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ABSTRACT
BTEX (benzene, toluene, ethylbenzene, and xylene) compounds are common water resource and potable water pollutants that 
are often left undetected and untreated by municipal treatment systems in spite of the negative repercussions associated with 
their ingestion. The US EPA has classified these pollutants as priority pollutant, yet they are persistently present in a variety 
of water resources. In this review paper, we highlight the sources and reported concentrations of BTEX compounds in water 
and explore historical remediation techniques that have been applied such as bioremediation and natural attenuation. We also 
highlight emerging possibilities and future directions for remediation techniques, such as nanotechnology-based materials 
and novel green materials (tannins) that can be applied to ensure removal of these compounds in water.  

Keywords: adsorbents, biosorbents, BTEX, remediation, nanotechnology, water quality

*	 To whom all correspondence should be addressed. 
 	 +27 11 559 6385; e-mail: kmoothi@uj.ac.za 
Received 27 February 2017; accepted in revised form 9 October 2017

INTRODUCTION

Mono-aromatic hydrocarbons – benzene, toluene, ethylben-
zene and xylenes (BTEX) – are common pollutants found in 
groundwater plumes and in other water resources, as a result of 
the disposal of contaminated industrial effluents and accidental 
events such as oil spills and oil pipeline leakages (Alberici et 
al., 2002, Castillo et al., 1998; Mazzeo et al., 2010; Costa et al., 
2012). The negative health effects that result from the consump-
tion of these compounds include cancer, liver lesions, drowsi-
ness and irritation of organs (Zhang et al., 2012; Tunsaringkarn 
et al., 2012). Mitra and Roy (2011) further reported that human 
exposure to BTEX compounds over a long period of time 
results in skin and sensory irritation, adverse respiratory health 
effects and central nervous system irritation. In spite of the 
negative effects they pose to human health, BTEX compounds 
remain overlooked and untreated in municipal systems, 
thereby increasing the risk of water-related diseases through 
their ingestion.

Recent remediation efforts have focused mainly on the 
compounds contained in heavy oil fractions, i.e., the poly-aro-
matic hydrocarbons (PAHs) which are known to cause conspic-
uous environmental degradation, and are more noticeable at 
pollution sites (Bojes and Pope, 2007; Tronczynski et al., 2004). 
BTEX compounds on the other hand are often overlooked in 
remediation efforts due to their obscure nature in water.

Although their presence in water may not be as easily dis-
cernible as with PAHs, BTEX compounds are more abundant 
in the environment and can be found in a variety of sources 
(El-Naas et al., 2014), some of which include petrochemi-
cal industry waste streams, household wastes and municipal 
landfills (Chriac et al., 2007; Slack et al., 2005), as well as 
groundwater plumes, especially when located at a considerable 
distance from an oil spill site (Bekins et al., 2001; Chapelle, 

1999; Davis et al., 1999). In addition, studies such as Grady 
and Casey (2001), Schmidt et al. (2004), Mitra and Roy (2011), 
and Reddy et al. (2012) have reported the presence of BTEX 
compounds in drinking water, indicating extensive health risks 
that may not be immediately evident. Dutta et al. (2009) and 
Zhang et al. (2012) have also highlighted the persistent presence 
of BTEX compounds in air, and have reported the transporta-
tion of these compounds from air into water bodies as a result 
of rainfall. As a result, it is imperative that the remediation of 
these compounds in water is prioritized in future water treat-
ment systems. 

There has been a reported variety of remediation techniques 
applied to BTEX compounds, especially at oil-spill sites (Röling 
et al., 2002; Carmody et al., 2007; Boonsaner et al., 2011). These 
techniques, which can mostly be classified under bioremedia-
tion and natural attenuation, have been reported to be inad-
equate if the intention is to achieve timeous removal of these 
compounds from water systems (Vidali, 2001). Novel strides 
in science have emerged with new possibilities that range from 
the use of nanoparticles and nanocomposites to the use of 
membrane technology. Advancements in the field of nanotech-
nology have resulted in an evolvement from sole applications 
to common water pollutants and pathogens (Tiwari et al., 
2008), to applications in large-scale environmental remediation 
efforts, including the remediation of non-reactive compounds 
and even soluble and insoluble organic pollutants (Theron 
et al., 2008; Qu et al., 2013).  In membrane technology, novel 
materials are being discovered and reported, with some not yet 
applied to BTEX compounds or even PAHs, due to lack of suf-
ficient understanding. It is only by understanding the potential 
applications of these materials that prospective research can be 
directed at removal of these pollutants from water to ensure the 
delivery of truly clean and safe water.

The purpose of this paper is to provide a review of historical 
remediation techniques applied to BTEX compounds, detail-
ing the advantages and disadvantages of these techniques. The 
following sections are aggregations of knowledge available on 
the properties of BTEX compounds, their sources and reported 
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concentrations, the historical remediation techniques that have 
been successfully and unsuccessfully applied for their removal 
from water, and the emerging techniques and materials that 
can be focused on in future.

