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Abstract: The objective of this study was to investigate the effect of polymer (GLP-100)
and surfactant (MFOMAX) towards the efficiency of oil removal in a flotation column by
using the Response Surface Methodology (RSM). Various concentrations of surfactant
(250, 372 and 500 ppm) and polymer (450, 670, and 900 ppm) produced water were
prepared. Dulang crude oil was used in the experiments. Flotation operating parameters
such as gas flow rate (1-3 L/min) and duration of flotation (2-10 min) were also
investigated. The efficiency of oil removal was calculated based on the difference between
the initial concentration of oil and the final concentration of oil after the flotation process.
From the ANOVA analysis, it was found that the gas flow rate, surfactant concentration,
and polymer concentration contributed significantly to the efficiency of oil removal. Extra
experiments were conducted to verify the developed equation at a randomly selected point
using 450 ppm of polymer concentration, 250 ppm of surfactant concentration, 3 L/min
gas flowrate and duration of 10 min. From these extra experiments, a low standard
deviation of 1.96 was discovered. From this value, it indicates that the equation can be
used to predict the efficiency of oil removal in the presence of surfactant and polymer (SP)
by using a laboratory flotation column.

Keywords: enhanced oil recovery; produced water treatment; flotation process;
statistical model

m INTRODUCTION

Management of produced water from Enhanced Oil
Recovery (EOR) is one of the problems associated with
the oil recovery since it produced large volumes of saline
water, which should be managed as the by-product. The
produced water contains several contaminants such as
mineral ions, dispersed oil, grease, organics, heavy metals
and other different contaminants [1] such as surfactant,
polymer or the mixture of both surfactant and polymer
(SP) resulting from the EOR injection. Good
management of the produced water is important since it
plays a major role in the environmental concern for reuse
or discharge. Therefore, the produced water treatment is
economically reasonable and technically feasible. The
objectives of the produced water treatment are to remove
the oil, desalination, removal of soluble organics,
naturally radioactive materials, dissolve gases, suspended

particles and sand, disinfection and softening [1]. These
polluting components must be minimized to allow the
level and threshold of oil in the produced water is limited
by legislation during the discharging [2]. In Malaysia,
the limit of monthly oil discharged is below 40 ppm [3].

The technologies used for the produced water
treatment depends on whether the installation is based
on onshore or offshore. The most commonly used
techniques for separation of the oily wastewater include
gravity separation [4], membrane filtration separation
(5], flotation [6-8] and hydrocyclone [9-11]. For
offshore installation, the footprint is generally a critical
factor compared to the onshore installation because of
the space limitation. Low energy, simple and high
footprint technologies must be employed to remove the
contaminants to maintain water quality target and for
cost reduction purpose. Such a treatment process can be
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improved by implementing the flotation process. A
flotation process uses gas injection to create gas bubbles
that help to increase the oil removal by attaching
themselves to the oil droplets and bring the oil droplets to
the surface for removal.

However, the efficiency of the flotation process in
the produced water treatment system has degraded
during the implementation of SP flooding in EOR due to
the stable emulsions that are formed in the production
fluids [4] caused by the SP chemicals. The function of SP
in EOR is to increase oil recovery. In the past research,
studies on the effect of the SP concentration to the
viscosity, IFT and oil droplets size distribution that
includes the coalescence and breakup of the oil droplets
have been widely carried out. Some of them found that in
the presence of a large amount of polymer, the viscosity of
the produced water tend to increase which made the oil
droplets rise very slowly to the surface. As a result, this
makes the separation between the oil and water become
inefficient [12]. However, several types of research found
the presence of polymer in a lower concentration has
triggered the separation of the oil and water by making
the oil droplets bigger in size which decreases the time for
oil droplets to rise to the surface [13]. Surfactant, on the
other hand, has lower interfacial tension (IFT) between
the oil and water which prevents the oil droplets from
coalescing and decreases the separation efficiency
between the oil and water.

