
Western University Western University 

Scholarship@Western Scholarship@Western 

Electronic Thesis and Dissertation Repository 

10-18-2019 2:00 PM 

Bioremediation of Refinery Desalter Effluent using Debaryomyces Bioremediation of Refinery Desalter Effluent using Debaryomyces 

hansenii and Parachlorella kessleri hansenii and Parachlorella kessleri 

Leila Azimian, The University of Western Ontario 

Supervisor: Amarjeet Bassi, University of Western University 

A thesis submitted in partial fulfillment of the requirements for the Doctor of Philosophy degree 

in Chemical and Biochemical Engineering 

© Leila Azimian 2019 

Follow this and additional works at: https://ir.lib.uwo.ca/etd 

 Part of the Apiculture Commons, Biochemical and Biomolecular Engineering Commons, Biology 

Commons, Biotechnology Commons, Environmental Engineering Commons, and the Petroleum 

Engineering Commons 

Recommended Citation Recommended Citation 
Azimian, Leila, "Bioremediation of Refinery Desalter Effluent using Debaryomyces hansenii and 
Parachlorella kessleri" (2019). Electronic Thesis and Dissertation Repository. 6592. 
https://ir.lib.uwo.ca/etd/6592 

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted 
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of 
Scholarship@Western. For more information, please contact wlswadmin@uwo.ca. 

https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/etd
https://ir.lib.uwo.ca/etd?utm_source=ir.lib.uwo.ca%2Fetd%2F6592&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1351?utm_source=ir.lib.uwo.ca%2Fetd%2F6592&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/241?utm_source=ir.lib.uwo.ca%2Fetd%2F6592&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/41?utm_source=ir.lib.uwo.ca%2Fetd%2F6592&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/41?utm_source=ir.lib.uwo.ca%2Fetd%2F6592&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/111?utm_source=ir.lib.uwo.ca%2Fetd%2F6592&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/254?utm_source=ir.lib.uwo.ca%2Fetd%2F6592&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/245?utm_source=ir.lib.uwo.ca%2Fetd%2F6592&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/245?utm_source=ir.lib.uwo.ca%2Fetd%2F6592&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/etd/6592?utm_source=ir.lib.uwo.ca%2Fetd%2F6592&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca


i 

 

Abstract 

Crude oil desalting operations produce an effluent stream which is challenging to treat due to 

its salt, heavy metal and hydrocarbon content. Consequently, desalter effluent (DE) is usually 

diluted into other effluent streams and sent to conventional wastewater treatment plants which 

may lead to upsets the plant operation.  

In this study, a novel microbial approach was applied which investigated DE treatment using 

halotolerant yeast Debaryomyces hansenii (LAF-3 10 U) or the environmentally robust micro-

algae Parachlorella kessleri strain CPCC 266. The effect of these two different approaches on 

both synthetic and actual DE was investigated in both batch and/or continuous mode. 

In the first stage, effect of phenol substrate inhibition in simulated desalter effluent (SDE) on 

D.hansenii was evaluated. The Edward inhibition model describes the yeast growth in SDE as 

follows:  µmax 0.21 h-1, KS 633.9 mgL-1 and KI 1263.61 mg.L-1.  Next a response surface 

methodology was applied in SDE containing dodecane as a substrate under different growth 

conditions. A quadratic model based on central composite design was formulated and dodecane 

utilization by D.hansenii in various salt concentrations was confirmed to be efficient and rapid. 

A maximum chemical oxygen demand (COD) of 61.6% was obtained at a pH of 9, a dodecane 

concentration of 750 mgL-1, and a temperature of 20°C. Using dodecane as a model substrate, 

the continuous cultivation of D.hansenii was next investigated in a continuous stirred 

bioreactor (CSTR) at high salt concentration and different dilution rates to determine Monod 

kinetic model parameters with µmax 0.085 h−1, and Ks 1575.2 mgL-1. COD removal of 95.7% 

was obtained at a dilution rate of 0.007 h-1. Finally, the growth of P. kessleri was investigated 

for cultivation in batch mode for actual and SDE treatment containing benzene and phenol.  

These microalgae grew on both types of DE and reduced COD and benzene up to 82.9% and 

51% respectively. In addition, it produced lipids with a maximum of 71.5% of dry weight.   

Overall, this work demonstrated the feasibility of utilizing two different microorganisms to 

achieve high COD removal and biomass production on a challenging wastewater stream. The 

microalgae and yeast can both serve as a source of value stream for lipids for biofuel production 

or nutraceutical industry. 



 

ii 

 

 

 

Keywords 

Halotolerant Microorganism, Desalting, Microalgae. Petroleum wastewater, Benzene, 

Phenol, Dodecane, Ammonia, Lipid, Debaryomyces hansenii and Parachlorella kessleri 

 

 

  



 

iii 

 

Summary for Lay Audience 

Effluent from the desalination unit from petroleum refinery wastewater (desalter effluent) 

contains different inorganic and organic impurities, such as nitrogen, phosphorus, heavy 

metals, and hydrocarbon, which can significantly impact the environment if they are 

discharged in soil, surface water or groundwater.  Current approaches utilize mixed cultures of 

microorganisms in conventional wastewater treatment systems. However, the presence of salt 

makes desalter effluent very challenging to treat in a conventional way. 

In this study, an alternative approach is investigated where a single yeast which is resistant in 

salt or a strain of biofuel producing green microalgae is utilized for desalter effluent treatment. 

The halophilic yeast has been shown to degrade hydrocarbons in saline solutions.  The 

microalgae use light, nutrients, and CO2 to grow, and their biomass is used for many 

applications, such as the production of chemicals, biodiesel, and bioenergy. These 

characteristics make both the yeast and the microalgae an excellent choice for investigating 

desalter effluent treatment.  The studies were carried out in batch and continuous mode. 

Simulated solutions of desalter effluent were prepared using specific substrates such as phenol, 

Benzene, dodecane and actual samples of desalter effluent were also investigated. The results 

showed that both the yeast and the microalgae can be applied to effectively degrade the desalter 

effluent and provide biomass for further applications such as lipid production. 
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Chapter 1  

1.1 Introduction  

 

Desalting is the first step in a petroleum refining operation. The addition of water to crude 

oil removes salt but also produces an emulsion of water and oil. Emulsified salt-water is 

the major impurity extracted from crude oil and discharged into wastewater treatment 

plants. Desalter effluent also contains heavy metals, amines, BTEX (benzene toluene, ethyl 

benzene and xylenes), phenols and other aliphatic and aromatic hydrocarbons, hydrogen 

sulfide (H2S), and dissolved inorganic compounds1 during the water emulsification phase, 

which are then processed with the brine in a conventional wastewater treatment. This 

approach can create high COD and ammonia loads in the plant because desalters are the 

predominant source of such wastewater in a refinery, which can lead to upsets in the 

conventional wastewater treatment and put that system at risk of not meeting discharge 

requirements. Most current methods for the removal of salt and metal ions from desalter 

effluent have a significant cost. In order to overcome these challenges, more efficient and 

economical alternative procedures are needed. 

Several fungi (yeasts and molds) and also some microalgae (in mixotrophic mode)  can be 

applied to address the treatment of hydrocarbons in waste water streams. The halotolerant 

yeast Debaryomyces hansenii, is a blue cheese yeast which can grow in media containing 

25 % NaCl  and also in a wide range of pH values and temperatures. Parachlorella kessleri 

is a robust microalga which has been shown to be able to adapt to harsh environments. 

Figure 1.1 shows the structure of microalgae Parachlorella kessleri and yeast 

Debaryomycys hansenii is depicted in Figure1.2.   
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Figure 2-1  Micrographs of Parachlorella kessleri. Scale bar = 500 nm.2 

 

 

Figure 2-2 : Debaryomyces hansenii cells with microscope (4500× magnification).3 

 

While both the halophilic and robust microorganisms Debaryomycys hansenii and 

Parachlorella kessleri have been investigated in environmental applications in the 

presence of salt, they have not been previously evaluated for desalter effluent treatment. 

Therefore, this study focused on the novel application of these two microorganisms for 

desalter effluent treatment.  
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1.2 Objectives 

 

The overall objective of this research was to investigate the bioremediation of desalter 

effluent using halotolerant yeast Debaryomyces hansenii (LAF-3 10 U) or the 

environmentally robust micro-algae Parachlorella kessleri strain CPCC 266. The effect of 

these two different approaches on both synthetic and actual desalter effluent was 

investigated in both batch and/or continuous mode. 

Several sub-objectives in this study were as follows:  

• Investigate the bioremediation of real desalter effluent and simulated desalter 

effluent with Debaryomycys hansenii 

• Study and model the inhibition kinetics of Debaryomycys hansenii  with phenol in 

simulated desalter effluent in a batch reactor (shake flasks) 

• Using response surface methodology, estimate and predict the effects of some 

environmental parameters on biodegradation and removal of dodecane in simulated 

desalter effluent using D.hansenii 

• Investigate growth of Parachlorella kessleri in two types of desalter effluent  

• Investigate benzene degradation in simulated and real wastewater treatment using 

Parachlorella kessleri 

• Investigate growth of Parachlorella kessleri in real desalter effluent with additional 

phenol supplementation 

• Investigate the lipid production in Parachlorella kessleri cultivated in real desalter 

effluent  

• Investigate and model the CSTR kinetic model of D.hansenii when dodecane is the 

carbon source in simulated desalter effluent to predict yield (Dodecane removal) at 

different dilution rates. 

 



4 

 

1.3 Thesis organization 

 

The present thesis encompasses seven chapters in the “Integrated Article” format as 

outlined in the Thesis Regulations Guided by the School of Graduate and Postdoctoral 

Studies (SGPS) of The University of Western Ontario. The chapters are structured as 

follows. 

 

Chapter 1: Introduction 

 The introduction previews the thesis structure, including the problem definition, current 

approaches and methodology to desalter effluent treatment, objectives, thesis organization 

and novelty and contributions. 

 

Chapter 2: Treatment Technology of Desalter Effluent: a review 

This chapter presents a state of the art on current approaches to desalter effluent, the 

biotechnology of Debaryomyces hansenii and Parachlorella kessleri. 

Chapter 3: Investigation of Growth Kinetics of Debaryomyces hansenii (Laf-3 10 U) 

in Petroleum Refinery Desalter Effluent 

In third chapter, the feasibility of growth of the yeast in desalter effluent with phenol as the 

only carbon source. The effects of growth kinetics of D.hansenii in simulated desalter 

effluent at different phenol concentrations was also modelled. Different inhibition 

mathematical models were compared with experimental data 

 

This chapter is published as: Azimian, L., Bassi, A.S., 2019, Investigation of Growth 

Kinetics of Debaryomyces Hansenii in Petroleum Refinery Desalter Effluent, Canadian 

Journal of Chemical Engineering 97 (1), 27-31, https://doi.org/10.1002/cjce.23297 

https://doi.org/10.1002/cjce.23297
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Chapter 4: Investigation of Degradation of N-Dodecane by Debaryomyces hansenii 

In Simulated Desalter Effluent 

In this chapter, the growth of halotolerant yeast in Synthetic desalter effluent containing 

dodecane as a substrate was carried out. Various operating parameters including pH, Salt 

concentration, substrate concentrations and temperature were examined. 

A version of this chapter has been submitted to Chemosphere Journal   

 

Chapter 5: Investigation of Parachlorella Kessleri strain CPCC 266 on refinery 

desalter effluent for lipid production  

This chapter explores the feasibility of treatment of actual Desalter Effluent using robust 

microalgae with lipid production. The effects of light/dark, supplement media, additional 

hydrocarbon in two sources of desalter effluents on growth and cultivation of microalgae 

were studied.  

 This phase of the research is being prepared for submission to Bioresource Technology Journal 

  

Chapter 6: Bioremediation of Synthetic Desalter Effluent Using Debaryomyces 

Hansenii (Laf-3 10 U) in Continuously Stirred Tank Bioreactor (CSTR)  

It reports treatment of synthetic Desalter effluent using a halophilic yeast in continuously 

Stirred tank Bioreactor (CSTR) in the lab scale to find optimum kinetics model based on 

two variables of substrate concentration and dilution rate. 

This chapter is being prepared for submission to Biotechnology & Bioengineering Journal 

 

Chapter 7 Conclusion and Recommendation 
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This chapter has summarized the main output from the present study and recommends 

suggestions for future directions of research. 

 

1.4 Novelty and Major Contributions 

 

The research in this thesis resulted in the following contributions:  

The literature review conducted for the project contributed to: 

• Identifying and describing challenging aspects of desalter effluent treatment 

  

The study of removal of phenol using D.hansenii in simulated desalter effluent 

contributed to: 

•  Identification of substrate inhibition by phenol on the yeast  

•  Development of the mathematical model for the growth of D.hansenii when phenol 

is the only carbon source in simulated desalter effluent. By changing the substrate 

concentration, specific growth rate can be predicted for biodegradation of phenol 

under a mathematical inhibition model 

• Identifying the suitability of  D.hansenii growth in actual and synthetic desalter 

effluent at the typical salt concentration range 

• This yeast is, therefore, suggested to serve as an appropriate system for biological 

treatment of phenolic wastes in difficult to treat effluents such as desalter effluent. 

 

The study of dodecane removal in simulated desalter effluent resulted in 

• Understanding the effects of various operational factors including temperature, pH, 

substrate (dodecane), and NaCl concentration in removal of COD 

• Understanding the effect of varying desalter effluent load and predicting dodecane 

removal rate by having kinetic constants and the inhibition mathematical model. 

• Finding optimal points to maximize COD removal using D.hansenii by changing 

the environmental factors through the empirical models obtained. 
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Investigation of growth of P.kessleri in treatment of desalter effluent and lipid production 

• Development of an alternative biological treatment approach for desalter effluent 

using microalgae Parachlrella kessleri. 

• Establishment of a dual purpose process in petroleum refinery industry: treatment 

of desalter effluent, growth and harvesting P.kessleri for lipid production as a 

source of biofuel 

• Demonstration the effect of desalter effluent characteristics in COD removal, 

ammonia removal, biomass production and lipid production using response surface 

method 

• Indication of P.kessleri growth in desalter effluent is an excellent feedstock for lipid 

production 

• Identification of P.kessleri growth in actual desalter effluent based on media 

composition. 

 

The study of different dilution rate in COD removal (dodecane removal) in CSTR system 

at SDE 

 

• Understanding the effects of various dilution rates in dodecane removal (COD 

removal) in SDE which plays a crucial role in the industrial scale regarding the 

fluctuation in desalter effluent loading rate in constant volume of bioreactor.  

 

• Identifying growth of D.hansenii profile based on different dilution rates in 

constant initial dodecane, NaCl concentration and finding a kinetics model to fit 

experimental data for prediction and adjusting of  substrate concentration to have 

optimum dilution rate  

 

 

The main novelties of this research are summarized as follows: 

• In this study, an osmotolerant and halotolerant yeast, Debaryomyces hansenii, was 

investigated for the first time for phenol removal from simulated and actual desalter 
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effluent. The results in this study confirmed that D.hansenii has a high tolerance 

toward phenols and other organic compounds and salt found in desalter effluent.   

• The yeast D. hansenii rapidly reduced high concentrations of n-dodecane in shorter 

time periods compared to previous findings for biodegradation of this effluent, 

suggesting D. hansenii could be useful for bioremediation and enhanced microbial 

oil recovery in high salinity environments. 

• P. kessleri is able to grow in desalter effluent suggests that selected microalgae 

possess certain traits that allow them to be good candidates for cultivation in 

wastewater with high salt concentration and toxic hydrocarbons.  

• Phenol and Benzene were degraded by P.kessleri in actual and synthetic desalter 

effluent. 

• Robust and halotolerant microalgal, P.kessleri, was grown in harsh desalter effluent 

and produced high content of lipid. 

• A completely novel approach based on single types of micrororganisms can be 

applied for treatment of challenging desalter effluents. 
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Chapter 2  

2 A review of treatment technology for desalter effluent 

 

 

 

2.1 Introduction 

 

Crude oils entering a refinery may include dilute dispersions of water droplets containing 

a variety of dissolved salts, suspended solids, and metals. These can also include emulsions 

in oil such as asphaltenes, resins, naphthenic acids, and fine solids stabilized by the 

presence of natural surfactants in oil.  Salts of sodium, calcium and magnesium chlorides 

(NaCl, CaCl2, and MgCl2) are frequently found in crude oil. The presence of these 

compounds in crude oil can cause several problems in the petroleum refining operations 

due to  scaling, and corrosion in the refining processes4,5. Desalters are installed in crude 

oil production units to remove the dissolved salts from oil streams in order to prevent 

corrosion, plugging, and fouling of equipment, or poisoning of the catalysts in the 

processing units  (leading to a shortened unit life span and reduced equipment reliability)6. 

The process of desalting involves water washing  and de-emulsification operations for 

cleaning up crude oil and to remove  inorganic contaminants4,7. The salt content of crude 

can be as high as 2000 pounds per thousand barrels (PTB) (5.7 Kgm-3). Desalting of crude 

oil is an essential part of the refinery operation. The salt content should be lowered in the 

range of 5.7 and 14.3 kg/1000 m3 8,9.  

The effluent from the desalting operation  is a major source of contaminated wastewater 

and contains phenols,  BTEX,  hydrocarbons such as dodecane, and dissolved inorganic 

compounds1. Phenol is toxic to aquatic life, liver, lungs, and kidneys 1 and is a potential 

environmental concerns in the desalting operation due to carry-over into the brine stream. 
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Amines present with the water phase and leaving with brine are also a concern due to high 

COD and nitrification loads. Moreover, amines cause an increase of pH in desalters and 

can affect desalter operation 10.  

With the process of desalting of the crude oil with water, the washed water, demulsifier 

and inorganic contaminants 4,7  with high salt are removed 6. This discharged effluent 

disturbs the conventional treatments process in the wastewater treatment plant (WWP) 4,5. 

In addition, toxic hydrocarbon and other contaminants in the current process do not meet 

new regulations of emission 1,11.  

There is limited research to date on desalting unit effluent treatment in petroleum refinery. 

Pak and Mohammadi in 2008 described the use of membrane distillation (MD) and a 

polymeric teflon microfiltration (MF) that fulfill high flow rate irrigation water standard5. 

Recently, ultrasonic-electric installing before desalter  with the salt reduction rate of  94%  

12 and Reverse Osmosis membranes have been reported. Results showed that this approach  

reduces high salinity from 143,054 mgL-1 to 842.8 mgL-1 and metals were removed from 

desalter effluent up to 99%13 Other approaches investigated the improvement of 

desalination process to prevent a  “rag layer“ (separation of emulsified oil from water) by 

adjusting temperature,  fresh water injection, emulsifier, electric field and gravity settelin14  

or withdrawing sample electrically  until the result of sampling demonstrate  acceptable 

water-oil separation 15. Mathematical modeling  and statistical analysis have been applied 

for adjusting parameters for better desalination approaches16–19.   

The majority of research in desalination of salt that is focused on seawater, brackish water, 

and mineral wastewater. Hydrocyclones, membrane distillation, ultrafiltration, reverse 

osmosis, and Nano filtration, physicochemical separators, centrifuge, dehydration, 

electrochemical oxidation  have been proposed for removal of salt from effluent and 

preparation for reuse or treatment 1,5,9,20–27. But these techniques are used infrequently in 

industrial production because of the complexity of the equipment and low reliability  28 and 

also high consumption of energy and material. Several studies have been reported on the 

biodegradation of crude oil wastewater by different microorganisms such as bacteria and 

yeast29–37. However, there are limited reports on the remediation of petroleum desalter 
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effluent.  In this review typical characteristics of desalter effluent are presented and various 

approaches of treatment for development of desalting and desalter effluent treatment are 

discussed. 

 

2.2 Desalting Unit Operations- Current State-of-The-Art 

 

Desalting units remove contaminants from crude oil by washing with water at  a ratio of  

2-6% of the crude oil feed 5. Another report applied wash water to dissolve salt in desalter 

at  about 6 to 8% v/ v of crude oil 38. The optimum wash water rate depends on the American 

Petroleum Institute (API) gravity of the crude oil and the desalter temperature 39. The wash 

water applied may be fresh supplied water, or  recycled water from other unit operations 

in the refinery including vacuum tower overhead, recycled crude tower overhead or 

stripped sour water 38. Desalter effluent is a mixture of many components, including  brine 

wash water, sand, grit, mud, demulsifier and hydrocarbons 5. 

Figure 2.1 is an example of a process flow diagram of a typical distillation unit, illustrating 

the location of the desalter. First, as seen in Figure 2-1, the desalter (colored red) is installed 

next to the heat exchanger that heats the incoming crude oil, to about 100 to 150°C before 

it flows through a fired heater and the distillation tower. At that point, wash water is 

injected and mixed into the continuous flow of crude oil and the resulting oil-water 

emulsion then continuously enters the electrostatic desalter. Wash water pH should be 

maintained between 6 to 8.28.  Figure 2-2 is a cross-sectional diagram of a crude oil desalter. 

The desalter is horizontal and cylindrical.  The wash water is continuously added to the  

desalter, and dissolves salt and exits from the lower part of the desalter. The discharged 

brine water contains the inorganic salts that originally are extracted from crude oil in the 

desalter.  The settled sediment sludge at the bottom of desalter is removed and may contain 

components  such as asphaltenes, and other sediment contaminants that are not soluble in 

water 4. 
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.  

Figure 2-1: Process flow diagram of a typical crude oil refining unit 40. 

 

Figure 2-2: Cross-sectional diagram of a crude oil desalter 40 
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2.2.1 Types of desalter units  

The two most typical methods of crude-oil desalting are chemical and electrostatic 

separation which use hot water as the extraction agent. A typical desalting unit operation 

usually contains the following six major steps: separation by gravity settling, chemical 

injection, heating, wash water, mixing, and transformer to generate electrical power. The 

crude oil is heated to 65-176⁰C (150–350°F) for easier mixing and separation of the water. 

High temperature reduces viscosity and surface tension 5. Depending on the oil reservoir, 

the crude oil characteristics, and the treated oil specifications, the number of vessels and 

arrangement will vary in different refineries. In large production facilities, multiple stages 

are typically used to minimize lost production during maintenance shutdowns. In general, 

desalters are divided into three types: Natural Desalter, Chemical Desalters, and 

Electrostatic Desalters. These are further discussed below. 

 

2.2.2  Neutral desalter 

In a “Neutral Desalter” time is given to salts, sediments, water, and sludge to settle under 

gravity and for subsequent draining. Figures 2-3 a. describes a type of desalter which is a 

typical horizontal type gravity separator. A simplified version of this neutral desalter 

separator and its external boundary are depicted in Figure 2-3 b. The crude oil stream enters 

the separator and the associated gas and water are separated from the oil phase. The gas 

and water leave the separator container through pressure control valves and water dump 

valves, respectively. The separated oil is then routed to the next stage separator through the 

oil dump valve 
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Figure 2-3: (a) Description of a Neutral Desalter Unit; (b) Simplified diagram of the 

Neutral Desalter operation 41 

 

2.2.3  Chemical desalter  

A second type of desalting operation utilizes chemical removal of salts, sediments, water, 

and sludge and oil/water separation. In these “Chemical desalters” first, crude oil is heated 

by the heat exchanger and then fresh water along with the small amount of chemicals are  

injected to form an emulsion. After the oil is washed and separated, demulsifying chemicals 

are added for breakage of emulsion. These types of units are efficient for crudes containing 

low salts or for batch process. 

