates of fuels in frozen and unfrozen soils. They observed that increased ice content led to

2 This work has been published as Qu, Z., An, C., Yue, R., Bi, H., & Zhao, S., Assessment of the infiltration
of water-in-oil emulsion into soil after spill incidents. Science of The Total Environment (Elsevier), 896,
165325 (2023)
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a significant drop in hydraulic conductivity and infiltration rates, and sandy silty with a
smaller particle size had the lowest hydraulic conductivity and infiltration rate compared
with other types of soil with larger particle sizes. Qu et al. (2022) investigated the oil
infiltration in thawing frozen soil with different thawing rates and water contents, and
found that spilled oil tended to penetrate faster as the temperature and thawing rate
increase and soil water content decreases. Other researchers drew a similar conclusion
that an increase of water or ice content and the viscosity of the penetration liquid, the
transformation of water to ice, and a decrease in soil particle size would result in the drop
of soil porosity, leading to the reduction of infiltration rates (Amro et al. 2013,
Halmemies et al. 2003b, Oghenejoboh et al. 2008). The contamination of spilled oil in

soil environment was investigated too. (Jiao et al. 2021, Shen et al. 2017)

The properties of W/O emulsions, such as stability, viscosity, and droplet size distribution,
are highly related to the water content of the emulsion system (Abdulredha et al. 2020,
Hu et al. 2017, Liu et al. 2022). Concerning the relationship between droplet size and
water content, there is the difference between the theory that higher water content with
low stability results in a smaller droplet size (Abdulredha et al. 2020, Pal 1996,
Zolfaghari et al. 2016) and the experimental data in some studies (Majid et al. 2015, Pang
et al. 2021). This difference may be caused by the complex impact mechanism of droplet
size distribution (Weiss and Muschiolik 2007). Despite the contradiction above, it is still
determined that increasing the water content in an emulsion system leads to the
increasing viscosity of the emulsion system and a reduction in stability. An emulsion’s
behavior under sub-zero temperatures is also interesting and worth studying (Hauptmann
et al. 2016). Lin et al. (2008) investigated the breakage of W/O emulsions by the
freeze/thaw method and found that the dispersed phase and continuous phase with
different freezing points in emulsions exhibited significantly dissimilar behavior under
low temperatures. Emulsions in which the dispersed phase freezes first were more stable
than emulsions in which the continuous phase freezes first, in which a large number of
fine gaps and crevices were produced, causing demulsification after thawing. However,

despite the special mechanical and thermal features of W/O emulsions and the high risk
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of emulsions spilling at or near oil fields and riversides, the infiltration of emulsions into

porous media such as soil is not very clear and has not been researched yet.

Therefore, in this study, the infiltration of water in crude oil emulsions into soil columns
were studied under various conditions, focusing on the following aspects: (1) the
infiltration rates and residue concentrations in different soil layers when emulsion spill
accidents occur; (2) the influence of different influencing factors (water cut, temperature,
salinity, and fine particles) on emulsion infiltration; (3) and the modeling of the
infiltration process of emulsion into soil. The results can help understand the emulsion

infiltration process and plan emergency responses for spill accidents.

4.2. Materials and methods

4.2.1. Materials

Soil samples were dried and sieved using 106-pm and 205-pm sieves. Particle density
(2.415 g/cm®) was measured using the pycnometer method and the bulk density was
1.254 g/cm®. Hibernia crude oil from the Hibernia oil field southeast of St. John’s,
Newfoundland, Canada, was used in this study. The density of Hibernia at 20 °C is 0.854
kg/L and the pour point is 3 °C. Surface-modified montmorillonite clay (<20 um) chosen
as representative fine particles was purchased from Sigma-Aldrich, Canada. Sodium
chloride and analysis-grade n-heptane were purchased from Fisher Chemical. Deionized

water was used in all experiments.

4.2.2. Emulsion preparation

Emulsions with different water contents were prepared using a homogenizer (Ultra-
Turrax T25, IKA, Germany). 10%, 30%, and 50% (volume) of water were added into the
crude oil, respectively, drop by drop over 30 seconds while mixing it with the
homogenizer at 5,000 rpm for 15 min. After the emulsion demulsified, the homogenizer
was used to stir at 5,000 rpm for another 20 min to remulsify it. This method made the
most stable emulsion in this experiment, and the emulsion did not separate until 48 hours.

For emulsions with different salt contents, salt was dissolved in the water phase first,

34



whereas for emulsions with different fine particle contents, montmorillonite clay was

dispersed in the oil phase first.

4.2.3. Microscopy and droplet size determination

After the emulsification, the W/O emulsion was observed using an optical microscope
(Omax 1600, Omax, USA). The droplet size was measured using microscopy and
analyzed using the software ImageJ (National Institutes of Health, USA) to obtain the

size distribution and average droplet size.

4.2.4. Viscosity and thermal behavior analysis

The viscosity of the emulsion was measured by a viscometer (DVNXLVTIG, AMETEK
Brookfield, USA) at 50 rpm. For different temperatures, an environment chamber (EPL-
2H, ESPEC, USA) was used to control the ambient temperature. The freezing process by
which the ice formed was quantified by differential scanning calorimetry (DSC) (DSC
Q20, TA Instrument, USA) to record the freezing and thawing thermal behavior

considering the supercooling effect.

