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ABSTRACT 

Produced water is defined as the water trapped in 
underground hydrocarbon bearing formations. Large 
quantities of this water is carried to the surface along 
with the oil and gas extraction operations, making it 
the largest byproduct associated with that industry. 
Kinetic Hydrate Inhibitors (KHIs) are frequently 
injected during oil and gas extraction to prevent the 
agglomeration of hydrates, eventually considerable 
portion of the KHIs find its way to the produced 
water. The reclamation of produced water is 
considered as one of the most useful solutions that 
shall aid in resolving both environmental and water 
shortage problems, therefore, the removal of these 
KHIs is necessary if the produced water is to be 
reclaimed. In this paper, the ability and efficiency to 
remove KHI from synthesized produced water using 
the Vibratory Shear Enhanced Process (VSEP) 
system utilizing Sulfonated Sulfone membrane and 
the Ultraviolet TiO2 photocatalysis system (UV/TiO2) 
were experimentally investigated and compared, 
utilizing UV/Vis spectrometer and Scanning Electron 
Microscopy (SEM) analysis tools. The work revealed 
that though the VSEP system was able to remove 
KHI completely even at high concentrations, the 
Sulfonated Sulfone membrane was sensitive to 
some hydrocarbons, especially phenol, which 
caused an irreversible damage to the membrane. 
Alternatively, phenol was partially removed (up to 
92%) using the UV/TiO2 system, however, KHI was 
not satisfactory separated, especially at moderate to 
high concentrations, due to the associated foam 
formation. 

Keywords: Produced water, Kinetic Hydrate Inhibitor 
(KHI), Phenol, Vibratory Shear Enhanced Processes 
(VSEP), Titanium Dioxide Composites (TiO2), Ultra 
Violet (UV), Photocatalysis. 

INTRODUCTION 
One of the inevitable environmental problems 
associated with the oil and gas extraction process is 
the production of produced water. Produced water is 
trapped in underground hydrocarbon bearings and 
carried to the surface along with the extracted oil 
and/or natural gas. Produced water is considered as 
the biggest waste effluent resulting from the oil and 
gas production, where three barrels of water are 
produced for every one barrel of oil extracted(Kemp 

2014). With increasing industrial impact on the 
environment and the emerging of new more strict 
environmental regulations, the oil and gas industry 
can no longer sustain itself without realistic 
development in the field of produced water treatment. 
The views on produced water has changed in 
industry, where in recent years it is thought to be as a 
solution to water shortage problems instead of being 
simply a waste stream. Before produced water can be 
beneficially used, it needs to be treated in order to 
remove toxic and hazardous chemicals and bring its 
chemical content to acceptable and regulated levels. 
Produced water mainly consist of water, salts, organic 
hydrocarbons, inorganics, heavy metals, bacteria and 
living organisms, as well as, oil field chemicals and 
additives, which include emulsion breakers, 
coagulants, corrosion inhibitors, scale inhibitors and 
hydrates inhibitors. This project focused on the 
removal of the last mentioned contaminant (i.e. kinetic 
hydrates inhibitors KHI) from synthesized produced 
water. 
To understand why KHIs are injected in oil and gas 
streams, one must understand hydrates and the 
available methods for their prevention. Hydrates 
areorganic and inorganic compoundscombined into 
crystalline solids that looks like ice. They are formed 
by hydrogen bonds of water molecules at low 
temperatures and high pressures conditions. The 
guest molecules are normally gases such as 
methane, ethane, propane, CO2, N2 or H2S and the 
host molecule is water.Therefore, three main 
conditions are required to form hydrates; these are 1) 
the presence of free water, 2) the presence of gas 
molecules, 3) hydrate forming pressure and 
temperature. Serious problems in the oil and gas 
industry arose due to hydrate formation. Hydrates 
have a strong ability to agglomerate tighter in pipe 
walls and as a result plug these pipelines. The 
damages caused by hydrate formation can range from 
reduction in flow rate or complete loss of production to 
severe valves and instrumentation damages (Supinda 
2010),(2013).Hence, it is necessary to prevent the 
formation of hydrates. Several techniques can be 
used to do so, such as controlling the operating 
temperature and pressure, dehydrating the gas to 
eliminate free water and addition of chemicals or 
inhibitors that shifts the hydrate equilibrium conditions. 
The preferred method would depend on several 
operational circumstances such as temperature, 



