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Abstract

:

Field and laboratory investigations were conducted to characterize the composition of petroleum hydrocarbons in oily sludge and the underlying contaminated soils in a decommissioned oilfield waste pit in Kuwait. The results show that the petroleum hydrocarbon composition in the oily sludge and contaminated soils was spatially variable. Highly toxic petroleum hydrocarbon species such as BTEX and PAHs were generally lacking, and both sludge- and soil-borne hydrocarbons were dominated by long-chain petroleum hydrocarbons. The soil contamination depth was generally very shallow although localized deep profiles (>0.5 m) were found. A loose relationship was established between TPH in the sludge and that in the underlying soil. On average, the soil had a greater percentage of shorter-chain hydrocarbon fractions (either aliphatics or aromatics), as compared to the sludge. The environmental risk from the oily sludge and contaminated soils is considered to be relatively low. For cost-effective management of the environmental risk of decommissioning an oilfield waste pit, containment of the sludge and contaminated soils using a soil-capping approach may be sufficient to minimize the possible adverse environmental impacts from the decommissioned waste pit, and this may represent an option that is superior to other costly remediation strategies.
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1. Introduction


The petroleum industry generates substantial amounts of oily sludge during the exploitation, storage and refining of crude oil [1]. Oily sludge is a potentially hazardous material [2,3,4], which requires safe containment or treatment to minimize its adverse impacts on the environment [5,6,7]. Beneficial uses allow cost-effective management of oily sludge to be achieved [8]. To assess the environmental impacts of oily sludge and develop sound management strategies, it is necessary to understand the characteristics of oily sludge. Heidarzadeh et al. [9] investigated the characteristics of oily sludge from an oil refinery using parameters such as saturated alkanes, aromatics, non-hydrocarbons, resins and asphaltenes. Gopang et al. [10] characterized sludge deposits in crude oil storage tanks using the parameters of water, free oil and emulsion fractions. Imohimi et al. [11] assessed the characteristics of oily sludge from a refinery using parameters such as the total petroleum hydrocarbon (TPH), total volatile solids, oil and grease, dissolved oxygen (DO), five-day biological oxygen demand (BOD5) and chemical oxygen demand (COD).



Oilfield sludge pits are temporary storage facilities used for the disposal of oily wastes (drilling mud and cuttings) generated from drilling oil wells [4] or collecting crude oil due to emergency drill operation [12]. These facilities are exposed to an open environment. Unlike oily sludge generated in oil tanks or from crude oil processing, oily sludge in oilfield waste pits is formed via a strong interaction of the disposed of oil wastes with natural environmental factors such as solar radiation, atmospheric deposition and underlying soils. Volatile short-chain petroleum hydrocarbons in the oil wastes tend to evaporate rapidly. Photocatalytic degradation of petroleum hydrocarbons caused by solar radiation could also take place [13]. So far, detailed research work to characterize the oily sludge in oilfield sludge pits has been limited.



Crude oil contains various petroleum hydrocarbon species with different chemical structures and carbon numbers. At an equivalent carbon number, an aromatic hydrocarbon tends to be more toxic compared to its aliphatic counterpart [14]. For the same type of petroleum hydrocarbon, the smaller the carbon number, the more toxic it tends to be [15]. Therefore, the hazard of a given oily sludge is related to the composition of petroleum hydrocarbon compounds. For this reason, characterization of oily sludge based on parameters that provide no information on petroleum hydrocarbon speciation or fractionation—such as TPH, saturated alkanes, aromatics, resins, asphaltenes, free oil and emulsion fractions does not allow sensible assessment of the environmental risk associated with exposure to oily sludge.



During the storage of oil wastes in the oilfield waste pits, downward movement of oil fluid takes place, causing contamination of the underlying soils and potentially shallow aquifers [16]. Assessing the environmental risk of the contaminated soils and developing soil remediation strategies are also important parts of oilfield waste pit management. Investigation of soil contamination by petroleum has so far been focused on those formed following one-off oil spills [17,18]. The penetration depth of oil into soils depends on many factors such as characteristics of the penetrating oil, soil type, water input, etc. [19]. Oilfield waste pits are purpose-built structures frequently with a layer of compacted clay on the bottom to minimize the infiltration of oil fluid into the underlying soils. Unlike oil spill incidences, oilfield waste pits receive continuous oil input, and the soils beneath the oil wastes could experience oil penetration for an extended period. Therefore, it is expected that the characteristics of contaminated soils in oilfield waste pits differ from those caused by accidental oil spill events. However, there has so far been no detailed investigation into petroleum-contaminated soils in oilfield waste pits.