4.2.5. Column infiltration experiments

A soil sample (5 cm) was placed into a plastic column with a 13.5-mm inner diameter,
which was ventilated at the bottom to imitate a real soil environment. The column was
put into the environmental chamber with temperature control (EPL-2H, ESPEC, USA).
When the temperature reached the set value, 1.0 mL of emulsion was poured quickly onto
the top of soil and filming started. After the infiltration experiment, a soil sample was dug
out every 0.4 cm, and 0.1 g of sample from this 0.4 cm of soil column was transported to
a 20-mL glass vial. Before examining the oil concentrations in different soil layers, the
soil samples in the glass vials were extracted using 10 mL of n-Hexane and filtered
through a 0.22-pm PTVE membrane. The oil concentration was measured using a gas
chromatograph (GC 8890, Agilent Technologies Co., Ltd., USA). The chromatograph
was equipped with a DB-1 (15 m x 250 um % 0.25 um) column and a flame ionization

detector. The detector temperature was maintained at 350 °C. The oven temperature was
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increased from 35 °C to 325 °C gradually, and helium was employed as a carrier gas at 25

mL/min.

The experiments were performed under four different conditions: 5 °C, 15 °C, 23 °C, and
30 °C. The same experiment was conducted with W/O emulsions with water contents of
0%, 10%, 30%, and 50% (volume ratio). WAT The penetration process was recorded and
filmed, and the depth was measured using the scale paper fixed to the column. All
experiments were conducted in triplicate, and the results were reported as the average

value.

4.3. Results and discussion

4.3.1. Characteristics of different emulsions

As shown in Figure 4-1, the diameter of water droplets in W/O emulsions increased with
the increase in water content. This is similar to the results of other studies (Pang et al.
2021). When the water content increased from 10% to 30%, although the diameter of
most droplets was still below 8 um, the maximum diameter increased from around 16 to
44 um. When the water content reached 50%, despite the fact that the maximum diameter
was less than that at 30%, the average diameter increased apparently and intuitively
according to the microscopic images and size distribution statistics. These conclusions
are of paramount importance since the size distribution would play a significant role in
the emulsion mobility within porous media by blocking the pore throat of porous media

and promoting emulsion viscosity (Soo and Radke 1986, Zolfaghari et al. 2016).
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DSC was used to record the thermal behavior of emulsions by detecting endothermic and
exothermic processes. In Figure 4-2, the global DSC images are on the left and the partial
magnified images are on the right. The left shows two significant peaks, one upright for
water freezing and another upside down for ice melting. Normally, when the water
droplets in emulsions freeze, the flow behavior is affected greatly. An increase in the
salinity and a decrease in the water content of emulsions can significantly decrease the
freezing temperature of the water droplets in W/O emulsions. However, in this
experiment, crude oil reached its pour point (the temperature at which the crude oil loses
its flow ability) above 0 °C, so this freezing phenomenon did not exert any impact on the
infiltration behavior. However, in the right magnified figure, there is another peak around
20 °C, which stands for the wax appearance temperature (WAT). The method of
determining the WAT of crude oil has been investigated in previous studies (Baltzer
Hansen et al. 1991, Jiang et al. 2001, Kok et al. 2018). The appearance of paraffin wax
would have a significant effect on the improvement of crude oil viscosity, thereby
affecting the mobility behavior of spilled oil and emulsions. Nevertheless, the change in
water content and salinity level played a negligible role in the WAT. Therefore, in this
experiment, 5 °C, 15 °C, 23 °C, and 30 °C were selected as target temperatures for all
infiltration experiments to investigate the impact of temperature changes, the appearance

of wax, and the pour point on the oil and emulsion infiltration.

The viscosity of emulsions with different water cuts under various temperatures and their
fitting curves are presented in Figure 4-3. It is clear from the figure that the viscosity
increased significantly with the increase in water content and the decrease in temperature.
Furthermore, for all water contents, there are two different viscosity improvement phases.
Above 20 °C, the increasing slope is gentle and slow, whereas it is sharp and steep below
20 °C. This is because of the precipitation of paraftfin wax, which is consistent with the
DSC results. Similar results were also found in other studies (Japper-Jaafar et al. 2016,
Pedersen and Renningsen 2003). The fitting curves can be used to calculate the viscosity
at different temperatures and substituted into the model to simulate the infiltration

process.
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4.3.2. Effect of temperature and water cut on infiltration

The depth-time infiltration results of emulsions with different water cuts under various
temperatures are presented in Figure 4-4. The results show that with the decrease in
temperature, the infiltration rates, which could be considered the slope of the depth-time
curve in the figure, reduced significantly for all water cuts from almost vertical curves at
30 °C to the situation where the emulsion nearly did not infiltrate at all at 5 °C. Obviously,
the viscosity of oil or emulsions dropped sensitively with the temperature decrease, as
shown in Figure 4-3 and reported in the literature (Qu et al. 2022). The soil used in this
experiment was totally dry, indicating the condition of the soil medium was not changed.
Another important reason is that in crude oil, a special chemical component is labelled
paraffin, which consists primarily of long chain and saturated hydrocarbons from Cis to

C7s normally and easily precipitates from crude oil at a certain temperature known as the
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WAT or cloud point (Bhat and Mehrotra 2004, Kok et al. 2018). The DSC results in
Figure 2 present an obvious peak between 20 °C and 30 °C, illustrating the phase
transformation from liquid to solid. The appearance of paraffin wax increases the system
viscosity and reduces the infiltration velocity (Kruka et al. 1995). Therefore, when spill

accidents happen, a high temperature will normally lead to more severe contamination.
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Figure 4-4. Infiltration curves at different temperature of emulsions with (a) 0% water

content (b) 10% water content (c) 30% water content (d) 50% water content

Furthermore, for emulsions with different water cuts, when the temperature is as low as
5 °C, emulsions transform from the liquid phase to the solid or semi-solid phase. Under
this state, the W/O emulsion is so viscous that it cannot infiltrate at all. Figure 4-4 shows
that Hibernia crude oil with 0% water content still had fluidity at 5 °C and infiltrated at
approximately half the depth as it did at 30 °C. However, as for emulsions with 10%,