Although the effect of SP to the oil-water separation
have been investigated in the water treatment industry
[13-19], little attention has been given to its effect by
specifically using the flotation process. The oil and water
separation in the flotation unit with the presence of gas
bubbles is a complex process which is not well
understood. This knowledge gap further increases the
difficulty to optimize the flotation system. Moreover, the
currently available flotation models failed to improve the
efficiency of oil removal in the presence of SP [20-22]
since it was tested in the conditions without SP chemicals.

Therefore, the main objective of this study was to
investigate the performance of the flotation process in the
removal of oil droplets from the SP containing produced
water. The effect of SP, as well as other flotation operating

parameters such as the gas flow rate and the duration of
the flotation to the efficiency of oil removal, have been
analyzed. Based on the experimental results, a statistical
model was developed to predict the efficiency of oil
removal by using the flotation process in the presence of
SP chemicals.

m EXPERIMENTAL SECTION
Materials

The type of surfactant, polymer and crude oil used
in the study were MFOMAX, GLP-100, and Dulang
crude oil respectively. These chemicals were supplied by
PETRONAS Research Sdn Bhd. Brine was prepared by
adding the different type of salts at a different
concentration as shown in Table (1). All of these salts
were purchased from R&M Chemicals, India.

In this research, the Dulang crude oil has a low
water content of 0.01%, a low waxy point of 25.9 °C with
the density 0.7987 g/cm’ and viscosity of 3.1 cP at 60 °C.
The viscosity was measured by using rheometer Anton
Paar Model MCR302 and the oil droplets size
distribution was measured by using particle size
analyzer, DT-1202 from the Dispersion Technology.

Procedure

Synthetic produced water preparation

The synthetic SP produced water was prepared by
mixing the brine, Dulang crude oil and various SP
concentration based on the previous research. Synthetic
SP produced water emulsion was prepared by mixing the
MFOMAX (250-500 ppm) [4,23], GLP-100 (450-900
ppm) [23-24], Dulang crude oil with initial concentration
of 1000 ppm [18,25] and brine at 14000 ppm (Table 1)

Table 1. Brine compositions

Salts g/L

CaCl,.(H,0), 0.7251
MgClL.(H,0)s 0.7726
NaCl 10.0267
FeCls 0.0009
SrCL.(H20)s 0.0295
Kdl 0.3129
NaHCO:; 3.6065
Na,SO, 0.7840
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under the shear rate of 13000 rpm at 10 min [23,26] by
using the Ultra Turrax mixer model T18. The range of the
chemicals was selected based on the actual conditions
used in Dulang Oilfield.

Experimental set-up and procedure

The as-prepared synthetic SP produced water was
then fed into the flotation column. The schematic
diagram of the process is shown in Fig. 1. The diameter of
the flotation column is 5 cm and a length of 100 cm.

Nitrogen gas was injected through a 40-100 pm
pores sparger plate at the bottom of the flotation column
for the total time of 10 min. The pores size and duration
of the flotation process was estimated from the work
according to the work by Eftekhardadkhah et al. [2].
Samples at the water outlet were collected for every 2, 6
and 10 min and the oil concentration in the effluents was
measured by a TD-500D device (UV-fluorescence
technique). The efficiency of oil removal of the flotation
column can be calculated by using Eq. (1).
g =1 Ceffluent ;000 (1)

inlet

where Cemuen: is the 0il concentration in the effluent and
Cinlet is the 0il concentration in the inlet.

Statistical model

The statistical analysis was performed by using
Design Expert 9.0. A total of 45 runs were conducted
based on the response surface methodology study by
using randomized quadratic design to observe the
experimental parameters. Based on the data obtained
using this experimental design, a quartic equation was
generated to establish the correlation between the
independent variables and dependent variables. The
independent variables in this study are the gas flow rate
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(L/min) (X,), duration (min) (X;), the concentration of
MFOMAX (ppm) (X;) and concentration of GLP-100
(ppm) (X4). The predicted response of flotation
efficiency (%) was designated as Y. The actual and coded
values were summarized in Table 2.

m  RESULTS AND DISCUSSION
ANOVA Statistical Analysis

The quartic model equation represents the
flotation efficiency (%) in the presence of SP (Y) which
was expressed as the functions of concentration of
polymer (ppm) (X:), concentration of surfactant (ppm)
(X2), gas flow rate (L/min) (Xs) and duration of flotation
(min) (X4) for coded factors as shown in Eq. (2).