BTEX COMPOUNDS: PROPERTIES AND REPORTED 
CONCENTRATIONS IN WATER

Properties of BTEX compounds

Benzene, toluene, ethylbenzene and xylenes are mono-aromatic 
ring compounds with a 6-carbon benzene ring as their core 
structure. Due to their closed structures, these compounds, 
especially benzene, are generally considered to be non-reactive 
species; Bunnett and Zahler (1953); however, it is well-known 
that these compounds have the ability to undergo hydrogena-
tion and certain substitution reactions. At oil-spill sites, BTEX 
compounds can be transported through several metres under 
favourable redox conditions causing them to be persistent pol-
lutants in both soil and water (Cozzarelli et al., 2001; Camilli 
et al., 2010). Their ability to dissolve in water, relative to their 
poly-aromatic counterparts, is due to low octanol-water parti-
tion coefficient (Kow) values (Anderson, 2000; Pruden et al., 
2003; Poulsen et al., 1992) which favour hydrophilic dissolu-
tion, in spite of their hydrophobic nature.

Furthermore, BTEX compounds are mostly found to co-
exist with one another or with methyl tert-butyl ether (MTBE) 
– a common fuel oxygenate reported to be a common organic 

pollutant in water. The co-existence of BTEX compounds with 
one another suggests that their toxicity is amplified through 
their interactions with one another; however, such interaction 
models have not been verified (Aivalioti et al., 2010). Table 1 
summarizes the physical and chemical properties of BTEX 
compounds as adapted from El-Naas et al. (2014). 

Interestingly, BTEX compounds are among the most 
abundantly produced chemicals in the world, in spite of their ill 
effects on human health and resultant environmental degrada-
tion. They are utilized as solvents in many industrial processes, 
as well as used in many household products including insecti-
cides and paints.

Sources and reported concentrations of BTEX 
compounds in water

BTEX compounds are priority pollutants according to the 
United States Environmental Protection Agency (US EPA) 
(Abumaizar et al., 1998). These volatile organic compounds 
(VOCs) are often present in air, especially in areas where oil 
spillages have occurred (Leusch and Bartkow, 2010), and in 
closely-located groundwater plumes. They are also found to be 
dissolved in high concentrations in oilfield produced water – 
an oil and gas industry effluent (Neff, 2002; Veil et al., 2004).  
Industries that utilize petrochemicals for the production of 
paints, adhesives, inks and rubber also produce BTEX com-
pounds in their effluents, although extensive studies have not 
been conducted to identify BTEX compounds in these effluent 
streams or characterize their concentrations (Castillo et al., 
1998).  

BTEX compounds are more abundant in the environment 
than their poly-aromatic counterparts. They are present in 
either gaseous or liquid media in the environment, and their 
presence has been reported in a number of studies. Most com-
monly reported is the detection of these compounds in ground-
water as a result of oil spills and oil pipeline leakages. Mitra and 
Roy (2011) reported that the main source of BTEX contamina-
tion in water is the release of petroleum products ranging from 
gasoline and diesel fuel to heating oil from leaking oil tanks. 
Meniconi et al. (2002) characterised the composition of hydro-
carbons and other compounds released into water in different 
regions of Brazil as a result of oil spills. The study reported that 
the concentration and persistence of BTEX compounds was 
directly proportional to the scale and duration of the oil spill, 
highlighting high BTEX concentrations in large-scale, long-
duration oil spills. Lu et al. (1999) reported the migration and 

Table 1 
Physical and chemical properties of BTEX compounds (Adapted from El-Naas et al., 2014)

Parameters Benzene Toluene Ethylbenzene Xylenes

Formula C6H6 C6H5CH3 C6H5CH2CH3 C6H4(CH3)2

Molar weight 78.12 92.15 106.18 106.18
Density (g/mL) 0.8765 0.8669 0.8670 0.8685
Solubility (mg/L) 1780 500 150 150
Boiling point 80.1°C 110.6°C 136°C 138.3°C–144.4°C
Soil-water partitioning 
 coefficient (Koc)

97 242 622 570

Vapour pressure

A 17.1 6.63 2.86 2.48
B 0.0547 0.0473 0.0445 0.0442

Figure 1
Structure of BTEX compounds 
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dissolution of BTEX compounds in groundwater due to a leak 
at a petroleum oil facility. 

Camilli et al. (2010) tracked the hydrocarbon transport at 
the site of the Deepwater Horizon oil spill and reported that 
a continuous and persistent plume of oil, more than 35 km 
in length (at a depth greater than 1 100 m from the surface of 
the water) was present. Samples obtained from this oil plume 
contained high concentrations of mono-aromatic compounds, 
including BTEX compounds. Wang et al. (2002) character-
ized near-surface groundwater (0 – 5 m), and deeper-level 
groundwater (15 – 60 m), and reported BTEX concentrations 
of 155 µg/kg of water, and 2.6 µg/kg of water, respectively. 
This report showed that in spite of the depth of groundwater, 
BTEX compounds were still present, albeit at low concentra-
tions.  Reddy et al. (2012) examined the composition and fate 
of oil and gas that flowed from the Macondo well during the 
Deepwater Horizon oil spill. The study highlighted that the 
most abundant hydrocarbons present in the water were BTEX 
compounds (up to78 µg/L). These findings have been reiterated 
in various studies, such as Essaid et al. (2003), Margesin et al. 
(2003), and Das and Chandran (2011). 

