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Abstract
With recent surge of strict regulations to treat the produced water, many companies start preparing efficient treatment 
methods to create the end permeate that can be disposed. This produced water is produced in massive amount during 
the crude oil and gas production either onshore or offshore. Furthermore, this wastewater has distinctive characteristics as 
it has many different contaminants packed inside which are mostly due to variation of organic and inorganic compounds. 
However, this water with proper treatment can preserve microbes which are very prominent in it. The key is to maintain 
the feed for the microbes and remove unnecessary contaminants that hinder microbes activities which creates condu-
cive environment. Thus, the methods for this study was chosen to remove the dissolved oil droplets using coagulation/
flocculation, microfiltration membrane and forward osmosis. These methods will be able to remove grease and oil while 
maintaining the chemical oxygen demand and other organic compounds that act as the feed for the microbes that are 
already in the produced water. At the end of the experiment, the conductive environment for the microbes achieved. 
This enables the end permeate to be further treated with microbial fuel cell that not only treat the organic compounds 
in the water, it can also produce electricity that can be commercialized.
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1 Introduction

The definition of produced water is it is the trapped water 
that was found in underground formations that is brought 
to the surface along with the oil and gas [1]. The volume 
of this waste water amounts to around 70% of the total 
waste water produced during the oil production [2]. The 
properties of PW and characteristics can vary based on 
the field geographic location which the geographic forma-
tion the PW was in contact with for thousands of years. Its 
properties and volume can change throughout the life-
time of the reservoir. Furthermore, PW is filled up with 
many inorganic and organic compounds that can cause 
toxicity. The compounds can be from naturally occurring 
in PW and some may from related to chemicals that have 
been added for well control purposes such as Enhanced 

Oil Recovery (EOR) [1]. Due to increasing stringency of 
environmental regulations require extensive treatment, 
hence the treatment and disposal of such volumes costs 
the industry annually more than USD 40 billion (Fig. 1). 
The figure below shows the increasing trend of produced 
water as the years increases [3].

The produced water varies greatly with quality and 
quantity which might become useful or even salable com-
modity. In the beginning it is considered as the waste but 
now with current technology, it can be a potential profit 
generator [4]. The generated wastewater needs to be 
treated and or regenerated in the most economical and 
environmental ways to save both energy and environment 
[5]. The treatment for these waters ranges from removal of 
larger oil molecules to completely treating it to be clean 
disposable water.
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However, recent papers and reports, with many physical 
and chemical separation processes such as coagulation, 
acidification and membranes processes had been per-
formed, these processes alone did not provide the petro-
leum waste discharge standards [2]. The proper method 
that gives best permeate requires a series of pre-, and 
post-treatment operations to remove various contami-
nants [6]. Pre-treatment involves separation techniques 
such as removal of oil, grease, suspended solids, microfil-
tration, ultrafiltration, forward osmosis etc. The post-treat-
ment focuses on removal of organic compounds such as 
electroflocculation, adsorption, bioreactors and microbial 
fuel cell [6].

By combining a separation method and an organic 
compound degradation method this project aims to pro-
duce a conducive environment for the bacteria that are 
already in the produced water to undergo biodegrada-
tion for fuel cell in post-treatment by pre-treating the pro-
duced water. The pre-treatment that was selected for this 
project is by using the coagulation/flocculation treatment 
method, microfiltration membrane and forward osmosis 
method to produce an optimal environment for the bac-
teria to undergo biodegradation.

Coagulation and flocculation process takes place 
when the dispersed fine oil particles being converted 
into large agglomerated flocks. This method is often 
used for the primary purification process due to its ability 
of having high efficiency of grease and oil removal, cost 
effective ease of operation and uses almost no exter-
nal energy input to conduct the treatment than other 
treatment method [7]. Based on previous researches, 
the efficiency of removal was more than 90% of grease 
and oil for samples using alum at pH  6–7 at 1 g/L. If 

pH 5 was chosen, the concentration of coagulant had 
to be increased to 2 g/L to get the same result. Similar 
results were also obtained with grease and oil removal 
efficiency of 90% [8].

The pre-treatment of PW using microfiltration (MF) con-
sidered as removal of macro constituents. In one of the 
reports that discusses the combination of different mem-
brane filtration for PW treatment proved microfiltration as 
a good pre-treatment method. The COD removal efficiency 
that can be achieved by this method was found about 
92% [9]. For the oil removal, the finding [6] reported that 
0.2 μm MF membrane alone able to reduce the oil con-
tent as much as 93%. While this in full agreement by the 
report from [10], the same report also suggest using MF 
membrane after removing the bulk of the oil components. 
The main reasoning behind this is due to the membrane 
fouling as the MF can only handle oil droplets from 0.1 to 
10 μm. However, it can also remove dispersed oil down 
to the size of 100 nm which is very efficient in removal of 
dissolved oil [10].