Y =26.32+11X; +6.75X, —5.99X; +5.10X, —0.00056X,X,
+9.68X,X; —1.60X, X, —3.44X,X; —28.53X,X,
~6.35X;X, +2.60X,% —36.64X,” +0.068X,X,X;
~8.33X,X,X, +4.72X,X;5X, +2.31X,X;X,
~3.96X,°X, +6.98X,2X;5 +0.49X,°X ; —5.16X,X,”
~5.62X,°X; —5.53X,2 X, +3.08X,> +6.11X,°X, X,
~9.47X,X,%X5 +17.01X,° X, +30.30X,,"

)

Ol outlet

Water outlet

Gas flowmeter Sparger

Nitrogen gas tank
Fig 1. Schematic diagram of the flotation process

Table 2. Actual and coded experimental values

Parameter Level

Parameter Symbol  Low-1 Center0 High +1
Actual value

Gas flowrate (L/min) X, 1 3 5

Duration (min) X, 2 6 10

MFOMAX concentration (ppm) X3 250 372 500

GLP-100 concentration (ppm) X4 450 670 900
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Table 3. The significance of the parameter

Source F p-value
Value  Prob>F
Model 10.51  <0.0001 Significant
X;-Gas flowrate 21.00  0.0003  Significant
X,-Durations 1.07 0.3157
X;-Surfactant concentration 10.17  0.0054 Significant
X,-Polymer concentration  7.36 0.0148  Significant
XiXs 0.00 0.9974
XiXs 16.25  0.0009  Significant
XXy 1.31 0.2682
XX 6.51 0.0207  Significant
XXy 19.11  0.0004  Significant
XXy 3820  <0.0001 Significant
X2 1.17 0.2950
X;? 4.09 0.0591
XiXoXs 0.00 0.9688
XiXoXy 2351  0.0002  Significant
XXXy 11.40  0.0036  Significant
XXXy 2.94 0.1048
X’ Xs 1.77 0.2007
X*Xs 10.91  0.0042  Significant
XXy 0.054  0.8196
X X5 3.05 0.0985
X*Xs 6.06 0.0248  Significant
XXy 5.87 0.0269  Significant
X;? 0.18 0.6759
XXXy 4.23 0.0555
XiX5’X;s 10.30  0.0051  Significant
XXy 5.52 0.0312  Significant
X! 3.07 0.0979
70 -
&0 4
F50 4
E
E 40 1
E 30 ;
H
& 20 4
R==0.59435
10 1
0

20

40
Actual value (%)
Fig 2. Actual and predicted data

&0

Table 3 shows the significance of the parameters to
the efficiency of oil removal in the flotation process. By
referring to Table 3, the parameters that are significant
in this model are the gas flow rate (L/min), MFOMAX
concentration (ppm) and GLP-100 concentration (ppm)
with the P-values of 0.0003, 0.0054 and 0.0148
respectively. Then, the actual and predicted values were
plotted in a graph as shown in Fig. 2. The coefficient of
R?* was found to be 0.9435. The high value of R? is closer
to 1 which indicates that the predicted model values
were correlated well with the experimental values. This
good correlation strongly illustrated that the quartic
equation is a good representation of the experimental
system. Extra experiments were conducted to validate
the equation.

Validation of the Equation

Three experiments were performed to validate Eq.
(2). A random condition with the gas flow rate of 3
L/min, polymer concentration of 450 ppm, the
surfactant concentration of 250 ppm and duration of 10
min with the efficiency of 52.78% was selected for the
validation. The results are shown in Table 4.

From the table, the mean value for the actual
efficiency was 51.1% while the predicted efficiency value
for the condition was 52.78%. The STD was as low as
1.96 indicating that this model can be used to predict the
efficiency of the oil removal in the presence of SP at a lab
condition.

Contour Plots

Contour plots for the effect of increasing surfactant
concentration and gas flow rate at low polymer
concentration (450 ppm) for 10 min as shown in Fig. 3.