 

2.2.4  Electrostatic desalter  

Figure 2.4 describes a schematic cross section of an Electrostatic Desalter unit. The typical 

electrostatic desalter is a horizontal, cylindrical vessel as depicted in Figure 3.4. The 

desalting process operates by use of a chemical agent along with the electric field.  

For better separation of water-oil emulsion, the chemical demulsifer injection is added to 

promote the emulsion breaking. Then an electric field across the settling vessel is applied 

to charged salty water droplets to attract and combine each other. A potential high voltage 
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electrostatic charge ranges from about 10 KV to about 25 KV 7. The resulting larger water 

droplets, along with suspended solids, then settle to the bottom of the desalter tank. 

The typical electrostatic desalter is a horizontal, cylindrical vessel as depicted in Figure 

3.4.  

 

 

Figure 2-4: Cross section diagram of an electrostatic desalter42 

 

Desalting can be performed in a single stage or in two stages, depending on the 

requirements of the process. Figure 2-5 shows a process flow diagram for one and two 

steps desalting process. Dehydration efficiency of  the desalter increases when the number 

of stages increases 28. The typical dehydration efficiency of a one-stage desalter is 95% 43. 

Dehydration efficiency can increase by up to 99 % when the number of stages increases. 

In this case, the wash water injected from the first stage flows into the second stage. The 

effluent water discharged from the second stage is recycled and flow back to the first stage. 

The multiple sages help further desalting 43. 
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Figure 2-5: Desalting process flow diagrams (a) one-step and (b) two-step.4 

Demulsifiers change the polarity and so the oil droplets attract each other to merge. The 

understanding of the different variables that affect the desalting process, especially the 

effect of the amount of chemical demulsifier used, is imperative in order to optimize 

operating costs.  

 

2.3 Desalter Effluent Characteristics  

 

Desalters are used for the removal of salts, suspended solids, and water-soluble trace 

metals/slits, iron oxides that contain in the crude. However, several other contaminants are 

also removed (H2S,  ammonia, phenol, mercaptans, etc. )1,38,44,45.  



17 

 

The salt content of crude oils depends on geological features of hydrocarbon reservoirs 

which can be varied up to 200,000 ppm46. Consequently, the salinity of produced brine 

from desalting of the crude oil varies widely.  Salt concentration in crude oil depends upon 

the source of crude. They are inorganic in nature and are soluble in water (inorganic) and 

insoluble in crude (organics). In one report, four Arabian crude oils contained salt 

concentrations of 34.2, 28.5, 14.3 and 5.71 mgL−1 47. The amount of salt in the crude oil 

for temperatures is up to 373 K and sodium chloride concentrations up to 250,000 mgL-148. 

In another study, the amount of NaCl in crude oil was  reported to be 451.4 mgL-116. These 

salts are mainly chlorides and sulfates of calcium and magnesium like NaCl, MgCl2, CaCl2 

and MgCl2. Chlorides hydrolyzed to hydrochloric acid cause severe corrosion4. Operating 

temperature in desalting is 80-150 ⁰C12,14,45. The temperature of effluent is cooling down  

between 21 and 50 ⁰C5,13,49 when it is discharged to a wastewater treatment plant. Optimum 

pH  in desalting is reported 5.4-7.2 13,24,50. 

 

2.3.1 Typical desalter effluent characteristics and components 

General characteristics of desalter effluent have been reported in several studies.  Typical 

values range as follows: Chemical oxygen demand (COD) 400 to 1000 mgl-1, free 

hydrocarbons up to 1000 mgL-1, suspended solids up to 500 mgl-1, phenol 10 to 100 mgl-1, 

benzene 5 to 15 mgL-1, sulfides up to 100 mgL-1, ammonia up to 10038. The total free 

hydrocarbon including dodecane in typical desalter effluent has been reported up to 1000 

mgl-1 38,51. However, the oil content in desalter effluent depends on crude oil characteristics 

and separation efficiency of a desalter. In desalting processes, contaminants such as 

ammonia, base or acid for pH adjustment can be added. The typical concentrations of 

cations, anions, COD, Biological Oxygen Demand (BOD), and total dissolved solids 

(TDS), total hardness (CaCO3) and toxic hydrocarbons such as benzene and phenol are 

shown in Table 2-1.  
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Table 2-1: Characteristics of water discharged after the desalination-dehydration 

operation 

Parameter/Reference 45 1,9 19 24 5 52 13 

C
o

n
ta

m
in

an
ts

 (
m

g 
L-1

) 

Salt       143,054.1 236,509.9 

total dissolved 

solids (TDS) 

50-

100 

3,476  8900  3030   138,012.0 227,2 

Oil/emulsified 

oil 

high        

Dissolved 

hydrocarbons 

50-

300 

       

Phenols 5-30   4.7   0.22-

6.9-

37-63 

  

Benzene, 30-

100 

    11-12    

BOD high   1077   700-

270  

  

COD 500-

2000 

345-

12,00

0  

 1707   600-

1200-

2100  

  

Ammonia 50-

100 

  271  13-47   

Nitrogen 

compounds  

15-20  19.2 1.1  95   

Sulfides 

 (on H2S basis) 

10   60.4  65633  18 19 

Na+    1926   460- 

190-

400- 

570 

33,157 38,361 

K +   10   18- 

73 

270 1832 

Ca2+    801  8350  86- 

84-68  

12,000 36,000 



19 

 

Mg+2    450   1000  13-19  4865 6075 

Fe+2    0.25  12.5  0.95 3.5 350 

Cl-1    4045 1235  118.625  33-

840-

330 

86,963 143,775 

HCO3    285   0.2     

SO4
-1     1500  164 216   200 650 

CaCO3  510.3

-

9,500  

289 549   279.68 549 

 

 

2.4 Current Technologies Of Desalter Effluent Treatment 
Introduction  

 

Desalter effluents are hazardous to the environment and their discharge into the 

environment adversely affects ecosystems. Various treatment approaches are for desalter 

effluent are discussed below.  However, each method possesses several drawbacks and 

these are also discussed 53.  

Treatment techniques 

Currently desalter effluent is mixed with other waste streams and sent to conventional wastewater 

treatment. Traditional treatment includes a combination of physical and chemical processes such 

as American Petroleum Institute (API) separators, flocculation, precipitation, filtration, 

absorption and biological treatment such as activated sludge and biofilm processes. Such 

treatments are usually effective in reducing organic pollutants to meet standard effluent 

requirements for disposal into storage for reuse, public seweage or natural waterways. 

However, they often fail to reduce the concentration of heavy metals and toxic 

hydrocarbons below permissible limits 54. Further, existing technologies usually do not 

provide the selectivity necessary to create high quality streams suitable for recycling or 
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reuse, and consequently, the by-product sludge or concentrated wastewater can itself 

become a disposal problem.  

2.4.1 Pre-treatment approaches 

Gravity oil separators combined with chemical addition is applied to remove suspended 

materials and oils some approaches are further discussed below. 

 

2.4.1.1  API Separator (Oil -Water Separator) 

API separators are applied in refinery wastewater treatment usually as the first step for primary oil 

and solids separation. API separators are based on the principle of density difference between 

oil/water which allows oil to rise to the surface of the device. The API separator represents one of 

the most important wastewater treatment steps for refineries and petrochemical plants. 55. The 

average residence time for  APT separators is 30 min and this method is only capable of 

separating and removal of free oil and not emulsified oil56–58  

 

2.4.1.2  Conventional Flotation Techniques  

The removal of solids, ions, macromolecules, fibers, and other materials from water have been the 

main applications of flotation. In water and waste-water treatment, flotation is the most effective 

process for the separation of oil and low-density suspended solids. The technical and economic 

potential of this process are based on selectivity to thicken scums and sludges (6-12% w/w), low 

operating costs with the use of upcoming flotation devices, efficiency to remove contaminants, 

flow rates, low detention time and lower foot-print 57,58. 

 

2.4.1.3  Electro-flotation (EF)  

In this process, the micro-bubbles are generated by the electrolysis of diluted aqueous, 

conducting solutions leading to the production of gas bubbles at both electrodes. Electro-

flotation is effective in treating oily waste-water or oil-water emulsions, waste-water from 
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coke-production,  colloidal particles, heavy metal containing effluents, and applications to 

many other waters and waste-waters problems58,59. The amount of free and emulsified oil 

in petroleum refinery wastewater is between 220 mgl-1 and 75 mgl-1. The efficiency of air 

flotation with no chemical is 75-90% removal of free oil and 10-40% of emulsified oil. 

When chemicals are  applied the oil water removal efficiency increases only in emulsified 

oil to a range between 50-90%56. In the Electro flotation Method (EFM)  treatment, oil 

removal efficiency at an aircraft maintenance facility using 6-9 V, 12-25 Am-3 was reported 

to be  99% from 60 mgL-1 to 0.3 mgL-1 60. EFM can be applied for removal of heavy metal 

in the wastewater washing contaminated soil by drilling oil well up 97% using power of 

14 kWh m−3 with resident time of 20 min61. EFM was employed for microfiltration pre-

treatment that increased permeate flux by reducing mass cake. A review of literature by 

Kyzas and Matis in 2016  62indicated  that EFM can apply for removal of heavy metals 

(97%), minerals, surfactants,  and aids in increasing quality of water 62,63.  

 A study was reported EFM removed oil from wastewater at NaCl concentration of 7900 

mg l−1 with efficiency of 98% in 720 minutes by consuming energy of 1.47 kWh m−3 64. 

EFM can remove oil from water 92%  at the presence of  3.5 % NaCl by examining 

operating parameters, electrical current, oil concentration, flotation time and flocculent 

agent concentrations and  Electrical energy consumption between 0.5  and 10.6 KWhm3 65. 

Similar research carried out with oil removal of  99.5%  consuming less energy than 

previous literature (0.4 to 1.6 KWhm3 ) 66. If this technology can be a good choice for 

biodegradation of desalter effluent by microorganisms that supply air for their metabolism, 

size of bubble diameter, in this method can be adjusted regarding increasing of the oil to 

achieve better separation of oil from water 67 

 

2.4.1.4  Dispersed (induced) air flotation (IAF)  

In this method, the bubbles are mechanically formed by a combination of a high-speed 

mechanical agitator and an air injection system making use of the centrifugal force 

developed in the system. The gas, dispersed at the top, in the liquid becomes fully 

intermixed and, after passing through a disperser outside the impeller, forms a multitude 
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of bubbles sizes from 700-1500 µm diameter. This method is utilized in the petrochemical 

industry,  and mineral processing for oil-water separation 57,58. The combination of IFA 

and a coagulation process increased COD removal up to 99%. The removal efficiencies 

increase with the alum concentrations (coagulant). The maximum removal efficiency of 

99% in terms of COD was obtained at the optimum pH value and alum concentration range 

between pH 8–10 and 800 and 1400mgL-1 68. Bubble size, bubble rising velocity, bubble 

formation frequency and the velocity gradient in flotation process has significant effect on 

efficiency and operation cost. Integrated IFA with  photo-Fenton could remove 100% of 

organic removal in 20 min69.   

 

2.4.1.5  Dissolved air (pressure) flotation (DAF)  

DAF was recognized as a method of separating particles in many applications including 

sludge thickening and separation of biological flocs, treatment of ultrafine minerals, 

removal of organic solids, dissolved oils and VOCs (dissolved toxic organic chemicals), 

removal of algae; micro-organisms, etc. The DAF process is by far the most widely used 

flotation method for the treatment of industrial effluents. It is believed that applications 

will rapidly expand in waste-water treatment in the metallurgical and mining fields 58. 

Another industrial application of DAF is gravity settlement of solid generated by a 

biological treatment process. This method has high rate process in comparison to traditional 

gravity settlement systems and highly flexible regard to the systems operating parameters. 

This method can be applied for treatment of desalter effluent.  

 

2.4.1.6  Nozzle flotation (NF)  

This process uses a gas aspiration nozzle to draw air into recycled water, which in turn is 

discharged into a flotation vessel, to develop a two-phase mixture of air and water with 

bubbles. This approach in comparison to induced air flotation (IAF) systems, has higher 

efficiency and lower costs and energy use. Nozzle flotation has been extensively applied 

for the separation of oil-water emulsions and treatment of oily metal wastewater. 58. An 
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optimized Nozzle flotation can remove 81% oil from petroleum wastewater with oil 

content  between 50 and 600 mgL-1 to range between 20 and 30 mgL-1 of oil70. The nozzle 

units compare to induced air flotation (IAF) systems, are lower initial costs and energy use 

as a single pump provides both mixing and air supply, lower maintenance and longer 

equipment life because the unit has no high-speed moving parts. 

 

2.4.1.7  Column flotation  

This unit operation has been utilized in both mineral processing and wastewater treatment. 

New developments in column technology include external sparging of gas with and without 

the addition of surfactant, and columns with internal baffles and coalescers (separation 

tool) for oil recovery. Column flotation has been applied in the field of oil removal in 

production waters, and in the recovery of heavy metals precipitates 58 . Flotation columns 

differ dramatically from mechanical flotation machines in several ways; there is no 

mechanical agitation/shear, gas bubbles are generated by sparging. Separation of fine  

mineral particles such as oil proplets was improved by replacing oscillatory air supply with 

air supply for the first time in 201871. Rubio reported in 1996,72 modified column, 

selectively separates drained particles from froth zone and secondary wash water system, 

recovered gold, copper, Zinc fluorite ore 15%, 33%, 94% respectively72. A process 

utilizing activated carbon adsorption and column flotation by adjusting coal dosage, feed 

rate, circulation pressure, and gas flow rate has been reported which could achieve 97.7%  

separation at 2000m3day-1 73. Column flotation is an efficient method to separate useful 

minerals from ores of complex mineral composition used in the mineral industry 74.  

 

2.4.1.8  Centrifugal flotation (CF)  

In this system, the separator and contactor can be either a hydro cyclone or a simple 

cylinder in which a centrifugal field is developed. The centrifugal flotation unit removes 

oil, grease, BOD, etc. 58. The separating efficiency of reduction salt varies  from 8 mgL-1 



24 

 

to 3 mg L-1 when the Reynolds number is close to 5400 21. This method produces less 

wastewater since the dehydration efficiency ranges increased from 86% to 99%.  

Modified centrifuge flotation with a disc reduced oil and fat from wastewater up to 20% of 

COD per cycle in resident time of 1 s 75. However,  energy consumption in this treatment 

is higher than centrifugal flotation techniques75. A synthetic dairy effluent treated by two 

air flotations methods; flotation column, and centrifugal flotation in hydro-cyclone. 

Suspended milky wastewater was removed 90% and 50 % respectively. If the flowrate of 

centrifuge flotation reduces to lower flowrate, the resident time increases to achieve higher 

removal efficiency76. Integration of two flotation techniques induced air flotation and 

centrifugal filtration can remove oil from water with COD of  85% 77.  

 

2.4.1.9  Jet flotation  

Jet flotation is a unit operation which separates Petroleum oil from water. This approach 

has a great potential for solid/liquid separations and for liquid/liquid separations as well as 

in mineral processing. Its main advantage is its high throughput, high efficiency and 

moderate equipment cost. Moreover, with no moving parts, the jet cell has low power 

consumption and low maintenance costs. Its use has been extended to waste-water 

treatment, recovery of solvent extraction liquors 58. Santander in 2010 modified Jet 

flotation and oil removal increased from 80% to 85% with optimized design of jet 

flotation70. 

 

2.4.1.10 Cavitation air flotation (CAF)  

Cavitation air flotation utilizes an aerator, which draws ambient air down a shaft and injects 

“micro-bubbles” directly into the wastewater. CAF can remove suspended solids, fats, oils, 

greases, BOD and COD. A study was carried out for comparison of CAF dewatering 

efficiency and dewatered sludge (thicken water machine). CAF dewatered sludge 2% 

higher than thicken water machine (22.4-23.8%)78. This method can apply for further 
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separation of oil from water in desalter effluent, However, there is no fundamental work 

that has been reported with this flotation technique58. 

 

2.4.1.11 Equalization 

The equalization is used to steady the flowrate variations. It provides enough mixing and 

aeration in equalization tank that enhanced biological treatment, and improve process 

reliability by damping of mass loading79. Most water treatment processes are sensitive to 

changes in flow rate, pollutant concentration, pH, and temperature. Equalization reduce the 

fluctuations of these parameters, which is effective in optimizing the quality of water 

treatment. This method was recommended to apply for oil refinery wastewater due to low 

level of oil removal in dissolved air flotation (DAF) while there is a high concentration of 

free oil 56. Table 2-2 displays the list of Petroleum refining effluent treatment technology 

Performance data that meet quality criteria of Environmental Protection Agency (EPA).80 

It shows some studies had successful results in removal of contaminations. In 2013, 

Petrobras applied techniques including EQ, DAF, FI and MBR to remove COD up to 83% 

in full scale, Tetra tech 77.8%  using O/W, AIR, MBR in pilot scale.  CH2M HILL in 2014 

and 2016 reduced COD from 142.2 to 167 mgL-1(52.9%) using EQ, ANSG, ASG, MBR 

and from 119.7 to 77.9 mgL-1 (34.9%) by OW, DAF, EQ, MBR in full scale.  

Ammonia was removed 94.5% to 98.8% in several techniques OW, DAF, FI, EQ, MBR 

by Petrobras, and Tetra tech (2013), CH2M HILL (2016) with final concentration between 

0.2 and 1 mgl-1. One study monitored the results in 2014 the concentration of nitrate 

increased in EQ, ANSG, ASG, ANSG, MBR systems from 1.1 to 1.7 mgl-1(CH2M HILL) 

due to high concentration of ammonia in desalter effluent, the biological oxidation converts 

ammonia or ammonium to nitrate.  
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Table 2-2: Petroleum refining effluent treatment technology Performance data identified 

from data source meeting data quality criteria in pilot and full scale. 80 

Treatment 

System 

Parameter 

Name 

Influent 

Conc. 

(mgL-1) 

Effluent 

Conc. 

(mgL-1) 

Update 

Removal% 

Main Author Year 

 AIR COD 522 92 82.4 Siemens Energy Inc. 2013 

2522 560 77.8 Tetra Tech 2013 

COD   296 93 Brown and Caldwell 2011 

Ammonia (as 

NH3) 

15 2 86.7 Siemens Energy Inc. 2013 

Ammonia (as 

NH3) 

47 1 97.9 Tetra Tech 2013 

 EQ COD 119.7 77.9 34.9 CH2M HILL 2016 

COD 2522 560 77.8 Tetra Tech 2013 

COD 142.2 67 52.9 CH2M HILL 2014 

Ammonia (as 

N) 

7.3 0.4 94.5 CH2M HILL 2016 

Ammonia 80 1 98.8 Petrobras 2013 

Ammonia (as 

NH3) 

18.1 0.2 98.9 CH2M HILL 2014 

Nitrate (as 

NO3) 

1.1 1.7   CH2M HILL 2014 

Ammonia (as 

NH3) 

47 1 97.9 Tetra Tech 2013 

GAC 

(Adsorption) 

Ammonia 15 2 86.7 Siemens Energy Inc. 2013 

 ION Nitrate 25 2.8 88.8 GE Water & Process 

Technologies 

2009 

RO 

  

Nitrate 25 2.8 88.8 GE Water & Process 

Technologies 

2009 

Phosphate, 

total (as PO4) 

4.5 0.4 91.1 GE Water & Process 

Technologies 

2009 

ADSM Ammonia 0.8 0.7 12.5 MAR Systems Inc. 2012 

Nitrate 4 2 50 MAR Systems Inc. 2012 

ANSG Ammonia (as 

NH3) 

18.1 0.2 98.9 CH2M HILL 2014 
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Ammonia (as 

NH3) 

18.1 0.2 98.9 CH2M HILL 2014 

Nitrate  (as 

NO3) 

1.1 1.7   CH2M HILL 2014 

Nitrate (as 

NO3)  

1.1 1.7   CH2M HILL 2014 

COD 142.2 67 52.9 CH2M HILL 2014 

 ASG COD   296 93 Brown and Caldwell 2011 

COD 142.2 67 52.9 CH2M HILL 2014 

COD 458 317 30.8 Georgia Institute of 

Technology 

2012 

COD 704 370 47.4 Georgia Institute of 

Technology 

2012 

COD 874.8 69.2 92.1 Veolia Water Solutions & 

Technologies Canada 

2010 

COD 651.75 177.33 72.8 Sage ATC 2016 

COD 773.33 223.08 71.2 Sage ATC 2016 

COD 865.17 285 67.1 Sage ATC 2016 

Ammonia 14.6 0 100 Veolia Water Solutions & 

Technologies Canada 

2010 

Ammonia (as 

NH3) 

18.1 0.2 98.9 CH2M HILL 2014 

Nitrate  (as 

NO3) 

1.1 1.7   CH2M HILL 2014 

BNR COD 316 42 86.7 ENVIRON International 

Corporation 

2010 

COD 316 42 86.7 ENVIRON International 

Corporation 

2009 

COD 227.6 120.53 47 CH2M HILL 2009 

Ammonia, 

total 

15.8 1.3 91.8 ENVIRON International 

Corporation 

2010 

Ammonia (as 

N) 

15.8 1.3 91.8 ENVIRON International 

Corporation 

2009 

Ammonia (as 

NH3) 

29.98 1.49 95 CH2M HILL 2009 

Nitrate 0.01 0.32   ENVIRON International 

Corporation 

2010 
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Nitrate (as N) 0.01 0.32   ENVIRON International 

Corporation 

2009 

Nitrate (as 

NO3) 

0.14 7   CH2M HILL 2009 

DAF COD     83 Petrobras 2013 

COD 119.7 77.9 34.9 CH2M HILL 2016 

Ammonia (as 

N) 

7.3 0.4 94.5 CH2M HILL 2016 

Ammonia 80 1 98.8 Petrobras 2013 

FI COD     83 Petrobras 2013 

Ammonia (as 

NH3) 

    97 Petrobras 2013 

GAC COD 522 92 82.4 Siemens Energy Inc. 2013 

ION Phosphate, 

total (as PO4) 

4.5 0.4 91.1 GE Water & Process 

Technologies 

2009 

MBBR COD 84 29 65.5 Suncor Energy, Inc. 2014 

COD 165 83 49.7 Suncor Energy, Inc. 2014 

Ammonium-

nitrogen 

(NH4-N) 

8.7 0.7 92 Suncor Energy, Inc. 2014 

 MBR Ammonia (as 

NH3) 

29.98 1.49 95 CH2M HILL 2009 

Ammonia (as 

NH3) 

47 1 97.9 Tetra Tech 2013 

COD 227.6 120.53 47 CH2M HILL 2009 

COD     83 Petrobras 2013 

COD 522 92 82.4 Siemens Energy Inc. 2013 

COD 2522 560 77.8 Tetra Tech 2013 

COD 142.2 67 52.9 CH2M HILL 2014 

COD 119.7 77.9 34.9 CH2M HILL 2016 

Ammonia 80 1 98.8 Petrobras 2013 

Ammonia 15 2 86.7 Siemens Energy Inc. 2013 

Ammonia (as 

NH3) 

18.1 0.2 98.9 CH2M HILL 2014 

Ammonia (as 

N) 

7.3 0.4 94.5 CH2M HILL 2016 

Nitrate (as 

NO3) 

0.14 7   CH2M HILL 2009 
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Nitrate (as 

NO3) 

1.1 1.7   CH2M HILL 2014 

 MF COD 874.8 69.2 92.1 Veolia Water Solutions & 

Technologies Canada 

2010 

Ammonia 14.6 0 100 Veolia Water Solutions & 

Technologies Canada 

2010 

Nitrate 25 2.8 88.8 GE Water & Process 

Technologies 

2009 

Phosphate, 

total (as PO4) 

4.5 0.4 91.1 GE Water & Process 

Technologies 

2009 

OW COD     83 Petrobras 2013 

COD 522 92 82.4 Siemens Energy Inc. 2013 

COD 119.7 77.9 34.9 CH2M HILL 2016 

Ammonia (as 

NH3) 

    97 Petrobras 2013 

Ammonia (as 

NH3) 

15 2 86.7 Siemens Energy Inc. 2013 

Ammonia (as 

N) 

7.3 0.4 94.5 CH2M HILL 2016 

 

 

2.4.2 New directions in desalter effluent treatment 

The approaches discussed below   have been reported at laboratory and pilot plant scale applied for 

the treatment of water from the crude oil desalting process and similar wastewater in other 

industries. Electrochemical methods; electro-photo-oxidation and electro-disinfection also are 

considered to be promising technologies 24. Microfiltration (MF), VSEP Membrane Filtration offers 

advanced, precise, and promising separation technologies for crude oil refining and processing.  

