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Abstract: Gas-to-liquid (GTL) technology involves the conversion of natural gas into several liquid
hydrocarbon products. The Fischer–Tropsch (F–T) process is the most widely applied approach
for GTL, and it is the main source of wastewater in the GTL process. The wastewater is generally
characterized by high chemical oxygen demand (COD) and total organic carbon (TOC) content due
to the presence of alcohol, ketones and organic acids. The discharge of this highly contaminated
wastewater without prior treatment can cause adverse effects on human life and aquatic systems.
This review examines aerobic and anaerobic biological treatment methods that have been shown
to reduce the concentration of COD and organic compounds in wastewater. Advanced biological
treatment methods, such as cell immobilization and application of nanotechnology are also evaluated.
The removal of alcohol and volatile fatty acids (VFA) from GTL wastewater can be achieved
successfully under anaerobic conditions. However, the combination of anaerobic systems with aerobic
biodegradation processes or chemical treatment processes can be a viable technology for the treatment
of highly contaminated GTL wastewater with high COD concentration. The ultimate goal is to have
treated wastewater that has good enough quality to be reused in the GTL process, which could lead
to cost reduction and environmental benefits.

Keywords: nanoparticles; Fischer–Tropsch (F–T) process; biological treatment; biomass
immobilization

1. Introduction

Considerable amounts of wastewater are often released to the environment worldwide from
industrial activities including oil refining, coal conversion, pharmaceutical and petrochemical industries,
as well as coke and oil mill industries [1–3]. This wastewater usually contains different organic and
inorganic pollutants including dissolved and suspended solids. The discharge of such wastewater into
water bodies can cause serious problems to human health and the environment. Therefore, wastewater
must be sufficiently treated to meet the discharge limit. Several physical and chemical methods
were developed to reduce the concentration of phenols, COD, TOC and heavy metals in wastewater
streams [4,5]. However, these methods are often costly due to the cost of chemicals, chemical sludge
production and equipment. Biological methods are favorable in the area of wastewater treatment,
due to their simplicity, low cost and environmental friendliness.

Biological treatments usually utilize microorganisms, such as yeast, bacteria, fungi and microalgae
to reduce the concentration of organic compounds under aerobic or anaerobic conditions [6,7].
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Several reactor schemes have been developed to operate in suspended growth, attached growth and
hybrid systems. These systems are applied in batch reactors, membrane systems, fluidized beds
and activated sludge systems [4–6]. The selection between the various biological processes is based
on cost, land availability, operation simplicity and discharge limit of the pollutant. In industrial
operation, biomass immobilization as biofilms is known as an efficient method to overcome the
incorporation of free cells in wastewater treatment [8]. It offers several advantages including high
removal efficiency, protecting the biomass from harsh environmental conditions and the possibility to
reuse the microorganism and scale up of the process [9–11]. The use of nanoparticles to reinforce biomass
immobilization matrices offers new bio-carriers that have increased strength and durability, and also
has higher mechanical stability after long operation periods [12]. Several nanoparticles such as iron
oxide (Fe2O3), gold (Au) and platinum (Pt), were investigated [13]. Among them, Fe3O4 nanoparticles
were widely applied for enzymes immobilization [14].

The natural Gas-to-liquid (GTL) process has gained special attention due to several advantages [15].
In GTL processes, the Fischer–Tropsch (F–T) synthesis is the major step, which results in the production
of large amounts of wastewater [16]. This wastewater is characterized by a high dissolved hydrocarbon
content, COD and TOC content, thus proper treatment should be applied before discharge of this
wastewater into the water body [17]. Although anaerobic biological treatment has been commonly
applied for F–T wastewater treatment, incomplete mineralization of some pollutants, such as butyric
acid and propionic acid, can be the major limitation of this treatment method [18]. Therefore, there is
still a challenge to develop anaerobic biological methods and/or to find new advanced methods to
overcome these drawbacks.

This paper offers a comprehensive review of biological treatment of wastewater, highlighting
recent publications in the literature about aerobic and anaerobic biological reactors and processes. It also
outlines the improvement of biological treatment using advanced methods such as cell immobilization
and the application of nano-biotechnology in the treatment systems. The review gives special attention
to GTL wastewater production, characterization and conventional biological treatment methods
applied to reduce the concentration of several contaminants. Finally, the review identifies research
gaps in the area of GTL wastewater treatment and proposes new aspects for potential future research
in the area.

2. Biological Treatment of Industrial Wastewater

2.1. Main Industrial Wastewaters Composition

Most industries including pulp and paper, coal plants, olive mills, oil refineries, chemical plants and
petrochemical operations generate significant amounts of wastewaters [3,18,19]. The characterization
of industrial wastewater streams differs within and among industries [2,3]. Industrial wastewaters vary
in volume, flow, strength and composition, according to the specific manufacturing process and the
water usage in each industry. In addition, the environmental impact of industrial wastewater depends
on several characteristics including chemical oxygen demand (COD), biochemical oxygen demand
(BOD), amount of suspended and dissolved solids, and also on organic and inorganic contents [20].
Table 1 shows the concentrations of major pollutants in examples of industrial wastewater effluents.

The COD content in most industrial effluents varies according to the type of wastewater.
Some industrial wastewater such as GTL, olive oil mill and palm oil mill have high COD content that
may reach up to 125,000 mg/L [23]. Additionally, they may contain contaminants that resist biological
degradation, or other toxic components such as phenol and its derivatives, which have an adverse
effect on the human body and aquatic systems. Phenols are highly distributed in refinery wastewaters,
coal gasification and coke processes; the concentration of phenols may reach up to 12,800 in oil mill
industries [20]. In addition, some industrial wastewaters contain small amounts of metals, nitrates and
sulphates. Heavy metals are highly soluble in water, and can accumulate in human bodies and
therefore cause serious health disorders [4]. The presence of ammonium in water bodies can also be
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a potential hazard to animals and humans and can affect water quality [26]. Moreover, high sulfate
concentrations may lead to the release of sulfides which may damage the environment through
odor and corrosion [27]. The specifications of GTL processes are often different from those of other
wastewater streams, containing dissolved hydrocarbons that cannot be directly reused within the plant
or discharged into the environment. Non-acid oxygenated (NAO) hydrocarbons, including alcohols,
ketones, aldehydes, esters and ethers are the major contaminants in GTL-processed water. The water
created in the GTL process is highly acidic and has high COD (up to 32 g/L) due to the presence of
dissolved organic acids and alcohols [28]. Wastewaters containing such pollutants should be treated
before discharge into the environment. Generally, conventional wastewater treatment methods applied
for wastewater treatment are categorized as chemical, physical and biological treatment methods [29].
Pollutant removal using physio-chemical processes, such as adsorption [19], chemical oxidation [30],
ion exchange [31], electrocoagulation [32] and Fenton processes [33], possesses serious drawbacks
including formation of hazardous byproducts and high operation cost [34]. Biological methods
are preferable since they are simple, inexpensive, environmental friendly and lead to the complete
mineralization of toxic compounds [35].

Table 1. The concentrations of major pollutants in different types of industrial wastewater.

Wastewater pH TDS
(mg/L)

TSS
(mg/L)

Phenols
(mg/L)

COD
(mg/L)

BOD
(mg/L)

Nitrates
(mg/L)

OC
(mg/L) Ref.

