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Abstract: Hydrocarbon contamination of water resources is a global issue. These compounds are
generated and discharged into the environment in industrial areas from chemical and petrochemical
plants, oil refineries, power plants, and so forth. Fuel hydrocarbons, namely, BTEX (benzene, toluene,
ethylbenzene, and xylenes) and MTBE (methyl tert-butyl ether), are commonly found in groundwater,
posing environmental and health risks to humans and ecosystems. Nature-based technologies
represent an alternative solution, providing high efficiency, an environmentally friendly character,
simple operation, and cost efficiency, which are characteristics particularly desired by the international
petroleum industry. This article discusses the use of the green technology of constructed wetlands
to remediate water polluted with hydrocarbons. Although the number of related international
experiences and studies is limited, the article presents the latest developments of wetland technology
for the removal of MTBE and benzene-BTEX. The discussion includes the overall efficiency of the
different wetland types that have been tested and used, the main transformation and removal
processes that regulate the fate of BTEX and MTBE in constructed wetlands, and the potential for
future investigations.
Keywords: constructed wetlands; BTEX; benzene; MTBE; industrial wastewater; petroleum industry;
hydrocarbons; nature-based solutions

1. Introduction
Hydrocarbons are commonly found water contaminants due to their extensive use. They consist
of simple compounds of carbon and hydrogen or complex compounds with varying physicochemical
properties and are generally classified into aromatic, alicyclic, and aliphatic hydrocarbons.
Light hydrocarbons (i.e., having up to 16 carbon atoms) may have higher volatility and solubility.
Some hydrocarbons can be toxic; hence, they pose a risk to the environment [1]. In water, they can be
free-floating, dissolved, emulsified, or adsorbed to suspended solids. Larger molecules are typically
free, and smaller ones can be emulsified in water. Hydrocarbon contamination typically occurs in areas
with industrial activity, for example, close to chemical/petrochemical plants, oil refineries, power plants,
manufacturing industries, plastic and steel production facilities, and cooling plants. The continuous
demand for oil and gas supply increases the environmental concerns, while accidental spills, partial
treatment, and illegal discharge introduce these compounds to the surface and groundwater bodies.
Hydrocarbons can also reach surface or groundwater resources through stormwater runoff; spills from
roads, tank farms, airport surfaces, and so forth; and transportation [2,3], even near petrol stations.
Besides the risks to human health, hydrocarbons can also affect various aquatic ecosystems.
BTEX (benzene, toluene, ethylbenzene, and xylenes) and MTBE (methyl tert-butyl ether) are fuel
hydrocarbons often detected in water [4,5]. MTBE and BTEX are highly soluble and mobile in water,
and both can have toxic effects (i.e., BTEX is related to carcinogenesis); hence, they are regulated
contaminants in drinking water (200 and 5 µg/L, respectively [6,7]). Another hydrocarbon compound
is phenols, which are found in outflows from oil refineries and petrochemical industries; effluents
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from tanneries [8], olive mills [9], and pulp and paper mills [10]; as well as some pesticides and
disinfectants [11]. Phenols can also be toxic and a maximum allowable concentration in water has been
introduced (0.001 µg/L [12]).
Different physicochemical technologies are applied to remove light hydrocarbons from water,
including membranes, porous media adsorption (e.g., on activated carbon and zeolites), advanced oxidation
processes (e.g., UV, H2 O2 , and O3 ), chemical oxidation, air stripping, and vapor extraction [3,13–15].
These technologies are in general efficient; however, they usually require experienced and skilled personnel,
are based on large and sophisticated mechanical equipment, usually demand a high initial investment, have
high operation and maintenance costs, and consume large amounts of external energy, which often cannot
be covered from the economic and/or technical aspect, particularly in small-scale installations [15]. Hence,
the use of alternative and, at the same time, sustainable technologies is a continuously growing need.
Constructed wetlands (CWs) represent an effective green technology with high treatment capacity.
CWs can be classified based on the vegetation type and the flow patterns through the system to
(a) surface flow constructed wetlands (SF CWs) and (b) subsurface flow constructed wetlands (SSF
CWs) [5]. The typical design of SF CW systems consists of a water column (10–50 cm) above a substrate
layer (usually soil). SSF CWs are typically gravel beds with vertical flow (VF CW) or horizontal