The persistence of BTEX compounds in groundwater 
plumes is worrisome, especially in vulnerable regions like 
Africa and South-East Asia where the direct reliance on 
groundwater in the form of drinking wells and boreholes for 
potable and other uses is high. The health risks posed as a result 
of such chemical persistence cannot be overstated. 

In addition to groundwater, other water sources, including 
industrial effluents and drinking water, have been investigated 
for the presence of BTEX compounds (Arambarri et al., 2004; 
Delzer et al., 1996; Edwards, 2004; Fontenot et al., 2013; Goss 
et al., 1998; Grady and Casey, 2001; Schmidt et al., 2004; Kelley 
et al., 1997; Gross et al., 2013). In industrial effluents, BTEX 
compounds are undeniably present, especially in the effluents 
of industries that utilize one or more of the BTEX compounds 
as solvents for their processes. The most commonly reported 
source of BTEX in terms of industrial effluents is oilfield-pro-
duced water – an oil and gas effluent that is usually discharged 
into coastal bodies and other surface water bodies, in regions 
where environmental regulations are not well-enforced. Ranck 
et al. (2005) reported the presence of BTEX compounds in pro-
duced water at high concentrations. Dórea et al. (2007) reported 
concentrations of BTEX compounds in produced water 
obtained from Brazil ranged from 96.7 to 1 397 µg/L. The val-
ues reported in Dórea et al., (2007) flirt rather closely with the 
acceptable limits for these compounds (1.0 mg/L for benzene, 
1.3 mg/L for toluene, 1.0 mg/L for ethylbenzene and 1.4 mg/L 
for xylenes) according to Australia’s Water Corporation 
(Australian Water Corporation, 2017). It can be estimated from 
the reported concentrations of these compounds in produced 
water that the concentrations of these compounds are very 
often exceeded in other industrial effluents from petrochemical, 
inks and adhesives, as well as rubber industries, though there 
are no studies reported in this regard.

In drinking water, Goss et al. (1998) investigated the con-
centration of BTEX compounds in farmstead domestic wells, 
often used as drinking water sources, and reported that about 
40% of the farm wells investigated contained one or more of the 
BTEX pollutants in concentrations that exceeded the normal 
limit (1 µg/L in most European potable water guidelines) 
(Serrano and Gallego, 2004). In drinking water samples, 
Serrano et al. (2007) reported concentrations of benzene 
between 1 and 30 µg/L, which exceed reported acceptable limits 
(Table 2). In 2004, it was reported by Schmidt et al. that Lake 

Zurich, the largest supplier of drinking water to the biggest 
Swiss city, contained BTEX compounds in addition to other 
fuel oxygenates. Grady and Casey (2001) reported the presence 
of BTEX compounds to be higher than 20 µg/L in finished 
drinking water in the north-east and mid-Atlantic regions of 
the United States. This exceeds the acceptable limit for BTEX 
compounds. Table 2 shows the acceptable limits for BTEX 
compounds in drinking and environmental waters as set by 
the Australian Drinking Water Guidelines (ADWG: NHMRC, 
2011) in addition to other regulatory institutions. 

According to the Australian Drinking Water Guidelines 
(NHMRC, 2011), the benzene concentration in drinking water 
should not exceed 1 µg/L, while the other three BTEX com-
pounds are permissible in the range of 300 – 800 µg/L in water. 
The higher permissibility for toluene, ethylbenzene and xylene 
is attributed to their strong odour, which often makes them 
easily detectable (Leusch and Bartkow, 2010). However, the 
reliance on the allowance of such high concentrations is ques-
tionable given the earlier-stated health effects that can result 
from the ingestion of these compounds. It has been estimated 
by Leusch and Bartkow (2010) that the daily intake of BTEX 
compounds from drinking water is up to 10 µg for benzene, 
43 µg for toluene, 20 µg for ethylbenzene and 24 µg for xylenes, 
per kg of water, assuming a person consumes 2 L of water per 
day (Table 3). There have been reports of bioaccumulation of 
benzene derivatives in marine organisms (Neff, 2002; Neff and 
Sauer, 2012; Lotfinasabasl et al., 2013), albeit in low concentra-
tions. Still, the health risks posed to human health through the 
ingestion of these compounds, considering benzene is a con-
firmed carcinogenic, cannot by any means be exaggerated.