2 

 

 

The Eighth Jordan International Chemical Engineering Conference (JIChEC 2017) 

November 7-9, 2017 

pressure, flow phase and the presence of water. 
Hydrates inhibitors are divided into two main types 1) 
thermodynamic inhibitors and 2) kinetic inhibitors. 
Thermodynamic inhibitors restrainthe hydrate 
formation point. However, they are usually required 
in large concentrations and quantities, which 
ultimately would cause supply, storage and injection 
constraints, as well as, capital and operational costs 
increase. Therefore, kinetic inhibitors are the more 
favorable method for hydrate inhibition since they are 
required at less concentration and quantities, and 
hence are more cost effective. These inhibitors 
works by slowing down the kinetics of the nucleation 
and stopping hydrates agglomeration. 
As a result of injecting KHI in the oil and gas 
streams, a considerable portion of them reach the 
produced water. Thus, the removal of these 
inhibitors is necessary if the produced water is to be 
reclaimed, injected or disposed safely. The ability to 
treat produced water and remove those KHIs 
depends on the treatment or separation techniques 
and their ability to realize the required separation 
levels with minimum cost.Different treatments 
methods were suggested in literature, such as 
chemical, biological and physical. The selection of 
the appropriate treatment method depends on 
different factors such as cost, space, safety and 
compatibility. In this work we investigated two 
treatment techniques: physical, represented by the 
VSEP system and chemical, represented by the 
UV/TiO2Photocatalysis system. 

VIBRATORY SHEAR ENHANCED PROCESSES 
(VSEP) 
The first treatment method used in this project was 
physical separation using nano-filtration membrane 
in a VSEP system. Membrane process are usually 
classified according to the driving force, membrane 
type and configuration, and removal capabilities and 
mechanisms.Micro Filtration (MF) and Ultra Filtration 
(UF) separate substances from feed through a 
sieving action. Separation depends on membrane 
pore size and interaction with previously rejected 
material on the membrane surface. Nano Filtration 
(NF) and Reverse Osmosis (RO) separate solutes by 
diffusion through a thin, dense, permselective (or 
semipermeable) membrane barrier layer, as well as 
by sieving action. The Nano-filtration (NF) 
membranes areconsidereda new class of 
membranes(Bowen and Mohammad 1998). The 
separation process is a diffusion process where 
there is pressure differentials, in Nano-filtration the 
pressure differentials are less than those for reverse 
osmosis, but higher than those for ultrafiltration. The 
limitations in a Nano-filtration process is more 
concerned with the dimensions and molecular weight 
of the ions it rejects. Nano-membranesblocks 
divalent large ions such as bicarbonate, calcium and 
magnesium, while permitting monovalent smaller 

ions such as chloride, sodium and potassium to pass 
through. Therefore, Nano-filtrationcan be utilized at 
pressures lower than those applied for reverse 
osmosis, and at same time generates less waste, 
hence it was selected for this study. 
Conventional membranesystems uses a method 
called cross-flow that depends on high velocity flow 
across the surface of the membrane in order to 
minimize the boundary layer buildup (Fig. 1).On the 
other hand, the VSEP system employs torsional 
vibration at a rate of 50 Hz at the membrane surface 
generating intense shear waves. Therefore, solids are 
held in suspension hovering in a parallel layer over 
the membranes where they can be washed away by 
tangential crossflow, resulting in a reduction of crystal 
formation and fouling, as well as, reduced available 
surface energy for nucleation. This in turn accounts 
for the enhanced performance of the VSEP 
membranes and the higher throughput rates 
compared to conventional spiral crossflow 
membranes (2006)(2006).Fig. 1 and Fig. 2 clarifies 
the difference between the conventional membrane 
separation systems and the VSEP system. 

 
Fig. 1. Conventional membrane flow (2006). 

 

 
Fig. 2. VSEP membrane flow (2006). 