subsurface flow (HSSF). According to the vegetation type, further classification includes emergent
macrophyte wetlands and submerged macrophyte wetlands. The most common systems are those
with rooted emergent macrophytes [5]. When more than one CW type is combined in one facility, this
is called a hybrid wetland system.
CWs generally possess smaller investment requirements and minimal operation and maintenance
costs compared with conventional methods [1,5]. CWs are characterized as nature-based systems
providing diverse environmental and financial benefits and are widely implemented for domestic and/or
municipal wastewater treatment [5]. Their treatment potential is nowadays better realized, which moves
the focus towards applications for different industrial wastewater effluents [16]. Particularly, there is
the strong potential to use this green technology for petroleum industry effluents that contain various
hydrocarbons. The goal of this article is to present the current knowledge and technological status of
CWs applied for the removal of light hydrocarbons from water, namely, MTBE and benzene-BTEX.
2. Fate of Benzene in Constructed Wetlands
Benzene (C6 H6 ), a BTEX compound generated from gasoline production, is frequently detected in
groundwater [17,18]. It has high water solubility (1780 mg/L at 20 ◦ C) and very high mobility [19].
Benzene is the most toxic BTEX compound and can be biologically degraded [20] under oxic [21] or
hypoxic environments [22]; however, it is highly recalcitrant under anoxic conditions [23,24].
Different physical, chemical, and biological processes are applied for benzene transformation
and/or removal (e.g., sorption, volatilization, and dilution) that change its phase. Plants also assimilate
benzene in their tissues and through transpiration transfer and release it to the atmosphere. Microbial
degradation is believed to be the most effective process, allowing even for its complete removal.
Biodegradation strongly depends on various physicochemical factors (e.g., temperature; oxygen
levels; salinity; nutrients; pH; and the chemical composition, physical state, and concentration
of the contaminant) and on biological factors, including the composition and adjustability of
microorganisms [25].
CWs have also been successfully implemented for the remediation of waters containing benzene.
As a nature-based technology, CWs generally remove organic contaminants through different processes
initiated by the interactions between plants and microorganisms in the root system [26–29]. CWs create
the appropriate environment for the growth of microorganisms that biodegrade organic compounds [30].
Bacteria that degrade volatile organic compounds (e.g., benzene, toluene, ethylbenzene, and p-xylene)
have been detected in the plant rhizosphere [31,32]. The most abundant species are those of Pseudomonas,
representing more than 85% of the degrading bacteria in polluted aquifers [33]. Additionally, isotope
studies have revealed that most benzene fractions can be degraded under aerobic conditions [18,34].
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The plants in CWs can also uptake compounds such as benzene (phytotransformation), concentrate
it in their tissues (phytoextraction), and release it to the atmosphere through their transpiration.
Plant uptake is closely related to the compound’s lipophilicity; the low octanol–water partition
coefficient logKOW of benzene is between 0.5 and 3 (i.e., 2.13), implying plant uptake [35–37].
Benzene can also be released directly from the substrate media surface, while phytovolatilization
via plant stems and leaves also occurs. This process relates to substances being rapidly translocated
(logKOW < 3.5) and to high vapor pressure (Vp > 1.01 kPa) [38] or high Henry’s law constant
(KAW > 10–5) [39]. The values for benzene (KAW = 0.22, Vp = 12.7 kPa at 25 ◦ C) [35] imply that
phytovolatilization is a possible benzene removal process. Studies have shown that this process is
responsible for a major part of both benzene and MTBE emission [40]. It has been found that under a
hydraulic residence time exceeding 1 day, the role of volatilization is most important in VF CWs [41],
although lower rates (<5%) have also been estimated [42,43]. On the other hand, the contribution of
volatilization in benzene removal was assessed at around 1% in HSSF CWs [44].
Table 1 shows studies that can be found in the international literature on benzene removal with
different CW types. As can be seen, though all wetland designs have been tested and applied, most of
them are with subsurface flow, both horizontal and vertical flow. The reported results clearly indicate
the high treatment and removal capacity of CWs for benzene (or BTEX) from water.
Table 1. Studies on constructed wetland (CW) systems treating water contaminated with benzene.
Wetland Type
Dimensions
(L × W × D; m) 1