 

2.4.2.1  Ion Exchange  

New ion-exchange resins and zeolite materials are reported for the selective removal of 

specific heavy metal cations from wastewater. The use of clinoptilolite, another natural 

zeolite, for the removal of the soluble ammonium was reported 81. However, the ion 
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exchange processes are limited by the difficult elution step and this operation needs to be 

improved to develop an easier, cheaper industrial process.  In this instance, alternative 

technology is required. The use of a solid matrix for adsorption and ion-exchange of 

contaminants provides such an alternative. The volume of adsorbent material required 

increases proportionately with the solute load so that at higher solute concentrations, 

equipment size makes such processes economically unfeasible. Applications are typically 

limited to levels of contaminants in the ppm range. Synthetic ion-exchange resins have 

long been used in commercial scale applications for the softening or demineralization of 

water82 .  

This technique with combination of other separation methods was applied in oil refinery 

located in Texas, USA to achieve reducing its potable water consumption and wastewater 

disposal costs. A pilot study consisted of three-unit operations: ultrafiltration (UF), cation 

exchange softening (IX) and reverse osmosis (RO). These results indicated that the  amount 

of discharged wastewater reduced by more than 50%83.The major disadvantage of ion 

exchange is the need to regenerate the resin after use for recycling 84. This requires using a 

concentrated solution, often sodium chloride, to displace the heavy metals from the resin 

replacing them by either sodium or chloride ions as appropriate. This regeneration process 

produces a spent regeneration solution containing relatively high concentrations of heavy 

metals in brine that results in a costly disposal problem. Recent research has been 

investigating ways of reducing this regeneration problem. RenixUIX™ is modified ion 

exchange approach maximizes the power of separation, with 60% of conventional 

platforms operating expenses. This separation technique is combination of adsorption 

vessel with steady-state, uninterrupted resin regeneration. 85  

 

2.4.2.2  Adsorption  

Solid-liquid adsorption is a useful approach to remove heavy metals from desalter effluent. 

Many substances can be used as adsorbents for various metal ions. These include activated 

carbon, alumina, and silica gel. Activated carbon is quite frequently applied86. Most heavy 

metals, (arsenic, mercury) can be removed by adsorption on carbon. To avoid reduced 
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capacity after regeneration, the carbon should be acid-washed prior to reuse. Commercial 

activated carbon is obtained from waste plant materials such as coconut shell, wood, coal, 

etc., often obtained locally thereby minimizing transportation costs. Studies have also 

shown that plant materials can be used to adsorb metals from aqueous solution and several 

laboratory studies have been carried out on industrial effluents.  In addition, very 

inexpensive and readily available substances such as mineral slimes and fly ashes have also 

been suggested as adsorbents for aqueous metal ions. 58. Adsorption is a non-destructive 

process with the advantage of being simple, effective and adaptable to any treatment 

formats, and applicable for wide range of commercial products with an excellent ability to 

separate a wide range of contaminants 87. It can be applied for removal of heavy metals and 

salt from desalter effluent. This method had been investigated in the petroleum industry, 

but it has not been applied for desalter effluent too. Selenium (Se) concentrations was 

reduced by  alumina adsorption media, to below these detection limits88. 

One major drawback of adsorption technologies, especially if it is dealing with removing 

toxic compounds and micro pollutants, is that the pollution is transferred from the aqueous 

to the solid phase and further disposal is still needed. Biological materials are effective at 

binding or adsorbing metals and toxic compounds in various solutions. These biological 

materials cover a wide range of species from shrubs and grasses to mosses, fungi, algae, 

and bacteria. 58,84.  

 

2.4.2.3  Biological approaches  

Desalter effluent contains phenol. Biological treatment can be effective for phenol or 

another hydrocarbon treatment. A previous study showed that the efficiency of biological 

methods employed in the sequencing batch reactor system at the plant was effective in the 

removal of total phenols from the effluents, with an average removal efficiency of about 

98%. Additional removal capacity in reducing the level of total phenols is sorption by 

activated carbon with an average removal efficiency of 30%. 89. 
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The total Naphthenic acids (NAs) concentration in the desalter brine, decreased by 33 and 

51% in PAC-free and PAC-containing mixed liquor microcosms, respectively90. This 

method required to develop by manipulation operating parameter to achieve optimum 

biosorption. A drawback to biosorption is inconstant sorbent due to the selectivity and 

competitive of sorption from all the cations, ionic size, stability of bonds between metal 

ions and biosorbent91. Biological treatment removed 99.5 % of influent mercury in 

petroleum waste water while other approaches like sand filters and granular activated 

carbon adsorption removed mercury 80% 92. The MBR approach results demonstrated that 

the target parameters and compounds (BOD5, COD, TSS, oil and grease, ammonia, 

thiocyanates and phenols) and benzo(a) pyrene and naphthalene were removed at range of 

80 to 99 % within direct discharge limitations93. 

Some bacteria are useful in reduction pollution such as leptothrix ochracea, clonothrix 

putealis, siderococcus sp. and toxothrix thricogenes. These microorganisms, are added to 

a slow sand filter to eliminate iron and manganese from water by oxidizing the metals to 

precipitate able compounds58. Biological materials such as fungi, algae, and bacteria are 

effective at adsorbing metals, including arsenic, present in various solutions. However, 

chemical reaction and microbial metabolism were responsible for the formation of the 

mineral deposits. However, microorganisms in this treatment possess high biodegradability 

capacity, efficiently eliminating biodegradable organic matter, NH3, NH4
+, iron, reduces 

color well, high removal of biochemical oxygen demand and suspended solids. 94 

Some anaerobic bacteria reduce sulfate to sulfide as a part of their metabolic cycle, and 

such species are termed sulfate-reducing bacteria (SRB).95 This process can remove heavy 

metals and toxic inorganic species to very low concentration levels with several 

advantages. It produces hundreds to thousands of times less sludge than conventional 

precipitation but the achievable sludge reduction levels and the full-scale capital and 

operating costs, are both site and waste-water dependent. 58 Table 2-2 shows further 

research of different biological treatment to remove ammonia, nitrate, BOD, COD toxic 

metals and aromatic compounds in petroleum refinery wastewater plants and their residual 

concentration is within environmental standard limit of EPA for petroleum refinery 

effluents.  These biological approaches are  aeration (AIR), aerobic suspended growth 
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(ASG), Anaerobic Suspended Growth (ANSG), Biological Nutrient Removal (BNR), 

microfiltration (MF), Membrane bioreactor (MBR), Ion exchange (ION), Reverse Osmosis 

(RO), Equalization (EQ), Activated Sludge Digestion Model (ASDM), Dissolved air 

flotation (DAF), Oil water separation (O/W), Moving bed biofilm reactor (MBBR), 

Filtration (FI). However, these methods with current microorganisms in petroleum refinery 

plants were deteriorated by adding desalter effluent to the system. If biological treatments 

are still in the interest of petroleum refinery plants due to their low price and high 

performance, robust microorganisms are appropriate for removal of contamination. 

 

2.4.2.4  Solvent extraction (liquid-liquid) 

Solvent extraction is separation technique of removing organic solution from aqueous 

phase. This is a successful technology for metal recovery from large-scale operations where 

the concentrations of contaminants are high 58.  Ethylene glycol can dissolve inorganic salts 

strongly. Glycol was taken as a solvent for extraction to separate the salts in crude oil in 

order to achieve highly efficient removal of salt from crude oil. The results showed that the 

optimum total desalination rate is 94%. When ethylene glycol is applied for separation, the 

extraction desalination does not require additional power and demulsifier, which saves the 

cost significantly. Ethylene glycol can be recycled, as it can be recovered from the alkoxide 

solution via adsorption and separation after extraction 96.  However, the capital expense for 

the equipment can be costly, the required organic extractants is high volume and 

performance is often limited by hydrodynamic constraints such as flooding and 

entrainment. There is also the potential for cross contamination of the aqueous stream with 

the organic solution and allow the organic phase to recycling to treat more wastewater. For 

wastewater with low concentrations of metal ions, such technology is limited by the need 

for high aqueous to organic phase ratios and ion exchange will generally be preferred. High 

phase ratios lead to difficulties with the design of equipment, and organic losses through 

entrainment in the aqueous phase 58. It is not convenient at low toxic solute concentrations 

from effluent87. Therefore, this approach is not appropriate to apply for desalter effluent. 
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2.4.2.5  Membrane technology 

 Reverse Osmosis (RO) and Ultrafiltration (UF) can apply for Removal of salt and water 

from the oil 26,27,58,97and requires high energy87,98. Membrane distillation (MD) was 

recommended for treating desalting effluents 5. There is a potential risk of contamination 

of distillate due to presence of volatile and toxic hydrocarbons 87.VSEP is a new technology 

for Desalter Effluent in comparison with evaporators, clarifiers, or filter press units result 

in dramatic construction cost savings99. The performance of a vibratory shear enhanced 

process (VSEP) combined with an appropriate membrane unit, MF, UF, and RO, for the 

treatment of the wastewaters 94,100. 

Nanofiltration (NF) is a promising technology for separation58. The best effect on 

nanofiltration performance for desalter effluent was obtained by a nanoparticle 

concentration of 0.5% (wt)1,101. However, it has low flow rate. Electrodialysis (ED) is 

another type of membrane that can remove some metal ions such as recovery of nickel 

58and total organic carbon removal 94. Emulsion liquid membrane (ELM) technology has 

been commercialized for removal of heavy metal cations and the removal of anions58,101. 

The main drawbacks of ELM are poor long-term stability, rupture and swelling the 

membrane 102103.  

 

2.4.2.6  Other separation technologies 

Emerging membrane process was applied for desalter effluent using RO, UF and MD. This 

method was introduced as low energy usage, high flux, low fouling and low capital cost 

simple operation5,9. 

 Activated sludge combined with membranes represents a promising process to reduce 

organic content at lower cost.58Electrochemical technologies successfully treated 

wastewater from the crude oil desalting process via electrochemical oxidation and degrade 

toxic organic  and oil compounds into CO2 and water22–24,58,94. However this treatment 

contains and requires post-treatment to remove high concentrations of iron and aluminum 
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ions to avoid deposition on the electrodes94.Bauxol method can be applied for removal of 

metal ions.  

Bauxol (red mud) cannot be re-used but must be landfilled as industrial waste58,104,105. This 

technology has not been applied for petroleum wastewater treatment.  

Evaporation process can be performed through different techniques like falling film 

evaporation (FFE), multi-effect distillation (MED) or the multi-stage flash (MSF) and 

thermo-vapor compression (T- VC). These methods are applied for desalting.  The major 

disadvantages of the techniques are expensive costs for high energy consumption106  for 

high volumes of waste-water94,  high contamination load in the concentrates, scaling of the 

boiler and heat exchanger surfaces and potential contamination of the distillate preventing 

reuse due to presence of some VOC or hydrocarbons in the waste-water20,58,107. 

Photocatalytic degradation has been introduced to be a highly effective treatment 

technology. This technique in comparison to other advanced oxidation processes (AOPs), 

such as homogeneous photo-Fenton, UV/H2O2, UV/O3, UV/H2O2/O3
108 has complete 

mineralization and high COD removal 109–111. Catalyst has inhibition for high COD 

concentration 58. Treatment specified wastewater by TiO2 is more expensive than photo-

fenton and UV 107. TiO2 needs high cost for running and produce  dioxins and other 

pollutants 94. 

 

2.4.3 Economy and energy requirement 

There are only a few studies in desalter effluent globally, the number and capacity of 

industrial desalination plants are 7757 with 28, 8 m3d-1 respectively112 and the industrial 

Brine effluent is 27.4 m3d-1 112.   Table 2-3 shows the energy requirements for the different 

desalination processes. However, different method with pros and cons including operation 

cost, energy consumption, and capital expense, were discussed in this review earlier.  

Thermal and membrane desalination procedure operations consume heat and electricity for 

evaporation and process flows by high pressure flow respectively Table (2-3). RO 
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consumes less energy in comparison with MSF, MED, and VC98. Due to high energy 

consumption, biological treatment of wastewater has become an attractive desalination 

alternative because it demands lower energy than RO.  

The energy consumption, in desalination processes, depends on variety of factors, such as 

feed water concentration of salts, temperature of operation in membrane processes, 

performance ratio, heat losses by convection and radiation from the top and bottom of the 

cell, etc, for thermal processes. Thermal processes that rely on a change on water phase 

(MED, MSF), involve higher energy consumption than processes that do not require a 

change of phase Table (2-3). However thermal processes can utilize exhaust steam from 

turbines for electrical generation, solar system or hot gases from diesel engines or 

geothermal energy and so are economically attractive and comparable with RO energy cost. 

 

Table 2-3: Equivalent electrical energy consumption for major desalination processes 53 

Process Steam energy 

(kWh/m3) 

Electrical energy 

(kWh/m3) 

Equivalent electrical 

energy (kWh/m3) 

MSF 

(Multi-Stage Flash Distillation) 

7.5–11 2.5–3.5 10–14.5 

MED 

(The multiple effect distillation) 

4–7 2 6–9 

VC – 7–15 7–15 

SWRO 

(Seawater reverse osmosis) 

– 4–6 (with energy 

recovery) 

 

7–13 (without energy 

recovery) 

4–6 (with energy 

recovery) 

7–13 (without energy 

recovery) 

BWRO 

(Brackish water reverse osmosis) 

– 0.5–2.5 0.5–2.5 

ED – 0.7–2.5 0.7–2.5 
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2.4.3.1 Operating and maintenance costs  

Operating and Maintenance Costs (O&M) costs consist of fixed costs and variable costs. 

Fixed cost or investment cost is insurance and amortization (0.5% and 5-10% of the total 

capital cost respectively). Variable of cost includes energy requirements (11- 44%), labor 

(4-9%) and process consumables including chemicals (3-10%) and maintenance (12-16%) 

113,114. Table 2-4 describes the total costs of the major desalination technologies for 

applying sea water and brackish water. Capital cost of different separation technologies 

was obtained  from IDA Worldwide Desalting Plants Inventory Report 115. The 

maintenance includes pre-treatment, periodic cleaning of the system, replacement of 

mechanical equipment and control instruments. The membrane processes require 

membrane replacement, which constitutes a major cost factor. Chemical requirements for 

pre-treatment and post-treatment depend on the feed water quality. Distillation processes 

require fewer chemicals for the feed water pre-treatment than membrane processes. Labor 

requirements are more or less the same for both distillation and membrane process. 

Generally, O&M costs are less for thermal processes116. 

Table 2-4: Total specific costs of the major desalination processes 

Process Investment 

($m-3day-1) 

Energy 

($m-3) 

Consumable 

($ m-3) 

Labor   ($ 

m-3) 

Maintenance   

($ m-3) 

Total O&M 

costs ($ m-3) 

MSF 1120-2240 0.67- 2 0.03-0.10 0.03-0.22 0.02-0.07 0.76-2.41 

MED 1000-2000 0.42-1.25 0.02-0.17 0.03-0.22 0.02-0.07 0.50-1.71 

VC 1000-2800 0.63-2.7 0.02-0.17 0.03-0.22 0.02-0.09 0.71-3.17 

SW-RO 890-1790 0.34-1.43 0.10-0.28 0.03-0.22 0.02-0.06 0.52-1.99 

ED 297-367 0.07-0.45 0.06-0.15 0.03-0.22 0.007-0.01 0.16-0.83 

 

2.4.3.2  Fresh water supply cost 

Average water supply costs in various countries are shown in Table 2-5. Some of the 

European countries have to pay much higher water prices than other developed countries 

due to different contexts including policy, economic and environmental. Water prices are 

heavily subsidized in some countries such as China and India 117. This promotes changes 
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in user behavior mainly irresponsible use of the clean water. An ideal water pricing policy 

should also provide to encourage efficient resource utilization leading to reduce pollution 

and protect resource. According to a recent water tariff survey by Global water intelligence 

in 2014, global water costs have risen by 4.3%  an average cost of $2.14 m-3 for water and 

wastewater services combined 118. The price of water and wastewater services is growing 

fast in the US, which saw average combined tariffs rise by 7% in 2014 for reviving aging 

infrastructure and combatting the water scarcity due to drought especially in California 119. 

A study estimated costs of the transported freshwater from coastal desalination plants 120. 

The water supply cost for the city of Beijing in China from the nearest ocean source located 

at a distance of 135 km was estimated as $1.13m-3 (Table 2-5). Similarly, for transportation 

distances of 1050 km from Delhi, India transported desalinated water costs will be $ 1.90. 

Since the desalinated water costs have reached to the levels of conventional water supplies 

in recent years, the difference is acceptable, but the transportation costs will be 

unavoidable. The dedicated costs for the transportation distance must be considered as a 

part of total cost and the water must be supplied to the communities at any cost. 

 

Table 2-5: Comparison of water costs for conventional and transported desalination 

water supply options 
 

Water supply cost($/m3) 118  Transport of desalinated water cost 120 

Canada 0.31 $ China 1.1- 1.4 $ ; 135 km 

USA 0.4-0.8 $ USA 1.34 $; 280 km 

Spain 0.47 $ Spain 1.36; 163 km 

Sweden 0.69 $ India  1.90 $ ; 1050 km 

UK 1.3 $ Yemen 2.38 $; 135 km 

Germany 2.16 $ Brazil 1.33 $; 240 km 
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2.4.3.3  Desalinated water cost by using current technologies 

The desalination systems have been categorized to three: domestic, small-scale, and large-

scale systems. A domestic desalination system can be considered for the freshwater needs 

with capacity of less than 1m3 day -1. A small-scale desalination system can be considered 

for small populations in rural areas, small villages up to 10,000 people for the freshwater 

needs only with the range of a capacity between 1-1000 m3 day -1. A large-scale 

desalination system can be considered for cities and towns where the electricity costs are 

reasonable, and the volume is between 1000 and 100,000 m3 day-1Table 2-6 presents 

representative production costs for different desalination capacities > 100 m3. 

From Table 2-6, it can be noted that membrane processes are used for small to medium 

size desalination capacities and thermal processes for large size desalination capacities. 

The desalination cost is lower for higher desalination capacities whether they are powered 

by conventional energy or renewable energy. However, considering high capital costs 

required for renewable energy sources for large-scale applications, thermal processes may 

be considered where the cost for thermal energy is attractive as in the case of Middle 

Eastern countries. 

For example, an MSF process of capacity 528,000 m3day-1 produces desalinated water at a 

cost of $0.42 m-3. The desalination cost can be reduced by 15% if the MSF unit is combined 

with an RO unit for the same production capacity 121. In dual-purpose plants (cogeneration), 

the desalinated water cost can be minimal or as low as $0.08 m-3 122 in Bahrain (Table 2-

6). A hybrid NF–RO–MSF-crystallization unit can produce desalinated water at a cost as 

low as $0.37 m -3 123. Similarly, pre-treated wastewater can be recovered using membrane 

processes for reuse at costs much lower than conventional seawater desalination. The 

recovered water can be recommended for other potable uses except drinking, cooking, and 

personal hygiene needs. 
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Table 2-6: Desalination costs for different desalination processes based on capacities. 

 

Desalination 

process 

Capacity (m3/day) Energy 

source 

Energy cost 

($/kWh) 

Desalinated 

water cost 

($/m3) 

Reference 

Sm
al

l-
sc

a
le

 a
p

p
lic

at
io

n
s  Reverse 

osmosis 

250, 

300,350,500, 600 

Diesel 

generators 

0.07, 

0.06,0.07 

1.25-3.21 124, 125,126 

 VC 1000, 1200 Conventional 
 

1.51, 3.22 127, 128 

 VC 3000 Conventional 
 

0.7 121 

 MED 20,000 Conventional 
 

0.88 129 

 MSF 20,000 Natural gas 
 

1.6-2.02 129, 122 

La
rg

e
-s

ca
le

 a
p

p
lic

at
io

n
s 

 Dual-

purpose 

MSF 

20,000 Natural 

gas/steam 

0.0001 0.08 122 

 Reverse 

osmosis 

2000 - 50000 Diesel 

generator 

0.06, 0.05 0.86-2.23 125, 122 

 Reverse 

osmosis 

95,000, 100000 Conventional 
 

0.83, 0.43 130 

 Reverse 

osmosis 

100–320 × 103 Conventional 
 

0.45–0.66 121 

 MED 91–320 × 103 Conventional 
 

0.52–1.01 121  

 MSF 23–528 × 103 Conventional 
 

0.52–1.75 121 

 

 

2.5 Review of microorganism for desalter effluent treatment  

 

Two microorganisms were candidates to be investigated for biological treatment of 

petroleum desalter effluent; i.e. yeast Debaryomyces hansenii strain (LAF-3 10 U) and 

green microalga Parachlorella kessleri, strain CCALA 255. The biotechnology of these 

microorganisms is described below: 
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2.5.1 Biotechnology of halotolerant yeast Debaryomyces hansenii 

 

2.5.1.1  Microbiology  

Debaryomyces hansenii is a unicellular, strongly halotolerant (0-24%(w/v) NaCl, heavy-

metal-resistant yeast widely distributed in nature131–135. This organism is osmotolerant and 

does not adversely affect macromolecular structure and function which has led to the 

introduction of the concept of compatible solute.133,136  All Debaryomyces species are 

haploid yeasts (a cell that contains a single set of chromosomes)  that reproduce 

vegetatively by multilateral budding.137 It has a halo-xerotolerance trait (tolerant of dry 

conditions) and shows a broad spectrum of carbon source assimilation and 

fermentation 138.  