Gas to liquid
(GTL) 3 - - - 28,910.6–31,230.8 118,533–13,116.9 - 9540.5 [17]

Refinery 8.3–8.7 3800–6200 30–40 - 3970–4745 - 28 - [21]
Coal

gasification 7.6 ± 0.3 - - 545 ± 61 2723 ± 280 805 ± 96 109 - [22]

Coke oven - - 200 150–2000 1500–6000 1000–2000 - - [2]
Pharmaceutical 3.98 - 407 - 3420 - 160 775 [3]

Textile 9.44 - - - 850–1065 200–300 240–410 [23]
Olive oil mill 5.2 12,800 124,000 - - - [24]
Palm oil mill 3.5 ± 0.1 55,775 25,545 711 - [25]

2.2. Biological Treatment

Biological treatment has been widely applied in the area of water and wastewater treatment,
presenting a highly efficient alternative in reducing the concentration of phenols, COD, TOC,
heavy metals and oil traces from wastewater [16–18]. Biological treatment systems are generally
classified into three different categories: suspended growth systems, supportive or attached growth
and hybrid systems. In suspended growth systems, microorganisms are maintained in suspension
mode within the liquid in batch reactors under aerobic or anaerobic conditions [36]. In contrast,
the attached growth process is formed by granulation of activated sludge or attachment of the biomass
as biofilms [36,37]. This technique has a greater concentration of biomass within the biological
system and is applied in fluidized bed bioreactor (FBB), granular sludge reactors, packed bed reactor
(PBR), spouted bed bioreactor (SBBR), rotating biological contactor (RBC) and biological activated
filters [20,21,24,36]. The application of an attached growth system introduces a surface that is necessary
for biofilm structure development. This biofilm, however, can achieve higher biomass concentration,
and the microorganisms can stay in the reactor for unlimited time, resulting in better environmental
conditions [9]. Hybrid systems are based on the combination of suspended and attached growth
systems in the same reactor, such as the combination of activated sludge with fixed bed biofilters and
submerged membrane bioreactors [21,22].

In biological wastewater treatment, several microorganisms are widely applied, such as bacteria,
yeast, fungi and algae [38,39]. These microorganisms may degrade organic compounds to form
carbon dioxide under aerobic conditions, or to produce biogas which is a mixture of CO2 and CH4,
under anaerobic conditions [40]. Biological techniques shown high efficiency in wastewater treatment,
particularly in the reduction of organics including phenols, COD and oil and grace [25,26]. However,
cost, energy required, odor and sludge production vary according to the application of aerobic or
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anaerobic treatment. Generally, an aerobic condition can be applied as a stand-up wastewater treatment
unit, while anaerobic conditions are mostly applied in a pretreatment unit. Aerobic degradation has
several advantages over anaerobic treatment, including high removal efficiency, low start up time,
low odors production and excellent effluent quality. In contrast the anaerobic treatment is favorable
in certain types of wastewater treatment, since it produces bioenergy in addition to low nutrients
requirements and low sludge production [41].

2.2.1. Aerobic Biological Treatment

Aerobic microorganisms have high efficiency in wastewater treatment, particularly for effluents
contaminated with organic compounds. They are also more preferable than anaerobic microorganisms,
since they grow faster and complete the transformation of the organic pollutants to inorganic compounds
(CO2, H2O) [41]. Among aerobic systems, activated sludge is the most widely used; in this process
the suspended bacterial biomass (the activated sludge) is responsible for the oxidation of pollutants
present in wastewater [42]. An activated sludge system has been widely applied in the treatment
of pharmaceutical, coke, refineries and olive mill wastewater treatment [19,28]. Activated sludge
has shown high performance in the reduction of phenols, COD, BOD and hydrocarbons (Table 2).
The activated sludge system has been applied for the degradation of phenols at concentration up to
800 mg/L, and achieved around 98% removal [43]. In contrast, COD reduction reached up to 89% in
the petrochemical wastewater using activated sludge at initial concentration of 900 mg/L [44]. It was
reported by Shokrollahzadeh et al. [44] that a bacterial mix consisting of sixty-seven species of activated
sludge system isolated and identified mainly as Pseudomonas, Acidovorax, Sphingomonas, Comamonas,
Flavobacterium, Cytophaga and Acinetobacter genera, was used in the treatment of pharmaceutical
influent by activated sludge system and achieved reduction percentage of total hydrocarbons,
ethylene dichloride, COD and vinyl chloride of 80%, 99%, 89% and 92%, respectively [44].

Over the past few years, the development of aerobic biodegradation systems using pure
culture and co-culture was investigated by a number of researchers, by applying a well-known
identified bacteria, yeasts fungi and microalgae [17,30]. Several aerobic bacteria are able to utilize the
organic compounds in wastewater as a sole source of carbon and energy [45,46]. Pseudomonas strains,
especially Pseudomonas putida, have been widely studied in biological treatment of industrial wastewater.
Although Pseudomonas putida has not been utilized for the degradation of organic compounds,
such as alcohols, that are mainly present in GTL wastewater, it has been reported to be effective
in the degradation of other organic contaminants, such as phenols, catechol and TCE in free and
immobilized forms and showed high removal efficiencies [11,47–51]. Additionally, two strains named
Pseudomonas aeruginosa and Pseudomonas pseudomallei, isolated from the pharmaceutical industry,
were used for the reduction of COD and BOD from wastewater and showed high performance in the
degradation of organic carbons [52]. Bacillus sp. is another aerobic bacterial strain that showed high
performance in the biodegradation of toxic compounds in wastewater [53]. Many studies reported the
use of Bacillus sp. in the textile and dye wastewater treatment [37]. Banerjee et al. [54] investigated
the refinery wastewater treatment using immobilized Bacillus cereus. Immobilized bacteria efficiently
reduce the content of phenols, COD, TOC, total ammonium-nitrogen and phosphate-phosphorus.
Recently, Mahdavianpour et al. [55] tested a microbial mix that consisted of Bacillus megaterium,
Bacillus aryabhattai, and Bacillus cereus for the removal of p-cresol, COD and nitrite. Results indicated
that the presence of the Bacillus sp. in the mixed culture was the main cause of achieving high
COD reduction and p-cresol biodegradation rate. Recently, Qia et al. [56], studied the application of
pure cultures of bacteria (Stenotrophomonas acidaminiphila and Chryseobacterium scophthalmus) for the
degradation of short chain organic compounds including ethanol, butanol and acetic acid. Acetic acid
was completely removed by both strains within 24 h; however, the removal efficiencies of butanol
were 96.3% and 93.4% for S. acidaminiphila and C. scophthalmus, respectively. In addition, both strains
removed up to 75% ethanol and they were unable to reduce the concentration of butyric acid from
the wastewater.
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Yeasts have many advantages when compared to fungi and bacteria. They have the ability to grow
fast like bacteria, and they can resist unfavorable environmental conditions like filamentous fungi.
Several reports have described the ability of yeast species such as Candida tropicalis [46], Candida rugose,
Candida cylindracea [57], and Trichosporon cutaneum [58], in the degradation of aromatic and aliphatic
hydrocarbons. Yeasts showed high performance in olive mill wastewater treatment, which is usually
characterized by its high COD concentration and the presence of phenolic compounds. As shown in
Table 2, several yeast strains are capable of degrading COD at concentrations ranging from 100,000
to 200,000 mg/L in real olive mill wastewater. Cultures of Candida rugosa, Candida cylindracea and
Yarrowia lipolytica were tested to grow in the olive mill wastewater. All strains were able to degrade
phenols and COD. However, the highest removal percentage of phenolic compounds and COD resulted
from the use of C.cylindracea [57]. Chtourou et al. [58] investigated the ability of Trichosporon cutaneum
to degrade of phenols. The isolated yeast reduced phenolic content, which resulted from the reduction
in alkyl phenols and in simple monomeric phenols. Additionally, more than 80% reduction of COD
from wastewater was noticed by the isolated yeast in a period of 8 days. It should be mentioned that
the biodegradation capability varied from one strain to another. This was confirmed by studying
the degradation of phenol at initial concentrations up to 1000 mg/L using Candida tropicalis and two
other strains named Candida rugosa, and Pichia membranaefaciens isolated from refinery wastewater.
Candida tropicalis was able to grow at high phenol concentrations of 500 and 1000 mg/L, while C. rugosa
and P. membranaefaciens showed an inhibition effect in presence of 500 mg/L of phenol [5].

White fungi showed high performance in the area of wastewater treatment. Several types of white
rot fungi can achieve biodegradation of toxic compounds such as phenols, polyphenols and aromatic
amines, however the removal percentage of the contaminants is lower than that observed using bacteria
and yeasts (Table 2) [52,53]. Phanerochaete chrysosporium, a well-known white rot fungus, has a strong
capability in the removal of toxic organic pollutants. It was reported that, immobilized white fungus
Phanerochaete chrysosporium was used for the coke wastewater treatment. Percentages reduction of
phenols and COD were 87.05% and 72.09%, respectively, in a period of 6 days [59]. Geotrichum sp. and
Aspergillus sp. were tested for olive mill wastewater treatment, and up to 55% COD reduction was
achieved using both strains [24].