Forward osmosis is a membrane technology similar to 
the microfiltration. The FO has permeate side that con-
tains very high osmotic solution that act as draw solution 
and due to osmotic pressure difference between feed 
and draw solution the separation occurs spontaneously. 
Previous study shows that the FO could give permeate to 
almost complete rejection of oil and NaCl [11]. While this 
seems very good environment for the microbes for opti-
mum biodegradation, the availability of the microbes itself 
after the treatment in the PW is questionable. This investi-
gation will be conducted in this experiment to determine 
whether the current can be produced using MFC when 
using this type of treatment.

Fig. 1  Global onshore and 
offshore water production [3]
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According to Produced Water Society, produced water 
salinity can range from 100 to 400,000 mg−1. In 1999, it 
was estimated, the total volume of produced water being 
produced amounted to be more than 210 million bpd 
approximately 3 times the world oil production [12]. The 
soluble compounds found in this water mostly consists of 
phenolics and other oxygenated aromatics and aromatic 
hydrocarbons. It also contains other traces of metals and 
 H2S. Combined all of these, produced water can be a sig-
nificant potential source of toxic aromatic contaminated 
hypersaline [12]. Thus, the treatment of produced water is 
very essential to safely remove the contaminants before 
disposing it properly.

With current technologies, produced water can be 
treated by various methods either by physical, chemical 
or biological method. Numerous studies conducted that 
identify, verify, and compile existing and newly devel-
oped techniques demonstrate the economical benefits 
of produced water treatment [4]. One of the methods 
that received exceeded attention recently is the biologi-
cal treatment. However, biological treatment such as acti-
vated sludge system does not function at hypersaline 
environment [12].

Recent studies more focused on isolating the bacteria 
from different environments to be introduced into the 
produced water [13]. This creates an unfavorable environ-
ment for the bacteria. Furthermore, the hypersaline envi-
ronment requires the bacteria such as the pseudomonas 
sp. to be isolated from hypersaline environment [14]. 
Although this bacterium holds tremendous ability to 
degrade organic matter such as aromatics and COD, they 
can be harder to obtain and maintained.

The objectives of this study are to treat produced water 
by removing large oil particles and inorganic matter using 
coagulation/flocculation; to produce a conducive envi-
ronment for the microbes to undergo biodegradation 
by removing dissolved oil droplets using microfiltration 
membrane and forward osmosis method and to study the 
parameters such as COD, pH, grease and oil and the cur-
rent produced from the treatment sample using microbial 
fuel cell.

2  Materials and methods

2.1  Materials

• 1 mol  H2SO4 acid was used for acidification.
• 1 g/L aluminum sulphate for coagulation/flocculation.
• 2 mol NaOH was used to adjust pH to 7.
• 47 mm Whatman 0.45 μm cellulose membrane was 

used for microfiltration.

• CTA FO sized 80 mm long, 60 mm wide and 2 mm thick 
membrane was used for FO treatment.

• 0.25% sodium hypochlorite solution (NaOCl) was used 
to clean the membrane prior to each testing.

2.2  Apparatus and procedure

2.2.1  Cogulation/flocculation procedure

First step for the experiment, initial COD, grease and oil 
and pH was measured. Then,  H2SO4 was used for acidifica-
tion of 1 L of produced water until pH 3. The experiment 
was to be conducted using Phipps and Bird standard Jar 
test unit for three samples. The samples were allowed to 
stir at 30 rpm for 20 min [8] followed by retention period 
of three days.

Then, the treated effluent was to be introduced with 
coagulant (alum). The experiment was further conducted 
using the Phipps and birds standard jar test unit. The sam-
ples used were coagulated under conditions of rapid and 
slow stirring at 100 rpm for 2 min and 30 rpm for 20 min 
[8]. The final COD, grease and oil and pH was measured for 
all three samples and averaged (Fig. 2).

2.2.2  Microfiltration membrane procedure

The produced water was conditioned initially at constant 
temperature of 25 ± 1 °C and 1 L was pumped at 20 bar 
pressure to the 0.45 μm cellulose microfiltration mem-
brane unit. The surface area of the membrane used is 
4.91 cm2. Filtration was initiated, and pH, grease and oil 
and COD were measured in raw and treated water [9]. This 
was repeated for three similar cellulose membranes and 
the results were averaged. The pre-treated water are then 
supplied to the microbial fuel cell to check for the result-
ing electricity produced and the amount of COD reduced 
(Fig. 3).

2.2.3  Forward osmosis procedure

The flat-sheet CTA FO membrane from HTI was installed 
on the test cells. The FO membrane system is operated in 

Fig. 2  Phipps and bird standard jar test unit
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FO mode where the active layer is facing the feed chan-
nel and the pressure is maintained at atmospheric pres-
sure (14.7 psia). The size of FO membrane is 80 mm long, 
60 mm wide and 2 mm thick.