 

2.5.1.2  Source 

Debaryomyces hansenii is one of the most common yeast species in nature and 

isolated from food such as dairy products, including soft, brine, and all types of 

cheese137,139–141. D.hansenii is a marine yeast, and it can be found in salty food and brine 

including and in various types of cheese142 wine, beer, and meat134,137. Debaryomyces 

hansenii, is a cosmopolitan species in aquatic ecosystems and the most common fungus in 

marine environments because of its broad salinity tolerance and ability to utilize a wide 

range of carbon sources.143 

  

2.5.1.3  Characteristics 

This yeast has high respiratory and low fermentative activity. Growth, fermentation and 

respiration of this yeast are limited when KCl and NaCl is more than 1 M144. Hwever, 

another study has been reported that D.hansenii can grow in saline media containing up to 
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4M NaCl137. D.hansenii can grow in a wide range of pH between 3 and 10137 and 

temperature (20⁰C-35⁰C) 145 but growth up to zero ⁰C  has been reported.137  

 

2.5.1.4  Applications of D.hansenii   

D. hansenii has been reported to metabolize n-alkanes and benzenoid compounds such as 

phenol, dihydroxybenzenes (catechol, resorcinol ) and dihydroxy- benzoic acids146. Earlier, 

Cerniglia and Crow147in 1981 reported oxidation of more saturated polyaromatic 

hydrocarbons, naphthalene, benzo(a)pyrene and biphenyl, by this organism. Interestingly, 

the ability of ascomycetous yeasts to assimilate phenol and n-alkylamines has been 

reported to be correlated with n-alkane assimilation.148,143 D.hansenii has an ability to 

accumulate lipids in salt stress. In high salt condition, the intracellular salt level of yeast is 

not sufficient to make an osmolarity balance with media. To resolve this crisis condition, 

yeast accumulate glycerol and polyhydroxyalcohol that are the basic unit of lipids in 

triglyceride131,149. D.hansenii was recognized as a source of high capacity to accumulate 

lipids. There are more than 600 yeast species and lipid accumulation characteristic is found 

in less than 30 of them150,151. 

 

2.5.2 Biotechnology of Parachlorella kessleri 

 

2.5.2.1  Microbiology 

The green microalgae genus Chlorella is one of the most important commercial 

microalgae152. A taxonomy of the genus Chlorella was published by Fott & Novakov A 

(1969)153–155. This microalgae in some characteristics resembles Chlorella vulgaris. 

Chlorella kesslerii was formerly Chlorella vulgaris.156  It was reported that it is one of 

species in taxonomy of Chlorella including vulgaris, C. lobophora, and C. sorokiniana. 

Later on, the Chlorella genus was reduced to C. vulgaris, C. lobophora, and C. sorokiniana. 

The new phylogenetic studies C. kessleri belonged to the new genus Parachlorella 
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(Chlorophyta, Trebouxiophyceae)152. Chlorella kessleri is freshwater, non-motile, 

unicellular green algae (eukaryote)155,157,158 (2-10 μm).159 These species are easily cultured 

in the laboratory as they reach exponential growth 3-4 days after inoculation. Some strain 

of Para Chlorella Kessleri such as ATCC 11468, CPCC 266, and 262 misidentified at the 

genus or species level in Chlorella vulgaris152,158 

 

2.5.2.2  Characteristics 

Most of the strains in the genus Chlorella are acid tolerant and salt tolerant. They have 

limited growth at pH 2.0 - 2.5 and NaCl 4 - 5 % (wv). And temperature between 34–

36⁰C.153,160  Extracted cell walls of C. kessleri strongly resemble that one’s of C. 

vulgaris154. The author cultivates this microalga at room temperature. P.kesslerii, grows 

faster in comparison  to other microalgae. The trend of cell growth vs time in other studies 

demonstrates P.kesslerii can grow faster in first 4 to 6 days161. P.kesslerii grow in the range 

pH between 7-8, the range of absorbing pb increased. 162 

 

2.5.2.3  Application of Parachlorella kessleri 

 

The main market for Chlorella is human nutrition, the dried biomass being processed as 

powder, capsules, or tablets.152 C. kessleri are capable to transform toxic metals such as 

selenium to organic compounds and of producing selenomethionine 156,163. Media contain 

SE between 1.6 to 46.9 (μg l-1) has been up taken and reduced from 0.1 to 10.62 (μg g-1) 

164. The significant growth of C.kessleri over a wide range of free Zn (16pM to 1.6 M) 

indicated a high tolerance of C. kessleri to zinc165. Microalgae, Chlorella kessleri absorbs 

Pb (lead)157,158,166–170. Literature shows this microalga can uptake other metal ions such as 

Cd and Cu 171–173, Ni174, Zn175 and Ca170. Some Chlorella strains including Parachlorella 

kessleri, strain CCALA 255 green algae (Chlorophyta) grown under optimal condition 

under limitation and deficiency of nitrogen, sulfur or phosphorous,  the biomass 

accumulates and produces  lipid up to 10-60% DW176–178.   
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2.6 Conclusion  

 

In this review, all physical, chemical and biological separation and treatment methods in 

the petroleum industry were investigated. There are two potential solutions to solve the 

challenge and treat desalter effluent. The first solution is to desalinate the desalter effluent 

and to be discharged into the wastewater treatment plant. Second alternative approach is to 

treat desalter effluent in a separate process.  

The price of freshwater transportation is less than the cost of desalinated effluent process 

(Freshwater in Canada 0.31 $m-3, desalination (0.52-2.41 $m-3).  This approach for 

desalting desalter effluent will be costly. It can be emphasized that desalination and water 

reuse technologies limits tremendous potential for efficient utilization of impaired and 

saline water sources. However, high energy and cost-related issues should be addressed 

with innovative, energy-efficient and cost-effective technologies that are socially 

acceptable and environment-friendly.  

Numerous technologies designed to limit polluting components from saline effluents which 

contain a high concentration of salt and heavy metals. Each technique only applies to 

certain pollutants in the waste stream, which is required to emerge several techniques as a 

complementary or combined application for removal of suspended solids, oil, ions and 

other components in a particular effluent. Before designing the method and techniques, it 

is important to define the characteristic effluents of the desalter effluent and to study the 

most appropriate technologies for the industry. Efforts should be continued to minimize 

energy demand and maximize resource utilization. Some effective and novel technology is 

recommended to be installed in new facilities. Petroleum refinery plants with old facility 

requires to optimize desalter effluent with minimum change due to the expense of 

installation. Naturally, the technical and economic considerations of the challenge must be 

noticed such as a load of effluent, production rates, treatment plant capacities. It is 

essentially significant to ensure that the treated effluent will not have any negative effects 

on the environment, and the quality of the treated desalter effluent. Biological treatment 



45 

 

has excellent potential with major challenges to be overcome. There is still a need for better 

engineering design and innovation. 

We found two robust and halotolerant microorganisms have been chosen to treat desalter 

effluent efficiently with opportunity to have alternative biofuel. We provided further 

information about the result in the next reports. 
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Chapter 3  

3 Investigation of Growth Kinetics of Debaryomyces 

hansenii (LAF-3 10 u) in Petroleum Refinery Desalter 

Effluent 

 

 

 

3.1 Introduction   

 

The process water from petroleum refineries commonly contains a large quantity of 

desalter effluent 1. Due to the presence of BTEX (benzene, toluene, ethyl benzene, and 

xylenes), phenol, dissolved inorganic compounds and minerals, the desalter effluent is 

required to be treated before being discharged into the environment179 . Many regulatory 

bodies such as Canada and the USA   have imposed requirements that refinery effluent 

must be treated to meet acceptable standards80,180. In addition, recent concerns with fresh 

water shortages in the developing world and the demand for relatively high volumes of raw 

water in the refinery have increased the pressure to recycle and/or reuse water181. In the 

past few years, several water treatment techniques have been investigated to treat refinery 

effluent streams e.g., biodegradation, adsorption, ion exchange, electrochemical 

separation, flotation and oxidation182. Desalter effluent could potentially be used as a 

source of recycled water after the oil content is removed below 120 ppm according to 

Refinery Liquid Effluent Regulations, CRC 828180  and may provide a cost-effective 

approach for water reuse in refineries.  

Debaryomyces hansenii is an osmo-tolerant and halo-tolerant yeast that can be found in 

many habitats with low water activity, such as sea water, cheese, meat, wine, beer, fruit 

and soil and as well in high-sugar products 137. D.hansenii has a high ability to degrade 
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phenol 183 as a sole carbon and energy source 184. In addition, a number of phenol 

derivatives are metabolized by this yeast 185.  The effect of several environmental factors 

such as medium composition, pH and temperature on the growth of Debaryomyces cells 

has been previously explored186,187. This yeast grew well in mineral wastewater containing 

carbon sources and supplemented by NaCl or KCl 144. D. hansenii strains are able to 

produce the volatile compounds e.g.,  mainly ester compounds, ethyl and methyl esters, 

sulfur, alcohols, aldehydes and ketones188-189. It was shown that the yeast can grow in oil 

mill wastewaters with  (NH4)2SO4  
190 .  Thus, the growth of this yeast on desalter effluent 

offers strong potential for petroleum wastewater treatment. 

Many substances found in desalter effluent potentially inhibit the growth of 

microorganisms. The specific growth rate of microorganisms increases with an increase in 

substrate concentration to a threshold level. Above this, the growth rate decreases with 

increase in initial substrate concentrations. Several unstructured mathematical models have 

been discussed in literature which describe substrate inhibited growth kinetics191.  The 

Andrews model 192, based on specific growth rate, is one of the most commonly used 

models due to its mathematical simplicity and wide acceptance for describing the substrate 

inhibition kinetics of microorganisms. The Andrews inhibitory growth kinetic equation193 

Equation (3-1) is as follows:  

 

𝜇 =
𝜇𝑚𝑎𝑥𝑆

𝐾𝑠 +  𝑆 +  
𝑆2

𝐾𝐼 

                         (3-1) 

 

where KS, KI, µ, µmax, and S are the saturation constant (mgL-1) (substrate-affinity 

constant), substrate inhibition constant (mgL-1), specific growth rate (h−1), maximum 

specific growth rate (h−1), and substrate concentration (mg L-1), respectively. 
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Aiba 194 proposed an alternative semi-emprical model to express microbial growth 

inhibition rate as given by Equation (3-2) (where the symbols have the same meaning as 

in Equation 3-1 above: 

𝜇 =
 𝜇𝑚𝑎𝑥

−
𝑆

𝐾𝐼

𝐾𝑠 +  𝑆 
                           (3-2) 

 

Another unstructured mathematical model proposed by Edward  195 to predict substrate 

inhibition at higher substrate concentration as given by the equation 3-3 (the symbols have 

the same meaning as in Equation 3-1 above): 

 

𝜇 =  𝜇𝑚𝑎𝑥[𝑒
−𝑆
𝐾𝐼  −    𝑒

−𝑆
𝐾𝑆  ]                    (3-3) 

 

In this study, D. hansenii yeast was investigated for the first time to understand its growth 

on desalter effluent and for phenol removal which is one of the major components of 

desalter effluent. The experimental results were simulated using the above described 

models to identify a suitable kinetic model.  

 

3.2 Materials and methods  

 

3.2.1 Materials  

Debaryomyces. hansenii SWING YEAST LAF-3 was provided by Parmalat Inc (London, 

Canada). The desalter effluent water was supplied from an Imperial refinery operation. All 
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chemicals used in this study were analytical grade and purchased from Sigma Aldrich 

(Oakville, Canada).  

 

3.2.1.1 Preparation for growth medium  

In this present study, two types of growth media were prepared for yeast cultivation. The 

first medium (real desalter effluent) contained: total ammonia 13 mg L-1; total chemical 

oxygen demand (COD) 1200 mg.L-1: orthophosphate (P) 0.22 mg L-1: phenols-4 AAP 2.1 

mg L-1; total phosphorus 0.48 mg L-1; total potassium (K) 0.013 mg L-1;  and total sodium 

600 mg L-1. The second synthetic growth medium (synthetic desalter effluent) was 

prepared as follows: phenol COD 120-4000 mg L-1, (NH4)Cl 60 mg.L-1; K2HPO4 30 mg.L-

1 and NaCl 1 g L-1. Both of the growth media were additionally supplemented with (NH4)Cl 

60 mg L-1 and K2HPO4 30 mg L-1  . The pH of the two growth media was adjusted to 5.5-

6.0. Both of the growth media were autoclaved at 121°C for 20 min prior to yeast 

cultivation. 

 

3.2.1.2  Shake flask experiments 

In this study, the shake flask experiments were carried out as follows. The yeast cells were 

first transferred into fresh yeast extract peptone dextrose (YEPD) agar slants and then 

incubated at 28 °C for 24 h. After that, the cell cultures were inoculated into 250 mL 

Erlenmeyer flasks containing 50 mL of YEPD medium. The flasks were incubated at 25°C 

for 24 h with a shaking speed of 180 rpm. The optical density of cell cultures (550 nm) was 

measured every two hours. After the optical density reached around 1,  D.hansenii cells, 

which were at the late exponential growth phase, were inoculated into flasks (at 5% v/v)  

containing prepared synthetic or real desalter effluent as described earlier. The culture was 

cultivated in a rotary shaker (VWR, Mississauga, Ontario, Canada) at 25 °C and 180 rpm. 

The yeast growth was carried out for 72 h and samples were withdrawn from the test 

cultures at intervals of 4 h. The residual concentrations (COD) of phenol and culture 
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turbidity (OD550) were measured to examine cell growth in the presence of different 

concentrations of phenol and salt.  

 

3.2.2 Analytical methods 

The cell concentration was measured using the optical density (OD) of cell culture. The 

OD was measured using a spectrophotometer (50 Bio, UV-visible, Evolution 60S, Thermo) 

spectrophotometer at 550 nm.  

 

3.2.2.1 COD measurement  

The chemical oxygen demand (COD) was used as a measure of substrate concentration. 

For experimental determination, the microbial culture from the shake flasks were filtered 

through a 0.2 µm filter paper (Whatman, Michigan, USA) to remove the cells. The 

remaining filtrate was then used for COD analysis using Hach 8000 (Hach Inc, Loveland, 

USA). The initial COD of phenol in this study was the theoretical COD based on the 

equation: 

C6H5OH  + 7 O2 →    6CO2     +    3H2O 

94 g            224 g 

Thus 1 g of phenol has a theoretical COD of 224/94 or approximately 2.38 g. 

 

3.2.2.2  Mathematical modelling of growth kinetics  

The specific growth rate (µ) value was calculated for the exponential phase in each growth 

curve using Equation 3-4 below. 
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𝜇 =
 𝑙𝑛

𝑋
𝑋0

𝑡
                           (3-4) 

 

 where X0 and X indicate the initial biomass and the biomass at time t, respectively.  

 

3.2.2.3  Relationship between optical density and dry weight  

Dry weight and optical density of D.hansenii biomass in different dilution of samples were 

measured. The equation (3-5) shows a linear equation between OD550 and Dry weight with 

R-squared of 99%.  

𝐃. 𝐖 = 𝟔. 𝟖𝟖 𝐎𝐃𝟓𝟓𝟎  + 𝟑. 𝟒𝟕                                                                   (3-5) 

D.W demonstrated dry weight of yeast D.hansenii (mgL-1) and OD is optical density of 

cell in desalter effluent at wave length of 550 nm. 

 

3.2.2.4 Modeling the kinetics of simulated desalter effluent  

The growth of D.hansenii in simulated desalter effluent was examined using three different 

unstructured mathematical models described earlier. Data fitting was carried out using 

nonlinear regression method using MATLAB (R2017b).  

 

3.3 Results and discussion 

 

Growth kinetics of D.hansenii on simulated desalter effluent 

Desalter effluent is a major source of contaminated wastewater effluent in the refinery and 
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can contains hydrocarbon emulsions, heavy metals, salts such as chlorides and carbonates, 

suspended solids, hydrogen sulfide (H2S), ammonia, and phenolic compounds. Due to the 

presence of a large number and variety of organic contaminants, chemical oxygen demand 

(COD) measurement is an appropriate approach to describe the level of organic 

contaminants. Previously, few studies have conducted to evaluate the effect of COD on the 

growth of D. hansenii.  

Therefore, in this study, the growth kinetics of D.hansenii were investigated in the 

simulated desalter effluent containing COD in the range of 120 and 4000 mg L−1.  Figure 

3-1 describes the growth kinetics in the simulated desalter media. Phenol was used as the 

substrate to simulate the COD in the simulated desalter effluent and in order to elucidate 

the growth kinetics of the yeast in a well-defined medium with known substrate.  As seen 

in Figure 3-1, the cell concentration increased with increasing initial COD from 120 to 900 

mg L-1. The cell growth is dependent on the amount of organic carbon substrate and very 

little growth was observed at 120 to 300 mg L-1 initial COD. At higher CODs, the cell 

concentration increases rapidly then growth slows as COD increased beyond 1200 mg L-1 

indicating substrate inhibition by phenol. Several microorganisms including yeast can 

utilize aromatics as carbon energy sources. Previously it was reported that the yeast 

Trichosporon cutaneum utilizes an ortho oxidation pathway of the benzene moiety193. 

Several inducible enzymes are involved which are suppressed by excess concentrations of 

the substrate leading to reduction in the cell growth. Similarly, Hill and Robinson 196 

reported on bacterial inhibition by phenol and applied a substrate inhibition model to 

simulate the growth kinetics. Yan et al.197 investigated the yeast Candida tropicalis 

(obtained from activated sludge) for phenol degradation. Substrate inhibition was noted 

with an increase of phenol concentration over a threshold concentration. While several 

studies have appeared on phenol biodegradation by yeasts and bacteria, very limited or no 

studies have been published on microbial growth kinetics of Debaryomyces hansenii using 

phenol as the carbon source. An understanding of growth kinetics can provide a 

fundamental knowledge for better design of petroleum or other aromatic effluent treatment 

systems.  

An average specific growth rate was obtained for the exponential phase of each growth 
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curve in Figure 3-1 and this was plotted against initial phenol COD as in Figure 3-2.  As 

seen in Figure 3-2, the specific growth rate increases to a maximum then decreases as the 

initial COD increases which is consistent with the data in Figure 3-2.  These values of µ 

versus S were applied for the model simulations and are discussed below. 

 

 

Figure 3-1: Growth kinetics of D.hansenii in high-salt media in simulated desalter 

effluent at various COD values (120-4000 mg L-1). 

 

 

3.3.1 Investigation of kinetic models 

Three different unstructured models, the Andrews model Equation (3-1), Aiba Equation 

(3-2) or Edward model Equation (3-3) were applied to simulate the batch growth kinetics. 
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Non-linear least squares regression was applied by varying the three model constants µmax, 

Ks and KI. Figure 3-3 shows the plot of model simulations using the best available fit with 

experimental data of specific growth rates. As seen in Figure 3-3, the Aiba and Edward 

model which have similar exponential terms produced almost identical results while the 

Andrews equation predicted higher specific growth rates for initial COD values of 2500 

mg/L or higher. Table 3-1 shows the best fit parameters µmax, Ks, and KI. Since different 

combinations of model parameters can be applied to model experimental data in the 

response space, it was important to calibrate the obtained results with reported literature in 

order to select the most appropriate mathematical growth kinetic model. 

 

 

Figure 3-2:  Average specific growth rate as a function of COD for a range of COD 

values in simulated desalter effluent containing 1g L-1 sodium chloride solution. 

 

Previously Prista et al.193 examined the specific growth rate of Debaryomyces hansenii in 

the presence of different salts and varying concentrations. They found the specific growth 

rates to be in the range of 0.02 to 0.24 h-1 at salt concentrations up to 2.5 M. Thus in our 
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case (at a salt concentration of 0.02 M), the Edward model most realistic simulates the 

experimental data and is an appropriate kinetic model to represent the growth of the D. 

hansenii. 

 

 

Figure 3-3 : Experimental and model simulations for specific growth rate of D.hansenii 

growth in 1 g L-1 salt as a function of initial COD using Andrews, Aiba and Edward 

models (Equations 3-1). (The line represents different kinetic models using least squares 

non-linear regression and exponential curve fitting (MATLABTM). 
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Table 3-1: Best-fit biokinetic constants using non-linear regression with three different 

unstructured models applied to Debaryomyces hansenii cultivation on synthetic desalter 

effluent degradation compared to reported literature values. 

Kinetic Model µmax(h-1) KS (mg L-1) KI (mg L-1) 

Andrews 11.31 81136.6   6.647 

Edward  0.210 633.95   1263.61 

Aiba 0.998 6187.8   1108.3 

 

 

3.3.2 COD removal rates in simulated desalter media 

Figure 3-4 describes the COD removed as a function of initial COD of the simulated 

desalter effluent. At low initial CODs, the COD removal was approximately 50%. As the 

initial COD increased to above 300 mg L-1 the COD removal rate was greater than 80%. 

Above an initial COD of 1200 mg L-1, the COD removal rate decreased due to the phenol 

substrate inhibition of growth. This figure provides useful data for the range of CODs in a 

desalter effluent in order to achieve high COD removal. These results were reexamined by 

cultivation of the yeast in real desalter effluent media. 
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Figure 3-4:  Various Phenol COD removal by using D.hansenii cultivation in simulated 

desalter effluent in 1g L-1 NaCl.  

 

3.3.3 Investigation of growth kinetics in real desalter effluent media 

Figure 3-5 describes the growth of D.hansenii in actual desalter effluent. The cells grew 

well in the undiluted effluent with a COD of around 1200 mg.L-1. The cell concentration 

obtained was lower at lower CODs. This trend agrees with the simulated desalter 

experimental results as the specific growth rate decreases with decreasing initial COD.  As 

mentioned previously, there are many organic compounds present in a real desalter 

effluent. While COD is a measure of the total organic loading, not all the COD may 

contribute to biodegradability. There may be also more toxic effects due to other 

compounds present in the complex environment of the actual desalter effluent.  Thus 

realistically a biochemical oxygen demand (BOD) may provide a better description of cell 

cultivation in real media. This should be examined further in other studies. 
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Figure 3-5: Growth of D.hansenii in  actual desalter effluent with  dilution of initial 

COD to 300,600,900 and 1200 mgL-1. 

 

Figure 3-6 describes the COD removal rates in the actual desalter effluent. The COD 

removal rate is in the range from 69 to 88%.  Overall, the phenol degradation efficiencies 

were relatively high at the pH range studied (5.5 to 7.5). The COD removal in real desalter 

effluent wastewater was about 1.3-8X higher than that obtained in simulated desalter 

effluent containing phenol as the only carbon substrate. The salt concentration in the actual 

desalter effluent was 600 mg L-1 and lower than in the simulated effluent. This may also 

contribute to higher efficiencies of COD removal.  
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Figure 3-6: Desalter effluent COD removal by using D.hansenii at different initial CODs 

in actual desalter effluent media. 

 

3.4 Conclusions  

 

In this study, for the first time, an osmo-tolerant and halophilic yeast D. hansenii (LAF-3 

10 u) was investigated for the treatment of petroleum refinery desalter effluent. A single 

organic substrate, phenol was utilized in order to identify suitable kinetic models to 

represent the growth kinetics in batch culture as the limiting substrate at 25°C and in a pH 

range of 5.5- 7.5. The yeast also grew well in real desalter effluent and can provide a high 

COD reduction. Kinetic constants applicable to the Edward equation were obtained to 

describe substrate inhibition model for yeast growth as a function of COD. The D. hansenii 

can effectively degrade organic carbon in synthetic and real desalter effluents. Further 

studies on reactor development are needed to design suitable bioprocessing configurations 

for the efficient treatment of petroleum refinery desalter effluents. 
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Chapter 4  

 

4 Investigation of Degradation of N-Dodecane By 
Debaryomyces Hansenii In Simulated Desalter Effluent 

 

 

 

4.1 Introduction 

 

The first step of the petroleum refining process uses a desalter to dissolve impurities, 

including hydrocarbons, metals, soil, amines, ammonia and different salts. In the desalter 

operation, water and demulsifiers are added to the crude oil and then heated to extract salts 

and other impurities into the water198,199. The operating temperature in the desalter is 

between 80 and 130°C12,14. Cooling water then reduces discharged desalter effluent 

temperature down to between 21 and 50°C5,13,49. 