30%, and 50% water content, they were too viscous to flow into the soil at 5 °C, meaning
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they reached their pour point at this temperature. The reason that crude oil loses mobility
is that paraffin crystals grow continuously below the WAT, resulting in a crystalline net to
trap the liquid hydrocarbon molecules until the oil cannot flow (Taraneh et al. 2008). The
pour point of the Hibernia blend crude oil according to an Exxon Mobile report is 37.4 °F,
which is 3 °C (John Jechura 2018), so Hibernia crude oil did not lose fluidity as expected.
Nevertheless, the water in the Hibernia crude oil emulsion losing mobility means the
water content improved the pour point of emulsions above 5 °C. In a previous study,
Visintin et al. (2008) reported that the presence of water changed the pour point
temperature of a waxy crude oil emulsion gel because the wax crystals coated the surface
of the liquid (reducing its tendency to coalesce) and impeded the free movement of the
droplets within the emulsion. Hence, when oil spills occur, the formation of water in an
oil emulsion may help hinder the infiltration of spilled oil and reduce pollution to the soil

environment.

Another observed phenomenon is the infiltration of emulsions with a 50% water cut. It
was reported that increasing the water content in an emulsion system could lead to the
enhanced viscosity of the emulsion system (Abdulredha et al. 2020). Based on such
consideration, a 50% water content emulsion should be the most viscous and have the
slowest infiltration compared with Hibernia crude oil and 10% and 30% water content
emulsions. However, as shown in Figure 4-4, the fastest infiltration curve is that of the 50%
water cut emulsion at 30 °C and 23 °C. At 30 °C, within the same time period, the
emulsion with a 50% water cut reached the deepest soil layer. Within the first 10 min, the
emulsion arrived at approximately 3.5 cm, whereas the others reached 3.5 cm in about 30
to 40 min. When the temperature was 23 °C, although the 50% water cut emulsion did not
show the deepest infiltration, the infiltration rate was still quite fast, almost the same as
that of the emulsion with 10% water content. However, at 15 °C, it became the slowest,
as expected, and it changed to a semi-solid gel at 5 °C, not infiltrating at all. The 50%
water content emulsion experienced demulsification while infiltrating into the soil. The
first reason is that an emulsion with a high water-content, such as 50%, is unstable
compared with emulsions with 10% and 30% water content (Kilpatrick 2012, Pang et al.
2021, Wong et al. 2015). Under the same conditions, the stability is worse, and the stable
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time is shorter for 50% water content emulsions. Moreover, by combining the oil
concentration distributions depicted in Figure 5, it was observed that the emulsion with a
water content of 50% infiltrated the fastest at 30 °C. The disparity in oil concentration
between the top layer (1693.73 mg/L) and the bottom layer (577.33 mg/L) at 30 °C was
nearly three times, much larger compared to the disparities observed in other emulsions,
which were only about 1.5 to 2 times. This means that only an extremely small amount of
oil reached the bottom soil layer. Thus, assuming the liquid that reaches the bottom is
mainly water is reasonable. Furthermore, some researchers have concluded that a
hydrophilic polymer membrane is a useful and effective tool to demulsify emulsions,
whether water-in-oil or oil-in-water, by separating the water phase and the oil phase
(Panatdasirisuk et al. 2017). Due to the fact that the dry soil used in this experiment is
highly hydrophilic, it is likely to adsorb water droplets and demulsify an unstable
emulsion with a 50% water cut. Hence, for the above reasons, it is assumed that a 50%
water content emulsion demulsifies during the infiltration process. As for the slow
infiltration rate of an emulsion with 50% water content at 15 °C, it is because the
decrease in temperature results in the precipitation of paraffin wax, forming a crystalline
net to trap the water and liquid hydrocarbon molecules, causing the viscous movement of

the emulsion system (Paso et al. 2009, Taraneh et al. 2008, Visintin et al. 2008).

It is concluded from this part that a decrease in temperature and an increase in water cut
reduce the infiltration depth and rate of emulsion due to the improvement of viscosity and
the appearance of solid paraffin wax until the emulsion system reaches the pour point and
does not infiltrate at all. However, an overly high water cut causes low stability and
demulsification of an emulsion, further leading to accelerated infiltration process,
whereas a low temperature and paraffin wax would reduce this impact. Consequently,
when spill accidents occur, response work needs to be more targeted. Properties such as
the pour point, water content, paraffin content, and viscosity, as well as local temperature,

are priorities to acquire.
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4.3.3. Oil concentration of different soil layers during infiltration

The results of residual oil concentration after infiltration are presented in Figure 4-5. It is
shown that the decrease in water content substantially resulted in the oil being
concentrated in every soil layer at every ambient temperature. The volume of spilled
liquid poured into the soil was 1 mL, which was the same for different conditions. Thus,
higher water content means less oil content, leading to less severe contamination.
Furthermore, it is noticed that for all levels of water content, oil tends to stay at the top
layer at lower temperatures. The largest ratio of concentration at the top layer and bottom
layer was observed at 5 °C or 15 °C, whereas the concentration distribution at 23 °C and
30 °C tended to be even and homogenous. The highest concentration at 5 °C or 15 °C was
always at the top layer, whereas for 23 °C and 30 °C, it could be in the middle layer of
soil, such as for 10% water content, where the concentrations at the 4.6 cm and 4.2 cm
layers were greater than at the 5 cm layer. Similar results were also reported in our
previous study that for soils with low porosity, low temperature, and high water content,
more oil could be retained in the higher soil layer; in soils with high temperature, low
water content, and high porosity, most of the oil was trapped in the deeper soil layers (Qu
et al. 2022). This could be due to the reduction in the emulsion’s viscosity. Figure 4-3
shows that the viscosity reduced when the temperature decreased, which made the
infiltration rate of the emulsion decrease so greatly that most of the emulsion stayed at the