Microalgae are among the most important microorganisms that have gained increasing attention
in the area of wastewater treatment. In this case, ompared to other microorganisms, the produced
biomass after wastewater treatment is a valuable product that can be applied in other applications such
as biofuel production, nutrition and pharmaceutical applications [48,49]. The number of microalgae
strains has the ability to utilize toxic pollutants present in industrial wastewater. Among these strains,
Chlorella sp. [60,61] Nannochloropsis sp. [60,62] and Anabaena variabilis are the most commonly used.
They showed high performance in the treatment of refinery wastewater, pulp and paper industrial
wastewater and olive mill wastewater [51,53]. Although microalgae have been widely applied in
the area of wastewater treatment, they achieve low pollutant removal at a high concentration range,
as shown in Table 2. The cultivation of Scenedesmus sp. in olive oil mill wastewater highly contaminated
with COD concentrations of 49,000 mg/L and phenol concentrations of 4880 mg/L, were tested. It was
found that, a reduction of 22% and 35% of phenols and COD were achieved, respectively [20,63].
Compared to complete removal of 2,4-DNP at initial concentration of 190 mg/L using the same
strain [61]. Most of the algal strains were tested for the removal of phenols and reduction of COD from
wastewater. However, a pure culture of Chlorella sorokiniana showed high degradability of short-chain
organic compounds that are similar to the GTL-processed water. C. sorokiniana has high tolerance for
the degradation of ethanol and acetic with removal percentage up to 96.6%, in contrast to only 53.4%
butanol was degraded within 3 days [56].
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Table 2. Aerobic biodegradation of industrial wastewater using several microorganisms.

Biomass Wastewater Pollutant
Measurement

Initial Concentration
(mg/L)

Removal
(%) Ref.

Activated sludge

Activated sludge

Coke COD 3275 75 [43]
Phenols 807 98 [43]

palm oil mill COD 1000 83 [25]
COD 5000 42 [25]
BOD5 440 74 [25]
BOD5 2300 39 [25]

petrochemical COD 900 89 [44]

Bacteria

Pseudomonas aeruginosa municipal TOC 230 42 [64]
Pseudomonas putida Refinery Phenol 500–1000 100 [49]

Phenol 150 90 [38]
p-Cresol 200 85 [65]

Bacillus cereus Petroleum TOC 4548 93.4 [54]
COD 9200 99.24 [54]

NH4+ -N 121.092 49 [54]
SludgeHammer Municipal TOC 230 70 [64]
Bacillus subtilis TOC 230 54 [64]

Bacillus laterosponus TOC 230 52 [64]
Pseudomonas aeruginosa TOC 230 42 [64]

Stenotrophomonas
acidaminiphila Fermentation Acetic acid 208 100 [56]

Ethanol 159 73.3 [56]
Butanol 110 96.3 [56]

Chryseobacterium
scophthalmus Acetic acid 208 100 [56]

Ethanol 159 75 [56]
Butanol 110 93.4 [56]

Yeast

Candida tropicalis Olive oil mil COD 124,000 62.8 [24]
Polyphenol 12,800 51.7 [24]

Trichosporon cutaneum COD 19,000–72,000 80 [58]
Y. lipolytica COD 179,000 ± 2000 50.9 [57]

Candida rugosa COD 179,000 ± 2000 58.7 [57]
Candida cylindracea COD 179,000 ± 2000 70.2 [57]

Candida rugosa COD 179,000 ± 2000 58.7 [57]
Candida cylindracea COD 179,000 ± 2000 70.2 [57]

Fungus

Pleurotus ostreatus Olive oil mill Phenol 880–4000 78.3 [66]
Geotrichum sp. COD 124,000 55.0 [24]

Polyphenol 128,00 mg/L 46.6 [24]
Aspergillus sp. COD 124,000 52.5 [24]

Polyphenol 12,800 44.3 [24]

Microalgae

Scenedesmus sp Olive oil mill COD 49,000 35 [63]
Chlorella pyrenoidosa Refinery Phenol 200 mg/L 100 [62]

Scenedesmus sp. wastewater 2,4-DNP 190 mg/L 100 [60]
Chlorella sp. Phenol 300 mg/L 80 [67]

Chlorella sorokiniana fermentation Ethanol 159 98.9 [56]
Butanol 110 53.4 [56]

Acetic acid 208 96.6 [56]
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In order to increase the efficiency of biological treatment, co-cultured systems of bacteria and
microalgae have been applied as an alternative and renewable approach. Generally, organic matter
or nutrient removal is oxidized by bacteria in aerobic conditions using an external air supplement,
whereas an external supply of CO2 for photosynthesis must be added from microalgae growth [8].
The application of these systems in wastewater treatment will reduce the overall cost of the biological
treatment, by avoiding the external supply of O2 required for aerobic conditions of bacteria and CO2

required for microalgae [68]. It was reported that, the combination of immobilized Chlorella vulgaris
and suspended activated sludge introduced efficient system for wastewater treatment with high
concentration of COD nitrogen and phosphorus. The co-cultured system achieved complete removal of
phosphorus, 99.8% nitrogen removal and 90–95% COD reduction [8]. This process introduced a stable
biological wastewater treatment system for being used in repeated processes [8]. Chlorella vulgaris
in immobilized form was also co-cultured with suspended Pseudomonas putida and showed high
performance in the reduction of COD, nitrogen and phosphorus. Batch experimental results indicated
the stability of the system in the batch mode and suggested the ability of using co-cultured systems
in the continuous process for real refinery wastewater treatment [47]. Chavan and Mukherji [45,46],
tested phototrophic microorganisms and bacteria for the treatment of wastewater containing diesel
oil in rotating biological contractor (RBC). A culture consisted of Cyanobacteria named Phormidium,
Oscillatoria, Chroococcus and Burkholderia cepacia bacteria was developed for the removal of total
petroleum hydrocarbon (TPH) and COD. The biological system had the ability to remove TPH
at a concentration up to 6615.2 mg/L and achieved a highest removal of 98.99%, in a period of
34 days. In addition, up to 97.19% COD reduction was obtained at maximum a concentration of
5406.38 (±15.52) mg/L [45]. These results highlighted that the application of a co-cultured system is
an achievable technology for the treatment of wastewater produced from petroleum refineries and
petrochemical industries [45].

Co-culture systems consisting of microalgae and alcohol-degrading bacteria have been proposed
for the removal of VFA and alcohol. Co-cultures of Chlorella sorokiniana and Stenotrophomonas
acidaminiphila resulted in the complete removal of ethanol, butanol and acetic acid within one day.
However, the reduction in butyric acid was achieved during the 3 days of the treatment process [56,66].
This study indicated the high performance of the degradation of alcohol by applying a co-culture
system consisted of microalgae and bacteria.

2.2.2. Anaerobic Biological Treatment

A considerable attention has been made to the development of anaerobic wastewater treatment
systems, in which the conversion of the pollutant to biogas usually occurs [69]. Compared to the
aerobic techniques, the anaerobic wastewater treatment has several advantages including energy
generation and low cost, due to the relatively inexpensive reactors. It is also applicable at any place and
scale and the microorganisms can be used over a long period of time [69], whereas the application of
anaerobic treatment faced number of drawbacks, including the formation of byproduct, slow start up
time and odor production [70]. However, the development of new rectors to overcome these problems
was investigated and applied in wastewater treatment. Table 3 shows several reactors that are used
under anaerobic conditions in batch and continuous modes, this includes the up-flow anaerobic sludge
reactor (UASB), anaerobic moving bed biofilm reactors (AMBBS), anaerobic sequential batch reactor
(ASBR), anaerobic fluidized bed reactor (AFBR) and anaerobic baffled reactor (ABR). These reactors
were tested using anaerobic microorganisms and showed their ability in the degradation of high
strength wastewater. However, their treatment efficiencies depend on several parameters such as
initial concentration of toxic compounds, pH and temperature of the wastewater [69].