The presence of salt in the desalter effluent makes the effluent treatment challenging hence 

alternatives need to be explored. There has been limited research on the biological 

treatment of desalter effluent”.  

N-dodecane, a straight-chain alkane with 12 carbon atoms, is one of the many 

hydrocarbons found in crude desalter effluent 24. The research literature describes many 

techniques using the biological treatment of petroleum wastewater for degradation of 

aliphatic compounds by an alkane-degrading organism such a bacteria, yeasts, fungi during 

3-4 weeks or months at the low range temperature 29–37. However, the efficiency of crude 

oil degradation by microorganism depends on molecular weight and length of the 
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hydrocarbon chain in crude oil 31. About 61 bacterial (aerobic and anaerobic) and 28 yeast 

strains utilize petroleum hydrocarbons including n-alkanes for growth31,200. 

Several bacteria could degrade 930 mgL-1  of dodecane in 1% salt up to 60% during 90 

days201. Some yeasts such as Candida tropicalis, Candida albicans, Yarrowia lipolytica, 

and Debaryomyces hansenii can degrade hydrocarbons 202. Yeast, Yarrowia lipolytica, 

degrades dodecane with concentration of 100gL-1 at Temperature of 15 ⁰C  up to 73% after 

5 days but this yeast grow up 20 ⁰C31,203 and  over 9% NaCl 204 , while D.hansenii grow up 

to 25% NaCl 137 and 35 ⁰C. Certain yeast can accumulate large amounts of lipids, a 

characteristic found in less than 30 of about 600 yeast species137. 

D. hansenii is an alkane-metabolizing yeast143 with metabolic machinery for a wide 

range of organic substrates202,205 at different specificities among its forty-three strains206.D. 

hansenii can grow in media up to 4 M KCl, and 4 M or 10 to 25% NaCl144,207. Primary 

application of this yeast is in food and dairy operations, including the production of cheese, 

meat, beer and fruit137,208. D. hansenii has been reported to grow and metabolize across a 

broad range of pH values, from 3 to 10 4,26, temperatures from 10 to 35°C144,207, and 

salinities from 10 to 25% NaCl (w/v, salt) ) (Kockova- Kratochvilova et al., 2009). These 

properties render it highly suitable for desalter effluent bioremediation, as the effluent is 

characterized by alkane hydrocarbons and high salt concentrations. The biomass of this 

yeast is also amenable to commercialization for biofuel production due to its high lipid 

content.  

This study first examined the growth of D. hansenii in simulated desalter effluent 

(SDE) with concentrations of n-dodecane (n-alkane hydrocarbon) ranging from 3.85 gL-1 

to 30 gL-1. Next, response surface methodology (RSM) was applied to investigate the 

effects of different environments on yeast performance. Our findings demonstrate that a 

significant efficiency boost in dodecane concentration removal can be achieved under a set 

of easily optimized environment conditions. 
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4.2 Materials and methods 

 

4.2.1 Materials 

 

The simulated desalted effluent (SDE) was prepared from a mineral media solution210 with 

equivalent properties of real desalter effluent, with dodecane the only yeast-degradable 

carbon source. Tween 20 (non-ionic surfactant) was added to dissolve the nonpolar 

hydrocarbon dodecane into the aqueous medium of SDE to help yeast access this carbon 

source.  

 

4.2.1.1  Chemicals and preparation of synthetic desalter growth 

medium  

All chemicals used in this study were purchased from Sigma Aldrich (Oakville, Canada) 

at analytical grade. The SDE in 1 L distilled water was prepared as described in Table 4-1. 

The pH of the growth media was adjusted to between 6 and 6.5.  All growth media were 

autoclaved at 121°C for 20 min prior to yeast cultivation. Experimental specifications are 

provided in Table 4-2. Dodecane was added to the synthetic effluent as a petroleum 

hydrocarbon representative at concentrations ranging from 3.75 to 30 g.L-1 (high range), 

and 150 mgL-1 to 750 mgL-1 (low range) to the simulated media. The theoretical oxygen 

demand (ThOD) for the oxidation of 1 g of dodecane is 3.43 g (adapted from Pitter and 

Chudoba, 1990). Experiment 2 used a ThOD of dodecane ranging from 522 to 2610 mgL-

1; this is within the range of the COD in Imperial Oil desalter effluent.   

Total free hydrocarbon content, including dodecane, in typical desalter effluent has 

been reported as high as 1,000 mgL-1 38,211.  
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Table 4-1: Synthetic desalter effluent (SDE) components without hydrocarbon 

Mineral media 

component 

Concentration in 1 litre 

distilled water 

SDE (MM) mgL-1 

KH2PO4 1 g Total potassium (K+) 73.6 

K2HPO4 1 g 

(NH4)2SO4 1 g Total ammonia (NH3) 27.3 

MgSO4  0.2 g Magnesium (Mg2+) 40 

FeCl3 0.05 g Ferrous (Fe2+) 17.3 

CaCl2  0.02 g Total calcium (Ca2+) 72 

NaCl 1 g Total sodium (Na+) 393.3 

FeCl3, CaCl2 , NaCl 0.05 g, 0.02 g, 1 g Dissolved chloride (Cl-) 651 

Tween 20 1 mL - - 

 

 

4.2.1.2  Yeast preparation and growth experiments 

Debaryomyces hansenii SWING YEAST LAF-3 (Parmalat Inc., London, Canada) was 

used for all experiments. Pre-cultivation of fresh and sterilized yeast extract peptone 

dextrose (YEPD) agar slants was conducted, and the cultures were then incubated at 25°C 

and 180 rpm on a rotary shaker (VWR, Mississauga, ON, Canada) for 24 h. Growth in 

liquid media was facilitated by 50 mL of sterilized malt extract medium. Optical density 

(absorbance percentage) at a wavelength of 600 nm was measured every four hours on an 

Evolution™ 60S UV-visible spectrophotometer (Thermo Fisher Scientific) during the 24 

hours of incubation. Once the cultures reached the late exponential phase, the D. hansenii 



65 

 

cells were added to SDE in 250 mL flasks with a suspended yeast cell concentration of 1% 

v/v ( 1 mL D. hansenii inoculum in 100 mL of desalter effluent) and incubated at 25°C in 

a rotary shaker set to 180 rpm for five days.  

 

Table 4-2. Experiment dodecane concentrations 

Experiment Dodecane per liter mineral media 

 high range 
3.75 gL-1 11.25 gL-1 18.75 gL-1 30 gL-1 

 

low range 
150 mgL-1 450 mgL-1 750 mgL-1  

experimental design (central composite design) 

 

 

4.2.2 Analytical methods 

 

Organic carbon (dodecane) concentration was measured by assessing COD. SDE, mineral 

media (MM) and surfactant (Tween 20), were maintained at the same concentrations for 

all runs of all experiments, with dodecane concentration as the only variable. 

 

4.2.2.1  Cell concentration 

Yeast (D. hansenii) is a unicellular microorganism, and growth (cell concentration) was 

measured using the optical density (OD) of the cell culture by measuring absorbances at 

600 nm.  
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4.2.2.2  Chemical oxygen demand (COD) analysis 

Chemical oxygen demand (COD) is a good way to measure organic loadings in 

wastewaters such as desalter effluent as the organic composition can be highly variable. In 

this study, COD was also applied as a measure of dodecane concentration. For 

experimental determinations of COD, the microbial culture samples from the shaker flasks 

were centrifuged with an IEC Micromax (Hyland Scientific Company, WA, USA) at 1,000 

rpm for 45 min. The supernatant was then filtered using sterile 0.2-micron cellulose acetate 

membrane syringe filters (VWR) to remove any remaining cells. COD analysis of the 

filtrated SDE was conducted with a Hach 8000 (Hach Inc., Loveland, USA). 

The presence of salinity in the media affects COD measurements; therefore, the correlation 

between initial n-dodecane concentration and COD was determined by measuring 

correlations at different NaCl concentrations. For low dodecane, concentrations of 150, 

450 and 750 mgL-1 with salt concentrations of 0 and 5 gL-1 at a pH of 6.4 were used, and 

COD% was measured and compared with the results of COD removal described earlier in 

this section. For high dodecane, a 200 mL volume of mineral media in shaker flasks was 

supplemented with n-dodecane (0.5% to 4% v/v) at concentrations of 3.75, 11.25, 18.75, 

and 30 gL-1 for five days in a rotary shaker. Dodecane removal was calculated using 

Equations 4-4 and 4-5. Each experiment was repeated three times. 

Table 4-3 shows equivalent CODs for dodecane concentrations of 150, 450 and 750 

mgL-1 at salt concentrations of zero and 5 gL-1 when the pH was 6.4.  

 

4.2.2.3  n-dodecane removal measurement 

 

Dodecane removal was evaluated using Equation 4-5 and the following formula  
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𝜟𝐂𝐎𝐃% =
(𝐂𝐎𝐃𝐓𝐨𝐭𝐚𝐥(𝐢)−𝐂𝐎𝐃𝐓𝐨𝐭𝐚𝐥(𝐟))

𝐂𝐎𝐃(𝐓𝐨𝐭𝐚𝐥)𝐢
× 𝟏𝟎𝟎                                              (4-1) 

 

here CODi is the initial dodecane concentration before adding yeast and CODf is the final 

dodecane concentration at the end of the experiment. 

 

Table 4-3. COD of dodecane in synthetic desalter effluent at NaCl concentrations of zero 

and 5gL-1, pH = 6.4 

NaCl  
(gL-1) 

COD MM+ COD τ 

mgL-1 

D = 150 mgL-1 D = 450 mgL-1 D = 750 mgL-1 

CODTotal 

mgL-1 

%ΔD CODTotal 

mgL-1 

%ΔD mgL-1 %ΔD 

0 534 ± 1 621 ± 1 14. ± 0.1 644 ± 2 17.08 ± 0.1 679 ± 1 21.3 ± 0.1 

5 728 ± 2 977 ± 1.2 25.5 ± 0.2 1173 ± 3 37.94 ± 0.11 1221 ± 3 40.4 ± 0.12 

 

 

4.2.2.4  D. hansenii biodegradation of n-dodecane in simulated 

desalter effluent 

A four-factor central composite design (CCD) was developed to evaluate n-dodecane 

removal responses and determine the optimal combination of temperature, pH, NaCl, and 

initial n-dodecane concentration. The effects of temperature (A), initial pH (B), salt (C), 

and initial concentration of n-dodecane (D) were assayed over a range of 20 to 35°C (A), 

3 to 9 (B), 1 and 5 g L-1 (C), and 150 and 750 mg L-1 (D).  

All cell cultivations were carried out in 250 mL shaker flasks using SDE and Tween 

20. The un-coded values for each parameter were low star point, low center point, center 
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point, high center point, and high star point as star points help to fit the curvature model. 

Temperature (A) in °C, initial pH (B), initial NaCl or salt concentration (C) in gL-1, and n-

dodecane concentration (D) in mgL-1 are shown in Table 4- 4. Each flask contained 100 

mL SDE in the combinations described in Table 4-5. The flasks were mixed in a Multitron 

(INFORS HT, Anjou, QC, Canada) shaking incubator at 180 rpm for five days. After five 

days, dodecane concentrations remaining in the supernatants were determined using 

Equation 4-6. The experimental design was developed using Stat-Ease Design Expert 

v.11.1.0.1, which suggested 27 conditions. All conditions were assayed in triplicate, 

including 3 center points. The resulting 81 conditions (3 × [16 factorial + 8 augmented + 3 

center points]) were fully randomized. 

 Linear regression analysis was applied to fit experimental data with a second order 

model, as shown in Equation 4-10. The significances of each parameter, interaction and 

quadratic effect were determined based on an α of 0.05 using an F test. The fitted model 

was evaluated by normal probability plots, R2, and adjusted R2, and lack of fit coefficient 

to evaluate adequacy. An analysis of variance (ANOVA) was used to assess the accuracy 

of the model. A p-value of less than 0.05 was considered statistically significant. 

Regression analyses and optimization were performed by Stat-Ease Design Expert 

v.11.1.0.1 software to maximize the removal of dodecane from the desalter effluent. Error 

bars indicate standard deviations of triplicate measurements. 

Table 4-4: Experimental design with four factors and three levels 

Level Low star 
-  

Low center  
-1 

Center  
0 

High center  
1 

High star  
+ 

Dodecane (D) mgL-1 25 150 450 750 874.5 

NaCl (C) gL-1 0.17 1 3 5 5.8 

pH (B) 1.2 3 6 9 10.2 

T °C (A) 16 20 27.5 35 38.1 
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4.3 Results and Discussion 

4.3.1 COD analysis 

The strong linear relationship between total organic carbon (TOC) and COD indicates that 

a COD assay can reliably replace the TOC test normally used in the evaluation of specific 

wastewater and treatments212. Amounts of consumed dodecane were evaluated by 

measuring reductions in COD after five days using Equation 4-2  

𝐶𝑂𝐷𝑇𝑜𝑡𝑎𝑙 = 𝐶𝑂𝐷𝑀𝑀 + 𝐶𝑂𝐷𝐷 + 𝐶𝑂𝐷𝑇                                                                                 (4-2) 

where CODX denotes the COD of component X, MM represents mineral media, T 

represents Tween 20 and D represents dodecane.  

Equation 4-3 illustrates that CODTotal has linear regression with the TOD of Tween 

20 (T) and dodecane (D)  

 

𝐶𝑂𝐷𝑇𝑜𝑡𝑎𝑙 = ∝ 𝑇𝑂𝐷𝜏+𝐷 +  𝛿                                                                           (4-3) 

where α is the slope and δ is the intercept of the straight line. 

Equation 4-4 similarly illustrates that COD Total has linear regression with the TOD 

of Tween 20 (T) and dodecane 

𝐶𝑂𝐷𝑇𝑜𝑡𝑎𝑙 = ∝ 𝐷 + 𝛽                                                                                       (4-4) 

where α is the slope and β is the intercept of the straight line.  

Tween 20 is not degradable by yeast, so amounts thereof at the first (i) and final (f) 

days remained constant (equation 4-5):  
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 [𝐂𝐎𝐃 𝐓𝐨𝐭𝐚𝐥(𝐢)  −  𝐂𝐎𝐃 𝐓𝐨𝐭𝐚𝐥(𝐟)]  =  𝛂𝛃 [𝐃(𝐢)  −  𝐃(𝐟)]  =  𝚫𝐃                                 (4-5) 

  

Since chloride levels can affect the COD213, COD correlations were developed for the 

different salt and n-dodecane concentrations and are described below. 

Equation 4-6 demonstrates the correlation line between COD and high dodecane 

concentration.    

(high range of dodecane)  NaCl 1 𝑔𝐿−1 ; D = 14.647 × COD − 15885, R2 = 0.97                    (4-6) 

 

 

4.3.2 Kinetics of D. hansenii n-dodecane biodegradation in simulated 

desalter effluent  

 

Aerobic degradation of n-dodecane by Debaryomyces hansenii starts with the oxidation of 

n-dodecane to a primary alcohol that is subsequently oxidized into fatty acid. Fatty acids 

then undergo further processing to release the energy they store214; yeasts can accumulate 

and store these lipids, as well. One limitation to the utilization of n-dodecane as a substrate 

is its extremely poor solubility in water. In our study, Tween 20 (polyoxyethylene sorbitan 

fatty acid ester), a nonionic surfactant, was added to increase the miscibility of n-

dodecane215. A control sample of SDE with Tween 20 in the absence of n-dodecane was 

tested to ensure the yeast degraded n-dodecane only and not the surfactant. Biodegradation 

of n-dodecane in SDE by adding surfactant was compared with control using the equations 

described in the Methods section.   

Figure 4-1 shows the growth kinetics of D. hansenii in SDE at initial, low range dodecane 

concentrations from 0.3 to 1.5 gL-1. Three growth phases, lag, exponential, and log were 

observed in the SDE (Fig. 4-1). Yeast concentration, as evaluated at OD600, increased from 
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0.18 to 0.7 in the Tween 20 containing SDE over a period of 48 h.  Negligible growth was 

observed in the control flask containing no dodecane, indicating Tween 20 was not 

appreciably metabolized by the yeast (Fig. 4-1).  

 

 

Figure 4-1. Degradation of n-dodecane with Tween 20 over 50 hours with control Error 

bars indicate standard deviations of triplicate measurements.    

 

 

Figure 4-2 describes the growth of D. hansenii in SDE at high initial n-dodecane 

concentrations of 3.75 gL-1, 11.25 gL-1, 18.75 gL-1 and 30 gL-1 . The OD600 of the cells 

increased from 0.3 to 2.0 in the SDE media. No lag phase was observed during the growth 

period under these conditions; however, cell concentration trend lines were closely aligned. 

These results demonstrate that the yeast D. hansenii can grow in concentrations of n-

dodecane up to 30 gL-1. Of note, cell growth increases at initial substrate concentrations of 
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up to 3.75 gL-1 but not significantly after that (Figs. 4-1, 4-2). This could be because 

dodecane has low solubility in water, limiting the amount of the substrate dissolved in the 

effluent at any given time216. 

 

 

Figure 4-2: Growth of D. hansenii in different dodecane concentrations of 3.75, 11.25, 

18.75 and 30  gL-1 in the presence of Tween 20 Error bars indicate standard deviations of 

triplicate measurements 

 

At low concentrations (up to 1.5 gL-1) the driving force for mass transfer of 

dodecane may be low enough for growth to be limited by supply (Fig. 4-1). As dodecane 

concentration increased (Fig. 4-2), the driving force for mass transfer increased 

concomitantly and was associated with increased cell growth. The increase in cell growth 

plateaued at a substrate concentration of 3.75, with increases up to 30 not associated with 
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significant increases in cell growth rate, suggesting limiting factors such as other nutrients, 

oxygen supply constraints or substrate inhibition.  

Once the surfactant exceeds critical micelle concentration (CMC), the amount of 

solubilized dodecane increases with increases in surfactant concentration217. In this 

experiment, concentrations of surfactant in the four samples were approximately equal; 

however, the concentration of Tween 20 in SDE was higher than the reported CMC of 60 

mgL-1 218, suggesting that the solubilization power (SP) of a surfactant is equivalent to the 

free energy of solubilization (ΔGS)  for the four different concentrations of dodecane in 

water, as indicated here 

          𝑆𝑃 =
𝑆𝑡𝑜𝑡𝑎𝑙 − 𝑆𝑤𝑎𝑡

𝐶𝑠𝑢𝑟𝑓 − 𝐶𝑀𝐶
                                      (4-7) 

where Stotal is the molar solubility of the hydrophobic hydrocarbon (dodecane) in the 

aqueous system (SDE); Swat is the molar solubility of the hydrocarbon in water; and Csurf is 

the molar concentration of the surfactant.  

Figure 4-3 shows n-dodecane removal from SDE at n-dodecane concentrations of 

3.75, 11.25, 18.75 and 30 gL-1; which were reduced after five days by D. hansenii to 2.06, 

6.53, 7.5, and 9 gL-1, respectively. N-dodecane removal is displayed as a function of initial 

dodecane concentration. As the initial dodecane concentration increased, the level of 

dodecane removal decreased, indicating that mass transfer from the two-phase system 

controlled the overall removal rate. Mass transfer can be increased by higher agitation 

speeds or Tween 20 concentration.  

 

The effects of n-dodecane concentration on specific growth rates and dodecane removal 

from SDE were investigated, with the specific growth rate (µ) determined from the initial 

slope of cell growth at OD600 versus time curves for each n-dodecane concentration in 

equation 4-8 as indicated here 
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𝜇 =
𝐿𝑛

𝑋2
𝑋1

𝑡2−𝑡1
                                                                                                 (4-8) 

 where X is cell concentration, and t is time.                                                                                                                           

 

 

Figure 4-3. Dodecane removal as a function of initial dodecane concentration after five 

days. Error bars indicate standard deviations of triplicate measurements. 

 

Specific growth rates were calculated as indicated in Equation 4-8. N-dodecane 

concentrations of 0.3, 0.6, 1.5, 3.75, 11.25, 18.75 and 30 gL-1 yielded specific growth rates 

of  0.010, 0.012, 0.044, 0.055, 0.055, 0.044 and 0.045 h-1, respectively. In previous work, 

the Andrews, Aiba and Edward models were compared  using phenol as the substrate for 

D. hansenii52. In this study, the Aiba semi-empirical model219 as shown in Equation 9 was 

applied to assess specific growth rate as a function of initial substrate concentration 
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𝜇 =
 𝜇𝑚𝑎𝑥

−
𝑆

𝐾𝐼

𝐾𝑠+ 𝑆 
                                                                                (4-9)                                                                                                                        

    

where µ is the specific growth rate (h−1), µmax is the maximum specific growth rate (h−1), 

KS is the half saturation constant (gL-1), KI is substrate inhibition constant (gL-1), and S is 

the initial dodecane concentration or substrate (gL-1). Figure 4-4 shows model simulation 

versus experimental results, indicating a slight inhibition of specific growth rates at higher 

initial dodecane concentrations. Values for µmax, Ks and KI were calculated by the least 

square method in MATLAB, and were 0.085 (h−1), 1.74 (gL-1) and 45.53(gL-1), 

respectively; these were compared with the Aiba model in Equation 4-9.  
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Figure 4-4: Experimental data and Aiba model simulations for the specific growth rate of 

D. hansenii growth as a function of initial n-dodecane concentration of 0.3 to 30 gL-1.  

(Equation 4-9) The curve represents the Aiba kinetic model fitting with experimental data 

using the least squares method in MATLABTM 

Several studies have been carried out for the microbial metabolism of dodecane and other 

hydrocarbons.  In one approach, sawdust and peat absorbents were applied to degrade 

petroleum spills with an initial dodecane concentration of 38 gL-1 for 68 days220.  The 

average removal of COD using mixed cultures in a trickling filter was 75% over a 

minimum period of 11 weeks221. Our results showed a much faster removal of high n-

dodecane concentrations (up to 31% in 5 days) in saltwater using the yeast, D. hansenii. 

Another study used bacteria for dodecane degradation, and mycobacterium 

austroafricanum GTI-23 has also been shown to grow on aliphatic hydrocarbons, such as 

dodecane, in a mineral salt medium of 3.3% (v/v)222.  

However, only a limited number of microorganisms are known to grow on crude 

oil at concentrations from 6 gL-1 up to 250 gL-1. These microorganisms include 

Actinomyces sp., PRCW E1, Acinetobacter sp. E11, Burkholderia cepacia RQ1, 

Corynebacterium sp. BPS2-6, Pseudomonas sp. BPS2-5, and Rhodococcus spp. Moj-3449 

and BPS1-8223,224. Geobacillus stearothermophilus A-22, Pseudomonas stutzeri NA3, 

Acinetobacter baumannii MN329, P. aeruginosa NCIM 551427, bacterium SH-1 

Geobacillus sp.225, and Dietzia sp. DQ12-45-1b226 can degrade more than 10% of n-alkanes 

over a period of five to 14 days. The biosurfactant rhamnolipid is also used to increase the 

biodegradability of raw wastewater in the petrochemical industry and has been shown to 

remove up to 72% of hydrocarbon content after 45 days227.  