Table 4. Actual and prediction efficiency for the
validation experiments

Actual Prediction Error
Efficiency (%) Efficiency (%)
Point 1 49.3 52.78 -3.48
Point 2 53.2 52.78 0.42
Point 3 50.9 52.78 -1.88
Mean Efficiency ~ 51.133 STD 1.960
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The results for 2 and 6 min of flotation duration ware not
shown since the factor was not significant to the oil and
water separation as indicated in Table 3. In Fig. 3, the
increase of surfactant concentration at 1 L/min had an
insignificant effect on the efficiency of oil removal
However, when the gas flow rate increased to 3 and 5
L/min at 250 ppm surfactant concentration, the efficiency
of the oil removal increased to 52.82% for 3 L/min and
59.4% for 5 L/min. This is because the increment of gas
flow rate tends to increase the potential for attachment of
the gas bubbles to the oil droplets. However, at 3 L/min
and 5 L/min, increasing the surfactant concentration
decreased the efficiency of the oil removal from 52.82 to
34.94% (at 3 L/min) and 59.4 to 39.67% (5 L/min)
respectively. In the previous research, an increment in
surfactant concentration alone (with the absence of
polymer) tend to decrease the efficiency of the oil removal
because of the decreasing in the IFT [12]. This result was
contradicting at 1 L/min of gas flow rate as the presence
of the polymer has balanced out the effect of the efficiency
of oil removal by making the oil droplets flocculate
[13,27]. This flocculation maintained the rate of oil
removal in the presence of the surfactant. The same
findings [12] were observed at 3 L/min and 5 L/min
whereby increment of surfactant concentration tend to
decrease the efficiency of the oil removal.

Further investigation was done to study the effect of
polymer concentration on the flocculation of the oil
droplets. Fig. 4 shows the effect of GLP-100 concentration
on the oil droplets size. From the figure, the size range of
the oil droplets gradually increased as the polymer
concentration increased from 200 to 900 ppm. The size of
oil droplets in the absence of polymer shown the smallest
compared to the size in the presence of the polymer.
Polymer promotes the coalescence of the oil droplets. This
trend was inlined with other researchers [12,27].

Contour plots for the effect of surfactant and gas
flowrate at high polymer concentration (900 ppm) at 10
min flotation duration were shown in Fig. 5. At a higher
concentration of polymer (900 ppm), the increase in
surfactant concentration at 1 L/min decreased the
efficiency of the oil removal from 49.51% at 250 ppm of
surfactant to 6.89% at 500 ppm of surfactant concentration.
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Fig 4. The effect of GLP-100 on the oil droplets size
distribution

At 3 L/min, the efficiency dropped from 34.36% at
250 ppm surfactant concentration to 3% at 500 ppm
surfactant concentration. Similar findings were observed
at 5 L/min. The efficiency of oil removal decreased from
25.21 t0 9.96% at 250 to 500 ppm. Comparing Fig. 3 and
5, the decreased in the efficiency was more significant in
higher polymer concentration (900 ppm) (Fig. 3)
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Efficiency of oil removal (%)
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Fig 5. Contour plots for the effect of surfactant and gas
flow rate at a high polymer concentration (900 ppm) at 10
min flotation duration
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Fig 6. The effect of polymer concentration on the viscosity

of the emulsion

compared to 450 ppm polymer concentration (Fig. 5).
This is due to the increase in the emulsion viscosity caused
by the increase in polymer concentration [13]. To validate
this statement, the viscosity of the emulsion was tested
with the increasing of polymer concentration as shown in
Fig. 6. By referring to the figure, the increase of the
polymer concentration tends to increase the viscosity of
the emulsion. Therefore, instead of making the oil
droplets flocculate, the high polymer concentration
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increased the viscosity of the emulsion and restricted the
movement of the oil droplets to the surface. The effect of
viscosity at 900 ppm overcome the flocculation effect at
450 ppm [13].