Remarkably, household hazardous wastes have also been 
reported to contain high concentrations of BTEX compounds. 
Ro et al. (2005) revealed that household products such as 
garden pesticides, pharmaceuticals, paints, some detergents 
and personal care products contain BTEX compounds, hence 
resulting in an increase in the concentration of these com-
pounds in municipal waste streams. Chiriac et al. (2007) also 
reported the presence of BTEX compounds in municipal solid 
wastes. A study by Robinson et al. (2005) highlighted the high 
pollution potential of trace organic compounds such as BTEX 
compounds in household wastes that are disposed in landfills. 
These compounds can readily dissolve in water and be carried 

Table 2 
Acceptable limits for BTEX in water according to various 

regulatory institutions (all values are in µg/L)  
(Adapted from Leusch and Bartkow, 2010)

WHO DWG1 US NPDWS2 ADWG3

Benzene 10 5 1

Toluene 700 1 000 800  
(25 for aesthetics*)

Ethylbenzene 300 700 300  
(3 for aesthetics*)

Xylene 500 10 000  
(total xylenes)

600  
(20 for aesthetics*)

1World Health Organization Drinking Water Guidelines (WHO, 2008) 
2United States National Primary Drinking Water Standards (US EPA, 
2003) 
3Australian Drinking Water Guidelines (NHMRC, 2011). 
*The aesthetic guidelines for toluene, ethylbenzene and xylenes are 
lower than health guidelines. This is because these compounds are 
noticeable by smell or taste before they become a health risk.
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in run-off to surface water bodies, thus posing major risks to 
water resource health, marine life and subsequently human 
health. 

From the above it is evident that BTEX compounds can 
easily be encountered in the environment. Although reported 
concentrations in treated drinking water may seem low, the 
bioaccumulation effect cannot be ruled out, nor can the subse-
quent health effects that may result. The presence of these com-
pounds in groundwater plumes, and their ability to persistently 
be transported to great depths in groundwater, increases the 
risks of water-related illnesses and deaths in highly vulnerable 
regions like some parts of Africa and South-East Asia, where 
municipal treatment systems do not exist and residents rely 
solely on groundwater for all their needs.

Historical remediation techniques for BTEX compounds 
in water

The remediation of water contaminated with BTEX compounds 
utilizing a variety of techniques has been reported. Some of 
these techniques include adsorption, ozonation, natural attenu-
ation, phytoremediation, and bioremediation (Lu et al., 1999; 
Mackay et al., 2006; Weishaar et al., 2009; Cunningham et 
al., 2001; Andreoni and Gianfreda, 2007). Of all these, natu-
ral attenuation and bioremediation are the most commonly 
reported techniques and are the focus of this section. 

Natural attenuation

Natural attenuation was first proposed as a non-intrusive, 
cost-effective alternative to other expensive remediation tech-
niques (Wiedemeier et al., 1999). The process ‘refers to the 
observed reduction in contaminant concentration as con-
taminants migrate from the source in environmental media’ 
(Wiedemeier et al., 1999 p. 2). Due to its ‘non-intrusive’ nature, 
natural attenuation has been the preferred technique for a wide 
range of pollutants in water. Its application to hydrocarbons, 
especially at oil-spill sites, was reported in studies conducted 
by Cozzarelli et al. (2001), Bekins et al. (2001) and Dellile and 
Pelletier (2002). 

In 1997, Cho et al. reported the continuous decrease in 
BTEX concentrations after 18 months of active remediation of 
a jet fuel release site as a result of natural attenuation. Lu et al., 
(1999) reported the decrease in BTEX concentration as a result 
of natural processes within groundwater. Kao and Prosser 
(2001) estimated the natural attenuation rate of BTEX com-
pounds at a gasoline spill site to be 0.036% per day. Suarez and 
Rifai (2002) evaluated the use of natural attenuation for BTEX 
removal at a coastal facility and reported that the bulk of BTEX 

was lost via biodegradation, whilst ‘other mechanisms’ were 
responsible for further loss. The degradation rate estimated was 
~0.0002/day, with clean-up time projected to take roughly 200 
years.

Although natural attenuation is widely accepted for its cost-
effectiveness, the ill effects of this process on the environment 
are worrisome. Some of these include the depletion of dissolved 
oxygen which will negatively impact marine life, depletion of 
nutrients such as nitrate and sulphate, the production of dis-
solved ferrous iron in water, production of sulphide and carbon 
dioxide, as well as an undesirable shift in pH values (Kao et al., 
2006). All of these factors eventually result in water resource 
degradation. Furthermore, the duration of natural attenuation 
processes, as stated in studies by Suarez and Rifai (2002) make 
it an undesirable remediation technique. Mulligan and Yong 
(2004) quantified that it will take around 250 years of natural 
attenuation to remediate an initial concentration of 900 mg/L 
benzene. In addition, Da Silva and Alvarez (2002) reported that 
the natural attenuation of BTEX compounds may be affected 
by the use of ethanol as a fuel oxygenate. Ethanol enhances the 
dissolution of BTEX in water and its subsequent transport to 
deeper level of the water table or coastal body; hence rendering 
natural attenuation ineffective. 

It is important to note that natural attenuation does not 
necessarily imply the removal of BTEX compounds in water; 
rather, it is a dilution of the compounds as they travel from 
the source, sometimes into groundwater, and sometimes 
into deeper levels of coastal bodies, depending on the source. 
Therefore, it is erroneous to assume that natural attenuation 
removes BTEX compounds from contaminated media. Taking 
into consideration the level of degradation and exposure to 
health risks posed by this technique, it is an undesirable reme-
diation method to apply in recent times where many regions are 
facing water shortages and extensive water resource degrada-
tion.  A review by Seagren and Becker (2002) highlighted that 
natural attenuation in itself is not a remediation mechanism 
that is effective on its own, especially when dealing with resist-
ant, recalcitrant compounds such as BTEX. The destructive 
mechanism often responsible for the reduction in contaminant 
concentration is in fact bioremediation. 