Among several anaerobic reactors, the up-flow anaerobic sludge blanket (UASB), is the most
commonly used reactor in the area of wastewater treatment. Basically, this reactor can convert the
soluble organics present in wastewater into value-added bioenergy during waste the treatment [71].
The treatment of several wastewater streams combined with biogas production were investigated using
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UASB reactors and achieved varying efficient degradation such as 76.3% COD reduction from refinery
wastewater, and biogas production rate of 0.25 L biogas/L feed [72], 71% COD and 75% phenol reduction
from coal gasification wastewater [1], reduction phenols and m-cresol of 98% and 20%, respectively for
wastewater stream contained 900 mg/L of phenol and 320 mg/L of m-cresol [73]. Although UASB
reactors have been widely applied, they still have some limitations, therefore extensive studies were
carried out to introduce new bioreactors to overcome these drawbacks. The anaerobic baffled reactor
(ABR) have been developed and used for wastewater treatment. The reactor is identified as a series of
UASB reactors that are mainly separated with standing baffles which forced the wastewater stream
to flow under and over them. In addition to the low capital cost, the reactor has several advantages
including low simplicity, mechanical stability, absence of sludge accumulation and stability toward
organic shock [55]. Denitrification baffled reactor (DnBR) was also developed and tested for the removal
p-cresol under several operation parameters such as initial p-cresol concentration, retention time and
salinity. Results showed that p-cresol with initial concentration of 1000 mg/L, was removed completely
at hydraulic retention tome of 24 h [55].

Table 3. Commonly used anaerobic reactors with their advantages and disadvantages.

Reactor Description Advantages Disadvantages Reference

UASB

• The reactor containing
granular sludge bed is
fed from the bottom.

• The reactor has a
tri-phase separator
attached to a gas
collecting bag.

• The reactor is
surrounded by
circulating water
jacket for
temperature control.

• Most commonly used
in industrial
wastewater treatment

• Stable
• Energetically
• Process efficient

• Usually requires long
start-up time.

• The process initiates
with wash-out of
sludge (except if the
plant is seeded with
granular sludge)

• Required good control
of hydraulics and
toxic materials.

[46,74]

ASBR

• Biofilm process
combined with
sequencing batch
operation mode.

• The reactor has support
material to enhance
biofilm formation.

• Flexible process
• Low construction and

maintenance cost
• Simultaneous removal

of nutrients.

• Long operation time.
• The biomass settling is

not sufficient in
occurrence and control.

[73,74]

AnMBR

• It constituted of two
parts: sludge bed and
supernatant where
hollow-fiber membrane
submerged in it.

• The reactor is fed from
the bottom.

• The reactor is
inoculated
granular sludge

• Membrane is installed
after the stabilization of
the reactor.

• High solids retention
• Rejection of high

molecular
weight organics.

• Less energy usage and
in sludge production.

• Membrane fouling
• High aeration rates are

required except in
gasification where
gases is used

• Difficulty to achieve
effective
membrane scouring.

[67,75,76]
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Table 3. Cont.

Reactor Description Advantages Disadvantages Reference

FFR

• Biomass is immobilized
in biofilm support
structure (media).

• The distribution of
wastewater is from
above/below the media.

• Simple
• Absence of

mechanical mixing
• More stability at higher

loading rates
• Ability to resist large

toxic shock loads.

• large reactor volume
• Clogging of the reactor

caused by biofilm
thickness and/or high
suspended solids.

[69]

AFBR

• The reactor has
fluidized form of
attached bacteria and
growth media

• Drag forces is exerted
by the up
growing wastewater.

• The reactor has media
with small particle size

• Large surface area is
provided by the media
for biofilm formation
and growth.

• No bed clogging
• Low hydraulic

head loss
• Better

hydraulic circulation
• More surface area.
• Low cost.

• Need bed recycling
that require attachment
of the microorganism

• Have big particle size
compared to fixed film
reactor. (depending on
the type of the film)

[69]

Recently, reactors using granulated biomass were applied for the wastewater treatment of
effluents generated from textile industries [77], coking mill [78], domestic and landfill leachate [79].
It was reported that, a pilot scale of anaerobic sequencing batch reactor (ASBR) was applied for
COD reduction and gas production. At controlled conditions of one day HRT and organic rate
between 0.5 and 1.5 COD/m3.d, a percentage reduction of 90% COD was achieved, and high specific
methanogenic activity during the biodegradation process was observed [80]. Rajasimman et al. [77]
developed a novel modified anaerobic sequential batch reactor (MASBR) for textile dying wastewater
treatment. The reactor was modified by adding sorbent and plastic media and tested for the removal
of COD, decolorization and biogas production. At optimum condition of initial dye concentration,
organic loading and hydraulic retention time (HRT), 94.8% COD and 97.1% decolorization reduction
were obtained [77]. Anaerobic moving bed biofilm reactor (AMBBR) has also been applied for industrial
wastewater treatment. This reactor has several advantages over other anaerobic reactors including high
performance in degrading toxic chlorinated organic compounds. Derakhshan et al. [79] investigated
the reduction of atrazine and COD using an anaerobic moving bed biofilm reactor (AMBBR). The study
illustrated the effect of the operation conditions including initial concentration, hydraulic retention
times (HRT) and salinity on the removal efficiency. Under optimum conditions, COD was reduced
efficiently (97.4%) while only 60.5% of atrazine was degraded. Monsalvo et al. [76] studied the
application of anaerobic membrane bioreactor (AnMBR) for the removal of 38 trace organics present in
wastewater. The reactor showed high ability in removing 9 trace chemicals (90% removal), while only
50% removal was observed for other compounds. The removal of the pollutants in AnMBR was
achieved through several mechanisms; biologically, partial absorption, retaining by flocs and deposition.
Gao et al. [7] investigated the domestic wastewater purification using an integrated anaerobic fluidized
bed bioreactor (IAFMBR). The study tested the effect of the temperature and influent strength on COD
reduction, and it was concluded that the highest removal was found at operation temperature of 35 ◦C.

Anaerobic treatment was applied for the treatment of alcohol-containing wastewater, which is
relatively similar in composition to GTL wastewater. The removal of these components was carried
out in several anaerobic reactors of which UASB is the most commonly used. Most studies focused
on the reduction of COD resulting from the presence of short chain organics, such as methanol and
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ethanol and volatile fatty acids (VFA). Table 4 summarizes anaerobic removal of alcohol and VFA that
are the main sources of the COD content in the GTL-processed water.

Table 4. Reduction in COD content caused by the removal of contaminants that present in
GTL-processed water.

Reactor Type COD (mg/L) Pollutants Removal Ref.

UASB 200 Ethanol 95% [81]

PBR 20,000–45,000 Alcohols, amines, ketones and
aromatic compounds 80% [82]

UASB 1000 Alcohol and VFA 98% [83]
ASBR 20,000 Ethanol and acetate 98% [30]
UASB 3.104 Alcohol and VFA 96% [84]
USR 5000 Alcohol 90% [85]

USR-UASB 5000 Alcohol 99% [85]
Anaerobic hybrid reactors 12,000 Ethanol, propionate and butyrate >95% [86]

Han et al. [84] studied anaerobic treatment of low strength wastewater contaminated with ethanol
and VFA in UASB using granular sludge. Around 96% COD reduction was obtained for wastewater
feed with COD concentration of 3.104 mg/L consisted of 1.891 mg COD/L VFA (formate acetate
propionate and butyrate) and 1.213 mg COD/L alcohol (ethanol, methanol and butanol). In another
study, the anaerobic treatment of alcohol wastewater with a high COD concentration (5000 mg/L) was
compared in two anaerobic reactor systems; the up-flow anaerobic solid reactor (USR) and combined
process of USR-UASB. In addition to the high biogas production, the combined process obtained COD
reduction of 99%, compared to the USR that achieved 90% removal [85]. Castilla et al. [83] investigated
the biological treatment of a mixture of chemicals in UASB. The treatment process was started with
the addition of wastewater containing methanol, followed by adding other chemicals including
isopropyl alcohol, acetic anhydride, methyl, ethylene, isopropyl acetate, acrylic acid, and methyl
acrylate. Around 95% COD reduction efficiency was achieved when the reactor was fed with Methanol
only. However, the addition of isopropyl alcohol and ethylene glycol led to a drop in the efficiency
(66%), and almost a complete removal (98%) was achieved in the reactor after 43 days, indicating the
acclimatization of the activated sludge. This study highlighted the competitive effect of the presence
of alcohol and VFA in the aerobic treatment. Intanoo et al. [87] studied the wastewater treatment
and hydrogen production from alcohol wastewater with an initial COD of 60,000 mg/L in anaerobic
sequencing batch reactors (ASBR) under thermophilic conditions. The wastewater consisted of ethanol
and VFA with initial concentrations of 3120 and 5080 mg/L, respectively, and achieved only 32%
COD reduction with relatively high production of methane. Other researchers also achieved high
COD reduction (>95%) using Sulphur reducing bacteria (SRB) in a laboratory-scale anaerobic hybrid
reactor. The wastewater feed was characterized with its high COD (12,000 g/L) composed of ethanol,
propionate and butyrate [86].