m CONCLUSION

A statistical model was developed to describe the
efficiency of oil removal in the presence of SP
(MFOMAX and GLP-100). It was found that the gas
flow rate, surfactant concentration, and polymer
concentration affect the efficiency of the oil removal
significantly while the duration of the flotation was not
significant in the flotation process. Experiments were
carried out to access the developed quartic equation and
the comparison of the predicted value matched the
experimental value with STD 1.96. Low STD indicated
that this equation can be used to predict the efficiency of
oil removal at a lab scale condition. This study can
provide a
optimization in SP containing produced water.

m ACKNOWLEDGMENTS

guideline for the flotation process

This study was supported by the Centre of
Enhanced Oil recovery (COREROR), University
Teknologi PETRONAS, in collaboration with
PETRONAS Research Sdn. Bhd. We would like to thank
PETRONAS for providing the grant No 0153CB-006
(2015-2018) for this project.

m REFERENCES

[1] Fakharian, H., Ganji, H., and Naderifar, A., 2017,
Saline produced water treatment using gas
hydrates, J. Environ. Chem. Eng., 5 (5), 4269-4273.

[2] Eftekhardadkhah, M., Aanesen, S.V., Rabe, K., and
Qye, G., 2015, Oil removal from produced water
during laboratory- and pilot-scale gas flotation: The
influence of interfacial adsorption and induction
times, Energy Fuels, 29 (11), 7734-7740.

[3] Yassin, A.A.M., 1988, Legislation on oil pollution
prevention and control during petroleum
production, Jurnal Teknologi, 11, 1-6.

[4] Al-Kayiem, H.H., and Khan, J.A., 2017, Evaluation

of alkali/surfactant/polymer flooding on separation

Ku Esyra Hani and Mohammed Abdalla Ayoub



366 Indones. I. Chem., 2020, 20 (2), 360 - 367

and stabilization of water/oil emulsion by statistical
modelling, Energy Fuels, 31 (9), 9290-9301.

[5] Zsirai, T., Al-Jaml, A.K., Qiblawey, H., Al-Marri, M.,
Ahmed, A., Bach, S., Watson, S., and Judd, S., 2016,
Ceramic membrane filtration of produced water:
Impact of membrane module, Sep. Purif. Technol.,
165, 214-221.

[6] da Silva, S.S., Chiavone-Filho, O., de Barros Neto,
E.L, and Foletto, E.L., 2015, Oil removal from
produced water by conjugation of flotation and
photo-Fenton processes, J. Environ. Manage., 147,
257-263.

[7] Hayatdavoudi, A., 2006, Removing oil and grease
from produced water using micro bubble flotation
technique, The 8" International Conference on
Health, Safety and Environment in Oil and Gas
Exploration and Production, Society of Petroleum
Engineers, 2-4 April 2006, Abu Dhabi, UAE.

[8] Casaday, A.L., 1993, Advances in flotation unit
design for produced water treatment, SPE Production
Operations Symposium, Society of Petroleum
Engineers, 21-23 March 1993, Oklahoma City,
Oklahoma, USA.

[9] Santander, M., Rodrigues, R.T., and Rubio, J., 2011,
Modified jet (petroleum)
emulsion/water separations, Colloids Surf., A, 375 (1-
3),237-244.

[10] Pratarn, W., Kanawut, S., and Thanit, S., 2013,
Experimental investigation of  de-oiling
hydrocyclone, Key Eng. Mater., 545, 230-235.

[11] Bram, M.V, Hassan, A.A., Hansen, D.S., Durdevic,
P., Pedersen, S., and Yang, Z., 2015, Experimental

flotation in oil

modeling of a deoiling hydrocyclone system, The 20"
International Conference on Methods and Model in
Automation Robotics MMAR 2015, 1080-1085.

[12] Deng, S., Bai, R., Chen, J.P., Yu, G,, Jiang, Z., and
Zhou, F., 2002, Effects of alkaline/surfactant/polymer
on stability of oil droplets in produced water from
ASP flooding, Colloids Surf., A, 211 (2-3), 275-284.