Plant Species

Substrate

Flow
(m3 /day)

HRT 2
(days)

Influent
(mg/L)

Removal Rate
(%)

Reference

HSSF 3 CW
(6 × 1 × 0.5)

Phragmites
australis

gravel (67%)
sand (25%)
lignite (10%)

0.113

6

0.026

93

[34]

P. australis

gravel

0.528

10

10.2

72–82

[1]

P. australis

fine gravel,
charcoal

0.144

P. australis

−

0.166

20

gravel, sand

5.4 and
6000

1

0.17
(benzene)
0.47
(BTEX)

100 (below
detection limit)

[45]

clay soil, stones,
gravel

1

1.5

0.6

57

[46]

up to 24

1900 mg/day

[47]

HSSF CW
(5.9 × 1.1 × 1.2)
HSSF CW
(5 × 1.1 × 0.6)
Plant root mat
(water depth 0.15 m)
HSSF CW pilot (7 × 1.7 ×
1.1)
full scale HSSF + SF CW
(1.9 ha, d = 0.9)
HSSF CW
(4.8 × 7.2 × 0.6)
HSSF CW
(5 × 1.1 × 0.6)
HSSF CW
(5 × 1.1 × 0.6)
Plant root mat
(water depth 0.15)

Salix, Phragmites,
Schoenoplectus,
Juncus, Cornus,
Typha angustfolia
P. australis,
Typha latifolia

HSSF CW
(7 × 1.7 × 1.1)

P. australis
P. australis

VF CW
(H = 0.75, d = 0.1)
VF CW
(0.75, d = 0.1)
VF CW
(2.3 × 1.75 × 1.75)
SF CW
(1 × 0.6 × 0.8)
SF CW 5
(4 × 12 × 0.45)
1
4

0.144
gravel

0.144

P. australis

−

0.144

Phragmites,
Scirpus, Juncus,
Cornus

washed soil,
sand, pea,
gravel
stones, gravel,
sand
stones, gravel,
sand
granular media,
clay, zeolite

4

P. australis
P. australis
Salix alba
Phragmites karka
P. australis T.
latifolia

20

100 (summer)

[44]

0.395

61–81

[48]

1

1.3

85–95

[41]

3.5

1

73–89

[49]

13.9

100

[43]

66–45

48

[50]

1.573
(benzene)
4.14
(BTEX)

93
92.4

[51]

up to 1.9
8

3

13

[29]

100 (summer)

5.5

gravel, soil

soil

6

81–43 (summer–
winter)
99–18 (summer–
winter)

L × W × D: Length × Width × Depth, 2 HRT = hydraulic residence time, 3 HSSF = horizontal subsurface flow,
VF = vertical flow, 5 SF = surface flow.