Ultra Violet Titanium Dioxide (UV/TiO2) 
Photocatalysis 
The second treatment method used in this project was 
chemical photocatalysis technique using UV/TiO2 
system.Photocatalysis is thought to be a promising 
technique that can be used for produced water 
treatment. The oxidation process degrade a various 
range of recalcitrant compounds to form carbon 
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dioxide and water (Kurniawan, Waihung et al. 2010). 
In order to enhance the separation efficiency, 
titanium dioxide was applied on coconut shell 
charcoal (TCSC). Titanium dioxide has been 
selected due to its high photocatalytic activity with 
UV light and hence it is capable to breakdown 
molecules and convert them into harmless 
compounds (Kurniawan, Waihung et al. 2010), 
(Supinda 2010). The electronic structure of TiO2 has 
two separate bands, an empty conduction band and 
an electrically filled valence band. TiO2 absorbs any 
photon of energy exceeding or equal to its band gap. 
After that, an electron travelsfrom the valence band 
to the conductionband generating an oxidizing hole 
in the valence band while reducing an electron in the 
conduction band. Due to the highly charged holes 
and electron, mineralization for the contaminants 
takes place. 
The electrons in the conductance band react with 
oxygen to generate superoxide and the electron/hole 
pair allow for the formation of hydrogen peroxide as 
a result of the reduction of the adsorbed oxygen 
(McCullagh, Skillen et al. 2011). The equations in 
Table 1 shows the mechanism of the photo 
excitation of the titanium dioxide and the redox 
reactions. Furthermore, coconut shell was selected 
since it is easily available from coconut industries in 
a by-product form and using it is considered as a 
form of recycling. Therefore, by using CSC the cost 
of waste disposal is reduced and an alternative 
relatively low cost adsorbent instead of petroleum-
based activated carbon is made available 
(Kurniawan, Waihung et al. 2010).Fig. 3 shows the 
mechanism of the TiO2 photocatalysis process. 

 
Fig.3. Mechanism of photo-excitation of TiO2 composite 

(TCSC). 

 
Table 1. List of reactions of TiO2 photo-excitation(McCullagh, 

Skillen et al. 2011). 

Reaction Description 

                   
       

   
Excitation 

step 

   
            

              

Hydroxyl 
radicals 

formation 

                    

                   

Oxidation 
step 

       
            

 
 

Radicals 
formation 

  
         

Radicals 
formation 

                 
Peroxide 
formation 

          
          

Reduction 
step 

 

 

EXPERIMENTAL METHOD AND SET-UP 
This section clarifies the materials, equipment and 
method used for preparation, treatment and analysis 
of synthesized contaminated produced water. 
Ideally, produced water samples would be obtained 
from the industrial facilities. However, it was decided 
to synthesize produced water in a laboratory 
environment due to restriction related to 
confidentiality, safety, transportation and storage, as 
well as, the presence of unknown contaminants in 
produced water that are difficult to identify and 
analyze.Synthesizing the produced water in the lab 
would allow for: 1) A well-defined constant water 
content, 2) Possibility to control the concentration of 
targeted compounds, 3) Proper management of the 
analytical techniques required to carry out the 
analysis, 4) Resolving issues of storage and safety 
related to the hazardous industrial produced water. 
The first step in this study was to prepare the 
synthesized water solution. Firstly, synthesized 
produced water solution (brine) was prepared with 
typical concentrationas shown in Table 2 (Arthur, 
Langhus et al. 2005). Secondly, since organic 
compounds are mostly considered as the most 
challengingconstituent to handle in the produced 
water treatment and since that the most commonly 
present organics in produced water are aromatic in 
nature (e.g., benzene, styrene, naphthalene, and 
phenol), organic phenol was added to the synthesized 
brine solution. Phenol is readily available and can 
easily be traced, it is also regarded as a priority 
contaminant by the U.S. Environmental Protection 
Agency (EPA), Health Protection Agency (UK) and 
World Health Organization and it has high level of 
toxicity and carries significant harmful effects on 
humans’ health (Elkhatat 2011),(Kurniawan, Waihung 
et al. 2010).Different phenol concentrations were 
added to the prepared brine (200, 400, 600, 800 and 
1000 mg/L). Thirdly, in order to prepare synthesized 
water with KHI, an industrial partner has supplied the 
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research team with the kinetic hydrate inhibitors; 
however, the supplier company did not disclose the 
inhibitor chemical formula.Three different KHI 
solutions were prepared at 100 mg/L, 300 mg/L and 
500 mg/L concentration. Later the same solution was 
prepared but KHI and phenol were added separately 
to investigate the effect of each contaminant.The 
synthesized produced water solutions were prepared 
in 5 liters propylene containers and stirred for 24 
hours at 2400 rpm to ensure homogenization of the 
phases. 
 