The removal of longer chain alcohol C3 and C4 has been studied to a limited extent. Henry et al. [88]
investigated the removal of C3 and C4 solvents including butanol, isopropanol, isobutanol,
sec-butanol and ethyl acetate in a hybrid biomass reactor. They concluded the importance of
the adaptation of the biomass in short chain alcohols C1 and C2 before staring the biodegradation
process. Adapted biomass was able to reduce COD concentration efficiently and achieved COD
removal of 97–99%. The reduction of COD concentration that resulted from short-chain alcohol was
widely studied. Compared to long-chain alcohols, the removal of short-chain alcohols and VFA was
widely studied and high removal efficiencies was obtained. The presence of long-chain alcohols
in wastewater was proof of an inhibition effect on the microbial activity and, therefore, a proper
adaptation process must be carried out [89]. It is worth mentioning here that the target compounds in
the GTL wastewater treatment are short chain alcohols, since 76% of the COD concentration is due
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to the presence of short-chain alcohol. Thus, the application of anaerobic treatment is shown to be
effective for the application of GTL wastewater treatment.

2.3. Advanced Biological Techniques

2.3.1. Immobilization of Biomass

Immobilization of biomass is a strategy to protect the biomass from the toxicity and inhibition
effect of the pollutants in wastewaters. Compared to free-cells, immobilized microorganisms
help biomass handling and separation, allowing a high biomass density to be maintained and
providing a greater opportunity for reuse and recovery. In addition, immobilization leads to the
protection of the microorganisms from harsh operation conditions, including high pH and elevated
temperature, and it also increases the stability of the biomass over long operation periods [11].
Biomass immobilization is divided into two categories: self-immobilization that resulted from the
formation of granules when the activated sludge is transformed to compact aggregates [90], and artificial
immobilization obtained by the entrapment of the microorganisms into a gel matrix, such as Agar [91],
Ca-alginate [10], polyvinyl alcohol [51] and foam glass [92]. The application of cell immobilization
has been used for the removal of several toxic compounds under aerobic and anaerobic conditions,
in fixed and moving bed reactors, achieving remarkable improvement in the biological treatment
process [64,81,92,93]. Table 4 introduces the activity of immobilized microorganism in wastewater
treatment contaminated with several pollutants, such as phenols, COD, phosphate, nitrate organic
carbons and petroleum hydrocarbons.

Under aerobic conditions, immobilized biomass has been used in several types of reactors,
including spouted bed bioreactor, fluidized bed bioreactor and trickling packed-bed reactors (Table 5).
Granular activated sludge systems such as self-immobilization methods have been widely applied in
the area of wastewater treatment and used for the reduction of a number of organic compounds, such as
phenols, alcohol and acetate. Compared to conventional sludge, self-immobilization of activated sludge
has several advantages including low operation cost, good control over flocculent sludge growth and
the elimination of the sedimentation tank and recycling pumps [49,94]. Granular activated sludge was
used for the reduction of COD from several wastewater streams under aerobic and anaerobic systems
and achieved high removal efficiency, as shown in Table 5.

It was reported that immobilized cells of Rhodococcus erythropolis UPV-1 was prepared by adsorption
on the diatomaceous earth. They were found able to grow actively and form biofilm of short
filaments. Phenol-acclimatized cells resulted in a complete degradation of phenols from wastewater
under optimum culture conditions. It should be mentioned that, the remarkable enhancement in
phenol degradation activity is caused by the immobilization and protection of biomass from high
strength phenolic wastewater [95]. The immobilization of bacterial cells in polyvinyl alcohol (PVA)
gel from refinery wastewater was investigated, an efficient degradation of phenol using immobilized
Pseudomonas putida in spouted bed bioreactor (SBBR) was accomplished, with complete removal of
phenol from refinery wastewater in less than five hours [51]. Additionally, the immobilized bacteria
were also tested for the removal of p-cresol from synthetic wastewater. Continuous biodegradation
experiments indicated that, P. putida had high potential for the biodegradation of p-cresol at
concentrations up to 200 mg/L, with more that 85% removal efficiency [74]. Jiang et al. [96] isolated
Acinetobacter sp. from activated sludge and then immobilized in PVA gel prepared by freezing-thawing
cycles. Immobilized Acinetobacter sp. was applied to study the biodegradation of wastewater containing
high phenol concentration (1100 mg/L). Results proved that immobilized cells were capable to remove
99.6% of phenol at 500 mg/L initial concentration with a good tolerance to the pH change and
temperature fluctuation. The immobilization of biomass resulted in high stability of the bacteria
after reuse for 50 times or storage period of 50 days [96]. It should be mentioned that the activity
of the biomass was related to the porous structure of the physically cross-linked PVA gel prepared
by freeze–thaw cycles, in which the biomass grows and contributes inside the gel, in addition to
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the prevention of the microorganisms from high pollutant concentration [11]. Recently, Ismail and
Khudhair [97] examined the ability of immobilized activated sludge in natural polysaccharide sodium
alginate with polyvinyl alcohol, for real-field petroleum wastewater. Biodegradation experiments were
tested in a spouted bed bioreactor showed an improvement in the biodegradability of phenols and
COD, additionally high stability of the immobilized biomass was observed after 35 days. Lu et al. [59]
compared free and immobilized white fungus for coke wastewater treatment. Immobilized fungus
was allowed to adsorb and grow onto wood chips of Italian poplar, followed by drying using vacuum
freeze desiccator. Compared to free fungi, immobilized cells achieved higher removal of phenolic
compounds and COD.

Numerous studies reported the utilization of immobilized biomass for wastewater under anaerobic
conditions. The immobilization of the mixed culture presented in the activated sludge was carried
out in several supporting materials including pumice, polypropylene and polyurethane (Table 4).
Biomass immobilization in anaerobic systems has several advantages such as improving solids
retention, reducing the granules formation and reducing or eliminating settling step, therefore leading
to a shorter operation time [76]. Sen et al. [105] studied the anaerobic treatment of real textile wastewater
using immobilized microorganisms in pumice in a fluidized bed reactor (FBR). The study concluded
that, the anaerobic treatment process using immobilized and acclimatized biomass resulted in COD,
BOD and color removal of 82%, 94% and 59%, respectively. Ratusznei et al. [76] investigated the
biodegradation of wastewater containing 485 mg/L COD, using immobilized activated sludge in cube
particles of polyurethane foam. The biodegradation experiments were carried out in an anaerobic
sequencing batch reactors (ASBRs) operated in cycles of 8 h. In addition to the high operation
stability of the process after 10 operation days, about 86% COD was removed from wastewater stream.
Haribabua et al. [106] developed new bio-carrier made of polypropylene with low density for domestic
wastewater treatment. The inverse fluidized bed bioreactor (IFBR) was operated with an immobilization
matrix with density of 870 kg/m3 and surface area of 524 mm2 per particle, in continuous mode.
The effect of operation parameters including superficial gas velocity, initial concentration, bed height
and hydraulic retention time (HRT), on the COD reduction were investigated. A maximum reduction
of 97.5% COD was obtained at optimum conditions, highlighting the high efficiency of the system
using the new immobilization matrix [106].