As Table 1 shows, various benzene influent concentrations have been tested in CWs.
High performance is in general achieved, while even complete benzene removal is reported in some
systems. Considering that benzene is mainly removed via biodegradation under aerobic conditions,
the VF CW design is preferable due to the good aerobic conditions in this wetland type caused by the
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feeding method, that is, the wastewater is applied on the gravel surface and then drains vertically with
gravity [5]. Aerated ponds and plant root mats are also two systems that have been evaluated [29].
Such natural treatment systems are also efficient, and sometimes the reported efficiency exceeds that
of HSSF CWs, reaching almost up to 100% removal for an influent of 20 mg/L [24]. In general, it is
reported that only 1% of benzene removal was attributed to volatilization in plant root mats, while
benzene removal takes place mostly through aerobic biodegradation.
Seasonal variations also have an effect on benzene removal, with higher removal rates occurring
at high temperatures. For values above 15 ◦ C and during the warm season, the performance of both
HSSF CWs [1,29,42] and VF CWs [41,52] is enhanced. Benzene removal in VF CWs is reported to be
negatively correlated to dissolved oxygen variations and positively correlated to the pH and redox
variations related to the season [52]. Considering that oxygen availability is a critical parameter [29],
high temperatures favor plant growth and promote the establishment of microbial biofilm, increasing
the biodegradation rate. SF CWs have also been found effective, with reported BTEX removal rates
exceeding 90% [51].
Plants are another important parameter in benzene removal. Higher removal rates are generally
found in planted than unplanted CWs [1,29,42,53–55]. Increased monochlorobenzene removal by 33%
was reported in an HSSF CW that was planted with common reeds (Phragmites australis) compared
with an unplanted unit [27,56]. Another study reported higher benzene removal by 5% in an HSSF
CW planted with common reeds than in a Typha-planted unit [46], while the efficiency of the planted
systems was increased by 23% compared with the unplanted. The same conclusions concerning plants’
role have also been reported for SF CWs [50,51]. The positive role of plants is mainly attributed to
direct plant uptake and oxygen supply through their root system, which creates favorable conditions
for biodegradation in the rhizosphere [5]. Furthermore, a strong reduction of benzene with plant
height was also found [46]. On the other hand, the role of plants seems to be less important in VF CWs,
since such systems with common reeds showed no significant differences in benzene removal than the
unplanted systems [41,52]. The vertical gravitational drainage and the short retention time between
water, roots, and the substrate probably limit the extent of many processes, as also reported for VF
CWs treating municipal wastewater [57]. Overall, the contribution of plants to benzene removal is
mostly indirect, namely, they supply carbon for microbial metabolism and provide attachment areas
for microorganisms along the extended roots where oxygen release takes place.
To summarize, various CW types have been found efficient in benzene removal from water.
Biodegradation (i.e., microbial degradation) appears to be the main removal process. The VF CW
design appears to be the preferable type due to the aerobic environment it provides; however, high
removals have also been reported for other CW types. The published literature, though relatively
limited, indicates the high treatment capacity; however, more studies are needed in order to adopt
design specifications, considering that the performance is strongly affected by the influent load and
the season.
3. Fate of MTBE in Constructed Wetlands
MTBE (methyl tert-butyl ether; C5 H12 O) is a fuel oxygenate that is typically used as an alternative
to lead additives. MTBE has high water solubility (48 g/L at 25 ◦ C [58]) and volatility (Henry’s law
coefficient of 0.026 at 25 ◦ C [59]). The global production of MTBE was 21 million t in 1999 [60], but
dropped to 12 million tons in 2011 when MTBE was banned in the United States [61]; however, the
increasing demand in Asia over the last years is again gradually increasing its global production.
Refineries are major release points of MTBE. Significant volumes are discharged into surface water
or injected into deep reservoirs [13,62]. Storage tank spills, pipeline leakages, spills from various
industrial and fueling facilities, and transportation accidents represent other point sources [13].
Nonpoint pollution sources, such as from urban stormwater and atmospheric deposition [59], are of
less importance.
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MTBE is highly persistent in the environment [3,13,59] and is frequently found in contaminated
groundwaters in Europe and North America [19,63–66]. MTBE affects water taste and odor and
may affect human health [13]; therefore, it is classified as a health hazard by the US EPA and has a
maximum allowed concentration in drinking water (200 µg/L) in the United States and Germany [44].