When decommissioning an oilfield waste pit, the relevant oil company has a legal responsibility to properly manage this abandoned facility and must meet regulatory requirements to minimize its impacts on the environment. Adequate knowledge of the petroleum hydrocarbon composition in the oily sludge and contaminated soils is, therefore, essential to inform cost-effective management of oilfield waste pits. In this study, a representative oilfield waste pit under desert conditions was investigated. The objectives were to (a) characterize the petroleum hydrocarbon composition of the oily sludge in the investigated waste pit, (b) understand how the oil wastes in the waste pit contaminate the underlying soil profiles and (c) highlight the implications of the research findings for cost-effective management of oilfield waste pits in areas with a similar climate.




2. Materials and Methods


2.1. Study Site and Sampling Methods


A typical oilfield waste pit within the Kuwait Oil Company (KOC) operating area in the southern Kuwait Burgan oilfields was selected for this study. The waste pit had a total area of about 90,000 m2 (300 m × 300 m). A grid sampling method was used to collect the oily sludge samples and underlying soil samples at each sampling location. The sludge pit was divided into 16 sampling grids (75 m × 75 m), with the samples taken from the center of each grid. At each sampling location, a sludge sample was collected, followed by the collection of contaminated soil samples along the soil profile. After collection, each soil sample was split into two sub-samples and stored in two separate 170 mL glass jars that were packed into a plastic cooler with ice. The packed samples were then shipped to the laboratory for analysis. Sub-sample 1 was used to determine the BTEX (benzene, toluene, ethylbenzene and xylene) and polycyclic aromatic hydrocarbons (PAHs), and sub-sample 2 was used to determine various petroleum hydrocarbon fractions




2.2. Laboratory Methods


A modified TPH CWG (TPH Criteria Working Group) method was used to determine the petroleum hydrocarbon fractions in the oily sludges and contaminated soils. Various petroleum hydrocarbons were extracted using dichloromethane. Sodium sulfate and silica were used for solution clean-up. The aliphatic and aromatic fractions were separated using solid-phase extraction techniques. Additional clean-up of the extract was performed by passing the solution through a membrane filter. The filtrate was treated with 15 g of acid silica in a clean round-bottomed flask placed on a rotary evaporator with no heat for 30 min. The aliphatic fractions in the solution were then determined using capillary gas chromatography with the flame ionization detection (GC/FID) method.



BTEX in the oily sludge and soil samples were determined by headspace gas chromatography-mass spectrometry (GC/MS). The sample was heated and shaken vigorously. This carried the volatile components into the headspace of the extraction vessels. A certain volume of the headspace was sampled and passed onto the head of the gas chromatography (GC) column, which separated the different components. The eluent from the GC column passed into the ion source of a mass spectrometer, which recorded mass spectra continually at a regular interval and with unit mass resolution. Sixteen common polycyclic aromatic hydrocarbon species were also determined by headspace gas chromatography-mass spectrometry.




2.3. Quality Assurance and Quality Control


The analysis was performed in an accredited commercial analytical laboratory (Concept Life Sciences Analytical & Development Services Limited, Manchester, UK). Analytical quality control was maintained by a number of measures, including multi-point calibration with set standards (with defined minimum performance characteristics), analysis of control samples within each analytical batch (such as versus independent standards, matrix spikes or reference materials), analysis of the reagent/method blanks within each analytical batch, ongoing quality assurance using control charts in conjunction with warning and action limits for the QC sample data and participation in external proficiency testing and inter-laboratory schemes such as the LGC Standards CONTEST and AQUACHECK. The concentrations of various petroleum hydrocarbons were expressed as the mg/kg soil on a dry weight basis.





3. Results and Discussion


3.1. Morphology of Sludge-Soil Profile


In general, a layer of partially dry oily sludge ranging from 0.01 to 0.11 m was found across the investigated sludge pit (Figure 1). The thickness of the sludge layer varied markedly from location to location, probably reflecting the control of geomorphology on the distribution of oily wastes within the pit. Low-lying spots tended to hold more oil fluid above the land surface, resulting in a thicker layer of oily sludge on drying. The sludge layer was underlain by a layer of brownish sandy soil at most of the sampling locations, followed by uncontaminated soil at the bottom of the soil profiles. At most of the sampling locations, the thickness of the contaminated soil layer was limited to less than 0.1 m, suggesting that penetration of crude oil into the soils was impeded. The soils with oil contamination to a depth greater than 0.45 m were only found at two locations (Figure 1). It is interesting to note that the thickness of the sludge layer was not related to the thickness of the contaminated soil layer. This suggests that the oil penetration depth was not determined by the amount of oil fluid overlying the soil. Oilfield waste pits are purpose-built structures to store drilling mud and oil spilled during oil production. A liner is usually used to minimize the penetration of oil fluid into the ground [20,21]. The limited number of deep contamination locations was probably the result of liner failure, leading oil to have seeped beyond the liner [22]. The findings here suggest that it is important to make sure that the quality of the liner is sufficient to avoid deep contamination of soils with the stored oil wastes from occurring.