top soil layer and only flowed down a little.
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Furthermore, there was an interesting pattern for the concentration of 50% water content.
At 23 °C and 30 °C, the ratio of concentration at the top layer and bottom layer of the 50%
water cut was still larger than that of other water cut emulsion. As discussed above, this
was because of the instability and demulsification of the 50% water content emulsion.
Finally, there were no concentration data for 10%, 30%, and 50% water cut emulsions at
5 °C since the increase in water cut caused the pour point to improve so that the emulsion

became a gel and semi-solid at 5 °C and did not infiltrate at all. Thus, the concentration

was 0.
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According to the concentration results, at a low temperature, spilled oil tends to remain
on the top layer of soil; at a high temperature, oil is likely to infiltrate into deeper layers.
The distribution is relatively even and uniform at different soil layers. A high water
content emulsion could demulsify during the infiltration process. Consequently, when oil
or W/O emulsion spills occur, emergent responses must be adjusted according to the local
conditions at the moment. If it is summer or the weather is warm, the soil of all polluted
layers would be under severe threat and must be remediated; if it is winter or the weather
is cold or the spilled liquid contains a large amount of water, the top soil layer retains

most of the oil and can be the remediation focus.

4.3.4. Effect of salinity level on emulsion infiltration

Salinity is an important factor of various environmental pollutions (Khadanga et al. 2022,
Yuan et al. 2022).In the process of enhanced oil recovery and improved well productivity,
a large amount of brine water is produced and emulsified with crude oil during
waterflooding (Mohamed et al. 2018, Yao et al. 2022). Many studies have shown that the
salinity of aqueous water droplets in oil emulsions has a significant effect on the droplet
size and emulsion stability (Al-Yaari et al. 2015, Maaref et al. 2017, Moradi et al. 2011).
Thus, the impact of different salinity levels on emulsion infiltration was investigated in

this part.
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Figure 4-6. Infiltration curves of 30% water content emulsion with different salinity

levels at (a) 30 °C (b) 23 °C (c) 15 °C

Figure 4-6 illustrates that at three different temperatures, four emulsions with different
salinity levels did not show obvious differences in their infiltration curve. According to
Figure 4-2, although the water freezing temperature reduced significantly with the
increase in salt content, the WAT remained the same for different salinity levels at about
24 °C. This result is similar to that reported in the article of Maaref et al. (2017) who
conducted a rheology experiment of brine water in crude oil emulsions using a glass
etching micromodel, and found that the emulsion viscosity and interfacial tension
increased slightly with salinity but did not significantly affect the flow behavior .
Therefore, the salinity level did not exhibit a significant impact on the emulsion
infiltration in this experiment. However, if there is no pour point for spilled oil, or the

flowability disappearing temperature of oil is far lower than 0 °C, the situation will be
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completely different. Due to the supercooling effect, the water freezing temperature was
about —20 °C for the emulsion with a 30% water cut without added salt. However, this
temperature decreased to —32 °C with the increase in salt content. Consequently, the flow
behavior would be much different at the same temperature for various brines in oil
emulsions, not to mention the impact brought by the difference in the freezing points of
water and oil. Therefore, when a spill happens, the salinity level of water droplets in the
W/O emulsion will have a negligible effect on the infiltration behavior of the oil for
which the pour point is above 0 °C. Nevertheless, as for oil with a pour point or freezing
point far lower than 0 °C, the flow pattern is still not clear, and more research needs to be

conducted to investigate the mechanism and infiltration principle of this situation.

4.3.5. Impact of solid particles on infiltration behavior

Fine particles stabilizing W/O emulsions are frequently seen in oil extraction wells, oil
recovery operations and heavy oil thermal recovery from tar bars (Levine et al. 1989,
Menon and Wasan 1988). Thus, the impact of fine particles on emulsion infiltration was
also studied in this study. According to previous research, fine particles have an
imperative impact on emulsion stabilization (Levine et al. 1989). The ability of fine
particles to constitute a tight and consistent film makes them an influential stabilizing
agent, and the wettability of fine particles plays a significant role in the type of emulsion
that forms (Menon and Wasan 1988, Yan et al. 2001). Moreover, it was also reported that
the presence of fine particles improved the viscosity of an emulsion system and some
models have been developed to quantify this change (Shi et al. 2018). Therefore, based
on the common existence, crucial impact on emulsion stabilization, and apparent effect
on the infiltration process, the surface-modified montmorillonite clay was used in this

experiment to investigate the influence of fine particles on emulsion infiltration.
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Figure 4-7 shows that at 30 °C and 23 °C, the infiltration rate decreased with the increase
in particle amount. The infiltration behavior of the emulsion with 1% fine particles at 30 °C
was similar to that of the emulsion without fine particles at 15 °C, reaching about 4.5 cm
in 100 min, which is an obvious impediment to emulsion flow. One reason for this
hindrance impact is the viscosity improvement due to the presence of fine particles.
Another important cause, we believe, is the filter impact of soil layers on fine particles,
resulting in a decrease in porosity, which leads to clogging and a reduction in the
infiltration rate (Qu et al. 2022). Using sand medium to filter water and treat drinking
water has been studied extensively (Freitas et al. 2022, Napotnik et al. 2017, Song et al.
2020b). Sand layers with a particle size of approximately 150 mm, similar to the soil

particles used in this experiment, can filter and remove the fine particles in drinking water
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efficiently via attraction force and close-range molecular forces such as van der Waals
forces. Consequently, for the above two reasons, it is reasonable to explain the
obstruction effect of fine particles in emulsion systems on infiltration processes. However,
in the 15 °C situation, four emulsion systems with various fine particle numbers had
similar infiltration curves. This means when the temperature decreases and the wax
crystalline structure grows, the wax is the dominant factor in the viscosity and flow
pattern. The infiltration curves of 10%, 30%, and 50% water cut emulsions in the
preceding section about temperature and water cut impact also confirm this conclusion.
After the spill incident, an emulsion with large numbers of fine particles will infiltrate at
a slow rate even at a high temperature due to the high viscosity and clogging impact. Ata
low temperature, similar infiltration patterns for emulsions with the same water cut would

be observed.