The results of our investigation demonstrate that the yeast D. hansenii degraded dodecane 

at a maximum rate between 9 to 30 gL-1 in the ranges investigated. Results did indicate 

potential substrate inhibition as dodecane concentration increases. Our previous results on 

phenol showed phenol inhibition at a COD of 1,200 mgL-1 when phenol was the only 



77 

 

carbon source52. The results obtained in our study led us to examine in more detail the 

different parameters affecting cell growth using dodecane as a nonpolar substrate. This 

study demonstrates the growth rates of D. hansenii from low to high concentrations in SDE 

with a salt concentration of 1 gL-1. These results are comparable with other research 

focused on the removal of oil, dodecane, n-alkane and aliphatic hydrocarbons.  

 

 

4.3.3 Optimization of n-dodecane removal and response surface 

model validation 

Response surface methodology was used to study the interaction effects of the four 

factors. Measured responses for dodecane removal percentage, parameters and levels are 

shown in the last column of Table 4-5.  The quadratic model for n-dodecane removal in 

terms of actual factors are shown based on the selected significant variables  

 𝑪𝑶𝑫 % 𝒓𝒆𝒎𝒐𝒗𝒂𝒍 =  +20.55 −  5.76 𝐴 +  4.99𝐵 −  0.5324 𝐶 − 8.67 𝐷 − 4.58𝐴𝐷 +

4.25 𝐵𝐶 − 2.58 𝐵𝐷 +  2.56 𝐶𝐷 + 11.53𝐷²                                                             (4-10) 

Where COD % removal is the response data in linear correlation with n-dodecane 

removal percentage (%ΔD).  

 

The resulting model parameters are shown in Table 4-6. The F value of the model was 

16.89, much higher than the critical value, indicating that model parameters are highly 

significant. The significance of each parameter coefficient was determined by p-value, with 

smaller p-values indicating increasing significance of the coefficient. In this study, the lack 

of fit obtained for this model was 16.7%, and temperature, initial pH, and dodecane 

concentration all significantly affected dodecane removal. The quadratic effects of n-

dodecane concentration and pH and the interaction between temperature and dodecane also 

significantly affected COD (dodecane removal). The goodness of fit of the model was 
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confirmed by the coefficient of determination R2 = 0.90 and adjusted determination 

coefficient of R2 = 0.85. A ratio of 15.22 for adequate precision indicates an adequate signal 

to noise ratio for navigating the design space. Data were analyzed statistically and found 

to fit with the model.  

 

Table 4-5: Chemical oxygen demand percentage (average of triplicates ± standard 

deviation) under conditions determined for CCD 

  

Run 

Factor 1 

(A) Temperature (0C) 

Factor 2 

(B) pH 

Factor 3 

(C) Salt  gL
-1

 

Factor 4 

(D) Dodecane mgL
-1

 

Response  

COD  Removal % 

1 16.9 6 3 450 13.8 ± 1.3 

2 20 3 1 150 27.2 ± 0.7 

3 20 3 1 750 51.3 ± 0.4 

4 20 3 5 150 12.3 ±0.7 

5 20 3 5 750 51.3 ± 0.54 

6 20 9 1 750 47.5 ± 0.25 

7 20 9 5 150 44.9 ± 0.77 

8 20 9 1 150 32.3 ± 0.31 

9 20 9 5 750 61.6 ± 0.79 

10 27.5 1.7 3 450 16.6 ± 0.9 

11 27.5 6 0.17 450 20.5 ± 0.75 

12 27.5 6 3 25 21.4 ± 0.52 

13 27.5 6 3 450 20.7 ± 0.2 

14 27.5 6 3 450 19 ± 0.54 

15 27.5 6 3 450 21.5 ± 1 

16 27.5 6 3 874.5 60.9 ± 0.73 
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17 27.5 6 5.8 450 18 ± 0.8 

18 27.5 10.2 3 450 22.6 ± 0.4 

19 35 3 1 150 27 ± 0.7 

20 35 3 1 750 22.4 ± 0.15 

21 35 3 5 150 8.3 ± 0.43 

22 35 3 5 750 28.7 ± 0.42 

23 35 9 5 150 35.5 ± 0.33 

24 35 9 1 750 31.7 ± 0.8 

25 35 9 1 150 28.4 ± 0.51 

26 35 9 5 750 38.5 ± 0.66 

29 38.1 6 3 450 12.3 ± 0.73 

 

 

4.3.4 Combined effects of pH, temperature, sodium chloride, and n-

dodecane concentration on dodecane removal 

Figure 4-5 describes the three-dimensional surface plots of the combined effects of 

temperature and dodecane on COD removal at a constant salt concentration of 3 gL-1 and 

pH of 6. N-dodecane removal was also found to be a function of temperature and dodecane 

individually. Figure 4-5 illustrates the relationship of yield increases at pH 6 in 

temperatures ranging from 20 to 35°C. When the dodecane concentration was 750 mgL-1 

at pH 6 and 20°C, dodecane removal was quite high; a dodecane concentration of 150 mgL-

1 at pH 3, 20°C was significantly lower. Table 4-6 shows the p-value of the interaction 

between dodecane and temperature to be lower than 0.05 (p = 0.0039). Table 4-6 also 

shows the p-value of the interaction between pH and salt as less than 0.05 (p = 0.0062).  
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Table 4-6: Analysis of variance of fitted model 

 

 

 

 

 

 

 

 

Source Sum of squares df Mean square F-value p-value 

Model 4489.00 9 498.78 16.89 < 0.0001 

(A) T 662.90 1 662.90 22.45 0.0002 

(B) pH 499.23 1 499.23 16.91 0.0008 

(D) dodecane 1502.71 1 1502.71 50.89 < 0.0001 

AD 335.81 1 335.81 11.37 0.0039 

BC 293.27 1 293.27 9.93 0.0062 

Lack of Fit 471.05 15 31.40 21.73 0.1670 

R² 0.90 - - - - 

Adjusted R² 0.85 - - - - 
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Figure 4-5: Surface plots of combined effect of process variables temperature and 

dodecane concentration on dodecane removal 
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4.3.5 Single factor effects on dodecane removal  

 

4.3.5.1  Effect of salt on n-dodecane removal 

Table 4-5 shows that optimal dodecane removal occurs at a NaCl concentration of 5 gL-1; 

in our experiments, this level was associated with removal of 61.6% of the dodecane. D. 

hansenii, a yeast predominantly isolated from cheese brines, is characterized as having a 

high salt tolerance. When salt concentration increases over 1M, enzyme activity ramps up 

and increases fermentation, and metabolic pathways are inhibited via inhibition of 

respiration. Metabolism shifts from aerobic to anaerobic, producing alcohol and glycerol. 

This mechanism is evidenced by increased utilization of the carbon source by the enzyme 

at high salt concentrations228. In the present study, D. hansenii metabolism was less 

sensitive to Na+; growth continued undisturbed for concentrations up to 1 M or over 4% 

w/v229,230. Breuer also confirmed that D. hansenii grows faster in high NaCl concentrations 

up to 1M than in lower ones137,231. Other studies report that the growth of D. hansenii slows 

as salt concentrations increase230,232 in media with a salt content of at least 0.2 M. In this 

investigation, levels of salt between 1 and 5 gL-1 did not affect yeast cell reproduction rate 

(p > 0.05). Table 4-7 shows the growth rate of 16 factorial tests at different salt levels, 

dodecane concentrations, pH values, and temperatures and demonstrates that growth rates 

in the different salt concentrations were close to one another other and deviated as a 

function of temperature or dodecane concentration. Salt concentration did not inhibit 

growth rate or cell concentration of D. hansenii.  

 

4.3.5.2  Effect of pH on n-dodecane removal 

Table 4-5 lists the experimental results of dodecane removal from SDE at initial pH values 

from 3 through 9. The starting values of this parameter were kept constant to investigate 

the effects of pH on dodecane removal, and were measured each day for continuous control 

during sampling for optical density. The results of Table 4-5 demonstrate that maximum 

dodecane removal at a pH of 9 was slightly higher than at a pH of 3 or 6. Praphailong and 
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Fleet (1997) studied the effect of pH on yeast growth over pH values ranging from 1 to 10 

in the presence of a salt-free inorganic buffer (similar to basal medium) and found that D. 

hansenii grew between a pH of 4 and 8. No growth at a pH of 3 or below, or above 9 and 

10, was observed. In the present study, the pH of the medium also affected growth in the 

presence of salt. D. hansenii was more salt tolerant at a pH between 5 and 7 (15% NaCl) 

and a pH of 3 (10% NaCl)233. Of note, D. hansenii grew more at a pH of 8 than 6 when the 

NaCl concentration was increased to 2M. In high salt concentrations (1M NaCl), D. 

hansenii demonstrated a longer lag phase at pH 8 than pH 6; cells grew more slowly in the 

former than in the latter234.  In our study, a pH of 9 also resulted in a longer lag phase than 

pH values of 3 or 6 (data not shown). We also did not observe high cell growth at a pH of 

6 when the temperature was 27.5°C, although in our study, NaCl concentrations were lower 

than those evaluated in previous literature. Kinetic growth at a pH of 9 approximated the 

specific growth rate is similar with pH 3 and was changed based on dodecaneconcentration 

(Table 4-7).  COD changes when pH is adjusted at the beginning of the experiment and the 

oxidation of the sample changes in accordance with initial COD. Results of an ANOVA in 

Table 4-6 show a highly significant relationship between initial pH and initial COD 

oxidation. 

The experimental data from cell concentrations as evaluated at OD600 and different pH 

levels confirmed that pH has little effect on the kinetic growth of D. hansenii 235. Table 4-

7 shows that the specific growth rates for the different pH values at constant temperatures 

and dodecane or salt concentrations are approximately equal. Other studies have reported 

the optimal reduction of dodecane with different microorganisms, including yeast and 

bacteria, was at pH values between 6 and 8, and temperatures lower than 30°C. Recently, 

the degradation capacity of the thermophilic bacterial strain Geobacillus A-2 was 

investigated in basal salt media and crude oil. Degradation of aliphatic hydrocarbons as the 

sole carbon source, including n-dodecane, at 60°C and a pH of 7.2 was over 50%200.  
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4.3.5.3  Effect of temperature on n-dodecane removal 

Table 4-5 shows the influence of temperature on D. hansenii kinetic growth in dodecane. 

Our results indicated that the optimal temperature for dodecane removal was 20°C and not 

the expected  35°C. Yeast D. hansenii can grow in temperatures up to 35°C137; the latter 

temperature is considered optimal for fermentation. 236 The rate of growth in yeast depends 

on the level of autolysis that occurs at a given temperature, and temperature also affects 

the solubility of the surfactant. When the temperature increases, the hydrogen bonding 

between the water and surfactant molecules ruptures, increasing the hydrophobicity of the 

surfactant. Surfactant micellization then occurs at lower concentrations237, with the water 

solubility of surfactant molecules at less than one in lower temperatures. This result could 

explain why the growth rate at higher temperatures was lower than that at 20°C; the 

surfactant mass transfer resistances in the SDE were increased at 35°C. Results of the 

ANOVA analysis in Table 4-6 demonstrate the dependence of dodecane removal on 

dodecane concentration, which is dependent on mass transfer level.  

 

4.3.5.4  Effect of dodecane concentration in n-dodecane removal 

D. hansenii utilized hydrocarbons at salt concentrations of 1, 3 and 5 gL-1. Growth rates 

were evaluated at OD600 once daily for five days. Results demonstrated that the yeast could 

utilize n-dodecane and grow across a range of salt concentrations, temperatures, pH values, 

and hydrocarbon concentrations. Table 4-6 shows that as n-dodecane concentration 

increased, the specific growth rate rose, as did the consequential removal of n-dodecane.  

A previous study on Acinetobacter strain ADH-1  investigated its activity across a range 

of temperatures, initial pH values, NaCl concentrations and different hydrocarbon chemical 

structures, and reported optimal degradation of n-dodecane between 25 and 30°C238. A 

study carried out in 2018 using the fungi strains Penicillium sp. RMA1 and RMA2 showed 

these yeasts degraded up to 80% of the n-alkane in crude after 14 days of kinetic growth in 

a NaCl concentration of 0.5 g.L-1 239. Other studies have shown that certain bacteria can 

degrade shorter chain hydrocarbons (C6 to C21) in NaCl concentrations of up to 20% NaCl 

(w/v) provided the initial salt concentration was 0.5 gL-1 200,225,226,240,241. Results in Table 



85 

 

4-7 show that at a constant temperature, growth rate increases in accordance with n-

dodecane concentration and ultimately decreases as dodecane concentration drops (p < 

0.05 (0.01)). 

 

Table 4-7: Specific growth rate of yeast D. hansenii in different experimental conditions 

of the four main factors (SD of factors ± 0.005) 

µ(day -1) T = 20 °C T = 27.5°C T = 35°C 

Salt = 1 

gL-1 

Salt = 5 

gL-1 

Salt = 3 gL-1 Salt = 1 gL-1 Salt = 5 gL-1 

D = 150 mgL-1 pH = 3 0.34 0.40 - 0.17 0.19 

pH = 9 0.33 0.39 0.22 0.18 

D = 450 mgL-1 pH = 6 - 0.26 - 

D = 750 mgL-1 pH = 3 1 1.12 - 0.46 0.45 

pH = 9 1.09 1.00 0.47 0.37 

 

 

4.3.6 Response optimization and model validation 

 

Optimal conditions for maximum dodecane yield were obtained when at least two of the 

following factors were: a dodecane concentration of 150 mgL-1, a temperature of 20°C, and 

a pH of 9. Yields also rose across at range of NaCl concentrations between 1 and 5 gL-1 

when pH increased and temperature and dodecane concentration were low.  
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The center point applied and replicated at runs 22, 26 and 27, with the parameters 

of 27.5°C, pH 6, dodecane 450 mgL-1 and salt 3 gL-1, resulted in a better fit curvature. The 

optimal parameters for yeast growth yeast in desalter effluent are 20°C, pH 9, and dodecane 

750 mgL-1, experiments at the center point yielded moderate results and partial substrate 

degradation.    

To validate the applicability of this RSM model, n-dodecane removal from three 

types of simulated desalter effluents with different pH, temperature, salt and n-dodecane 

concentrations (Table 4-8) were measured and compared with predicted n-dodecane 

removal using this empirical model; predicted and experimental yields are listed in Table 

4-8. The predicted results were well-aligned to the actual values obtained from the 

experiment. A t-test with a 95% confidence interval found no significant differences 

between the predicted and actual values. These findings indicate that the proposed RSM 

model could be useful in predicting optimal hydrocarbon yield. 

 

Table 4-8: Predicted and measured dodecane removal yields according to maximum 

model parameters 

Initial pH  Temperature 
(° C) 

Salt           
(gL-1) 

Dodecane 
(mgL-1) 

COD Yield (%) 

Predicted Experimental 

8.8 20.1 4.9 750 60.35 59.5 ± 0.9 

8.9 25.8 5 750 52.7 53 ± 0.7 

9 20 3.5 750 55.35 56±.75 

 

 

4.4 Conclusion 

 

This report discusses a novel approach to the removal of hydrocarbons from 

desalter effluent, a substance generally difficult to treat biologically due to its high salt 

concentration. The method described here was both rapid and efficient in high salt 
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concentrations. This study evaluated a simulated desalter effluent containing dodecane as 

the hydrocarbon source for degradation of high concentrations of n-dodecane by the yeast 

D. hansenii. The yeast rapidly reduced high concentrations of n-dodecane in shorter time 

periods compared to previous findings for biodegradation of this effluent, suggesting D. 

hansenii could be useful for bioremediation and enhanced microbial oil recovery in high 

salinity environments. A dodecane removal of 2.06 gL-1 was obtained after five days in a 

starting concentration of 3.75 gL-1 of n-dodecane. As such, we then evaluated D. hansenii 

biodegradation capacity over a range of dodecane and salt concentrations close to typical 

aliphatic concentrations in real desalter effluent. COD removal results demonstrated that 

dodecane could be removed from these different concentrations in just five days. Results 

also showed that salt concentration did not affect yeast growth rate and that dodecane 

removal was instead dependent on n-dodecane concentration, initial pH, and temperature 

as mediated by the interaction between temperature and dodecane. The presence of a 

surfactant enhances the degradation of aliphatic and polycyclic aromatic hydrocarbons by 

increasing their bioavailability; however, mass transfer resistance increases when 

temperatures increase. The results of this study found that the surfactant Tween 20 at a 

concentration of 1% enhanced the degradative capacity of D. hansenii in both high and 

low concentrations of aliphatic dodecane hydrocarbons. This yeast could potentially also 

be applied to other types of saline wastewater containing aliphatic components such as n-

dodecane alongside high salinity and significant heavy metal presence. Its low cost of 

bioremediation, biocompatibility, and effective acceleration of degradation render D. 

hansenii an attractive option for all types of desalter effluent in the petroleum industry. 
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Chapter 5  

 

5 Investigation of Parachlorella Kessleri strain CPCC 266 
on refinery desalter effluent for lipid production 

 

 

 

 

5.1 Introduction 

 

Desalting is the first unit operation to handle and process crude oil in a refinery. This 

operation is designed to mix crude oil and water in order to transfer inorganic salts and 

other contaminants contained in the crude to the water phase and to finally remove them 

as a brine stream (desalter effluent) 4,7. The desalter effluent stream has a high COD and 

pH. 10 Discharged desalter effluent will cause aquatic ecosystem upsets due to the presence 

of salt, heavy metals, ammonia, and toxic hydrocarbons 1, and depending on the crude oil 

source, it may also contain hydrogen sulfide (H2S). An upset in the desalter can cause 

upsets in the biological wastewater treatment plant and put that system at risk of not 

meeting discharge requirements242. 

Current technologies for desalter effluent management are focused on conventional 

approaches such as gravity settlers. With new regulations on emissions, demand for high 

product quality, and increasing energy costs, traditional separation methods cannot achieve 

the purity or efficiency levels required for effluent discharge into receiving bodies of water 

16–19. Crude oil refiners facing global competition are looking for new technologies to 

minimize waste and develop processes that can improve operations performance, reduce 
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operating costs, and stem pollution problems before they occur 5,10,99. Innovative 

technologies and environmental sustainable methods are needed for this changing 

environment1,5,9,20–27. Several approaches have been proposed including membrane 

filtration, such as microfiltration (MF)  and Vibratory Shear Enhanced Processing (VSEP), 

for crude oil refining and processing 94,99. Capital and operating costs have been reduced, 

with less consumption of energy and chemicals. However, one major drawback of the 

membrane and other separation technologies is that they accumulate and transfer toxic 

compounds and contaminants from the wastewater to the adsorbent or concentrate phase 

but they are not eliminated 87. Biological treatment is required to degrade toxic compounds. 

Such processes have high removal of biochemical oxygen demand (BOD) and Chemical 

Oxygen demand (COD) properties 29–37. 

 Microalgal cultivation in industrial wastewaters with various nutrients, such as nitrogen, 

phosphorus, and an organic carbon source, offers a cheap, alternative source of growth 

media.  Productive microalgae strains that are resistant to pathogens in wastewater and 

degrade toxic compounds instead of collecting or absorbing them should be selected.  For 

example, Chlorella and Scenedesmus species were reported as having good algal growth 

rates, nutrient removal efficiency biomass, and lipid productivities 243. Culturing of 

microalgal strains in mixotrophic mode gives a higher biomass than phototrophic growth 

and may be useful for the commercial production of microalgal products. Both fixed carbon 

compounds as well as light are used as sources of energy in mixotrophic growth244. In the 

petroleum industry, increased interest has been focused on microalgae not only due to their 

pollutant consumption and high photosynthetic efficiency, but particularly due to the 

possibility of controlling their metabolism to produce relatively high contents of energy-

rich lipids as an alternative to conventional fossil fuels. Many algae can optimize their lipid 

biosynthetic pathways towards the synthesis and accumulation of neutral lipids under 

unfavorable environmental or stress conditions (20–50% cell dry weight) 245.  

Paracholrella kessleri is a eukaryotic microalga in the phylum of Chlorophyta. Previous 

studies indicate that these photosynthetic micro-organisms have high metabolic flexibility 

and are capable of both mixotrophy and heterotrophy. A previous study indicated that the 

microorganism can grow in wastewater that contains BTEX and removes 40% of 
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benzene246  in low salt concentrations like Bold's Basal Medium (BBM),  or  in high ranges 

of salt concentration.247 Parachlorella kessleri, is characterized by its high biomass and 

lipid productivity, and is the focus of many studies.177 The treatment of wastewater using 

beneficial microalgae such as Parachlorella kessleri to produce high value, biomass 

containing lipids, antioxidants, and amino acids allows the wastewater stream to be treated 

as a resource. 248,249  

The aim of the present study is to investigate the growth and lipid production by green alga, 

P. kessleri, at different concentrations of desalter effluent and in two different types of 

desalter effluent. Two different modes of cultivation, heterotrophic, and mixotrophic were 

studied and the production of lipids in the microalgae was also evaluated.   

 

 

5.2 Materials and methods  

 

 

5.2.1 Materials 

 

5.2.1.1  Microalgae Strains and Growth Medium for Cultivation 

 

Parachlorella kessleri strain CPCC 266 cultures were obtained from the Canadian 

Phycological Culture Centre at the University of Waterloo, Waterloo, Ontario, Canada. 

The Parachlorella kessleri cultures were maintained on Bold’s Basal Medium (BBM) 

plates. The components of BBM media were as follows: KH2PO4 ;9.5 gL-1 (10ml), 

CaCl2•2H2O; 25gL-1(1ml), MgSO4•7H2O; 75gL-1(1ml), NaNO3 ; 250 gL-1(1ml), K2HPO4 ; 
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75gL-1 (1ml), NaCl; 25gl-1(1ml), Na2EDTA•2H2O; 10gL-1(1ml), KOH; 6.2 gL-1, 

FeSO4•7H2O; 4.98 gl-1(1ml), H2SO4 (concentrated) 1ml l-1, H3BO3; 11.5gL-1 (0.7ml), 

Trace Metal Solution (1ml) contains H3BO3;2.86 gL-1, MnCl2•4H2O; 1.81 gL-1, 

ZnSO4•7H2O; 0.22 gL-1, Na2MoO4•2H2O; 0.39 gL-1, CuSO4•5H2O; 0.08 gL-1, 

CuSO4•5H2O; 0.08 gL-1, Co(NO3)2•6H2O; 0.05 gL-1. The media was sterilized by 

autoclaving at 15 psig for 20 min and cooled to ambient temperature before use.  

P. kessleri was grown on a BBM medium with pH 6.5 ± 0.4. P. kessleri grown to the 

logarithmic phase was inoculated into a 500 ml Erlenmeyer flask containing 250 mL BBM 

medium. The mixture was then placed at 24±1 ⁰C, and under 12 h light, 12 h dark 

conditions using a white light source (150 μmol photons m-2s-1) and mixed by spargers to 

introduce air into media.  