[13] Wang, B., Wu, T,, Li, Y., Sun, D., Yang, M., Gao, Y.,
Lu, F, and Li, X, 2011, The effects of oil
displacement agents on the stability of water

produced from ASP (alkaline/surfactant/polymer)
flooding, Colloids Surf., A, 379 (1-3), 121-126.

[14] Shutang, G., and Qiang, G., 2010, Recent progress
and evaluation of ASP flooding for EOR in Daqing
oil field, SPE EOR Conference at Oil & Gas West
Asia, Society of Petroleum Engineers, 11-13 April
2010, Muscat, Oman.

[15] Deng, S., Yu, G, Jiang, Z., Zhang, R, and Ting, Y.P.,
2005, Destabilization of oil droplets in produced
water from ASP flooding, Colloids Surf., A, 252 (2-
3), 113-119.

[16] Zhang, R., Liang, C., Wu, D., and Deng, S., 2006,
Characterization and demulsification of produced
liquid from weak base ASP flooding, Colloids Surf.,
A, 290 (1-3), 164-171.

[17] Zhang, F., Wang, F., Ouyang, J., and Zhang, H,,
2011, The development and application of a
demulsifier used for ASP flooding-produced liquid
from the Xing 2 area of the Daqing oilfield, Pet. Sci.
Technol., 29 (1), 69-78.

[18] Qi, W.K,, Yu, Z.C, Liu, Y.Y,, and Li, Y.Y., 2013,
Removal of emulsion oil from oilfield ASP
wastewater by internal circulation flotation and
kinetic models, Chem. Eng. Sci., 91, 122-129.

[19] Li, C., and Chen, Z., 2015, “ASP Flooding Produced
Fluid Characteristic and Treatment Process” in
Advances in Energy Science and Equipment
Engineering, Eds. Zhou, S., Patty, A., and Chen, S.,
Vol. 1, Taylor & Francis, London, UK, 147-150.

[20] Ksenofontov, B.S., and Ivanov, M.V., 2013, A novel
multistage kinetic modeling of flotation for
wastewater treatment, Water Sci. Technol., 68 (4),
807-812.

[21] Maruyama, H., Seki, H., and Satoh, Y., 2012,
Removal kinetic model of oil droplet from o/w
emulsion by adding methylated milk casein in
flotation, Water Res., 46 (9), 3094-3100.

[22] Gharai, M., and Venugopal, R., 2015, Modeling of

of different
approaches, Miner. Process. Extr. Metall. Rev., 37
(2), 120-133.

(23] Argillier, J.F., Henaut, L., Noik, C., Viera, R., Leon,
F.R., and Aanesen, B., 2014, Influence of chemical

flotation process—An overview

Ku Esyra Hani and Mohammed Abdalla Ayoub



Indones. I. Chem., 2020, 20 (2), 360 - 367 367

EOR on topside produced water management, SPE
Improved QOil Recovery Symposium, Society of
Petroleum Engineers, 12-16 April 2014, Tulsa,
Oklahoma, USA.

[24] Richerand, F., and Peymani, Y., 2015, Improving
flotation methods to treat EOR polymer rich
produced water, SPE Produced Water Handling ¢
Management Symposium, Society of Petroleum
Engineers, 20-21 May 2015, Galveston, Texas, USA.

[25] Xu, H.X., Liu, J.T., Gao, L.H., Wang, Y.T., Deng,
X.W., and Li, X.B., 2014, Study of oil removal kinetics
using cyclone-static microbubble flotation column,

Sep. Sci. Technol., 49 (8), 1170-1177.

[26] Rambeau, O., Jacob, M., Rondon, M., Jouenne, S.,
and Cordelier, P., 2014, A tool to tackle the
challenges of the treatment of the back produced
viscosified water, International Petroleum Technology
Conference, 19-22 January 2014, Doha, Qatar.

[27] Deng, S., Bai, R, Chen, J.P., Jiang, Z., Yu, G., Zhou,
F., and Chen, Z., 2002, Produced water from
polymer flooding process in crude oil extraction:
Characterization and treatment by a novel
crossflow oil-water separator, Sep. Purif. Technol.,
29 (3), 207-216.

Ku Esyra Hani and Mohammed Abdalla Ayoub