Table 2.Synthetic produced water constitution mg/ L (ppm). 

Reagent Concentration (ppm) 

NaCl 22,000 
CaCl2.2H2O 1700 

KCl 2000 
MgCl2.6H2O 7600 
MgSO4.7H2O 500 

NH4Cl 380 
NaHCO3 800 
KH2PO4 44 

 
The second step was to treat the prepared solutions 
using the VSEP system and the UV/TiO2 
Photocatalysis system. 
The VSEP LP 5.0 system used in this study 
consisted of three main elements: feed pump 
(HYDRA-CELL (M3/D10) LSGSHEM8) and motor 
(BALDOR M3615T 266784Y696H1), drive motor 
system (BALDOR VM3555) and the filter pack 
(sulfonated sulfone membrane with the 
characteristics shown in Table 4), in addition to the 
frame, storage tank, connecting piping and control 
system (Allen Bradley 3ph Contactor 100-
C23*10/100F/193ED1DB and Allen Bradley Power 
Flex 40).A pressure gauge (WIKA 233.54) is 
attached to the feed pump in order to control the 
operation pressure. This pressure depends on the 
filter type, specification, and operation conditions. 
Fig. 4 shows the VSEP system and Table 3identifies 
its elements. 

 
Fig. 4. VSEP LP 5.0 system. 

 
Table 3. Elements of the VSEP LP 5.0 system. 

Number Description 

1 Feed 
2 Permeate 
3 Concentrate 
4 Filter pack 
5 Drive system (motor) 
6 Feed pump 
7 Pressure gauge 
8 Feed tank 
9 Electrical enclosure 
10 Control system 
11 Frame 

 
 
 

Table 4. Sulfonated sulfone membrane specification. 

Membrane Model NTR-7450 
Type Nano-filtration 
pH tolerance 1-12 
Temperature tolerance 90 °C 
Pressure tolerance 2.45 – 3.45 MPa 

 
Before installing the membrane in the VSEP filter 
pack, the device was cleaned. The cleaning process 
was done by running the device using distilled water. 
The cleaning process was done without running the 
drive system motor (vibrator) because there was no 
membrane installed yet. After the cleaning process, 
the sulfonated sulfone membrane was installed.The 
membrane installation process began by opening the 
filter pack then drying it. Afterwards the membrane 
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(shiny side down) was placed on the lower clamshell, 
then a drain cloth (Tricot) was placed on the 
membrane and a support screen was placed on the 
drain cloth later. Finally, the filter pack was tightly 
sealed and closed. The membrane installation 
process is illustrated in Fig. 5. 

 
Fig. 5. Membrane installation process. 

 
When it comes to VSEP operation there are two 
major independent parameters: shear and pressure. 
Shear is created by vibrating the filter pack. The 
amount of shear is controlled by adjusting the 
amplitude of vibration. On the other hand, pressure 
is created by the feed pump, and it is controlled 
through the use of valves and a flowmeter. Although 
shear and pressure are independently adjustable 
parameters they must exist together for VSEP to 
function.The startup procedure for the VSEP begins 
by filling the feed tank with 40 liters of the prepared 
synthesized produced water solution to satisfy the 
feed pump head. Then, the valve upstream of the 
feed pump was opened. After that, the feed pump 
was switched on at a pressure of 0.2 MPa just to 
hold the membrane. Next, the drive system motor 
was operated at a frequency of 25 Hz just enough to 
prevent coke layout. Finally, the pump pressure was 
increased to the desired operating point of 2.45 MPa 
and the drive motor frequency was increased to 50.6 
Hz. 
Using the VSEP system two main solutions were 
tested and treated. The first solution contained 
synthesized produced water (brine) with phenol and 
KHI. The initial phenol concentration used was 100 
mg/L. However, no other concentrations were 
treated since phenol caused an irreversible damage 
to the membrane, and this shall be discussed further 
in the Results and Discussion section. Due to that 
damage, the second treated solution contained brine 
and KHI only. Three different initial concentrations of 
KHI (100, 300, 500 ppm) were used.As mentioned 
before, phenol containing solution damaged the 
membrane; as a result the membrane had to be 
changed before treating the second solution. In 
addition, The VSEP system was cleaned as 
described earlier before each concentration 
change.A sample of the untreated solution was 
collected before running the system in order to 