4.3.6. Simulation of emulsion infiltration processes

Modeling has been widely used to analyze the various environmental processes (Feng et
al. 2020, Valikhan Anaraki et al. 2022, Yadav et al. 2022). Currently, there are mainly two
different methods to describe emulsion infiltration behavior. One is to consider the W/O
emulsion as two different phases that interact with each other and porous media
independently. These methods focus on the relationship between the droplet size of the
emulsion and the pore size of porous media to investigate the blocking effect of emulsion
droplets on the throat of porous media and permeability changing. However, such method
was mainly about W/O emulsions (Soo and Radke 1986, Spaid and Phelan Jr 1997).
Another method to describe the emulsion infiltration is to regard the emulsion as a
continuum and single-phase fluid with no permeability changes but only viscosity (Savins
1969). Considering the practicality, the latter method was selected in this study. Figure 4-
8 was obtained by solving the Green-Ampt formula in section 3.2.3. The variable in the
formula is the conductivity K. According to equation (iii), letting D equal 0.1 mm causes
the soil particle size to increase from 0.106 mm to 0.205 mm, and K is calculated as
0.00648 cm/s. In a real oil spill response, K could be obtained via either the conductivity
measurement experiment or particle size measurement depending on which is more
convenient. Therefore, the viscosity of the emulsion would be K * (poit/pwater) *
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(Kwater/emuision). Different conditions were controlled by the parameter pemuision, Which is

related to the ambient temperature and the water cut of emulsions.
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From Figure 4-8, it is apparent that the Green-Ampt model is more suitable for high-
viscosity emulsions and low-speed infiltration situations. Hibernia crude oil at 5 °C and
15 °C and emulsions at 15 °C were all simulated well with the model. However, as for the
high-temperature and low-viscosity situation, the simulation was unsatisfying. The
simulation infiltration was too slow at the beginning but too fast at the end under the
situations of Hibernia and 10% and 30% water cut emulsions at 23 °C and 30 °C. These

phenomena may be caused by the assumption of the Green-Ampt model, which is derived
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from Darcy’s law. The pressure head gradient was replaced by the liquid height and
infiltration head, sometimes with the capillary head. Consequently, according to this
hypothesis, the flow controlled by the Green-Ampt model would never stop (Hilpert and
Glantz 2013). However, the pressure head caused by the infiltrated liquid was not equal
to the infiltration depth due to the existence of adhesive force between soil particles and
the infiltrating liquid. The pressure head would increase to its maximum value with the
infiltration and decrease to zero gradually when it reached the final layer because the soil
matrix suction is highly related to its liquid content (Sreedeep and Singh 2011, Yang et al.
2004). Furthermore, due to the fact that the capillary head was ignored and there was
conductivity difference between dry soil and saturated soil which is assumed in Darcy’s
law (Kale and Sahoo 2011, Klute 1952), the slower simulated infiltration at the beginning
was also reasonable (Kale and Sahoo 2011). As for the 50% water content emulsion,
because of the demulsification, which was explained above, the simulation was
significantly different. Hence, the modification of capillary pressure and infiltrated liquid
pressure and the conductivity difference between real soil and saturated soil are the main
reasons for the difference between the modeling and experimental data. Nevertheless, due
to the simplicity and practicality of the Green-Ampt model, it could still be used to

predict infiltration, especially under the situation of low temperature and high viscosity.

4.4. Summary

This study investigated the infiltration of spilled W/O emulsion into soil and the related
influencing factors. The results showed that an increase in the water content of an
emulsion and the existence of fine particles would improve the viscosity of the emulsion,
thereby decreasing the infiltration depth. This phenomenon could also be affected by a
reduction in temperature, which results in the precipitation of paraffin wax when the
temperature reaches the WAT, exacerbating the enhancement of viscosity and reduction of
infiltration depth. However, excessive water content at a high temperature could cause
demulsification, leading to a much deeper infiltration. Although the salinity level exerted
an important impact on the freezing temperature of water droplets in the emulsions, it did
not show a distinct impact on the infiltration process considering that Hibernia crude oil

and its W/O emulsions reached their pour point before freezing. The adopted Green-
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Ampt model showed a good simulation performance when the temperature was low. The
concentration distribution of oil was also studied, and a conclusion was drawn that the
spilled oil tends to remain on the top layer of soil at a low temperature and is likely to
infiltrate into deep layers with a relatively even and uniform distribution in different soil
layers at a high temperature. The results of this study can help better understand the

behaviors of spilled emulsions and develop the corresponding response strategies.
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CHAPTER 5. THE IMPACT OF PLANT ROOTS ON THE INFILTRATION
PROCESS IN INLAND OIL SPILL ACCIDENTS

5.1. Background

Inland oil spills are major disaster for ecological system and human beings and arise great
concerns in the public. When inland spills occur, one of the most common behaviors of
spilled oil is infiltration into soil. If the emergent response cannot be taken in time, spilled
oil would infiltrate into deep soil layer and even reach the groundwater, causing great
contamination to the drinking water supply system (Huang et al. 2017). Therefore, the
infiltration process of spilled oil into soil environment needs to be well researched to

reduce the contamination and risks brought from inland oil spill accidents.