Immobilized biomass was also applied for the treatment of alcohol-containing wastewater using
tezontle material as bio-filtration (tezontle-BF) and granulated activated carbon (GAC) under anaerobic
conditions. Both immobilization matrices were tested and compared for the reduction of COD from
wastewater contaminated by organic materials consisted of alcohols, amines, ketones and aromatic
compounds. Results showed that GAC is more effective in COD reduction, since 80% COD reduction
was obtained using GAC in 40 days, while the use of tezontle-BF required 145 days to obtain similar
removal. Thus the use of GAC as immobilization material resulted in greater biodegradation rates and
increased the resistance of the bio-filter to high organic load; it also minimized substrate toxicity and
inhibition effect [82].

The application of granulation activated sludge or the immobilization of biomass is good alternative
for the conventional biological treatment systems. Immobilized biomass including activated sludge can
be applied to improve the reduction of COD from wastewater, especially for high strength wastewater
such as GTL-processed water.
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Table 5. Immobilization of microorganism for biological wastewater treatment under aerobic and anaerobic conditions.

Reactor Biomass Immobilization Matrix Major Pollutants Pollutant Removal (%) COD Reduction (%) Ref.

Aerobic Biodegradation

Packed bed reactor (PBR) Bacillus cereus Ca-alginate

TOC 95.4

99.2 [54]Phenol 99.8
PO3-P 44.4
NH4+–N 49.3

Bioreactors Chlorella vulgaris Ca- alginate PO3-P 95 - [98]
NH4+–N 100

Spouted bed bioreactor
(SBBR)

Activated sludge with dominant types of
Pseudomonas
Bacillus
E.coli

polysaccharide sodium
alginate with polyvinyl
alcohol

Petroleum
hydrocarbons 66.6 61.7 [97]

Bioflo 2000 fermenter Candida tropicalis YMEC14 Ca-alginate Monophenols 69.2
69.7 [10]

Polyphenols 55.3

Fluidized bed bioreactor
(FBR) Pseudomonas putida Sodium alginate Phenols <90 - [49]

Trickling packed-bed
reactors (TPR)

Mycelial suspensions of Phanerochaete chrysosporium
Trametes versicolor
Lentinula edodes

Foam glass beads
Phenols <98

- [92]
2,4,6-TCP <98

Batch flaks Acinetobacter sp PVA gel Phenol 99.6 - [96]

Batch flasks Acinetobacter sp. and Sphingomonas sp PVA gel Phenol <95 - [99]

Spouted bed bioreactor Pseudomonas putida PVA gel Phenol 100 - [51]

Aeration tank Rhodobacter shaeroide Alginate
Agar Oil 96 - [91]

Lakes
Ten strains with Pseudomonas, Coccus, Aeromonas,
Bacillus, and Enterobateriaceae as dominant types. Diatomite

TOC 80.2
- [100]TP 81.6

TN 86.8

Batch experiment in
Flasks

Rhodotorula mucilaginosa, Streptomyces albidoflavus
Micrococcus luteus polyurethane foam Nitrobenzene 100 - [101]

A column-type sequential
aerobic sludge blanket
reactor

Activated sludge Granular Phenol - - [102]
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Table 5. Cont.

Reactor Biomass Immobilization Matrix Major Pollutants Pollutant Removal (%) COD Reduction (%) Ref.

Pilot scale sequencing
batch reactor Activated sludge Granular Organics 95 [103]

Sequential batch reactor
system (SBR) Activated sludge Granular Organics 94 [104]

Anaerobic Biodegradation

Fluidized bed bioreactor Anaerobic sludge Pumice Organics - 82 [105]

Fluidized bed bioreactor Activated sludge low density
polypropylene Organics 97.5 [106]

Anaerobic sequencing
batch reactors (ASBRs) Activated sludge polyurethane foam Organics .- 86 [76]

Upflow anaerobic sludge
blanket (UASB) Activated sludge Granular Organics - 96 [84]

Expanded Granular
Sludge Bed Reactors
(EGSB)

Activated sludge Granular Organics - 80 [81]

Packed bed Reactors
(PBR) Activated sludge

Granulated activated
carbon (GAC) and a
porous stone called
tezontle

Organics - 80 [82]
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2.3.2. Use of Nanotechnology in Biological Treatment

Biomass immobilization in a solid matrix has major drawbacks, including poor strength,
instability at low pH and poor mechanical properties. Although several studies are available on
the use of the polymeric agents for cell immobilization, there are still limited studies focusing on the use
of magnetic nanoparticles for bio-sorbent immobilization. The application of magnetic nanoparticles in
the cell immobilization increases the stability and enzymatic activity as was reported by Dyal et al. [107],
who highlighted a great improvement in the enzymatic activity and the stability of Candida Rugosa
lipase, after the immobilization on γ-Fe2O3 magnetic nanoparticles. Yong et al. [108] also used Fe2O3

nanoparticles for cell immobilization and obtained a remarkable improvement in the thermal stability
of the enzymes. The use of nanoparticles as additives in the immobilization matrix have been widely
applied in the area of wastewater treatment, however, most studies concentrated on the heavy metal
removal from biological systems. Peng et al. [109] studied the immobilization of Saccharomyces cerevisiae
on the surface of chitosan-coated magnetic nanoparticles (SICCM) prepared using Fe3O4, for the
removal of Cu(II) from wastewater. More than 90% of Cu(II) was removed in less than 10 min indicating
high biodegradation rates due to the internal diffusion resistance and high specific surface area of the
bio-carrier. Fe3O4 nanoparticle was also used for biomass immobilization and applied for the removal
of Cr(VI). It was reported that, bio-functional magnetic beads consisting of Rhizopus cohnii powder and
Fe3O4 particles coated with alginate and polyvinyl alcohol (PVA) were prepared, and tested for Cr(VI)
removal. In addition to the complete removal of Cr(VI) from wastewater, the prepared beads showed
high mechanical stability at convenient experimental condition [110]. Xu et al. [111] investigated the
use of Ca–alginate combined with iron oxide magnetic nanoparticles (MNPs), for the immobilization
of Phanerochaete chrysosporium. The immobilized microorganism was applied for the removal of Pb(II)
at concentration up to 500 mg/L, and resulted in a maximum removal of 96.03% after 8 h.

Few studies examined the application of magnetic additives in the immobilization matrix for
COD reduction from wastewater. Zhou et al. [112] compared COD reduction using microorganisms
immobilized on Fe3O4/PUF composite with 5% Fe3O4, and microorganism immobilized into pure
polyurethane foam (PUF) composite. Although both immobilized microorganisms were able to reduce
COD content efficiently from wastewater, the addition of Fe3O4 in the immobilization composite resulted
in higher COD reduction. Recently Fan et al. [14] studied the dye adsorption and biodegradation using
Pseudomonas pudida immobilized in core shell Fe3O4@MIL-100 (Fe). The core shell nanoparticles were
attached to the bacterial cells by a carbon–diimide cross-linking method and used for dyes degradation.
Complete removal was achieved using bionanocomposite over a period of 5 h, compared to 11 h using
free bacteria. Moreover, bionanocomposite showed good cycling performance for dye removal with
easy separation of the immobilized biomass from the solution using magnetic field characteristics,
which makes it a suitable alternative for dye removal [14].

These studies showed that the use of nanoparticles in cell immobilization can be considered as
a high performance and cost-effective method for heavy metal removal from wastewater, and for the
removal of other pollutants from several types of wastewaters including GTL wastewater. Additionally,
the presence of these additives in the immobilized carrier will enhance the stability and offer the
possibility of the use of biomass over long period of time.