compare it with the results of the treated solutions at 
different time intervals.The second and the third 
samples of the filtrate were taken after 15 min, 30 min 
respectively. The other five samples of the filtrate 
were taken with time interval of 30 min.  
The other system used in this study was the UV/TiO2 
Photocatalysis. The custom-made continuous flow 
UV/TiO2 system consisted of a feed storage tank, feed 
pump, two stainless steel baskets containing the 
TCSC, UV-light, air diffusers and associated tubing 
and connections. The UV/TiO2 system described is 
illustrated in Fig. 6 and 7, and the elements are 
explained in Table 5. 

 
Fig. 6. UV/TiO2 continuous flow photocatalysis system. 

 

 
Fig. 7. UV/TiO2 continuous flow photocatalysis system, process 

flow diagram. 

 
 
 
 
 
 
Table 5. Elements of the UV/TiO2 photocatalysis system. 

Number Description 

1 Feed 
2 Treated water 
3 Sample point 
4 Storage tank drain 
5 Storage tank 
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6 Feed pump 
7 Air diffusers 
8 UV-light 
9 TSCS stainless steel baskets 

 
The treatment using the UV/TiO2 system began by 
inserting 75 grams of the spherical TiO2 composites 
(AMPL) in each stainless steel basket (300 gram 
total) to avoid their spreading and hence disturbing 
the pump and flow in the pipes(Khraisheh, Kim et al. 
2013). Next, the UV light was inserted and the 
equipment was flushed with tap water for 15 minutes 
and distilled water for another 15 minutes. The water 
tank was then insulated with aluminum foil to 
minimize UV light escaping from the system and to 
maximize the efficiency of the phot-degradation 
process. Afterwards, the synthesized produced water 
solutions were added to the system’s storage 
tank.The UV-light, the pump and the air diffusers 
were then energized. The pump delivers synthesized 
water to the insulated photocatalytic reactor. 
TiO2absorb the UV light in the system, thus 
activating the electrons in its surface and causing 
them to escape leaving a positive charge on the 
TCSC surface and as a result,   

  and OH radicals 
are formed contributing to the decomposition of 
pollutants. Air diffusers provide and distribute the 
oxygen necessary for the reactions. The trials were 
carried at constant temperature at specific time 
intervals. Water samples were collected every 15 
minutes for the first hour and then every 30 minutes 
in order to study the behavior of the system and the 
treatment system behavior with time. After each 
experiment, the TCSC were collected and replaced 
with fresh TCSC and the flushing step was repeated. 
The treatment efficiency of both applied methods 
was measured using two analytical techniques, 
which are UV/Vis spectrometry and Scanning 
Electron Microscopy (SEM).The UV-Vis 
spectrometer measures the color absorbance 
resulting from utilizing different reagents. The 
required reagents were prepared according to Table 
6 below. 
 
Table 6.Reagents used for UV-Vis analysis. 

Solution Reagents 
Amount Per 

Sample 

Phenol 

K3Fe(CN)6 (4 g into 
500 mL) 

1 mL 

4-amino phenazone 
(10 g into 500 mL) 

1 mL 

Ammonium buffer (pH 
10) 

1 mL 

KHI 
Acetic acid buffer 5 mL 

KI3 solution 1 mL 

 
 
The analytical procedure depends on the solution 
needed to be tested in the UV Vis spectrometer, for 

example, the phenol solution analytical procedure 
starts by collecting 5 mL of the sample and then 
diluting it with distilled water in a volumetric flask until 
the sign of 50 mL. After that 1 mL of the three 
reagents mentioned in Table 6 were added to give the 
samples the specific color required for the equipment 
measurement. The solutions with a high concentration 
had darker reddish color, because of the addition of 
ammonium buffer,while solutions that have lower 
concentrations are lighter yellowish in color, because 
of the presence of potassium ferricyanide. The blank 
solution, which is the reference of the test, is distilled 
water sample with the mentioned reagents added and 
has a yellow color.The same procedure was used for 
KHI samples collected from different experiments but 
with different reagents as mentioned in Table 6, taking 
10 mL of KHI sample then adding 5 mL of acetic acid 
buffer and 1 mL of KI3 to give the samples the specific 
color needed to be measured in the equipment. After 
that, the 50 mL volumetric flask was filled with distilled 
water and the samples were stored in a dark area for 
10 to 20 minutes to assure reaction stabilization and 
to avoid breaking iodine compound before measuring 
the sample by the spectrometer. Note that the color of 
the high KHI concentration samples is darker reddish, 
reddish, and the low concentration samples are lighter 
reddish color. 
 