Bioremediation 

Bioremediation has gained a lot of research momentum due 
to the belief that it does not result in any undesirable conse-
quences after the remediation process has been completed 
(Bowlen et al., 1995; Lovley, 1997; Chapelle, 1999; Margesin 
et al., 2003; Andreoni and Gianfreda, 2007). The ability of 
microbes to remediate BTEX compounds is dependent on their 

Table 3 
Reported concentrations (ppb) of BTEX compounds in water (adapted from Leusch and Bartkow, 2010)*

Water Source Benzene Toluene Ethylbenzene Xylene

Surface water < 0.1 – 2.1 < 1 – 15 < 0.1 – 1.8 < 0.1 – 1.2
Contaminated surface water Up to 100 NA Up to 15 Up to 32
Groundwater < 0.1 – 1.8 < 1 – 100 < 0.1 – 1.1 < 0.1 – 0.5
Contaminated groundwater Up to 330 Up to 3500 Up to 2 000 Up to 1340
Drinking water < 0.1 – 5 < 1 – 27 < 1 – 10 < 0.1 – 12

*All the data reported in Table 2 was found in Leusch and Bartkow (2012) and collated from ATSDR 2000, 2007a, 2007b and 2007c; IPCS 1985, 1993, 
1996 and 1997; NTP 2005; WHO 2008; and NHMRC 2004.
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metabolic preferences, which informs their ability to use the 
compounds of concern as carbon sources (Vidali, 2001). The 
advantage of bioremediation is the fact that it can be conducted 
in-situ – a technique preferable for most of the BTEX contami-
nant media. The in-situ biodegradation of BTEX compounds 
at oil-spill sites has been reported under various environmen-
tal conditions (Farhadian et al., 2008; Chapman et al., 1997; 
Wolicka et al., 2009; Yeh et al., 2010).

The group of microorganisms mostly reported for use as 
bioremediation agents are bacteria; however, fungal species 
have also been reported to be able to degrade BTEX compounds 
for use as carbon and energy sources. Prenafeta-Boldú et al. 
(2004) reported the use of a toluene-metabolising fungus to 
degrade BTEX compounds under various pH conditions.  
Alvarez and Vogel (1995) highlighted the ability of indigenous 
bacteria to degrade BTEX compounds without suffering as 
much metabolic inhibition as micro-organisms from other 
sources. Kao and Wang (2000) reported the control of BTEX 
migration using bioremediation within controlled environ-
mental zones. Jin et al. (2013) also described the isolation of 
a BTEX-degrading bacterium. Bioremediation occurs under 
varying conditions, depending on the preferences of the 
microorganisms. The ability to degrade highly toxic pollut-
ants such as BTEX compounds is occasionally dependent on 
the microbes’ ability to produce secondary metabolites such as 
biosurfactants (Chirwa et al. 2013). This has been reiterated by 
Margesin et al. (2003) and Lu et al. (2006), where synthesis of 
rhamnolipid biosurfactants has been reported to aid the uptake 
and degradation of BTEX compounds. The effective uptake and 
degradation of BTEX compounds, however, is due to certain 
environmental conditions, with some beneficial to the process, 
while others seem to impede it. 

According to Kao and Wang (2000), iron-reducing condi-
tions are the most favourable conditions for the biodegradation 
of BTEX compounds. Denitrification and the use of oxygen as 
an electron acceptor were also highlighted as preferable condi-
tions. Aerobic conditions have also been reported as favourable 
to the bioremediation process. Wolicka et al. (2009) reported that 
BTEX biodegradation is faster under aerobic conditions; how-
ever, many studies have been published which report that BTEX 
biodegradation under anaerobic conditions can be enhanced by 
injecting nutrients such as sulphate, nitrate and Fe (III) (Lovley, 
1997; Cunningham et al., 2001; Schreiber and Bahr, 2002; 
Anderson and Lovley, 2000; De Nardi et al., 2005). Cunningham 
et al. (2001) enhanced the bioremediation of BTEX-contaminated 
groundwater by injecting nitrate and sulphate into the water 
plume. An analogous study by Schreiber and Bahr (2002) showed 
that the addition of nitrate resulted in the loss of toluene, ethylb-
enzene and xylenes after an initial lag period of 9 days. 

Although bioremediation is highly preferred because of its 
lack of harmful residues and cost-effectiveness, there are factors 
that make the process undesirable. One such factor is the dura-
tion of the bioremediation process. Schreiber and Bahr (2002) 
reported an initial lag phase of 9 days for toluene, ethylbenzene 
and xylene, while degradation of benzene was not achieved 
after 60 days of incubation. Cunningham et al. (2001) reported 
that degradation of benzene only began to occur toward the 
end of a 15-month study period. In-situ bioremediation is also 
an unpredictable process, as it is difficult to ascertain if the 
microbial community within the environmental media will 
utilize the BTEX compounds (Head, 1998). In this regard, the 
toxicity of the compounds to the microbial communities also 
comes into play (Langenhoff et al., 1996; Gray, 1998; Thacker 
and Ford, 1999), especially in in-situ bioremediation.  