3. GTL Wastewater

3.1. GTL Process and Wastewater Generation

Nowadays, natural gas is taking a more important share in the global energy market compare to
other fossil fuel sources. Natural gas conversion to liquids, through the (GTL) process, is achieved
using several chemical reaction paths ending with the formation of a range of hydrocarbon products.
The Fischer–Tropsch (F–T) process is the most widely applied, this process basically involves the
conversion of CO and H2 into several hydrocarbon derivatives [113]. The products of this process can
be used directly as fuel such as gasoline, kerosene and diesel, in addition to other special products
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including lubricants [114]. The produced gas using F–T process usually has low sulfur and aromatic
compound contents [115]. In addition, the low CO2 emission, nitrogen oxides, hydrocarbons, and other
particulates make GTL process an environmental friendly alternative and one of the cleanest burning
fuels [116]. The GTL process mainly contains three main stages (Figure 1); synthetic gas production
where the natural gas steam reforms to produce syngas (CO and H2), followed by the Fischer–Tropsch
(F–T) reaction to form hydrocarbons, and syncrude. Finally, upgrading the liquids in which liquid
hydrocarbons are formed by cracking and hydro-processing. Then, the produced hydrocarbons
products meet market specifications [114].
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Figure 1. Flow diagram of the gas to liquid (GTL) process with main units and generated wastewater
streams [114].

Generally, most of the GTL water is produced from F–T reaction units, in addition to small
contribution from blowdown of cooling towers, boilers, hydrogen production unit, synthesis gas unit,
caustic and sulphuric storage units [15]. The F–T reaction unit produces considerable amount of water;
it is estimated that every ton of liquid fuel results in the production of 1.1–1.3 tons of produced GTL
water [28]. This can be represented by the following reaction:

(2n + 1) H2 + n CO→ CnH2n+2 + n H2O

3.2. The Nature of Gas to Liquid (GTL) Process Wastewater

Wastewater from typical GTL plant generally contains a high concentration of dissolved solids,
since the produced cooling water from the blowdown system contains inorganic salts. The total organic
compounds are generally measured collectively as COD; besides, GTL wastewater contains number of
inorganic compounds including metals, chloride, sulphate, acetate, bicarbonate and dissolved gases
such as H2S and CO2 [117]. The contaminants that are present in GTL wastewater vary according to
the GTL process unit. The F–T unit results in wastewater contaminated with inorganic compounds and
oxygenated hydrocarbons. However, cooling tower and blow down water has significant concentration
of dissolved solids, suspended solids and heavy metals. The steam generation unit generates water
with high concentration of dissolved solids and minerals. Additionally, wastewater with emulsified
oil and other hydrocarbons is often generated in the process area, equipment wash and maintenance
activities [118].

In particular, the characterization of F–T reaction wastewater depends on the reaction conditions,
such as type of catalytic metal, temperature and pressure. The composition of the typical F–T water are
presented in Table 6.
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Table 6. Composition of F–T reaction water from different F–T synthesis operating modes [118].

Component Cobalt Catalyst (LTFT) Iron Catalyst (LTFT) Iron Catalyst (HTFT)

Mass %

Water 98.89 95.7 94.22
Non-acidic oxygenated

hydrocarbons 1 3.57 4.47

Acidic oxygenated
hydrocarbons 0.09 0.71 1.4

Other hydrocarbons 0.02 0.02 0.02
Inorganic compounds <0.005 <0.005 <0.005

The produced water from F–T reaction process usually contains acidic contaminants and dissolved
hydrocarbons including acids, ketones, alcohol, aldehydes, acetates and other oxygenates that are
mainly light alcohols which represent the main source of COD [113]. F–T process water is highly
acidic with a pH of 3.0, and it characterized with its high COD content ranging from 29,000 to
31,000 mg/L. It also has high BOD content (9540.5–11,555.4 mg/L) and TOC concentration in the range
of 11,853.3–13,116.9 mg/L [16,17].

Figure 2 shows the main categories of COD sources with an approximate concentration of COD for
each group of hydrocarbons. Short chain alcohol SCA such as methanol, ethanol, propanol and butanol
form around 76% of the total COD content. However, long-chain alcohol LCA (hexanol, heptanol,
octanol, nananol and decanol) present only 8.2% of the total COD. The rest of COD content is divided
into 10.7% acids and 4.5% hydrocarbons.Water 2020, 12, x FOR PEER REVIEW 19 of 28 
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3.3. Methods for GTL Wastewater Treatment

Various technologies have been applied in the treatment of GTL produced water depending on
the characterization of the stream. These techniques such as membrane filtration, advanced oxidation
process, thermal evaporation and bioreactors vary in their removal efficiency of the toxic compounds
from GTL wastewater [119]. A typical GTL wastewater treatment plant consists of combination of two
or more treatment technologies; however due to the negligible amounts of sulfur and nitrogen in GTL
wastewater, that are highly distributed in other wastewater streams, GTL wastewater is mainly treated
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by the anaerobic biological digester. The conventional GTL wastewater treatment plant is composed
of coarse screening to remove large materials, followed by biological treatment process to remove
the soluble materials by adding coagulant. Then, a separation step using coagulation to collect the
produced waste in colloidal form. After coagulation, wastewater is treated by adding oxidizing and
disinfecting agents to reduce (BOD) level [15].

A case study was reported by Onwusogh [117], where catalytic wet air oxidation (cWAO) was
applied as a pretreatment stage in GTL from GTL plant located in Qatar. The unit was placed before
an activated sludge unit and used to study the removal of COD with special attention to the kinetic
hydrate inhibitors (KHI). CWAO was compared with holding tank as an applied pre-treatment step in
the GTL wastewater treatment. The study concluded that cWAO is a feasible and efficient technique to
break down KHI into small molecules and reduce the content of COD in the water effluent that will be
injected to the biological treatment stage.

Based on the characterization data of particularly F–T process water, light oxygenates such as
C1-C3 alcohols and carbonyl compounds that have boiling points lower than that of water are typically
removed using distillation or stripping columns and are valorized as feedstock using a saturator.
The residual product from such distillation wastewater which, still had great number of residual
alcohols and organic acids that resulted in high COD content (30 g COD/L) and low pH value (pH = 3.0),
are transferred to the biological treatment unit [95,106]. However, the use of traditional anaerobic
suspended sludge process could be a huge challenge even though the pH value is equal to 7.0.
Pon Saravanan and Van Vuuren [118] reported the treatment of GTL wastewater using three treatment
steps, consisting of chemical, biological and physical treatment technologies. The integrated three-step
GTL treatment plant, started with primary treatment to treat free oil and suspended hydrocarbons
using chemical treatment method, followed by biological treatment in the aeration tank to remove
carbonaceous and nitrogenous compounds and finally tertiary treatment method in which physical
treatment such as sand filtration is applied to remove suspended solids, oil and associated COD
and BOD.

3.4. Biological Treatment of GTL Wastewater

Most of the COD content in the integral GTL wastewater stream is due to alcohols, and this water
can be successfully treated biologically under anaerobic conditions. The combination of anaerobic and
aerobic processes can be suitable for the treatment as well. Beside the removal of organic pollutants
from GTL wastewater, the anaerobic process can also produce energy by achieving methane production
as byproduct, this make anaerobic biological treatment more preferable [120].

The biological treatment of GTL wastewater, specially F–T wastewater was subject to several
studies ranging from laboratory bench scale to pilot scale using synthetic and real wastewater, where the
biological treatment was investigated under anaerobic conditions [16]. Majone et al. [113] studied the
biodegradation of synthetic F–T wastewater with high COD content (around 28,000 mg/L) resulted from
long-chain alcohol using a continuous-flow packed-bed biofilm reactor in lab scale. They gradually
increase the content of COD in the tests in order to investigate the inhibitory effect of long-chain
alcohol concentration.

The organic load and long-chain alcohol concentration were gradually increased up to
20 g COD/L/d, and the reactor performance was monitored in terms of COD reduction, methane
production, and effluent concentration of major components. They concluded that 80% of COD was
reduced through H2 or acetate reactions. Moreover, the residual effluent COD from the anaerobic reactor
consisted of acetic and propionic acids that can be easily degraded under aerobic conditions [113].
It should be mentioned that the key factor of the successful F–T wastewater treatment is avoiding the
excessive accumulation of butyric acid and propionic acid that can be achieved by reducing Hydraulic
Retention Time (HRT) and lower pH value in system [121].