3.2. Petroleum Hydrocarbon Composition of the Oily Sludges


No BTEX, aromatic petroleum hydrocarbon fractions with a carbon chain shorter than C12 or aliphatic hydrocarbons with a carbon chain length <C16 were detected from the collected oily sludge samples. This suggests that the volatile petroleum hydrocarbons had already been completely emitted to the atmosphere prior to sample collection. The predominant aliphatic petroleum hydrocarbon fraction was C21–C35 (45,750 ± 30,108 mg/kg, n = 16) for all the investigated samples. The distribution of the three major fractions is given in Table 1.



No aromatic petroleum hydrocarbon fractions with carbon chains longer than C35 were detected from the 16 collected sludge samples. Fraction C21–C35 dominated the aromatic hydrocarbons. Fraction C12–C16 was present at a small amount or not detectable. The total aromatic hydrocarbon had a mean value of 12,461 mg/kg with a standard deviation of 7704 mg/kg (Table 2).



There was a close relationship (R2 = 0.9469) between the total aliphatic hydrocarbon and the total aromatic hydrocarbon in the oily sludges (Figure 2). However, the ratio of total aromatic hydrocarbon to the total aliphatic hydrocarbon was around 0.2, indicating that over 80% of the total petroleum hydrocarbon was in aliphatic forms. Park and Park [23] determined petroleum hydrocarbon fractions in two petroleum hydrocarbon-contaminated sites and found that the aliphatic fraction C8–C16 and aromatic fraction C10–C21 were the major contributors to human health risk via all the exposure routes. The pre-dominant aliphatic fractions and aromatic fractions were all C21–C35 in the investigated sludges, suggesting that these sludge materials were unlikely to pose a high risk to human health.



The total PAH in the sludge materials was only detected in 10 out of the 16 sampling locations with a very low value (<20 mg/kg). Only three PAH species were found in the sludge samples: chrysene, pyrene and phenanthrene (Table 3). Chrysene was the most common PAH species with its presence found in 8 out of the 16 sampling locations. Location 3 had the highest level of chrysene (10 mg/kg). Pyrene was only detected at Locations 1 and 6.




3.3. Petroleum Hydrocarbon Composition of the Contaminated Soils


TPH in the soils varied horizontally and vertically. The TPH in the surface soil layer ranged from 86 to 3350 mg/kg with a mean value of 1447 mg/kg. Location 3 had the highest level of TPH while Locations 1, 4, 5, 7 and 10 had TPH of less than 500 mg/kg (Figure 3).



The C21–C35 fraction dominated the aliphatic hydrocarbon fraction, followed by C16–C21, C35–C40, C12–C16 and C10-C12. Fractions with a carbon number of less than 10 were not detected (Figure 4a). For the aromatic hydrocarbons, fractions with a carbon number of less than 12 and more than 35 were not detected. The concentrations of the detectable aromatic petroleum hydrocarbon fractions progressed in the following decreasing order: C21–C35 > C16–C21 > C12–C16 (Figure 4b).



As mentioned in Section 3.1, the contamination depth was limited to less than 0.15 m with only two locations where an oil contamination depth of greater than 0.45 m was found, which possibly resulted from liner failure. Figure 5 shows the vertical variation in various aliphatic and aromatic hydrocarbon fractions along the soil profile at Location 16. It can be seen that the vertical variation pattern had a certain level of similarity between the aliphatic hydrocarbon and the aromatic hydrocarbon and between the different fractions for the same type of petroleum hydrocarbon (Figure 5). When there is a sufficient supply of oil fluid above soil, the oil tends to move downwards due to gravity and occupies soil pores. The concentration of petroleum hydrocarbons in a soil layer is, therefore, affected by the porosity of that soil layer. Soil with high porosity tends to accommodate more penetrating oil. Consequently, the soil has a higher concentration of petroleum hydrocarbons. The observed fluctuation in either the aliphatic or aromatic hydrocarbons along the soil profile suggests that the soil porosity varied vertically along the soil profile.