 
Fig. 8. Treated water samples, reagents and blank solution to be 

analyzed using the UV-Vis spectrometer. 

 
The second analytical tool used in this study was the 
Scanning electron microscope (SEM), (FEI Nova™ 
NanoSEM, USA) shown in Fig. 9. SEM was used to 
analyze the sulfonated sulfone membrane and the 
TiO2 composites. The SEM is a kind of an electron 
microscope that uses highly energetic electrons beam 
to analyze different objects on a much-magnified 
scale. SEM can provide information on the 
topography, morphology, composition and crystalline 
atoms arrangement (Voutou, Stefanaki et al. 2008). 
Samples of the membrane and the TiO2 composites 
were analyzed before treatment and after 
treatment.To begin with, the samples were cleaned 
and dried before mounting on the pin disc. Next, the 
chamber door was closed and the chamber was 
evacuated using the vacuum pump. A beam was then 
established after sufficient vacuum was achieved 
(7.5×10-5 Torr) (Robbins 2015). The substrate was 
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then positioned correctly under the column via the 
device software. At low magnification the sample 
was explored and the area of interest was then 
located. Image properties such as brightness, 
contrast, resolution and magnification were then 
adjusted as necessary. After collecting satisfactory 
images, the high voltage beam was switched off and 
the column vale was closed. Afterwards, the 
chamber was vented and the samples were 
removed. 
 

 
Fig.9. FEI Nova™ NanoSEM. 

 
RESULTS AND DISCUSSION 
This section summarizes the results of the two 
separation methods, Vibrating Shear Enhanced 
Potential (VSEP) and photocataylsis by TCSC with 
UV light. The concentration of phenol and KHI in the 
tested samples was measured using UV-Vis 
spectrometer and the membrane and composite 
surface were analyzed using SEM. 
Synthesized produced water was prepared with 
initial phenol concentration of 100 mg/L. Eight 
samples were collected during this experiment. The 
results are shown in Fig 10. 

 
Fig. 10. Concentration change with time for 100 mg/L phenol 

solution treatment using VSEP. 

 
The figure shows that the concentration of phenol 
was reduced slightly in the first 120 minutes of the 
experiment. The lowest concentration of phenol was 

79 mg/L and was recorded at the time interval of 
between 90 min and 120 min. After 120 min, the 
concentration of phenol started to increase gradually. 
This increase indicates that the membrane was 
damaged and the separation process failed. This 
result was confirmed by conducting a scan for the 
membrane surface using the scanning electron 
microscope, where in Fig. 11 (a) a new unused 
membrane is shown and the membrane used after the 
phenol treatment is shown in Fig.11 (b). When 
comparing the two figures, it is clear in Fig. 11 (b) that 
the membrane was severely damaged and as a result 
the separation process failed. 
 

 
Fig. 11. SEM micrographs at 10 μm magnification for the 

Sulfonated Sulfone membrane, (a) before 100 mg/L phenol 

solution treatment. (b) after 100 mg/L phenol solution treatment. 

 
Synthesized produced water solution was prepared at 
different initial KHI concentrations of 100 mg/L, 300 
mg/L, and 500 mg/L. The treatment results are shown 
in Fig. 12. The figure clearly shows that KHI was 
completely removed from the synthesized produced 
water at all initial concentrations used after time 
period of less than 90 minutes. 
 

 
Fig. 12. Comparison between the separation results of KHI 

solution with different initial concentrations using the VSEP 

system. 

 
Analyzing the membrane using SEM (Fig. 13), we can 
observe that the Sulfonated Sulfone membrane has 
pores that are distributed uniformly across the 
membrane surface. Additionally, Fig. 13 indicates how 
a variety of the foulants formed on the membrane 



8 

 

 

The Eighth Jordan International Chemical Engineering Conference (JIChEC 2017) 

November 7-9, 2017 

surface, even though the VSEP system was applied. 
Still, the degree of fouling is considered minute, 
considering that the same membrane was used for 
the separation of 100, 300 and 500 mg/L KHI 
solutions without any membrane wash or cleaning of 
any kind.As a result of low membrane fouling, well 
pore distribution and pore structure, the separation 
level was promising for all the treated KHI solutions. 
 