The draw and feed solutions flowed co-currently at 
flow rates of 500 ml/min in each channel on both sides 
of the membrane, using peristaltic pumps and flow-
meters. After filtration, properties of the feed and draw 
solutions were measured. A new FO membrane coupon 
was used for each produced water solution. The system 
was cleaned thoroughly using 0.25% sodium hypochlo-
rite solution (NaOCl) for 30 min, followed by de-ionized 
water for 1 h prior to each experiment. The experiment 
was repeated three times and values were averaged. The 
setup was done as per Fig. 4 below.

2.2.4  Analysis of fourier‑transform infrared spectrocopy 
(FTIR)

The used microfiltration and FO membranes were then 
tested using FTIR from wavelengths of 500–4000 cm−1 
for the presence of biofouling and filtration residue 
identification.

3  Results and discussion

3.1  Results obtained

After all the pre-treatment done, the main parameters 
such as pH value, grease and oil and COD has been meas-
ured for each filtration method. The Table 1 below shows 
values for parameters mentioned above. 

The efficiency of removal was calculated using the 
below equation:

Using the equation above, the efficiency of each filtra-
tion method is tabulated in Table 2.

3.2  COD removal efficiency

For the coagulation/flocculation, the COD removal effi-
ciency is much smaller than the microfiltration method 
which is only 6.4% compared to 35.1% from the latter 
method. The main reason behind this is microfiltration 
allows for anything bigger than its pore size (0.45 μm) to 
be filtered out from the PW. Despite being more efficient 
than coagulation/flocculation method, the filtration 

Removal efficiency (%) =
Pure PW value − After pretreatment value

Pure PW value
× 100%

Fig. 3  0.45 μm cellulose micro-
filtration membrane

Fig. 4  FO membrane setup

Table 1  Results for various 
treatment method

Parameters Pure PW Coagulation/floc-
culation

Micro-filtration Forward osmosis

COD (ppm) 5629 5267 3651 650.67
pH 2.35 7.1 2.35 7.64
Grease and oil (ppm) 6.6 3.75 3.25 0.63

Table 2  Efficiency for each filtration method

Parameters Coagulation/
flocculation

Micro-filtration Forward 
osmosis

COD (%) 6.4 35.1 88.4
Grease and oil (%) 43.2 50.8 90.4
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had caused the membrane to foul and needed a sec-
ond replacement to continue running the experiment. 
On the other hand, as the main intention of this experi-
ment, the COD should be retained high as the feed for 
the microbes. The FO membrane gives to almost 88% 
COD removal efficiency which is the highest among the 
treatment methods. However, the treatment took the 
longest time up until 4–5 days just to run 80 ml of sam-
ple despite being much less prone to membrane fouling 
than the microfiltration membrane.

3.3  Grease and oil removal efficiency

Analyzing the result for grease and oil, the similar trend 
can be seen for the microfiltration method which yields 
50.8% efficiency of removal with a margin of 7.6% differ-
ence from the coagulation/flocculation method. However, 
the membrane fouling again plays an important role as the 
filtration happens much slower as the pores of the mem-
brane gets blocked by the grease and oil which prevents 
from filtrate to flow easily. The effect of membrane fouling 
can be seen from the figure below. On the other hand, FO 
membrane removed highest grease and oil up to 90.4% 
of removal efficiency. Despite being less prone to mem-
brane fouling than microfiltration membrane, the total 

time taken to complete the treatment was significantly 
longer (Figs. 5, 6).

3.4  FTIR test

FTIR gives plot of transmittance percentage against 
wave number which was used for analysis and interpre-
tation. The aim of FTIR for this study was to investigate 
the biofouling effect of the treatment membranes used 
which were cellulose microfiltration membrane and FO 
membrane and the consequence of possible microbes fil-
tered out on current generation at MFC. From the plot at 
around 1705–1725 cm−1 C=O stretching can be found that 
attributes the nitrocellulose property of the membrane. 
The properties are: (1) there is hydrophobic interaction 
between the carbon containing nitrocellulose and hydro-
phobic part of biomolecule and/or (2) the existence of an 
electrostatic interaction between the dipoles of nitrocel-
lulose nitrate groups and the dipoles of the biomolecules. 
This gives the ability of the membrane to reject organic 
compounds that can be found in the produced water [15, 
16].