As mentioned in Section 3.2 most of the COD content results from short chain alcohol (SCA)
that can be anaerobically degraded and converted into methane (Figure 3). Based on the wastewater
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effluent composition, the conversion of alcohol is obtained through a set of reactions into methane
gas (reactions (1) to (5)). Methanol is directly converted into methane, and the hydrocarbons are not
degraded in the process. Other alcohols and VFAs longer than acetate are converted by H2− and
acetate-releasing oxidation reactions; the released acetate and H2 accounts for methane production [113].

CH3OH + 2H2O→ HCO3
− + H+ + 3H2 (1)

C2H5OH + H2O→ CH3COO− + H+ + 2H2 (2)

C3H7OH + H2O→ C2H5COO− + H+ + 2H2 (3)

C4H9OH + H2O→ C3H7COO− + H+ + 2H2 (4)

C5H11OH + H2O→ C4H9COO− + H+ + 2H2 (5)
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It should be mentioned here that anaerobic treatment of F–T wastewater showed high inhibition
effect to the microorganisms caused by the presence of long-chain alcohols (from 6 to 10 C atoms)
that represents around 7.6% of the total COD content. The inhibition effect of these alcohols can be
overcome through the adaptation of microorganism before the treatment process [113]. Additionally,
the use of anaerobic biological treatment must be enhanced by combining it with an aerobic process for
the treatment of high organic load rates.

Combination of the anaerobic biological treatment with the chemical techniques to overcome the
incomplete degradation problem for long chain alcohol in high organic load was introduced by other
researchers [15,16]. Bio-electrochemical systems (BES), that are based on the use of electrochemically
active bacteria as catalyst for oxidation and/or reduction reactions at the anode and/or the cathode,
has been applied in F–T wastewater treatment [16,111]. In addition to the improvement in the treatment
performance, an enhancement in biogas production was achieved by coupling anaerobic digester with
a BES [94,96]. Wang et al. [17] used Bio-electrochemical system (BES) parallel to the up-flow anaerobic
sludge blanket (UASB) to enhance the treatment of F–T wastewater treatment characterized with high
COD concentration (from 29,000–31,000 mg/L). The role of electric field in this system were to offer more
reductive microenvironment that maintain the pH range, and reduce the values of oxidation-reduction
potential (ORP). The applied treatment process was able to increase COD % reduction and methane
production from 72.1% and 1.77 L/L.d in the control group, to the values of 86.8% and 2.31 L/L.d,
in BES-UASB, respectively [17]. A micro-electrolysis cell (MEC) system was applied and engaged with
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up-flow anaerobic sludge blanket (UASB) system for F–T wastewater treatment at pilot scale level.
The wastewater treatment system consisted of a regulating tank for pH adjustment, an MEC system
and, finally, a UASB reactor. The application of this system resulted in reducing the pH influent to the
value of 4.99 at the final operation stage, in addition to the maximum COD reduction and methane
production of 93.5% and 2.01 m3/m3.d, respectively [122].

Furthermore, biological systems can be combined with chemical agents, such as Zero valent iron
(ZVI) that is generally utilized as a reductive agent for pollutants control. Recently, scrap Zero valent
iron ZVI was applied and combined with the biological systems for F–T wastewater treatment in order
to reduce the process cost and improve the anaerobic biological treatment [123]. SZVI was used in
up-flow anaerobic fixed bed (UAFB) reactor to study the F–T wastewater purification and compared
with controlled UAFB reactor. The role of SZVI was to buffer the acidity of the raw wastewater, and at
the same time introduce more reductive microenvironment for methanogens. The obtained results
indicated enhancement in the COD reduction and methanol production of 11.2% and 0.42 L/L.d,
respectively [123]. Although the use of ZVI in the anaerobic biological system could be suitable for
generating iron oxides (IO) and enhancing the removal efficiency, it may not be used for pilot scale
applications. Direct addition of ZVI shavings or powder may cause a rise in iron precipitation, hence,
it was suggested for use in plate electrodes [42].

4. Summary and Future Prospective

Several researchers have focused their efforts, in recent years, on the aerobic and anaerobic
biological treatment of industrial wastewater, in which several reactors were developed to reduce
the concentration of organic compounds to the acceptable limit. Most of the studies available in the
open literature concentrated on the reduction of, COD and TOC from industrial wastewater using
pure culture or mixed culture consisted of yeast, bacteria fungus and microalgae. Among them,
the removal of alcohol and VFA that are considered as major contaminants in GTL wastewater
are rarely studied under aerobic conditions; however, the removal of the alcohols and VFA is well
documented using several anaerobic reactors. Although advanced biological treatments, such as
cells immobilization and application of bio-nanotechnology for industrial wastewater treatment
have been thoroughly reviewed in the literature, the number of studies that have highlighted the
biological treatment of GTL wastewater, which is mainly generated from F–T process, are rather limited.
Anaerobic biological treatment showed good performance in the F–T wastewater treatment, but it still
suffers from some drawbacks, including the accumulation of butyric acid and propionic acid, as well as
the generation of considerable amounts of sludge. To overcome this drawback, it is often suggested to
optimize the anaerobic biological treatment process or to combine anaerobic biological treatment with
an aerobic treatment processor to modify the anaerobic reactor by adding a chemical treatment step.
This combination, however, may possess some disadvantages, such as high cost and long start up time.

Detailed knowledge on the development of biological treatment of GTL wastewater is still lacking
in the literature; thus, future research is recommended in this area in order to improve GTL wastewater
treatment process. Biological treatment of GTL wastewater, especially F–T process, using pure culture
or co-cultured system under aerobic conditions should be further investigated with more emphasize on
process cost and retention time reduction as well as complete degradation of the organic compounds
in the wastewater. The biological system must be improved by addressing biomass immobilization
in suitable carriers and introducing new nanoparticles that has low cost and more effective at the
same time. This may also improve the strength and durability of the process and makes the GTL
wastewater treatment applicable and scalable. Finally, reactor design and modeling of new reactors
with immobilized biomass must be re-examined, and considerable attention must be given to the
optimization of the biological treatment of GTL wastewater for a better removal efficiency of organic
pollutants at lower costs and more stable processes.
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Nomenclature

ABR Anaerobic Baffled Reactor
AFBR Anaerobic Fluidized Bed Reactor
AMBBR Anaerobic Moving Bed Biofilm Reactor
AMBBS Anaerobic Moving Bed Biofilm Reactors
AnMBR Anaerobic Membrane Bioreactor
ASBR Anaerobic Sequential Batch Reactor
BES Bio-Electrochemical System
BOD Biological Oxygen Demand
COD Chemical Oxygen Demand
cWAO Catalytic Wet Air Oxidation
DNP Di-Nitrophenol
DnBR Denitrification Baffled Reactor
FBB Fluidized Bed Bioreactor
FBR Fluidized Bed Bioreactor
FFR Fixed Film Reactor
F–T Fischer–Tropsch
GAC Granular Activated Sludge
GTL Gas-to-liquid
HCH Hydrocarbons
HRT Hydraulic Retention Time
IAFMBR Integrated Anaerobic Fluidized Bed Bioreactor
LCA Long Chain Alcohol
MASBR Modified Anaerobic Sequential Batch Reactor
MEC Micro-electrolysis Cell
MNPs Magnetic Nanoparticles
NAO Non-acid oxygenated
OC Organic Carbon
ORP Oxidation-reduction Potential
PBC Rotating Biological Contactor
RBR Packed Bed Reactor
PUF Polyurethane Foam
PVA Polyvinyl alcohol
SBBR Spouted Bed Bioreactor
SCA Short Chain Alcohol
SRB Sulpher Reducing Bacteria
TCE Trichloroethylene
TDS Total Dissolved Solids
TOC Total Organic Carbon
TPH Petroleum Hydrocarbon
TPR Tricking Packed-Bed Reactors
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TSS Total Suspended Solids
UASB Upflow Anaerobic Sludge Reactors
USR Up-flow Anaerobic Solid Reactor
VFA Volatile Fatty Acids
ZVI Zero Valent Iron
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