 
Fig. 13. SEM micrographs of Sulfonated Sulfone membrane, 

after KHI solutions treatment at 10 μm magnification. 

 
In the second part of this study, phototcatalysis 
composites with UV light source were applied to treat 
synthesized produced water contaminated with 
phenol and KHI. Samples were collected from each 
trail and measured by the UV Vis spectrometer. 
Fig. 14, shows the results of treating 100 mg/L, 300 
mg/L, 500 mg/L of phenol using TiO2 coconut shell 
composite inserted in the UV continuous flow tank. 
The treatment method showed a decrease in phenol 
concentration in all prepared solutions with different 
initial concentrations. However, the separation 
process was not 100% efficient as clarified in Fig. 14. 
 

 

Fig. 14. Comparison between the separation results of phenol 

solution with different initial concentrations using the UV-TiO2 

photocatalysis system. 

 
Using the scanning electron microscope to analyze 
the composites after 100 mg/L phenol treatment (Fig. 
15), we notice that the surface have large cavities or 
holes, where it seems that the TiO2 particles have 
aggregated into clusters at the exterior of the 
composites. 
In Fig. 15, we see that the particles were spherical to 
subspherical in shape but the tortuous nature of the 
carbon surface hindered the homogeneous 
distribution of the titanium dioxide molecules on its 
surface. Although TiO2 particles improved the surface 
coverage but these particles eventually blocked pore 
entrances, hence depressing the diffusion of the 
adsorbate. After the 100 mg/L phenol solution 
separation, it can be noticed in Fig. 15 that most of the 
pores were blocked. This in turn will reduce the 
adsorption efficiency for any next trial. 
 

 
Fig. 15. SEM scan for TiO2 coconut shell composite, after 100 

mg/L phenol solution treatment at 3 μm magnification. 

 
Fig. 16, that shows the electron microscope image 
conducted after 300 mg/L phenol solution treatment, 
indicates that the TCSC was not efficient enough to 
reduce the concentration and phenol has further 
accumulated on the TCSC surface causing further 
pore blockage. This explains the lower treatment 
efficiency that resulted for the 300 and 500 mg/L 
phenol solutions (Fig. 14). 
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Fig. 16. SEM scan for TiO2 coconut shell composite, after 300 

mg/L phenol solution treatment at 3 μm magnification. 

 
 
 
The obtained results, shows that this technique was 
not able to reach the regulations for the allowable 
amount of phenol in treated water, especially at high 
phenol feed concentration. 
Next solutions contaminated with KHI were treated 
using the UV-TiO2 photocatalysis system. Samples 
were collected from each trail and measured by the 
UV-Vis spectrometer. 
Fig. 17 shows the results of treating 100 mg/L, 300 
mg/L and 500 mg/L KHI using TiO2 coconut shell 
composite inserted in the UV continuous flow tank. 
The figure shows that the concentration of KHI was 
reduced in all tested samples. However, the 
separation process was about 99% efficient for 
solution with 100 mg/L KHI while it was not efficient 
for the other two concentrations. In other words, this 
treatment method is efficient only for low initial 
concentrations of KHI while it is not effective for high 
concentrations. 
 

 

Fig. 17. Comparison between the separation results of KHI 

solution with different initial concentrations using the UV-

TiO2 photocatalysis system. 

 
After the treatment of 100 mg/L KHI solution, it can be 
noticed in Fig. 18 the presences of some pores of 
different sizes, but these pores are considered 
minimum if compared to the pores that were present 
in fresh TiO2 CSC. Fig. 18, clearly display the 
formation of large particles on the composite surface, 
these particles lead to the blockage of most pores and 
hence degradation of adsorption efficiency. This was 
proved when the 300 mg/L KHI solution was treated, 
the treatment of 100 mg/L KHI was somehow 
successful (see Fig. 17) but as particles accumulated 
on the CSC surface the adsorption did not meet 
expectations for the following KHI solutions. 
The situation further aggravate when 300 mg/L KHI 
solution was treated. Fig. 19 highlights the surface of 
TiO2 CSC after the treatment of 300 mg/L KHI 
solution. Fig. 19 shows that most of the pores are 
completely blocked which hindered and lowered the 
treatment efficiency. In Fig. 19, we notice the 
formation of large bulky particles on the composite 
surface; an additional indication to the degradation of 
adsorbate diffusion into the pores. The SEM analysis 
proved the results in Fig. 17, where the adsorption 
efficiency decreased to unacceptable levels because 
of pore blockage and the formation of bulk particles 
on the CSC surface. 