EMERGING REMEDIATION TRENDS FOR THE 
FUTURE

Nanotechnology

At a time when environmental factors such as global warming, 
changing patterns of precipitation and run-off are increasingly 
playing a role, as well as the emergence of new water pollutants 
and pathogens affecting the quality of water resources, the use 
of nanotechnology-based materials as treatment agents is being 
investigated on a large scale for improved water treatment 
(Goyal et al., 2011; Theron et al., 2008; Kanchi, 2014; Baruah 
et al., 2015). Nanoparticles, nano-powders, and nanomem-
branes have been found to have extensive applications in the 
water sector (Theron et al., 2008; Li et al., 2008; Pendergast and 
Hoek, 2011; Qu et al., 2013; Maphutha et al., 2013); as a result, 
interest in these materials for water treatment has increased 
significantly over the past decade (Roco 2011; De Volder et al., 
2013; Humplik et al., 2011). The ability of these nano-materials 
to remove pathogens in water, adsorb priority water pollut-
ants and degrade chlorination by-products makes them highly 
desirable for water treatment (Tiwari et al., 2008).  

Various metals have been utilised for nanoparticle synthe-
sis and their subsequent applications for various forms of water 
treatment have been investigated. Some of the common metals 
reported include titanium, manganese, silver, gold and iron 
nanoparticles, of which titanium, gold and silver are the most 
common (FeiFang et al., 2008; Qu et al., 2013). Silver nanopar-
ticles have been investigated mainly for their anti-microbial 
properties. Rai et al. (2009) report that the use of silver nano-
particles in water treatment is a welcome development as many 
waterborne pathogens have developed resistance to antibiotics. 
Morones et al. (2005) reported the antibacterial properties of 
silver nanoparticles, highlighting their possible application in 
the removal of pathogens during wastewater treatment. The 
ability of silver nanoparticles to remove biological pathogens 
has been attributed to a mode of action that attacks the cell 
membranes of microbes, resulting in changes that affect the 
cell, such as a disruption in the ion-efflux system, and lead to 
cell death (Pal et al., 2007; Hwang et al., 2008). On the other 
hand, Hwang et al. (2008) reported that gold nanoparticles 
were unable to disrupt the cell membranes of Escherichia coli 
– a common water pathogen often used as an indicator for the 
presence of faecal coliforms. This finding was later disproved 
by Cui et al. (2012), who reported that gold nanoparticles are 
effective against a variety of gram-negative bacteria (including 
E. coli). The mode of action was reported to be an inhibition of 
ATPase activities which resulted in the reduction of ATP levels 
and an inhibition in ribosomal bonding.

These studies indicate that silver and gold nanoparticles 
have anti-pathogenic characteristics and may become the 
future replacement for chlorine as disinfectants. Chlorination 
byproducts are currently pollutants of interest which pose 
major risks to human health; hence the possibility of anti-
pathogenic nanoparticles as chlorine replacements is not 
far-fetched, given that they can be successfully recovered after 
disinfection and possibly reused. 

In addition to silver and gold nanoparticles, titanium nano-
particles are of great interest due to their ability to degrade/
split organic pollutants (Mahmoodi et al., 2007; Ménesi et al., 
2008). Titanium nanoparticles are best activated by light; hence 
the mode of action of these nanoparticles is photocatalytic. 
Orlov et al. (2006) reported the degradation of MTBE in water 
using titanium oxide nanoparticles. Studies show that titanium 
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nanoparticles act as reaction catalysts and aid degradation of 
organic pollutants in water in the presence of UV light (Nosaka 
et al., 2005; Mahmoodi et al., 2007). Also of great interest in 
water treatment are iron nanoparticles. Modifications of these 
particles suggest that they may be able to combat more chemi-
cal water pollutants than any other metallic or metallic oxide 
nanoparticles. Wang et al. (2010) highlighted that magnetism 
of iron nanoparticles made them viable agents for the removal 
of organic pollutants in polluted media. Shih et al. (2011) 
reported the reduction of hexachlorobenzene under various 
pH and temperature conditions using nanoscale iron particles. 
Nanoparticles, when solely applied, may be considered inef-
ficient in treating polluted water completely, due to the variety 
of contaminants that may be present. Most nanoparticles are 
specific in their mode of action (e.g. silver for pathogens and 
titanium for chlorinated hydrocarbons); hence, the develop-
ment of nanocomposites has become a widespread evolution of 
nanotechnology applications in water treatment.