Thus, MTBE removal from industrial effluents is required in order to avoid further environmental
contamination before it reaches drinking water resources.
MTBE can be removed from water with different abiotic processes [3,13,58]. Activated carbon
adsorption is widely used, though other media are also in use, such as resins, diatomite, or silica [66–69].
Although sorption does not produce any harmful by-products, it does not also completely destruct
MTBE. Air stripping also shows limited efficiency [66,68], since MTBE has lower volatility than other
volatile organic compounds. Membrane technologies are often used to address this limitation [61],
while advanced oxidation processes lead to complete MTBE mineralization. However, these processes
require expensive reactants and take place under specific conditions, and they may also result in the
formation of undesired by-products. In addition, cost efficiency is also an issue for the various abiotic
methods [66,68], especially when large volumes are considered for treatment.
Biological processes represent an alternative solution to MTBE removal. Microbial degradation
(i.e., biodegradation) has been extensively studied in the laboratory [3,58,70–72], which confirmed
its degradation potential under an aerobic environment. However, site-specific parameters affect
the occurrence of aerobic MTBE biodegradation [73,74], while only a few microorganisms can utilize
MTBE as their sole carbon source [75–77]. Moreover, microbial MTBE degradation is also feasible but
slower under anaerobic conditions [58] and production of tert-butyl alcohol or other intermediates
may take place. Although the number of field studies is smaller, it is generally indicated that in
situ biodegradation occurs under aerobic [78] and anaerobic conditions [79]. Nevertheless, anaerobic
conditions do not often result in high biodegradation rates, and increased oxygen supply may be
required to enhance the process [80–82]. Phytoremediation studies have shown that various plant
species, such as poplars [83,84], alfalfa [85], weeping willows [86], or conifers [87], remove MTBE
from groundwater through their roots, but no evidence has been provided that MTBE is degraded
within plant tissue [84–89]; rather, it is transpired, resulting in potentially harmful emissions. However,
no plant toxicity effects have been reported [86].
Considering that aerobic biodegradation is an established removal process, CWs can be a potential
treatment option. To date, only a few relevant studies are available in the international literature.
Four parallel pilot subsurface flow CWs with upward flow were operated with a hydraulic residence
time (HRT) of 1 day for the removal of petroleum hydrocarbons from refinery wastewater [48,89].
The CW units (10 m2 area, 1 m depth) contained sand; were planted with willows, bulrush, rush, and
dogwood; and contained an artificial subsurface aeration system. The pretreated inflow had an MTBE
concentration up to 1.5 mg/L and average total hydrocarbons (including BTEX) of 45 mg/L. The MTBE
removal was within the range of 15%–30%, lower than for other compounds. Higher removal rates
were reported in the units with artificial aeration, while another layer of mature wetland sod improved
the performance. Moreover, 40% MTBE removal was measured in systems of 1 ha area treating urban
wastewater [90]. However, the MTBE inlet concentration was low (0.1 µg/L) (i.e., approaching the
detection limit).
Another study investigated pilot-scale CWs located next to an industrial area with many industrial
facilities and an old refinery, where intense groundwater contamination occurred with benzene, MTBE,
and ammonium, among other organic compounds [91,92]. The experimental setup included several
designs, such as aerated ponds [24], HSSF CWs, and VF CWs. Two VF CWs units were tested [44]:
one unplanted with expanded clay as substrate media and one planted with willows (Salix alba)
containing zeolite. The surface area of each VF CW was 4 m2 and the depth was 1.75 m. Groundwater
was fed every hour and was introduced 15 or 25 cm below the top of the substrate media surface,
resulting in an unsaturated downflow. The hydraulic loading rate (HLR) applied was from 60 to 480
L/m2 /day, respectively, resulting in HRTs of a few hours in the control bed and up to 2 days in the
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planted bed [28,91,93]. Contaminated groundwater was pumped onsite and fed both beds, with 3 mg
MTBE/L, 14 mg benzene/L, and 51 mg ammonium/L on the average in the inflow. The removal of
MTBE in the unplanted unit dropped from 97% (lowest HLR) to 75% (highest HLR). On the other hand,
the unplanted bed reached a minimum 93% at all HLRs [44]. Higher removal rates were found for
benzene (as previously shown).
A study of the flow patterns, transport, and reactions in these CWs and numerical model
simulations indicated that the measured MTBE removals occurred mainly due to biodegradation,
while emissions due to volatilization were practically insignificant [28,91]. For this, an upper substrate
layer in the unsaturated CW was needed to filter the vapor phase of the organic compounds, which