 
Fig. 18. SEM scan for TiO2 coconut shell composite, after 

100 mg/L KHI solution treatment at 3 μm magnification. 
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Fig. 19.SEMscan for TiO2 coconut shell composite, after 

300 mg/L KHI solution treatment at3 μm magnification. 

 
Next, the treatment efficiency of phenol and KHI 
using the Sulfonated Sulfone VSEP membrane 
system and the UV-TiO2 photocatalysis system will 
be compared. 
Fig. 20 compares the results of phenol removal using 
VSEP and TiO2 composites.The figure clarifies that 
neither VSEP technology nor phototcatalysis with 
TiO2 composite resulted in complete removal of 
phenol. However, phototcatalysis with TiO2 
composite was more efficient than VSEP technology 
in the treatment of phenol-water solutions as the 
sulfonated sulfone membrane used was damaged by 
phenol. 
Following Fig. 21 compares the KHI removal 
efficiency for a 100 mg/L KHI solution using VSEP 
and TiO2 photocatalysis. The figure shows that the 
KHI removal efficiency using either methods is 
acceptable. However, the VSEP system was 
somehow superior as complete KHI removal was 
achieved at lower time interval; at 90 min compared 
to 150 min for the TiO2 system. 

 
Fig. 20.Separation efficiency comparison between the 

applied methods (VSEP and UV-TiO2), for the treatment 

of 100 mg/L phenol solution. 

 

 
Fig. 21.Separation efficiency comparison between the 

applied methods (VSEP and UV-TiO2), for the treatment of 

100 mg/L KHI solution. 

 
Fig. 22 next, compares the results of KHI removal at 
initial concentration of 500 mg/L KHI using VSEP and 
UV-TiO2. From the figure, itis clear that the treatment 
of KHI solutions using VSEP resulted in 100% 
separation of KHI from water while the UV-TiO2 
experiment resulted in about 36% removal of KHI. It 
can be concluded from this comparison that the 
removal of KHI using VSEP technology was more 
efficient than using phototcatalysis with TiO2 
composite, especially at high KHI feed concentrations. 
 

 
Fig. 22.Separation efficiency comparison between the 

applied methods (VSEP and UV-TiO2), for the treatment of 

500 mg/L KHI solution. 

 
 
CONCLUSION 
This study investigated the performance of a 
nanofiltration sulfonated sulfone membrane VSEP 
system, and titanium dioxide ultraviolet photocatalysis 
system, for the removal of phenol and kinetic hydrate 
inhibitors from synthesized produced water. 
The sulfonated sulfone membrane was incompatible 
with phenol and so the phenol removal using the 
VSEP system has failed. On the other hand, the 
VSEP system showed a high potential for KHI 
separation even at high feed concentrations. 
Furthermore, the UV-TiO2 photocatalysis system has 
showed lower efficiency when KHI solutions were 
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treated. However, the photocatalysis system showed 
acceptable removal rates at the tested 
concentrations. These results were confirmed using 
UV/Vis spectrometry to analyze the treated samples 
and SEM that was used to analyze the membrane 
and the TiO2 composites. 
Produced water treatment still faces a number of 
challenges. As oil and gas fields are consumed over 
time, produced water volume and chemical content 
changes throughout the lifetime of a reservoir. 
Furthermore, produced water properties and 
amounts differ from one oil well to another. All this 
makes a “one size fits all” solution for the produced 
water problem unlikely and hence a unique single 
technique could not be recommended to meet with 
all of the environmental standards, recycling, and 
reuse requirements. 
The choice of a proper treatment technology is 
based on different aspects, such as source or plant 
location, pollutants present and their concentrations, 
cost, space availability, environmental standards and 
regulations. Based on our research the optimum 
produced water treatment system would be a 
combination of treatments units all operating along 
each other in order to reach the final goal and meet 
with all the environmental and social needs. 
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