The use of nanocomposites to remove harmful compounds 
in water is aimed at enhancing the remediation potential of the 
material by increasing selectivity and adsorption capacity while 
reducing retention time of the polluted water (Qu et al., 2013). 
The application of nanoparticles in isolation may not be suffi-
ciently effective in removing persistent recalcitrant compounds 
in water; therefore, the combination of nanoparticles, nanotubes 
and a suitable polymer to form nanocomposites has become a 
widely used technique for improving the efficacy of water treat-
ment (Jones et al., 2007; Patel et al., 2006; Crock et al., 2013). 
Shawky et al. (2011) reported the synthesis of a CNT-polyamide 
polymer nanocomposite for water treatment. The composite 
was reported to have a high tensile strength, and was able to 
prevent the influx of key tested contaminants such as sodium 
and organic matter. Chu and Pan (2012) reported the synthesis 
of Fe-C nanocomposites for the removal of oils in water. Han et 
al. (2012) reported the use of Fe-graphene oxide nanocomposites 
in the solid-phase extraction of hydrocarbons in polluted water. 
The study reported removal efficiencies for five different hydro-
carbons within the range of 76.8% to 103.2%. Emerging trends 
suggest that such modifications and combinations can result in 
nanocomposites that can be utilised to remove dissolved organ-
ics in potable water, PAHs in industrial effluents, and possibly 
used to clean up oil spill and oil pipeline leakage sites (Bruna et 
al., 2012; Chen et al., 2008; Yang et al., 2006). 

Although successful applications of nanocomposites have 
been conveyed in various reports, it is important to note that 
most of these studies have focused on common water pollutants 

which can be treated through municipal systems, while emerg-
ing pollutants and recalcitrant hydrocarbons such as PAHs and 
BTEX are hardly investigated, and could be the focus of future 
studies. The improved activity of nanocomposites is often 
dependent on the high adsorption properties of materials such 
as carbon nanotubes and graphene sheets. Carbon nanotubes 
(CNTs) (Moothi et al., 2012; Moothi et al., 2015; Yah et al., 
2011) and graphene sheets are known for their high adsorption 
capacity (Chen et al, 2007). This is mainly due to their small 
size and large surface area (Xu et al., 2008). Studies such as 
Peng et al. (2003), Lu et al. (2005); Kosynkin et al. (2009), Gupta 
et al. (2011) and Zhao et al. (2011) have reported the removal 
of persistent aromatic hydrocarbons, trihalomethanes and 1, 
2-dichloro-benzene using CNTs and graphene sheets. 

Lu et al. (2005) reported the removal of trihalomethanes 
from water using CNTs. Peng et al. (2003) reported the removal 
of 1, 2-dichlorobenzene from water using CNTs for adsorp-
tion. The application of CNTs to compounds such as BTEX 
are sparsely reported in literature; nevertheless, studies such 
as Wang et al. (2008) and Su et al. (2010) indicate the potential 
wide-scale application of CNTs to the remediation of aqueous 
environments contaminated with these compounds and similar 
water-degrading pollutants such as PAHs. Figure 2 illustrates 
the various forms of CNTs such as unzipped, single-walled 
CNT (SWCNT) and multi-walled CNT (MWCNT). 

The unzipping of CNTs to form graphene sheets has been 
reported (Kosynkin et al., 2009; Jiao et al., 2009; Elías et al., 
2009). The prospect of this development for water treatment 
could be far-reaching. By unzipping CNTs, the removal of pol-
lutants such as BTEX compounds from water resources, potable 
water and industrial effluents can be improved. This will directly 
translate to the removal of PAHs in industrial effluents, reducing 
the ill effects caused by the disposal of such ‘semi-treated’ efflu-
ents on water resources. The increased surface area of unzipped 
CNTs can reduce the treatment time of contaminated water and 
also improve the formation of nanocomposites and their efficacy 
in water treatment. Zhang et al. (2012) highlighted the possible 
application of graphene sheets (unzipped CNTs) for wastewater 
treatment. Mishra and Ramaprabhu (2011) reported the use 
of functionalized graphene sheets for the removal of arsenic 
from water and the desalination of seawater, and reported very 
high adsorption capacities. Using the Langmuir isotherm, the 
authors determined that the removal of arsenic derivatives 
(arsenite and arsenate), as well as sodium, in seawater were as 
high as 139 mg/g, 142 mg/g and 122 mg/g, respectively. Zhao et 
al. (2011) reported the use of sulfonated graphene for the removal 

Figure 2
Structure of (a) unzipped CNT (b) single-walled CNT and (c) multi-walled CNTs (from Kreupl et al., 2004, used with permission)
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of persistent aromatic hydrocarbons. Wang et al. (2014) also 
reported the removal of poly-aromatic hydrocarbons from water 
using graphene and graphene oxide nano-sheets. Similar stud-
ies were reported by Sun et al. (2013), Jin et al. (2015) and Yu et 
al. (2016). However, applications to BTEX compounds remain 
scarce in reported literature. 