was confirmed in the laboratory [94]. Considering the numerical model results, the filter media and
the water injection point are important parameters that affect the efficiency of these systems [95].
The pilot HSSF CWs (5 m2 area, 0.5 m depth) tested in the same experimental facility contained
fine gravel, were planted with P. australis, and were operated under an HLR of 30 L/m2 /day and 6 days
HRT [29]. A plant root mat of the same area was also examined. The inflow concentrations were 4 mg
MTBE/L, 20 mg benzene/L, and 45 mg ammonium/L. The CWs performance presented high variations
with seasons; the highest values occurred in summer months. The CW containing gravel showed an
MTBE removal of 17% in summer, which was slightly higher than the MTBE removal in the unplanted
system (8%) but lower compared with benzene and ammonium, without any detected improvement
when some media additives were used (charcoal and iron(III)) [29]. On the other hand, the plant root
mat reached an MTBE removal rate of 82% for the same period.
The results indicated that volatilization was promoted by wetland plants [40], though it was
not a significant contributor to the measured removals in the gravel-based CW beds compared to
biodegradation and plant assimilation [41]. In the plant root mat, most of the removal was attributed to
volatilization initiated by the direct contact between the aqueous and vapor phases. Other investigations
at the same area [42,96] reported similar findings, showing that higher removal of MTBE (up to 33% [96]
and 93% [42]) was achieved through microbial community adaptation in the planted gravel bed after
3–4 years of operation. A laboratory-scale CW experiment with the same contaminated source indicated
that MTBE removal (as well as benzene and ammonium) is improved through the combination of
microbial electrochemical technology with a CW system [97].
Overall, the existing works indicate that MTBE is removed in CWs. Biodegradation appears as
the dominant removal process, although with lower degradation rates compared with other petroleum
hydrocarbons. The VF CW design seems to be more efficient. However, the number of field studies is
relatively low to allow for a complete evaluation of MTBE fate in various CWs.
4. Effect on MTBE and BTEX Fate by Other Compounds
MTBE and BTEX are often present with other compounds in contaminated water. MTBE is often
found in groundwater with other gasoline contaminants (e.g., BTEX [98]), which increases the water
complexity since various interactions and/or interferences occur between the different contaminants.
Ethylbenzene or xylenes (BTEX compounds) have been found in water containing MTBE, resulting
in complete inhibition of MTBE degradation, while partial inhibition could be the result of benzene
and toluene’s presence [99]. MTBE degradation increased only after the complete elimination of
benzene and toluene. Results indicated that MTBE and BTEX degradation occurs via two independent
pathways [99]. Another study on biotrickling filters also found that a single BTEX compound or BTEX
mixtures partially inhibited the degradation of MTBE [98].
Microbial community composition was found to regulate the simultaneous removal of BTEX and
MTBE [71]. MTBE degradation was completely inhibited by BTEX in batch reactors inoculated with
MTBE and BTEX enrichment cultures. However, MTBE biodegradation in a semibatch reactor was
almost three times higher when BTEX was present, though it occurred at a slower rate than MTBE
biodegradation when BITE is not present in the solution. The results of that study indicated that MTBE
can be biodegraded when BTEX is present depending on the reactor configuration and the microbial
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culture composition [99]. In another study, MTBE degradation was not significantly affected by BTEX
in batch conditions [100]. Additionally, MTBE, BTEX, and TBA can also be biodegraded when an
appropriate bacterial mixture is utilized [98].
The same has also been reported for CWs used to treat water-containing MTBE and BTEX. Many
studies implemented at the experimental facility in Leuna, Germany reported that the presence of
BTEX partially inhibits MTBE biodegradation. Lower MTBE removal rates (17%) than benzene (81%)
were measured in an HSSF CW with gravel [28], possibly due to hindered microbial activity [58].
Smaller differences were found in an HSSF CW (i.e., 24%–100% for benzene and 16%–93% for MTBE [42]).
A higher benzene mass removal rate (98%; 544 mg/m2 /day) compared with MTBE (78%; 54 mg/m2 /day)
was also detected in a plant root mat [96]. Volatilization of both accounted for less than 10% of the
total mass removed in gravel-based, planted HSSF CWs [40], whereas in an aerated trench, system
volatilization accounted for 1% and 53% of benzene and MTBE removal, respectively [24]. Additionally,
benzene and MTBE were completely eliminated in a two-stage VF CW [44]; the first stage was an
unplanted vertical roughing filter followed by a planted vertical flow CW for final polishing, resulting
in effluent concentrations of 5 ± 10 and 0.6 ± 0.2 µg/L for MTBE and benzene, respectively (influents