3.4. Relationship between Sludge-Borne Hydrocarbon and Soil-Borne Hydrocarbon


It is interesting to note that there was only a loose relationship in TPH between the oily sludge and the underlying surface soil layer for the 16 sampling locations (Figure 6). The differential spatial distribution pattern in TPH between the surface soil layer and the overlying oily sludge may be explained by two reasons. Firstly, the TPH concentration in the sludge was determined by the number of impurities present in the original crude oil and the incorporation of sediments from atmospheric deposition driven by the wind into the sludge. Moreover, the sludge pit received petroleum with different chemical compositions from different spill events and sediments at different amounts, and sludge derived from drilling mud tended to contain fewer petroleum hydrocarbons than that derived from spilled oil. Secondly, the porosity of the surface soil might vary horizontally, causing horizontal variation in soil-borne TPH.



Further analysis shows that the petroleum hydrocarbon composition differed between the sludge and the underlying soil. On average, the soil had a greater proportion of shorter-chain hydrocarbon fractions (either aliphatics or aromatics) compared to the sludge (Figure 7). This inconsistency reflects differential dissipation rates of the petroleum hydrocarbon fractions between the sludge and the soil. The volatility of petroleum hydrocarbons increased with increasing temperature [24,25]. The sludge was directly exposed to the atmosphere and received solar radiation. This favored the evaporation of semi-volatile hydrocarbon fractions, as compared to the soil-borne counterparts, which were trapped in soil pores via adsorption by soil particles [26].



There was a poor relation of the aliphatic fraction of C16-C21 between the sludge and the surface soil layer (R2 = 0.16) (Figure 8a). Although the relationship improved for the longer-chain hydrocarbon fractions (Figure 8b,c), the R2 values were all less than 0.6. In comparison with aliphatic hydrocarbons, closer relationships between the sludge and the surface soil layer were observed for the aromatic hydrocarbon fractions. There was also a trend whereby the R2 increased with an increasing carbon number (Figure 9). Meanwhile, the poor relationship between the sludge and the soil for the semi-volatile shorter-chain hydrocarbon fractions was partially attributed to the differential dissipation rates via volatilization. The same phenomena could not be explained by this factor because the longer-chain hydrocarbon fractions were non-volatile. Therefore, it was likely that various hydrocarbon fractions did not migrate downwards proportionally due to differences in soil conditions between different locations.




3.5. Implications for Management of the Oilfield Waste Pits in Desert Areas


The research findings obtained from this study suggest that the environmental risk of the investigated oilfield waste pit was not significant. Under desert conditions, contamination of groundwater was unlikely, even when some localized liner failures took place. The oilfield was far away from human settlements. Therefore, the human health risk via ingestion and dermal contact is minimal. However, inhalation of petroleum hydrocarbon-containing dusts by oilfield workers is still likely, and it is necessary to take appropriate remedial action in order to reduce such a risk.



A range of remediation technologies have been used to treat petroleum hydrocarbon-contaminated soils, including soil washing [27], thermal treatment [28], chemical treatment [29], bioremediation [30] and combined treatment methods [31,32]. Soil washing is ineffective for heavily contaminated soils. Although thermal treatment is highly effective, it is very costly. Given that degradation-resistant long-chain fractions dominated the petroleum hydrocarbons in the sludge and contaminated soils, eliminating the petroleum hydrocarbons via chemical treatment could be extremely costly. Bioremediation is cost-effective in humid areas. However, the harsh environmental conditions encountered in deserts do not favor bioremediation due to low soil moisture contents, high salinity and an insufficient supply of nutrients. From an environmental remediation point of view, it may be more cost-effective to use a soil-capping approach to limit human contact with the oily sludge and contaminated soils.