Further evidence can be found at peak around 
2900 cm−1 which indicates the existence of C-H stretch-
ing from alkane functional group. Note that the peak pre-
sent on plot (b) is absent in plot (a). This peak represents 
the presence of C–H stretching of alkane functional group 
which are prominent in produced water mainly occur after 
biodegradation of microbes took place. The presence of 

Fig. 5  a Microfiltration membrane grease and oil accumulation b 
flocculated grease and oil for coagulation/flocculation treatment

Fig. 6  FTIR for microfiltration 
before (a) and after water treat-
ment (b)

Table 3  IR absorption table

Absorption Functional group Compound class

3000–2840 C–H stretching Alkane
1725–1705 C=O stretching Aliphatic ketone



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:510 | https://doi.org/10.1007/s42452-019-0523-3

this functional group indicates the fouling that took place 
on the membrane (Table 3; Fig. 7).

From the plot above several untreated FO membrane 
peaks disappeared or weakened when biofouling took 
place on the membrane during treatment. This is evident 
in the peaks of around 2900 cm−1 represented aliphatic 
methylene group found in fats or lipids and around 
1600 cm−1 indicating amide I. Amide I corresponds to the 
peptidoglycans found in bacterial cell walls [16]. From 
this, it can be concluded that bacteria had been filtered 
out together with dissolved oil due to biofouling dur-
ing the treatment of the produced water. This can result 
in lesser current density generation during the MFC 
treatment.

3.5  pH value

The pH value for the pure PW and microfiltration method is 
2.35. Microfiltration method did not decrease the pH value 
due to the membrane only act as to remove the physical 
pollutants of the PW and do not alter the chemical prop-
erties of the water. The acidic property of the PW influ-
ences the biodegradation activity which will be discussed 
later. However, coagulation/flocculation method yielded 

pH value of 7.1 which is in the range of neutral value. The 
main reason is the treatment involves the adding sodium 
hydroxide to increase the pH to continue using the alum 
as the coagulant for maximum efficiency of removal.

3.6  Microbial fuel cell (MFC) results of filtration 
sample

After all the filtrations was done, the resulting pre-treated 
waters were tested using the MFC to investigate the 
amount of current produced due to biodegradation of the 
microbes using the organic matter found in the water and 
result is shown in Table 4.

The above result shows that coagulation/flocculation 
treated PW has more impact on the microbial fuel cell 
than microfiltration. The efficiency of COD removal for 
coagulation/flocculation treated sample is almost dou-
ble the microfiltration one. This is because the amount 
of COD retained after treatment is used by the microbes 
to generate current. Thus, more COD is used by the 
microbes to generate more current. However, the FO 
membrane treated water yielded the smallest current 
density mainly due to absence of microbes to undergo 
biodegradation.

Fig. 7  FTIR of FO membrane 
before (a) and after water treat-
ment (b)

Table 4  MFC result Filtration sample Actual pre-treated 
COD (ppm)

After MFC COD 
(ppm)

Removal effi-
ciency (%)

Current 
density 
(mA/m2)

Coagulation/flocculation 5267 2822 46.42 1.99
Micro-filtration 3651 2800 23.31 0.32
Forward osmosis 650.67 639 1.69 0
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4  Conclusion

1. The outcome of this study validates pre-treated PW 
should have neutral pH value and very low amount of 
grease and oil which creates a conducive environment 
for the microbes.

2. The permeate that was passed to the microbial fuel cell 
to generate current for coagulation/flocculation sam-
ple has double the COD removal efficiency and much 
higher current density than the microfiltration and FO 
sample. This concludes that although coagulation/
flocculation treatment yields lesser efficiency of COD 
removal and grease and oil, the result for coagulation/
flocculation sample for microbial fuel cell proven supe-
rior than the microfiltration and FO sample.

3. From this study, it can be concluded that, the best 
treatment method to create conducive environment 
for the microbes to undergo the most productive bio-
degradation is coagulation/flocculation method.

4. This is because this treatment method was able to 
produce an environment which has neutral pH, low 
amount of grease and oil and high COD compared to 
other treatment methods.

5. The FTIR proved both membranes able to filter dis-
solved oil and microbes. Reduction of microbes caused 
the lesser biodegradation took place and resulted in 
lesser current density production at MFC.

6. The recommendations mainly come with the availabil-
ity of testing using dissolved air flotation. This method 
is very practical and efficient on removing large oil 
droplets and serves as the pre-treatment before intro-
ducing the filtrate to a finer filtration method such as 
the microfiltration method.

7. Another method that is more conventional is to use 
the water collected from the gravity-separation sepa-
rator from the production facility. The water collected 
here is much easier to treat as the crude oil is sepa-
rated into three phases: oil, water and gas.

8. The MFC used can be improved by modifying to better 
electrode material properties for better current read-
ing [17].

9. It also recommended the experiment conducted using 
the actual produced water obtained directly from the 
offshore without gravity separation via separator to 
get the best representative result. This is also impor-
tant for the COD content as higher amount of its con-
tent will give better result for the microbial fuel cell.
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