  

 

5.2.1.2  Desalter effluent media  

Desalter effluent was sourced from two desalting systems, Coker Brine and AV Brine, 

from the Imperial Oil refinery located in Sarnia, ON, Canada. The effluents originate from 

treatment of Alberta crude oil. The composition and characteristics of these desalter 

effluents were analyzed at the Maxxam Analytics Laboratories in London, Ontario, and the 

results are displayed in Table 5-1. The desalter effluent was centrifuged for 40 min at a 

speed of 3000 rpm, filtered using 45 µm filters to remove suspended solids and 

microorganisms. Growth of C.Kessleri were investigated in (i) two types of wastewater 

media, (ii) without supplementation and with (50% v/v) Bold basal media (BBM), and (iii) 

in two cultivation conditions, heterotrophic and mixotrophic. The experiments were 

designed with three main factors (variables) and two levels: Nutrient BBM (A) [50 ml/ 0 

ml], Light intensity (B) [heterotrophic/mixotrophic], and desalter effluent (A) [Coker 

Brine/ AV Brine]. Synthetic desalter effluent was made using chemicals purchased from 

Sigma Aldrich (Toronto, Canada).52 The components of the simulated desalter effluent 

were 1 gL-1 NaCl in 1 L mineral media.  
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Table 5-1: Analyses of desalter effluent from two sources Coker Brine (CB), AV Brine (AVB) 

by Maxxam Analytics Laboratories 

 Hydrocarbons AV BRINE 

 (AV)(mgL-1) 

COKER BRINE 

(CK) (mgL-1) 

Dissolved Metals  AV BRINE 

(AV)  mgL-1 

 COKER BRINE  

(CK)    mgL-1 

Benzene 12 11 Aluminum (Al) 0.032 Not Detected 

Toluene 11 7.6 Arsenic (As) 0.051 0.025 

Total Xylenes 5.1 2.9 Barium (Ba) 0.48 0.67 

F2 (C10-C16 Hydrocarbons) 5.8 3.7 Boron (B) 1.3 1.1 

F3 (C16-C34 Hydrocarbons) 1.7 3.9 Calcium (Ca) 86 84 

F4 (C34-C50 Hydrocarbons) ND 0.81 Lithium (Li) 0.21 0.11 

Total BOD 700 270 Magnesium (Mg) 13 19 

Chemical Oxygen Demand (COD) 1100 600 Manganese (Mn) 0.15 0.16 

Phenols-4AAP 6.9 37 Phosphorus (P) 0.73 1.5 

Dissolved Chloride (Cl) 840 330 Potassium (K) 18 7.3 

Total Ammonia-N 47 13 Silicon (Si) 3 5.7 

Total Phosphorus 0.48 0.22 Sodium (Na) 400 190 

Total Kjeldahl Nitrogen (TKN) 45 95 Strontium (Sr) 2.8 1.3 

 

 

5.2.1.3 Microalgal Batch Cultivation 

After growing microalgae to the mid-logarithmic phase. Before the start of the 

experiments, 1 ml of the Microalgae inoculum cultures (50 ml media) (with 242 × 104 

cells/ml) were transferred to 8 samples with defined specifications as in Table 5-3, (in 250 

ml flasks). Table 5-2 explains the abbreviation of the experimental protocols (4 factors) for 

Table 5-3. 
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Table 5-2: Explanation of abbreviations of different conditions for Experimental protocol in 

Table 5-3 below. 

Description Abbreviation Description Abbreviation 

AV Brine: AV Heterotrophic H 

Coker Brine: CK Mixotrophic M 

Simulated Desalter effluent 

+ Benzene (25 mgL-1) 

Sim D.E  

+ Benzene (25) BBM B 

AV Brine+ Coker Brine+ 

Phenol (65 mgL-1) 

AV+ CK+ Phenol 

(65) 

AV Brine+ Coker Brine+ 

Benzene (35 mgL-1) 

AV+ CK+ Benzene 

(35) 

 

Table 5-3: Experimental protocols and response for two sources of desalter effluent 

 Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 Response 4 Response 5 

Run 
Á:Supplement 

% 

β:Mode of 

Cultivation 

Ç:Desalter 

effluent (50 ml) 

COD 

Removal 

Phosphorous 

Removal% 

Ammonium 

Removal 

Lipid 

Production 

Biomass 

Production 

 % H, M CK, AV % % % 
mg Lipid/mg 

dry weight 
mgL-1 

1 0 H CK 1.4 88.5 43.6 0.39 225 

1 0 H CK 1.1 84.5 69.2 0.34 200 

2 B H CK 28.6 93.3 50 0.48 366.7 

2 B H CK 18.8 97.4 60 0.41 150 

3 0 M CK 0 90.7 24.6 0.64 216.7 

3 0 M CK 0 88.7 0 0.70 200 

4 B M CK 21.2 92.7 7.4 0.11 225 

4 B M CK 28.8 98.1 16.7 0.10 274.1 

5 0 H AV 61.5 100 36.8 0.43 450 

5 0 H AV 77.7 100 60.2 0.41 483 

6 B H AV 78.5 91.9 58.5 0.76 514.3 

6 B H AV 81.7 91.7 37.5 0.78 500 

7 0 M AV 76.2 100 64.3 0.37 458.3 

7 0 M AV 62.6 100 90.9 0.42 566 

8 B M AV 72.7 97.6 90.6 0.50 446.7 

8 B M AV 80.8 100 72.3 0.57 500 

9 B M 
AV+CK+ Phenol 

(65ml) 
86.4 98.8 47.4 0.24 483 

9 B M 
AV+CK+ Phenol 

(65ml) 

79.4 

 
100 89.4 0.4 300 
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10 B M 
AV+CK+ 

Benzene (35) 
65.5 94.1 41.8 0.71 225 

10 B M 
AV+CK+ 

Benzene (35) 
61,8 88.6 66,1 0.85 300 

11 B M 
Sim D.E + 

Benzene (28) 
GC and OD analysis 

 

To investigate the growth of P. kessleri in desalter effluent containing phenol and benzene, 

the experiments were designed as described in Table 5-3. One flask and two serum bottles 

250 ml in volume were used for the investigation of P. kessleri growth in phenol and 

benzene. At Run 9, phenol was added to the mixture to study the growth of microalgae in 

the media containing phenol. Run 10 was conducted similarly to Run 9; however, benzene 

was added to the culture instead of phenol. The culture was sealed in a serum bottle using 

a rubber-metal cap to avoid volatilization. The lid was opened once a day for sampling, 

and this influenced the air inside the bottle. Run 11 was benzene and simulated desalted 

effluent as a control sample was provided without microalgae. 

The effect of the application of the desalter effluent as a culture medium on the growth and 

biochemical composition of P. kessleri biomass was studied. Eight samples in 250 ml 

flasks were prepared as illustrated in Table 5-3. One flask of phenol with a concentration 

of 65 mgL-1 was added and the second flask, 35 mgL-1 benzene, was added as displayed in 

Table 5-3. To each flask, 1 ml of P. kessleri with an average 242 × 10 -4 cells ml-1 was 

added. The growth of P. kessleri in 11 flasks was monitored. These flasks (batch photo-

bioreactors) at temperature 24 ± 1 °C were placed in the shaker and exposed to the white 

light source (130 μmol photons m−2 s−1, 12/12 h light/dark). The heterotrophic condition 

was applied by wrapping an aluminum sheet around the flasks to prevent light. The algal 

solution was shaken in the rotary shaker (VWR, Mississauga, Ontario, Canada) at 170 rpm. 

The cell density of the culture was measured using the cell counter once every day for 12 

days. All experiments were performed in duplicate and the initial culture conditions were 

the same as above for 12 days.  
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5.2.2 Analytical Methods  

 

5.2.2.1  Determination of algal growth  

Cultures were periodically monitored by cell counting under an optical microscope 

(40×/0.65). Leica was performed by using a hemocytometer. The specific growth rate and 

doubling time of microalgae were calculated according to the following equations:  

Specific growth rate (d-1 )   𝜇 =
𝐿𝑛 

𝑛𝑎
𝑛𝑏

𝑡𝑎−𝑡𝑏
                                               (5-1)  

  

 

5.2.2.2  Biomass determination 

For dry weight determination, biomass was separated from the medium by centrifugation 

of 2 ml samples in preweighed microtubes at 10000 RPM for 5 min (Micromax Centrifuge, 

(Hyland Scientific Company, WA, USA) and washed twice with distilled water. The 

residue was dried at 105 ⁰C for 12 h and weighed on an analytical balance (METTLER 

TOLEDO AB204-S, Giessen, Germany). The difference in quality between the two values 

was recorded as the algal dry weight (DW). The formula is as follows in Equation 5-2: 

DW =
W2−W1

V
                                                                                           (5-2)                                                        

 

 where DW is the microalgal dry weight (g L−1 ), W1 (g) is the constant dry weight of the 

microtube, W2 (g) is the total weight of the microtube and algal solution after drying in the 

oven, and V (L) is the volume of the algal cultivation. 
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5.2.2.3  Determination of wastewater treatment quality from desalter 

effluent 

To determine the desalter effluent, the 2 mL microalgal suspension in liquid samples were 

centrifuged at 10000 rpm and 4 °C for 40 min, and then, the supernatant was separated to 

measure the concentrations of the Chemical Oxygen Demand (COD, mgL-1), Ammonia 

Nitrogen (NH3-N, mg l-1), and total phosphorus (Ptot, mg L-1). These parameters were 

measured using Hach Kits (HACH, USA) and hatch method, Spectrophotometer (HACH 

DR 2800) and DRB200 Reactor. Nutrient removal efficiency (RE, %) was calculated 

according to Equation 5-3 

𝓡 =
𝐂𝐢−𝐂𝐟

𝐂𝐢
× 𝟏𝟎𝟎                                                                                             (5-3) 

   

where C0 and C12 are the nutrient concentrations (mg L-1), Ammonia(N) and Phosphorous 

(P) at the initial concentration on Day 0 and C12 at their initial and final concentrations on 

Day 1 and Day 12, respectively.243 

 

 

5.2.2.4  Determination of total lipid content  

The neutral lipid content was obtained after 12 days cultivation. Lipid extraction and the 

determination of the oil content was conducted following a modified version of the Bligh 

and Dyer method (Bligh and Dyer 1959) described by Gao in 2019.250 Zonouzi reported 

that the optimum solvent to maximize oil extraction yield from microalgae was 

chloroform/methanol with a ratio of 2:1249. For lipid extraction, a pre-weighed, known 

amount of dried algae was weighed and placed in a 10-mL centrifuge bottle. Then, 3 mL 

methanol and 1.5 mL chloroform (ratio 2:1)251,252 were added to the bottle. The solution 

was mixed. Cell walls were broken with a mini-bead beater for 8 min, and for 30 minutes 

by an ultrasonic bath (BRANSON-1210). Next, the mixture samples were centrifuged 
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(5430R, Eppendorf, Hamburg, Germany) at 3500 rpm for 40 min. Methanol and 

chloroform 1:2 were added with the same ratio, and the above procedure was repeated 

using the bead beater and ultrasonic bath (sonicator). The mixtures were then centrifuged 

at 3000 rpm for 40 min, and the lower liquid layer was taken by pipet and added in the 

preweight pan to dry in the open air and then weighed. Extraction of biomass was repeated 

twice as described above. The total lipid content productivity for each sample was 

calculated using Equation 5-4:  

 𝐓𝐨𝐭𝐚𝐥 𝐥𝐢𝐩𝐢𝐝 =
𝐖𝟑−𝐖𝟐

𝐖𝟏
× 𝟏𝟎𝟎                                                                                      (5-4) 

       

where Total Lipid (%) is the weight percentage of the total lipid in dried algal, w1 (g) is the 

dry weight of the microalgae, w2 (g) is the weight of empty aluminum pan, and w3 (g) is 

the total weight of the algal lipids and aluminum pan after the algal lipids were extracted 

in Equation 5-4.250  

 

5.2.2.5  Analysis of phenol and benzene removal 

According to the experiment listed in Table 5-3, removal of phenol and benzene by P. 

kessleri from desalter effluent was studied by observing the kinetic growth of microalgae, 

cell counting, and by measurement of COD, N, and P percent removal. 

 

5.2.2.6  Determination of benzene in simulated desalter effluent 

To be sure of the reduction of benzene resulting from the growth of P. kessleri in desalter 

effluent, Gas chromatography (GC) analysis was applied.  
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5.2.2.7  Materials, sample preparation, equipment and 

chromatography condition  

Benzene anhydrous (99.8%) as a certified standard and anhydrous (99.8%) diethylene 

glycol as an internal standard253 were used in Benzene determination in simulated desalter 

effluent. Analytical-grade acetone, Dichloromethane was used for extraction of benzene 

from the sample. Agilent 7890, a gas chromatograph, was employed with FID (Flame 

Ionization Detector), which had J&B DB-Wax 122-7032 column; 30 m x 0.25 mm and ID 

0.25 um.  

 

5.2.2.7.1 Chromatographic conditions 

The gas chromatography Methods 1501 and 2005 Column were used for the analysis of 

benzene Chromatographic conditions. The following conditions were used in the 

investigations. The oven temperature program was 40 ◦C for 5 min and ramped to 220 ◦C 

(20 min) at 10 ◦C/min. The injection split was 1:100 and the temperature was 250 ◦C. Then 

1 μl of the extract was injected into the GC system in CS2, Detector FID, at 300°C, Nitrogen 

makeup gas at 30 mLmin-1. 

 

5.2.2.7.2  Preparation of standard solutions 

From a benzene sample with a purity of 99.8% and density of 874 000 µg mL-1, preparation 

of work standard solutions was made at known concentrations of benzene, DCM, and the 

internal standard. The internal standard work solution (Diethylen Glycol) was prepared in 

acetone from its certified standard of reference. Then, each benzene standard and the 

extracted sample were added with the same amount, in such a way that it kept a constant 

concentration in all solutions. Standard solutions were stored in amber glass containers and 

kept under refrigeration. 
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5.2.2.7.3 Extraction and chromatographic analysis 

The extraction and analysis process of benzene from simulated desalter effluent was 

performed based on Grzegorz Boczkaj’s instruction with some modification.254 A 10 ml 

sample of the effluent was placed in a centrifuge tube. Next, 0.5 g of NaCl, 0.4 mL acetone 

and 0.5 mL of dichloromethane were added to the sample. The pH was adjusted to 7.0 and 

the sample was shaken for 1 min, followed by centrifugation at 3500 rpm for 40 min. Then, 

200 µl of benzene (lower layer) was transferred to HPLC glass vial (1ml) to be injected in 

the GC/FID to determine and analyze benzene. 

 

5.2.2.7.4 Determining BTEX concentration in the extract 

For determining benzene concentration, calibration curves were built for each analyte. The 

process was performed through the chromatographic analysis of a blank of reagents and a 

series of standards prepared from a benzene standard with an internal standard (diethylene 

glycol) in dichloromethane solvent. Benzene determination requires the construction of 

one calibration curve interval; one interval within the high and low range of 2 and 24 µg 

ml-1 concentration. Response factor and analyte concentration was calculated using the 

Gallego-Díez procedure.253 

 

5.2.2.8  Statistical analysis 

The analysis of variance one-way (ANOVA) was employed to measure the significance of 

regression coefficients with a confidence level of 95% to establish statistical significance. 

Model accuracy was evaluated by the regression coefficients of R2 and adjusted R2 (adj-

R2). Linear regression correlation and two factor interaction analysis were conducted with 

the data using Design-Expert® Software Version 11 - Stat-Ease. To analyze the effect of 

desalter effluent, light, and nutrient (BBM) on wastewater treatment quality, analysis of 

variance of the COD removal, phosphorous and ammonium removal, biomass production, 

and lipid content, were used and p-values below 0.05 were considered significant. All the 

experiments were at least duplicated unless stated. The mean of the samples was reported 
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and the STDEV was shown as an error. The data were examined if they met the 

assumptions of normality and homogeneity of variance before calculation. 

 

5.3 Result and Discussion  

 

5.3.1  Growth of Parachlorella kessleri in desalter effluent 

The performance of microalgal growth, P. kessleri is shown in real desalter effluents, AV 

Brine, CK Brine, and mix of desalter effluent AV and CK Brine in Figures 5-1, 5-2, and 5-

3, respectively. Figure 5-1 displays the growth of P. kessleri in AV Brine under 

heterotrophic / mixotrophic condition, and with/ without 50% BBM (additional 

supplement). No lag phase was observed in the microalgal growth curves with different 

media compositions in AV Brine, which indicated that the microalgae Parachlorella 

kessleri adapted well to the conditions of real desalter effluent. When the real desalter 

effluent was inoculated with P.kessleri, the number of green algae gradually increased with 

time. After 12 days of cultivation, P. kessleri in AV brine desalter effluent achieved higher 

cell concentrations ranging from 112 to 326,  40 to 274, 58 to 304, 90 to 620 *10-4 cells 

ml−1 for Runs 5, 6, 7, and 8, respectively, as demonstrated in Table 5-3. Figure 5-2 displays 

the growth of P. kessleri in CB compared to AB. The biomass production of P. kessleri in 

CK desalter effluent was relatively lower during the initial two days compared to AV. P. 

kessleri in CK desalter effluent at runs with the condition of 1, 3 and 4 had moderate 

biomass concentrations from 56 to 174, 57 to 167, and 52 to 227*10 4 mg L-1, respectively. 

Run 2 had a very limited growth of alga compared with initial cells on the first day of 

cultivation. Since Run 2 was diluted in BBM, the amount of COD was reduced. However, 

CODAV was much more than CODCK.  

Figure 5-1 shows that P. kessleri in desalter AV has more cell growth than desalter effluent 

CK in Figure 5-2 at different nutrient levels (0, B), light (H, M). Figure 5-3 shows the 

growth of P. kessleri in a mixture of two types of desalter effluent and BBM 50% (v/V) 

under mixotrophic condition (Runs 9 and 10). Mixture of desalter effluents with phenol is 
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a proper culture for the growth of P. kessleri because the number of cells increased from 

initial cells of 64 ×104 cells ml-1 to 330 ×104 cells.ml-1.  

Phenol did not inhibit P. kessleri growth in the mixture of the two types of desalter effluent 

while benzene stopped further growth on Day 3. It grew from 58 to 110×104 mgL-1 and 

was inhibited at the same level of growth until Day 12. This sample was exposed to air for 

1 month, after which the cells began to grow. This result revealed that this species of cells 

are resistant to benzene. This microalga can grow in desalter effluent when toxic chemicals 

such as phenol and benzene are present.  

In general, all presented results suggested that the growth of microalgae in real desalter 

effluent was dependent on the desalter effluent type. Desalter AV has twice more COD 

than the CK type.  

Table 5-4 presents the specific growth rate for 10 experimental runs. The specific growth 

rate differed significantly among desalter effluent types. P. kessleri achieved the highest 

specific growth rate when it was grown in ABBM. The CB and AB at heterotrophic 

conditions and CBB in mixotrophic conditions displayed a moderate growth rate. Despite 

adding nutrients in CB, the growth of microalgae, P. kessleri under heterotrophic condition 

demonstrated the lowest specific growth rate, when the one is the specific growth of P. 

kessleri in “mixotrophic + no BBM” with a slight difference.    

P. kessleri achieved the highest growth potential in AV Brine with supplement media 

(AVB) compared with the other 10 tested conditions listed in Table 5-3. The specific 

growth rate of P. kessleri has been investigated in other studies under different conditions: 

heterotrophic, autotrophic, mixotrophic, with and without carbon source is between 0.31d-

1 and 0.8 d-1. 255  In another study, the range of specific growth rate was reported between 

0.17 to 0.5 d-1 in Day 6.256 In our investigation the rate of growth after 6 days is higher than 

12 days (Figures 5-1 and 5-2). Hanafy reported in 2013 the specific rate of P. kessleri 

increases by increasing glucose (carbon source) from 10 to 80 gL-1, but a further increase 

in glucose concentration resulted in decrease in specific growth rate.257 Specific growth 

rate reduced from 0.12d-1 to 0.037 d-1 when the initial inoculum in a wastewater increased 

from 25 mgL-1 to 400 mgL-1258. Maximum specific growth rate (µmax) of P. kessleri in 
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different bioreactors was obtained after 20 days. The µmax varied between 0.19 d-1and 0.39 

d-1. 259 Based on the above literature, the specific growth ranged between 0.037 d-1 to 0.5 

d-1 after 6 days and more. Thus, in our case the specific growth rates in the two types of 

desalter effluent in Table 5-4 represent appropriate kinetic growth and for P. kessleri. 

While the physicochemical analysis of the wastewater indicated the presence of most 

essential nutrients required for algal growth and organic carbon substrate (COD), the AV 

Brine effluent had a better balance of nutrients and organic carbon than the CK Brine 

effluent. These organic carbon compounds can be consumed by P. kessleri and promote 

their growth allowing efficient mixotrophic and heterotrophic metabolism as illustrated in 

Figures 5-1 and 5-2. Phenol cannot inhibit the growth of P. kessleri in desalter effluent 

(Figure 3). Figure 5-3 shows an initial inhibition until Day 6 and then the cells were 

duplicated until Day 12. However, there is low growth of microalgae in desalter CK 

compared with growth in desalter AV, and in phenol (Run 9, when two types of desalter 

effluent were mixed) due to toxicity of phenol and low COD.  

 



103 

 

 

Figure 5-1: Cultivation of P.Kessleri cells in AV media under different modes as 

described in Table 5.3 

 

 

Because ammonia at high concentrations inhibits the uptake of nitrate (NO3) by 

microalgae. In the presence of ammonium, nitrate uptake was depressed in light 

(mixotrophic) conditions; however, this phenomenon was more pronounced in the 

heterotrophic condition. Many studies have demonstrated the preference of algae for 

ammonia nitrogen over nitrate nitrogen and have indicated the inhibitory effect of ammonia 

on the rate of nitrate uptake.261–263  
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Figure 5-2: Cultivation of P.Kessleri cells in CK media under different modes as 

described in Table 5.3 
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Figure 5-3: Cultivation of P.Kessleri cells in CB+AV under different modes as described 

in Table 5.3 

 

 

5.3.2 Biomass production 

Figure 5-4 displays the dry weight of P. kessleri growth in AV and CK Brine desalter 

effluents in 10 different runs. The maximum biomass concentration (dry weight) of P. 

kessleri was in AV Brine—512 mgl-1. As shown in Figure 5-4, the dry weight differed 

significantly among desalter effluent types (p < 005), nutrient (0, 50% BBM) and light 

intensity (H, M) conditions. 

Table 5-5 contains an analysis of the effect of three main factors in biomass production. 

The response model of biomass production was linear. The model F-value of 92.63 implies 

that the model is good fit. There is only a 0.01% chance that an F value this large could 

occur due to noise. 
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P-values less than 0.05 indicate that the model terms were significant. In this case, desalter 

effluent type was a significant model term. The lack of fit F value of 0.29 implies the lack 

of fit was not significant relative to the pure error. There is a 92.70% chance that a lack of 

fit F value this large could occur due to noise. Non-significant lack of fit shows that the 

model is fit. The Predicted R² of 0.83 predicts a regression model response for new 

observations. Adeq Precision measures the signal to noise ratio. A ratio greater than 4 is 

desirable. Adeq Precision of 13.6 indicates an adequate signal. This model can be used to 

navigate the design space. The biomass in CK in mixotrophic condition was significantly 

lower than that of biomass inoculated in AK (p < 0.05).  