Several prior studies have been undertaken to examine the infiltration behavior of both
aqueous and non-aqueous liquids into soil and other porous media. As an example,
McCauley et al. (2002b) conducted a study in which they compared the hydraulic
conductivities and infiltration rates of fuels in frozen and unfrozen soils. Their
observations indicated that higher ice content resulted in a notable decrease in hydraulic
conductivity and infiltration rates. Among various soil types, sandy silty soil with smaller
particle sizes exhibited the lowest hydraulic conductivity and infiltration rate, in contrast
to soils with larger particle sizes. Our previous experiments also investigated the impact
of thawing frozen soil and formation of water in oil emulsions on the infiltration process
(Qu et al. 2022, Qu et al. 2023). Moreover, some papers studied the impact of plant roots
on the water infiltration to soil and revealed that the infiltration process were governed by
complex interactions between the plant and soil components (Hangen et al. 2002, Liu et
al. 2019, Meek et al. 1992). However, the impact of plant roots has never been

investigated which is very common in the nature.

Therefore, in this experiment, (1) the impact of plant roots and nettings on the infiltration
rate and depth of spilled oil will be studied; (2) residue concentrations in different soil
layers will be investigated. Hopefully, this research could give some basic help to the

emergent response of inland oil spills.
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5.2. Materials and methods

5.2.1. Materials

The samples were dried and sieved using 600-um, I-mm and 2-mm sieves. Particle
density was measured using the pycnometer method. Engine oil (15W-40) from the Shell
company was used as a representative oil The basic information of oil and soil properties
is listed in Table 5-1. Analysis-grade n-heptane were purchased from Fisher Chemical.

Deionized water was used in all experiments.

5.2.2. Experiment procedures

This research encompassed two experiments aimed at investigating the impact of plant
roots. To explore the impact of plant roots, two different nettings were employed to
simulate the plant roots, each with varying mesh sizes. The first netting had a mesh size
of 2845 (441 holes per 1 cm?) while the second netting had a mesh size of 58 (9 holes per
1 cm?). Both nettings were constructed using Nylon material. A soil sample (5 cm) was
introduced into a plastic column with a 13.5-mm inner diameter, which was ventilated at
the bottom to replicate a real soil environment. After placing the nettings at different soil
layers, a rapid pour of 1.0 mL of engine oil onto the top of soil initiated the filming

process to record the ensuing process.

Following the completion of the infiltration experiments, soil samples were excavated at
0.4 cm intervals, and 0.1 g of each 0.4 cm interval’s soil column was transferred to
individual 20-mL glass vials. The oil extraction and concentration test method was as

same as that in Chapter 4.

The netting experiments were conducted under following conditions: two soil particle
ranges (0.6-1 mm and 1-2 mm); four distinct nettings (no netting, 1 netting with a mesh
size of 58, 1 netting with a mesh size of 2845, and 3 nettings in row with a mesh size of
2845); and three soil layers (5 cm, 4.5 cm, and 4 cm). All experiments were conducted in

room temperature (23 °C).
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5.3. Results and discussion

5.3.1. Effect of nettings with various mesh sizes on infiltration

The depth-time results of oil infiltration in various soils with nettings with different mesh
sizes at various heights are presented in Figure 5-1. From the figure, it is evident that the
1 and 3 fine nettings (mesh size of 2845) impeded the infiltration process of oil
significantly. However, the coarse netting (mesh size of 58) only showed a slight impact
on the infiltration rate. For instance, in subfigure (b), the infiltration rates were similar
above 4.5 cm. However, after passing the netting at 4.5cm, the infiltration rates in soil
with 1 and 3 fine nettings were dropped rapidly, reaching 4.2 cm in over 1 minute, while
the infiltration rate in soil with coarse netting still remained similar to that without netting,
reaching 4.2 cm in about 0.75 minutes. All 6 subfigures exhibited similar impact of
nettings except for subfigure (c). This difference was inconsequential simply because the
oil stopped infiltrating in soil column with fine nettings at height of 4 cm. The reason for
the influence of mesh size of netting lies in the pore and throat size of soil which affect
soil permeability. Previous studies have demonstrated that the permeability of soil with
varying particle sizes is significantly influenced by the number and volume distribution
of pores and the permeability of soil increases with the increase in pore sizes (Fan et al.
2021, Steinwinder and Beckingham 2019). In this experiment, the mesh size of coarse
netting is larger than the pore sizes while the mesh size of fine netting is smaller than the
soil pore sizes. Consequently, the coarse netting did not show any obstruction to the
infiltration process whereas the infiltration rates decreased with the using of fine nettings.
This can be attributed to the pore size of the coarse netting being 3.3 mm, the fine netting
being 0.5 mm, and the soil pore size being nearly 1:1 with the grain size, as evident in the
corresponding pore size range discussed in the paper (Fan et al. 2021, Nelson 2009).
Several papers have demonstrated that the presence of plant roots can enhance soil pore
size, leading to improved water infiltrability in the soil (Liu et al. 2019, Wang et al.
2022a). However, this phenomenon did not occur in this experiment. Therefore, when
spilled oil infiltrates and encounters plant roots in the soil, the infiltration process would
not be significantly affected if the plant roots are sparse. However, if the plant roots are

dense with an intensive network of root hairs, the infiltration process may be hindered.