4. Conclusions


The composition of petroleum hydrocarbons in the oily sludge and contaminated soils of the investigated oilfield waste pit varied spatially. Long-chain hydrocarbons dominated the petroleum hydrocarbons. Highly toxic BTEX and PAHs were not detected except for trace amounts of phenanthrene, pyrene and chrysene in some samples. The soil contamination depth was generally very shallow, although localized deep profiles (>0.5 m) were found. There was a loose relationship between the TPH in the sludge and that in the underlying soil. On average, the soil had a greater proportion of shorter-chain hydrocarbon fractions (either aliphatics or aromatics), as compared to the sludge, due to different dissipation rates of the shorter-chain hydrocarbons in the sludge and the soil. The environmental risk from the oily sludge and contaminated soils is relatively low. From an environmental remediation perspective, soil capping may be a cost-effective method for minimizing the environmental impacts of the decommissioned oilfield waste pits in desert areas that are not in close proximity to human settlements.
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Figure 1. Graph showing the thickness of oily sludge and the underlying contaminated soil at the 16 sampling locations within the investigated oilfield waste pit. 
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Figure 2. Relationship between the total aliphatic hydrocarbon and the total aromatic hydrocarbon in the sludge samples. 
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Figure 3. TPH in the surface soil layer (0–5 cm) for the 16 sampling locations. 
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Figure 4. Distribution of various (a) aliphatic hydrocarbon fractions and (b) aromatic hydrocarbon fractions in the surface layer (0–5 cm) of the contaminated soil. 
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Figure 5. Changes in various (a) aliphatic hydrocarbon fractions and (b) aromatic hydrocarbon fractions along soil profile 16. 
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Figure 6. TPH relationship between the sludge and the underlying surface soil layer. 
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Figure 7. Petroleum hydrocarbon composition of the sludge and the underlying soil. 
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Figure 8. Relationship of aliphatic fractions (a) C16–C21, (b) C21–C35, and (c) C35–C40 between the sludge and the surface soil. 
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Figure 9. Relationship of aromatic fractions (a) C12–C16, (b) C16–C21, and (c) C21–C35 between the sludge and the surface soil. 
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Table 1. Concentrations (mg/kg) of aliphatic hydrocarbons in the oily sludge samples collected from the oilfield waste pit.
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	Location
	C16–C21
	C21–C35
	C35–C40





	1
	2400
	35,000
	4400



	2
	2500
	31,000
	3000



	3
	20,000
	110,000
	12,000



	4
	3700
	36,000
	4100



	5
	1400
	28,000
	3500



	6
	1100
	33,000
	3600



	7
	1200
	23,000
	2300



	8
	6600
	33,000
	3500



	9
	7200
	45,000
	3900



	10
	870
	27,000
	330



	11
	8100
	56,000
	4800



	12
	4500
	35,000
	3400



	13
	3500
	27,000
	2800



	14
	15,000
	100,000
	11,000



	15
	920
	13,000
	1400



	16
	14,000
	100,000
	11,000



	Mean
	5812
	45,750
	4689



	SD
	5808
	30,108
	3481
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Table 2. Concentrations (mg/kg) of aromatic hydrocarbons in the oily sludge samples collected from the oilfield waste pit.






Table 2. Concentrations (mg/kg) of aromatic hydrocarbons in the oily sludge samples collected from the oilfield waste pit.





	Location
	C12–C16
	C16–C21
	C21–C35





	1
	110
	1500
	7800



	2
	130
	1100
	6400



	3
	230
	6200
	24,000



	4
	0
	2000
	9800



	5
	0
	850
	6000



	6
	0
	1300
	9200



	7
	0
	1100
	7100



	8
	0
	2100
	7500



	9
	0
	2400
	9800



	10
	0
	790
	7500



	11
	0
	2200
	12,000



	12
	0
	1600
	7700



	13
	0
	1400
	6400



	14
	270
	4700
	23,000



	15
	0
	510
	2600



	16
	180
	3900
	18,000



	Mean
	58
	2103
	10,300



	SD
	95
	1559
	6110










[image: Table] 





Table 3. Concentrations (mg/kg) of PAHs in the oily sludge samples collected from the oilfield waste pit.






Table 3. Concentrations (mg/kg) of PAHs in the oily sludge samples collected from the oilfield waste pit.





	Sampling Location
	1
	3
	5
	6
	7
	8
	9
	11
	12
	13





	Naphthalene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Acenaphthylene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Acenaphthene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Fluorene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Phenanthrene
	<1.0
	5.2
	<1.0
	<1.0
	<1.0
	2
	1
	<1.0
	<1.0
	1.2



	Anthracene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Fluoranthene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Pyrene
	1.7
	<1.0
	<1.0
	1
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Benzo(a)anthracene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Chrysene
	<1.0
	10
	3.5
	3.6
	4.4
	4.9
	2.9
	4.9
	4.2
	<1.0



	Benzo(a)pyrene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Indeno(123-cd)pyrene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Dibenzo(ah)anthracene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Benzo(ghi)perylene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Benzo(b)fluoranthene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0



	Benzo(k)fluoranthene
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
	<1.0
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