Although nanotechnology is a futuristic form for water 
treatment, it should be noted that most of the nanoparticles, 
nanocomposites and nanotubes being utilized for enhanced 
adsorption are metals that may pose health risks in the long 
run. Hence, the use of these materials in the treatment of 
drinking water treatment should be approached with caution 
(Simate et al., 2012). The possible health effects that may result 
from the ingestion of carbon nanotubes if these are used for 
drinking water treatment have not been fully investigated. 
Studies suggest that there are cytological and cardiovascular 
health effects that may result from the consumption of CNTs 
(Jia et al., 2005; Li et al., 2007; Smart et al., 2006). Li et al. 
(2007) reported that mice exposed to SWCNTs for a period 
of 60 days developed aorta damage, while Jia et al. (2005) 
reported an increase in toxicity with a direct increase in dos-
age of SWCNTs. Warheit et al. (2004) reported that exposure 
of mice to CNTs at a dosage of 5 mg per kg of body weight 
resulted in mortality. This limits the applications of CNTs to 
industrial wastewater, and even then, there is a need for applied 
CNT-based materials to be collected after treatment has been 
completed. This is very necessary in vulnerable regions where 
industrial effluents are disposed into surface waters after treat-
ment, and where surrounding vulnerable communities tend to 
rely on direct abstraction from such water sources for potable 
purposes.

 Futuristic water treatment materials are however not lim-
ited to nano-materials; there are possibly cheaper materials that 
could have better remediation than nano-materials. One such 
possibility is biosorbents which can be synthesized from green 
raw materials and green wastes. We believe these materials 
might be the focus of future research in water treatment within 
the next decade.

Tannin-based adsorbents (biosorbents)

Tannins are polyphenolic biomolecules that are anionic in 
nature, and are able to precipitate various proteins, amino 
acids and other organic compounds (Van Buren and Robinson, 
1969). Although they are water-soluble, studies have reported 
that they can be converted into insoluble gels and matrices for 
widespread application (Nakano et al., 2001; Ogata et al., 2011). 
These compounds are known to possess high levels of antimi-
crobial activity (Scalbert, 1991), as well as antioxidant proper-
ties (Hagerman et al., 1998; Gil et al., 2000). Mostly investigated 
for their applications in nutrition and cosmetics where they are 
applied as astringents, tannins have not been duly explored for 
other possibilities such as water treatment. A recent review by 
Bacelo et al. (2016) highlights the possibility of using tannins 
as biological adsorbents for environmental applications. The 
report advises that tannin-based adsorbents have a naturally 
high affinity for heavy metals, dyes, and other organic and 
inorganic pollutants in aqueous solution, indicating a need to 
investigate the application of these compounds for the removal 
of mono-aromatic hydrocarbons in water.

The use of tannin-based adsorbents for the removal of 
BTEX compounds not only has a remediation benefit but also 
a waste-utilization benefit. This is because many known tannin 
sources are agricultural products such as leaves and tree barks 

that are often discarded (El Sissi et al., 1965). Interestingly, solid 
winery waste, (especially red grape pomace which consists of 
grape skins, seeds, and stalks), has been highlighted as a pos-
sible source of tannins that could be explored for the synthesis 
of tannin-based adsorbents which can subsequently be applied 
to water treatment (Lu et al., 1999; Souquet et al., 2000; Ping 
et al., 2011; Ping et al., 2012). It is expected that tannin-based 
adsorbents might prove to be safer than CNTs and previously 
reported nanocomposites. Future studies should therefore aim 
to focus on the utilization of green wastes to synthesize these 
adsorbents, as this could spark a new trend, even in membrane 
synthesis.

CONCLUSION 

Current municipal water treatment systems do not detect or 
treat BTEX compounds, thereby creating a risk of ingestion 
by end users of municipal-supplied potable water. The use of 
groundwater (in the form of boreholes) increases the risk of 
these compounds being ingested as they have been reported 
to naturally occur in groundwater, and are present in many 
industrial effluents disposed into the environment (Meidl, 1997; 
Wallace and Kadlec, 2005). As occurrences of cancer-related 
deaths increase and unexplainable health defects in newborn 
babies rise, it is important that future water treatment technol-
ogies focus on previously-overlooked pollutants such as BTEX 
compounds. The use of futuristic treatment materials such as 
nano-materials and tannin adsorbents could create more effi-
cient water treatment systems, and reduce risks related to the 
consumption of unclean water. Research trends (Fig. 3) indicate 
that there is still room for more studies to be conducted on the 
occurrence of BTEX compounds in various water systems, as 
well as to examine future treatment techniques that can help 
alleviate unpleasant health effects and possibly reduce water-
related deaths.

In addition to fully understanding the level of occurrence 
of these compounds in water, it is important to examine their 
chemical and physical properties, so as to better understand 
and optimize the mechanisms of remediation using emerging 
techniques and materials (Pan and Xing, 2008). The possible 
degradation of BTEX compounds to useful intermediates or 
harmless end-products can also be achieved by synthesizing 
materials that include degradation catalysts in the form of 
highly reactive nanoparticles. The successful extraction and 

Figure 3
Number of papers published in research pertaining to nanotechnology 

and water treatment, tannins for water treatment and BTEX 
compounds and water (data obtained from Scopus) 
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characterization of tannins, as well as the synthesis of tannin-
based adsorbents, could provide a novel platform for removal of 
compounds such as BTEX in water, without any environmental 
or human health ill effects. The global water sector has much to 
gain from research focused on these areas.
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