56



50 50 =
—=— no netting (b) T —=— no netting (C) ! —=a— no netting
—»— B-coarse . —eo— 4.5-coarse * —a— 4-coarse
5-1fine a8l d 4.5-1fine 8 — 4-1fine
—v— 5-3fines : —w— 4.5-3fines b —v— 4-3fines
46| @
46| = %,
5 5
z T4a e
B o i
a Q42 N
" 42
40 e
40 e
~ = 2 as e
I I Il I 1 i 1 Il Il I I =N 2 I L Il I I I
0.0 05 10 15 20 25 0.0 05 1.0 15 20 25 0.0 05 1.0 15 20 25
Time (min) Time (min) Time (min)
50 = 50
—=&—no netting (e) \k{ —=— no netting (f) & —=— no netting
—+— 5-coarse P —+—4.5-coarse asl 3 —&— 4-coarse
5-1fine ﬂ} 45-1fne 41fine
—v— 5-3fines NS —v— 4.5-3fines . —v— 4-3fines
46 - 46
g 3
24T 4
3 &
Bigl Qa2
40 40
——a—— i
38 38

. I . . . . . . . . . I . . . . . I I . .
000 015 030 045 060 075 090 000 012 024 036 048 080 072 000 016 032 048 064 080 096
Time (min) Time (min) Time (min)

Figure 5-1. Infiltration curves of oil in (a) 0.6-1 mm soil with nettings of various mesh
sizes at 5 cm height (b) 0.6-1 mm soil with nettings of various mesh sizes at 4.5 cm
height (c) 0.6-1 mm soil with nettings of various mesh sizes at 4 cm height (d) 1-2 mm
soil with nettings of various mesh sizes at 5 cm height (e) 1-2 mm soil with nettings of
various mesh sizes at 4.5 cm height (f) 1-2 mm soil with nettings of various mesh sizes at

4 cm height

Besides, it is shown from Figure 1 that the position of netting plays an obvious role in the
infiltration process. The changes of infiltration rate always started at the height of netting.
For example, in subfigure (a) and (d), the distinction is apparent right from the beginning
and in subfigure (b) and (e), the difference becomes evident at around 4.5 cm. The same
pattern also applies to subfigure (c) and (f). Moreover, the presence of fine nettings at 5
cm depth also resulted in a decrease in the oil infiltration depth compared to nettings at
other heights. For instance, in soil columns with three layers of fine netting, the oil
infiltrated to a depth of 4.2 cm when the nettings were placed at 5 cm. However, when the
nettings were positioned at 4.5 cm and 4.0 cm, the oil reached depths of 4.0 cm and 3.9
cm, respectively. For this reason, it is concluded that the obstruction effect is more

significant when the netting and plant roots are positioned at a higher level in the soil.
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Furthermore, the impact of mesh size of netting varies depending on the particle size
ranges of the soil. When using nettings of the same mesh size, the obstruction effect is
more noticeable in soil with particle sizes ranging from 1 to 2 mm compared to soil with
particle sizes ranging from 0.6 to 1 mm. A compelling example can be observed in the
infiltration of soil with nettings placed at a height of 5 cm (subfigures (a) and (d)). The
difference in infiltration rates is significantly more pronounced among the curves in
subfigure (a) compared to those in subfigure (d), particularly concerning the contrast
between three fine nettings and no netting. Similar distinctions can also be observed in
the other four subfigures. This phenomenon can be attributed to the differences in pore
sizes of the respective soils, as mentioned above (Fan et al. 2021, Steinwinder and
Beckingham 2019). The pore size in soil with particle sizes ranging from 1 to 2 mm is
larger than that in soil with particle sizes ranging from 0.6 to 1 mm. Hence, when
encountering fine nettings with same mesh size, the oil infiltration rates would decrease
more in soil with a greater pore size. Therefore, the impact of nettings and plant roots on

infiltration process is more significant in soil with large particle size ranges.

In summary, the results of this study indicate that the presence of nettings and plant roots
has a considerable impact on the oil infiltration process in various soils. The nettings with
a finer mesh size and denser plant roots show a more significant effect on the infiltration
process, particularly when their pore size is smaller than that of the soil. The position of
the nettings plays a crucial role in influencing the infiltration rate, consistently observed
across all subfigures. A top and bottom position typically results in greater obstruction
impact. Moreover, the obstruction effect is more pronounced in soils with larger particle
size ranges, which can be attributed to the differences in pore sizes. This highlights the
significance of nettings and plant roots in influencing infiltration processes under

different soil conditions.

5.3.2. Oil concentration of different soil layers during infiltration
The oil concentration results in different soil layers are depicted in Figure 5-2. Notably, in

certain cases, such as soil with 3 fine nettings at 5 cm, Figure 5-1 indicates the oil
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reaching only 4.2 cm. However, in Figure 5-2, traces of oil are still detected at a depth of
3.8 cm in the soil layer. This disparity can be attributed to the time-consuming process of
excavating soil samples from each layer. During this period, the oil could further infiltrate,
explaining why it is detected at a deeper level than the infiltration curves depicted in
Figure 5-1. The unit “%” of concentration" refers to the oil percentage of specific soil
layer in the soil column, used to compare the distribution differences under various
conditions. From Figure 5-2, it is evident that the fine nettings have an obstructive effect
on oil infiltration, as mentioned in section 3.1. The concentration of oil was higher in the
soil layers above the nettings, and the bottom concentrations in the soil with fine nettings
were significantly lower than in soil without nettings. For example, in the case of 0.6-1
mm soil with nettings at 5 cm (subfigure (a)), the concentration in the 5 cm soil layer
with 3 fine nettings exceeds 30%, significantly higher than the concentration in the 5 cm
soil layer without nettings, which is approximately 25%. Another compelling instance is
observed in the soil with 3 fine nettings at 4 cm (subfigures (c) and (f)). The
concentrations in the 4.2 cm layer of soil with 3 fine nettings are approximately 3% to 4%
higher than that of the soil without nettings, whereas the concentrations in the 4.2 cm
layer of soil with 3 fine nettings are 3% to 4% lower than that of the soil without nettings.
However, in soil column with coarse nettings, the concentration distribution of oil is
similar with that in soil without nettings. Based on these results, it is evident that nettings
and plant roots can obstruct the forward infiltration of oil. Consequently, in the event of
an oil spill accident, emergency response efforts should prioritize the areas above dense
nettings and plant roots, where a higher concentration of oil tends to remain. If nettings
and plant roots are not closely packed together, the emergency response could be treated

similarly to the response for soil without nettings and plant roots.