were 2970 ± 816 and 13,966 ± 1998 µg/L, respectively). Similar results are reported for CWs [48,89]
and aerated trench systems [24] treating groundwater contaminated with petroleum hydrocarbons,
whereas MTBE removal was lower than that of benzene. However, similar removal rates were found for
benzene and MTBE in other CWs (between 30% and 40%), possibly because the influent concentrations
were near the detection limits [90].
The simultaneous fate of benzene, MTBE, as well as phenols (i.e., phenol and m-cresol) has also
been studied in HSSF CWs [1]. The two phenolic compounds were completely removed (inflow of 15
and 2 mg/L, respectively) without changing MTBE and benzene removal (20.2 and 334.6 mg/m2 /day,
respectively). The planted CW showed a higher removal efficiency, implying the positive contribution
of plants. It should also be noted that most of this removal was measured in the first 1/3 part of the CW
length, which indicated the potential of the HSSF CW to accept increased influent loads. This was
the first study indicating that HSSF CWs are efficient in the removal of different light hydrocarbons
simultaneously present in contaminated water.
5. Conclusions
Water contamination by various petroleum hydrocarbons is a global environmental problem.
Hydrocarbon contamination is continuously detected in industrial areas such as chemical/petrochemical
plants, oil refineries, power plants, and so forth. Fuel hydrocarbons such as BTEX and MTBE are
two of the most commonly found groundwater contaminants, and both are considered to be toxic
compounds that pose health and environmental risks to humans and ecosystems. Although various
treatment technologies have been used for their removal from water sources, the need to identify
cost-effective and sustainable treatment technologies keeps rising. CWs, as a nature-based technology,
have the required characteristics, namely, high efficiency, ecological, limited environmental footprint,
and simple operation, to provide such a solution. Under this framework, they have a high potential for
further use in the petroleum industry. This article presented the current information and knowledge
on CW technology for the treatment of light hydrocarbons (i.e., MTBE and benzene-BTEX).
Although the application of CWs is rapidly increasing in the industrial sector for the remediation
of effluents from various industries, the application of these systems for MTBE and BTEX is still limited,
especially for MTBE. Currently published international research indicates that practically all CW types
(surface/subsurface flow and horizontal/vertical flow) have been tested for the removal of benzene
from contaminated water. The overall results clearly imply that the VF CW type seems to be more
effective, mainly due to the better aeration conditions that this type provides. In general, high removal
rates are reported in the international literature for various streams and concentrations. Most of the
studies indicate that biodegradation is the dominant removal mechanism, while the presence of plants
indirectly contributes to the efficiency through their root system. This is in agreement with the general
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understanding of wetland processes related to other pollutants as well, where the direct contribution
of plants to pollutant removal is usually reported as insignificant. Though less studied than BTEX, the
removal of MTBE from water also takes place in CWs, mostly through biodegradation under aerobic
conditions, though lower removal rates are, in general, reported compared with benzene. The VF CW
type also seems to be preferable for MTBE removal.
Overall, although the international literature includes limited relevant studies, the existing
knowledge provides a strong indication of the high removal capacity of constructed wetlands for these
light hydrocarbon compounds, particularly the VF CW design. However, further investigation is
required in order to adopt design standards, since currently there is no widely accepted or applied
design. Additionally, future research should focus on providing a better understanding through
not only qualitative but also quantitative analysis of the various involved transformation/removal
processes. For example, isotopic fractionation analysis could confirm and/or reveal the biodegradation
pathways of light hydrocarbons in CWs, which would also help to acquire new information on the
metabolic reaction products and metabolites that may be formed during this process. Moreover,
although there are already some first indications of the microorganisms involved in the biodegradation
process, further investigation is required to identify the microbial community patterns and composition.
Also, the presence of more compounds simultaneously present in water, with diverse properties and
behavior in the aquatic environment, is something that needs further study, since the effects on removal
performance due to compounds’ interactions are not yet clear. Finally, from an engineering point
of view, the optimum operating conditions in terms of influent load, residence time, and seasonal
variations are yet to be determined for the various systems.
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