Another intriguing discovery is that in soils with larger particle size ranges, the oil tended
to accumulate in the bottom layer, while in soils with smaller particle size ranges, the oil
preferred to remain in the top layer. This finding aligns with our previous study, where we
observed that as the ice in the soil started to thaw and the porosity increased, the oil
exhibited a tendency to accumulate in the bottom layer (Qu et al. 2022). Hence, in cases
where the soil particles are small, the response work should primarily focus on the upper
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layer, as it is more susceptible to obstruction by soil. On the other hand, when the soil
particles are large, the entire oil infiltration depth should be treated equally, as the

obstruction effect from soil is less pronounced.

(a) (b) (c)
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Figure 5-2. Oil concentration in different layers of (a) 0.6-1 mm soil with nettings of
various mesh sizes at 5 cm height (b) 0.6-1 mm soil with nettings of various mesh sizes at
4.5 cm height (¢) 0.6-1 mm soil with nettings of various mesh sizes at 4 cm height (d) 1-2
mm soil with nettings of various mesh sizes at 5 cm height (e) 1-2 mm soil with nettings
of various mesh sizes at 4.5 cm height (f) 1-2 mm soil with nettings of various mesh sizes

at 4 cm height

Furthermore, the positioning of nettings also affects the concentration distribution of oil.
When the nettings were placed in the middle height of the soil column, the difference in
oil concentration between soil with fine nettings and soil without nettings was slight.
However, when the nettings were placed in the top layer or bottom layer of the soil
column, the difference became significant. For instance, in subfigure (b) and (e), the
concentration difference at 4.6 cm between soil with 3 fine nettings and soil without
nettings was less than 2%. In contrast, in subfigure (a) and (d), or in subfigure (c) and (f),

the concentration difference at 5 cm or at 4 cm between soil with 3 fine nettings and soil
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without nettings was greater than 5%. In actual inland oil spill accidents, the nettings and
plant roots in the top and deeper soil layers can impede the infiltration of spilled oil,
whereas the nettings and plant roots in the shallow or middle soil layers have a relatively

minor obstructive effect on oil infiltration.

In conclusion, the positioning and density level of nettings and plant roots significantly
impact the concentration distribution of oil. Higher oil concentrations are observed above
soil layers with denser nettings and plant roots, particularly in the top and deeper soil
layers. Additionally, in soils with larger particle size ranges, the oil tends to gather at the
bottom layer, while in soils with smaller particle size ranges, it tends to stay in the top

layer.

5.4. Summary

This study indicates that the presence of nettings and plant roots has a considerable
impact on the oil infiltration process in various soils. The nettings with a finer mesh size
and denser plant roots show a more significant effect on the infiltration process,
particularly when their pore size is smaller than that of the soil. The position of the
nettings plays a crucial role in influencing the infiltration rate. A higher position typically
results in greater obstruction impact. Moreover, the obstruction effect is more pronounced
in soils with larger particle size ranges, which can be attributed to the differences in pore
sizes. Higher oil concentrations are observed above soil layers with denser nettings and
plant roots, particularly in the top and deeper soil layers. Additionally, in soils with larger
particle size ranges, the oil tends to gather at the bottom layer, while in soils with smaller
particle size ranges, it tends to stay in the top layer. This study highlights the significance
of nettings and plant roots in influencing infiltration processes under different soil

conditions.
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CHAPTER 6. CONCLUSIONS

6.1. Conclusions

In conclusion, this thesis research undertook a comprehensive exploration of the
infiltration of spilled oil in soil under various environmental conditions. Through a
thorough literature review and a series of focused studies, valuable insights were gained
into the behavior, penetration, and distribution of spilled oil in different soil and weather
conditions. The research revealed that factors such as temperature, water content, and soil
type play pivotal roles in determining the infiltration patterns of spilled oil. The modified
Green-Ampt model demonstrated effectiveness in simulating oil penetration, particularly
in conditions characterized by low temperatures and high water-content. Additionally, the
study highlighted the significance of external elements like netting and plant roots in

influencing oil infiltration behavior and concentration distribution within soil layers.

These findings offer a deeper understanding of the complex interplay between oil spills
and environmental factors, contributing to the formulation of more informed response
strategies. The knowledge gained from this research serves as a valuable resource for
enhancing emergency preparedness and effective mitigation measures in the event of
inland oil spill incidents. As the world continues to grapple with the challenges posed by
environmental contamination, this study provides a meaningful contribution to the
ongoing efforts aimed at safeguarding our ecosystems and ensuring sustainable practices

in the face of potential oil spill scenarios.

6.2. Recommendations for future research

(1) To enhance our understanding of inland spilled oil infiltration, it is expected to further

conduct tests across diverse soil types, weather conditions, and spill scenarios. Real-

world data will be used to refine insights into soil-oil interactions.
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(2) 3-D simulation could be applied for detailed oil infiltration modeling. Simulation
models can be further validated through experimental data to improve accuracy.

Advanced simulations can provide insights into complex oil-soil dynamics.

(3) A predictive technique can be further developed for estimating oil infiltration depth
and concentration in different soil layers, utilizing data from field tests and validated
models. This tool will aid rapid assessment and targeted response strategies for inland oil

spills, minimizing environmental and economic impact.
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