 

Table 5-4: Specific growth rate and doubling time of P. kessleri growth under different 

modes as described in table 5.3 

 

Mode of 

cultivation 

Desalter effluent Media µ (day-1) 

Mixotrophic CK 
 

0.060 

B 0.216 

AV 
 

0.149 

B 0.442 

Heterotrophic CK 
 

0.082 

B 0.057 

AV 
 

0.136 

B 0.117 

Mixotrophic AV+CK Phenol, B 0.130 

Benzene+ B 0.168 
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Figure 5-4: Mean of P. kessleri dry weight under different modes as described in Table 

5.3 

 

 

5.3.3  COD removal and desalter effluent treatment quality 

The pollutant removal abilities of the 10 different conditions in the two types of real 

desalter effluent are depicted in Figures 5-5. The pollutant concentration in all the tests 

displayed a sharp decrease after 12 days. The maximum removal efficiency of COD, 

nitrate, ammonium, and total phosphorus were 82.9%, 22.2%, 77.6%, and 100%, 

respectively. The COD, nitrate, ammonium, and total phosphorus removal efficiencies 

from desalter effluent without adding BBM were 62.4%, 2.5%, 77.6%, and 100%, 

respectively. When desalter effluent CK or AV Brine were used as only media for P. 

kessleri, lack of nutrient inhibited algae growth and resulted in reduced microalgae growth. 

Figures 5-5 display the results of the two types of desalter effluents and mix of both. The 

levels of COD were compared with CK or AV Brine, when P. kessleri was used to inoculate 

AV and CK separately. The high removal efficiency of pollutants with microalgae was 
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mainly dependent on the amount of the carbon source. Mixing desalter effluents and adding 

hydrocarbon (phenol or benzene) removed the excess nitrate and increased the quality of 

mixed desalter effluent more so than was the case in CK Brine. The results of pollutant 

removal rates for COD, ammonia (NH3) and total phosphorous (P), suggests that desalter 

effluent types are effective in pollutant removal (p < 0.005). In addition, the partial removal 

of COD was attributed to supplement media (BBM) and interaction between desalter 

effluent type and BBM interfere. The p values of the model in Table 5-5 for COD confirms 

this analysis.  

Microalgae P. kessleri exhibited high pollutant degradation capability in real desalter 

effluent, while rare microalgae were able to grow and remove pollutants while being 

exposed to toxic compounds and high salt concentrations. Because of P. kessleri growth, 

COD, total nitrogen ammonia and total phosphorous levels in AV desalter effluent were 

reduced by up to 100%, 90%, and 100 %, respectively. Biological assimilation in desalter 

effluent with culture supplemented (BBM) was considered the main mechanism of nitrogen 

removal in ammonia. Assimilation by P.kessleri appeared as the principal mechanism of 

phosphorous remediation in desalter effluent. Overall, cultivation of microalgae in desalter 

effluent may be more favorable from an economical and sustainability perspective due to 

the elimination of the costly and energy-intensive separation technologies and biological 

treatment steps. These findings demonstrate that when AV Brine desalter effluent is diluted 

by BBM and when two types of desalter effluent (AV Brine and Coker Brine) are mixed 

together, this can serve as critical nutrient source for biomass generation and that robust 

microalgae can play potential roles in desalter effluent phycoremediation. 

Table 5-5 reveals that the response of COD removal is significant. The Model F value of 

185.81 implies the model is significant (p-values < 0.05). In this case, nutrient (BBM), 

types of desalter effluent, and interaction between these two were significant model terms. 

The lack of fit F value of 0.09 implies the Lack of fit was not significant and the model fits 

well. The predicted R² value of 0.96 is in reasonable agreement to predict responses for 

future observation. Adeq Precision of 28.7 indicates an adequate signal. This model can be 

used to navigate the design space. 
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5.3.4 Investigation of ammonia removal 

Ammonia is added to the desalter effluent for pH adjustment; therefore, ammonia is the 

main component in desalter effluent. In addition, amines are used in the production process 

as H2S scavenger is associated with crude, which partition into the water phase in the 

desalter, also lead to the wastewater treatment plant. This leads to very large COD and 

nitrification (TKN) loads in desalter effluent biotreatment.  

Inorganic nitrogen compounds are typically toxic for aquatic animals, compared with 

phosphate. In particular, unionized ammonia (NH3-N) and nitrite exceed the toxicity of 

nitrate.266,267 According to water quality guidelines from the ministry of environment in 

Canada in 2009, the nitrogen and ammonia concentration should not be more than 10 and 

25 mgL-1 for the protection of aquatic Life.267 High nutrient concentration in AVB led to 

higher growth of microalgae compared with the same desalter effluent with no nutrient.  

While CKBH demonstrated a better growth in heterotrophic conditions (see Figure 5-5). 

The NH3-N concentration in desalter effluent inoculated with microalgae decreased 

significantly to 3 to 5 mgL−1(data not shown). The removal of ammonia in AB was 

considerably more than CK effluent (p < 0.05). This removal ability increased when 

desalter effluent was in the mixotrophic condition (p < 0.05). While the high ammonia 

content did not inhibit the growth rate of some microalgae, the species from Chlorella and 

Scenedesmus exhibited high tolerances to ammonia levels varying in the broad range 30 to 

300 mgl-1 of ammonia-N. In addition, ammonia may be a preferable source of nitrogen 

because its assimilation does not require an electron donor and energy for the reduction in 

contrast to nitrate-N. The improvement from the enrichment was more evident for the 

secondary effluent since it had a lower original nutrient content compared to the primary 

effluent.243 

Importantly, algal growth was associated with a significant reduction in the concentration 

of nitrogen and phosphorus, which indicates algae’s potential in phycoremediation 

applications. The amount of biological phosphorus (P) removal is dictated mostly by the 
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final concentration of algal biomass. In this study, 90% of P was removed in the AV brine 

in four conditions (AVH, AVM, AVBH, and AVBM) by microalgae. Indeed, the 

phosphorus may be another limiting nutrient for algal cultivation in the desalter effluent 

according to P concentrations displayed in Table 5-1.  

Depending on substrate availability, algal growth can either be enhanced or suppressed by 

the presence of NH4
268. At the lower end of the availability spectrum, NH4 is frequently 

reported as the preferred N source of most algae due to its superior uptake kinetics, whereas 

at the higher end of the available range, NH4 has been shown to inhibit growth at 

concentrations exceeding 0.1 mmol-N L-1 and suppress algal growth, with the resulting 

toxic effects not easily alleviated.269 

Response in terms of ammonia removal under the three main factors of nutrient (BBM), 

light, and desalter effluent type were investigated through ANOVA (Table 5-5). The Model 

F value of 21.26 implies the model was significant. There is only a 0.01% chance that an 

F value this large could occur due to noise. P values less than 0.05 indicate that model 

terms were significant. In this case, types of desalter effluent (Ç) and interaction between 

BBM-Desalter (ßÇ) are significant model terms. Values greater than 0.1 indicate the model 

terms are not significant. The lack of fit F value of 0.02 implies the lack of fit is not 

significant relative to the pure error. There is a 99.91% chance that a lack of fit F value this 

large could occur due to noise. The p-value of lack of fit is > 0.05 (not significant) means 

that the model fits well. The Predicted R² of 0.72 is in reasonable agreement regression 

model predicts responses for new observations. Adeq precision measures the signal to noise 

ratio. The ratio of 11.14 indicates an adequate signal. This model can be used to navigate 

the design space. 

The wastewater nitrogen content was represented mostly by ammonia in desalter effluents, 

and mixed effluents contained both nitrates and ammonia (Figure 5-5). Remarkably, the 

NH3–N was removed in all cultures including desalter in modes CK, AV, CKB, AVB, and 

the mixed culture of AV + CK + B. The amount of N (NH3-N) assimilated by algae from 

the wastewater is displayed in Figure 5-5. The graph displays a removal efficiency of up 

to 81.4% for NH3 present in the AV effluent in the mixotrophic condition, approximately 
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12.1% for NH3-N in the CK effluent, and approximately 69.1% of N in the mixture of CK 

+ AV desalter effluent (Figure 5-5). Therefore, a significant part of the nitrogen in CK 

Brine effluent could be withdrawn through its assimilation by microalgae, when it is mixed 

with AV desalter effluent.  

 

 

5.3.5  Total Phosphorous removal 

The physicochemical characteristics of desalter media are summarized in Table 5-1 and 

compared to BBM medium ingredients. Both types of desalter CK and AV effluents are a 

source of N and P for limited algal growth. They are present as organic nitrogen, ammonia 

or nitrate, and orthophosphate. However, the contents of N and P in CK and AV are lower 

than in BBM. Some components in CK are less than AV (Table 5-1). 

The amount of phosphorous and carbon source is limiting factors for microalgae growth in 

desalter effluent. The N to P ratios are more than the suggested optimal range of 4.5 to 14 

for microalgae,243 reflecting a potential P limitation. Moreover, CK effluent is even more 

deficient in P. Furthermore, both types of wastewater are richer in S, Mg, Ca, Fe, and Mn 

than BBM, but trace elements such as B, Zn, Mo, Co, and Cu exist in higher concentrations.  

Nitrogen and phosphorus are essential nutrients for algal growth. As expected, the 

concentrations of both nitrogen and phosphorus dropped because of algal growth. The 

removal of orthophosphate-P for the selected cultures is depicted in Figure 5-5. In general, 

the higher ratios of phosphorus removal (approximately 100%) corresponded to better 

performing algal cultures with high biomass density at the end of cultivation.  

The estimated amount of P assimilated by microalgae assuming the biomass content in the 

range of 1% to 1.2% ash-free dry weight,243 as shown in Figure5- 4. These values 

correspond to the removal of up to 86.9% to 100% of P present in both types of desalter 

(Figure 5-5). Therefore, a significant part of the P in the AV and CK media could be taken 

up by microalgae.  
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Table 5-5 represents the ANOVA of total phosphorus removal in desalter effluent. In this 

case types of desalter effluent (Ç), the interaction of BBM and desalter effluent (Factors 

Á⁕Ç) are significant model terms.  

 

 

 

 

 

 

 

 

 

Table 5-5: ANOVA for quality parameters of wastwater treatment and Lipid content of 

P.kesslery biomass in desalter effluent in different types, nutrient concentration and light 

Response COD NH3 Phosphorous Biomass Lipid content 

  F  v a l u e P value F value P  v a l u e F value P  v a l u e F value P  v a l u e F value P  v a l u e 

Model 232.97 < 0.0001 21.26 < 0.0001 9.01 0 . 0 0 1 8 58.98 < 0.0001 13.81 0.0003 

Á (BBM/0) 33.83 < 0.0001 ____ _ _ _ _ ____ _ _ _  _ _

_  

_ _ _  _ _ _  

β (H/M) ____ ____ ____ _ _ _ ____ _ _ _  _ _

_ _  

_ _ _ _  _ _ _  

Ç  (AV/CK) 432.11 < 0.0001 24.52 0 . 0 0 0 3 22.34 0.0006 175.3

6 

< 0.0001 13.17 0 . 0 0 9 2 

Á * β ____ ____ ____ _ _ _ _ ____ _ _ _ _ ____ _ _ _ _ 23 0 . 0 0 0 5 

Á * Ç ---- _ _ _ _ ____ _ _ _ _ 14.34 0 . 0 0 3 ____ _ _ _ _ 31.79 0 . 0 0 0 3 
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β * Ç _ _ _ _ ____ 38.23 0.0001 ____ _ _ _ _ ____ _ _ _ _ ____ _ _ _ _ 

Lack of fit 1.05 0.452

9 

0.81 0.5524 2.86 0.1042 0.25 0.9460 3.06 0 . 1 0 3 

R² 0.97   0.84   0.77   0.94   0.87   

Adjusted R² 0.97   0.80   0.68   0.93   0.81   

Predicted R² 0.96  0.72  0.51  0.89  0.68  

Adeq 

Precision 

30.72   11.13   8.79   14.53   12.28   
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Figure 5-5: Percent removal of a. COD removal, b. Phosphorous removal, c. Ammonium 

removal in two different desalter effluents in 12 days culture 

 

 

5.3.6 Analysis of Phenol and Benzene removal 

First, the effect of benzene on the growth of Parachlorella kessleri in simulated desalter 

effluent was monitored. Due to the volatility of benzene, the control sample contained 

simulated desalter effluent with benzene and no microalgae were used to compare the 

concentration of benzene in the presence of microalgae and without algae. This method 

aimed to determine whether the reduction of benzene was due to volatilization or 

degradation by microalgae. Figure 5-6 depicts the growth of P. kessleri in simulated 

desalter effluent in the presence of Benzene for 4 days. The inhibition of P. kessleri growth 

was observed after 3 days. The initial concentration of benzene was about 28 mgl-1 in 

simulated desalter effluent. During the biodegradation experiments, the concentration of 

Benzene in the mixture was monitored by cell counting daily for 4 days. The number of 

cells grew until the end of 3 days; then, it attained a stationary phase between Days 3 and 

4. Eventually, the number of cells decreased due to growth inhibition. The concentration 
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of benzene in simulated desalter effluent was detected using Boczkaj’s extraction 

method254, and gas chromatography (GC). The results of the reduction of benzene due to 

biodegradation are demonstrated in the right axis of Figure 5-6. All the values are 

represented as means plus standard deviations. 

 

Figure 5-6: ●, Mixotrophic growth of Parachlorella kessleri (P. kessleri) in simulated 

desalter effluent containing Benzene 

 

Since the biological test was conducted in a completely closed system, and benzene was 

the only carbon source, removal of benzene was caused exclusively by P. kessleri. It has 

been reported that this microalga in mineral media with initial benzene, toluene, 

ethylbenzene, and xylene concentrations of 100 µg L-1 each, and without high 

concentration of chloride sodium was degraded during first 2 days, and then displayed 

growth inhibition after 2 days.246 P. kessleri in media with a salt concentration of 1000 

mgL-1 (1gL-1) was able to experience more growth, and the microalgae were inhibited on 

Day 4. Salt does not affect P. Kessleri growth negatively; it instead enlarges its cell size.247 
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Microalga changes its metabolism flexibility in order to adjust in the presence of the salt, 

and it also alters molecular function to tolerate high salt exposure.270  

Results revealed that 51% of benzene was degraded within 3 days at a degradation rate of 

4.1 mgL-1 d -1 and specific growth rate of 0.146 d-1. Some species of algae are capable of 

heterotrophic growth in organic carbon sources. It was reported that microalgae can rarely  

complete degradation of aromatic pollutants.271 One way of investigating the 

biodegradation of organic pollutants by algae is to encourage algal cells to grow in the 

presence of the pollutant.  

 Optimization of benzene biodegradation in laboratory conditions provides an opportunity 

to observe or determine the consortia capable of biodegrading benzene. The only carbon 

source in media was benzene. The maximum degradation of 51% was achieved after 3 

days. Microalgae like Chlamydomonas spp. Chlorella spp., Cylindrotheca sp., 

Dunaliella sp., Euglena gracilis, Scenedesmus obliquus, and Selenastrum capricornutum 

demonstrate that algae are indeed capable of contributing to the degradation of 

environmental pollutants, either by directly transforming the pollutant or by enhancing the 

degradation potential of the microbial community present.271 Utilization of the remarkable 

potential of algae, P. Kessleri, to accumulate pollutants from desalter effluent presents a 

novel biological method of clearing the environment of toxic elemental and organic 

pollutants from desalter effluent. 

To ensure phenol and benzene in real desalter effluent can be degraded and removed, the 

experiment displayed in Table 5-3 was run. Runs 9 and 10 monitored the growth of cells 

and the quality of effluent after 12 days of treatment by P. kessleri. The number of cells in 

the mixture of desalter effluent when benzene concentration was 35mgL-1 increased two-

fold after 4 days, and then attained a stationary phase, where further growth was inhibited. 

Figure 5-5 shows the COD, ammonia and phosphorous removal rates were 91.3%, 69.1%, 

7%, 63.6%, respectively. These results confirmed that microalga metabolism was able to 

remove benzene and other contaminants. When phenol concentration was 60 mgL-1 in a 

mixture of AV + CK brine desalter effluent microalgae cells grew more than four-fold than 

the initial cell concentration. Phenol does not inhibit its growth, and P. kessleri could 
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remove P, ammonia, and COD at rates of 99.4%, 68.4%, and, 82.3%, respectively. 

Interestingly, when the media is a mixture of CK and AV + BBM, there is positive nitrate 

reduction after 12 days of microalga growth. 

Future studies can investigate the degradation of toluene, xylene and ethyl benzene in 

desalter effluent. The complete degradation of pollutants under these conditions usually 

involves the combined actions of two or more microorganisms. Under environmental 

conditions, the combined action of microalgae, P. kessleri and other microorganisms 

(Debariomycys hansenii) might be a rather important process for the elimination of 

undesired compounds (phenol, alkane, volatile compounds, ammonia and phosphorous) 

from desalter effluent and other wastewater with similar characteristics. The above analysis 

and results demonstrate that this species of microalgae can degrade and treat both desalter 

effluent in salt concentrations that are typical of crude oil in Calgary, Alberta. The results 

for the degradation of phenol and benzene in high metal ions in desalter effluent also 

suggests that they are capable of biotransforming some of these environmental pollutants. 

 

 

5.3.7  Lipid content 

In the present study, lipid production of P. kessleri in desalter effluent under different 

conditions in terms of the absence or limitation of light and nutrients was tested. Biomass 

accumulated as microalgae removed pollutant from the desalter effluent. Microalgal 

biomass typically contained a large share of carbohydrates, proteins, and lipids, which 

could be used as feedstock for different products. As shown in Figure 5-7, a high proportion 

of lipid was detected when P. kessleri was inoculated in different conditions of desalter 

affluent cultures. The lipid content in AV desalter effluent indicated that P. kessleri grew 

better in AV than the other tested microalgae (Figure 5-7). 

Lipid content highly depends on the type of desalter. Lipid content in AV was much higher 

than CK (p < 005). During the photosynthetic processes, after about 2 weeks, microalgae 
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accumulate significant quantities of lipids (up to 70% of DW) in AV desalter effluent. 

Figure 5-7 shows a slight difference in lipid accumulation between AV in heterotrophic 

and mixotrophic conditions (p < 0.05) or for no supplement media or BBM (p < 0.05). The 

same applies to CK. These can be commercially processed into biofuels, particularly 

biodiesel. However, microalgal lipids are valuable not only from the viewpoint of 

renewable energy, but they can also be used to produce biochemicals, nutraceuticals, 

cosmetics, or food additives. Several studies have demonstrated that it is possible to control 

cell metabolism to yield a high content of energy-rich compounds, either starch and/or 

lipids.272 

Table 5-5 presents ANOVA for Lipid content in different desalter effluents, light, and 

nutrient conditions. The effects of four variables at two levels (24) were testes based on the 

experiment in Table 5-2. The model response of lipid content is described in Table 5-5. 

The model F value of 13.81 implies the model is significant. There is only a 0.03% chance 

that an F value this large could occur due to noise. P values less than 0.05 indicate model 

terms are significant. It means the result cannot be attributed to chance. In this case, desalter 

effluent (C), the interaction of BBM-desalter effluent (A⁕C), and light-desalter effluent 

(B⁕C) are significant model terms. The lack of fit F value of 2.32 implies the lack of fit is 

not significant relative to the pure error. There is a 16.09% chance that a lack of fit F value 

this large could occur due to noise. It means the model fits well. The predicted R² of 0.68 

is in reasonable agreement and the regression model predicts responses for new 

observations. Adeq Precision ratio of 12.28 indicates an adequate signal.  

In general, microalgae produce lipids containing fatty acids with chains ranging from 12 

to 22 carbons and up to 6 unsaturations.245 Microalgae can accumulate substantial amounts 

of lipids (approximately 5% to 50% of dry weight).249 Lipids can be used as a source for 

biofuels, as building blocks in the chemical industry and edible oils for the food and health 

market. Several species of microalgae can be induced to produce specific lipids and fatty 

acids through simple adjustment of the physical and chemical properties of the culture 

medium. Microalgae P. kessleri CCALA 255 is characterized by high biomass and lipid 

productivity.177 The maximum lipid content of P. kessleri in this study was over 70% of 

dry weight. 
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Figure 5-7: Lipid content biomass P. kessleri after 12 days growth in desalter effluent in 

different conditions 

 

 

5.3.8 Effect of salt in Biomass and lipid production of Parachlorella 

kessleri 

Parachlorella kessleri, a unicellular green alga belonging to the class Trebouxiophyceae, 

achieves very high biomass, lipid, and starch productivity levels.161 Some microalgae are 

salt-resistant strains that grow well even in high salinity after long-term and continuous 

cultivation.273 The neutral lipid production in P. kessleri was greatly improved under 
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0.35M salt concentration, as compared to that under untreated culture. According to 

literature, the maximum neutral lipid content (36.13% biomass) was obtained after 12 days 

cultivation, which was 1.31-fold higher than that of untreated culture (15.63% biomass). 

These results suggested that salt induced cell size.247 The biomass concentration of P. 

kessleri under 0.35M salt stress after 7 days cultivation was the same as that under normal 

condition (0.89 g L−1). Similar behavior has been observed in Scenedesmussp.274 This 

microalga efficiently adapted to 100% seawater salinity and enhanced its lipid content. In 

saline media, microalga efficiently modified its metabolic flexibility to adjust to the 

salinity-induced stress. Some microorganisms evolve excess salts through salt glands. Salt 

glands shape the molecule function and contribute to salt tolerance.270 Salt treatment led to 

a significant increase in ploidy levels. The analysis highlighted salinity-induced changes 

in genes involved in DNA replication, cell cycle, and so on. The increase in cell size and 

ploidy under salinity stress may contribute to salt tolerance by increasing the storage 

capacity for sodium sequestration and higher metabolic activity driving rapid cell 

enlargement.275 On the one hand, some marine microalgal strains that could grow in 

brackish water or seawater have been considered as potential bioenergy producers due to 

their characteristics of high salt tolerance and high lipid content. Chlamydomonas sp. JSC4, 

Chlorella sorokiniana, and Dunaliella tertiolecta ATCC30929 have been reported to 

produce lipid content of 59.4%, 57.7%, and 67.0% w/w of dry weight, respectively. On the 

other hand, freshwater microalgae that can grow in both the absence and presence of salts 

are also used as an alternative feedstock for producing bioenergy. For example, 

Scenedesmus sp. IITRIND2 cultivated under saline conditions accumulated lipids in 

quantities that ranged between 38.9% and 51.8% w/w of dry weight 247 

 

 In recent years, interest in microalgae oil for animal feed and human food industries, as 

well as for sustainable biofuel production has increased.245 These research results 

demonstrated that salt-induced cell size increase was an effective strategy for the 

enhancement of oil production, microalgae harvesting, and oil extraction. Cells may cause 

an increase in neutral lipid content, thereby contributing to oil production. Various efforts 

are being made for cost-effective production of algal oil, including enhancing lipid 
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concentrations by using environmental stress factors and developing methods of 

microalgae harvesting or a combination of these. Stressful environmental conditions, such 

as unfavorable light intensity, temperature, high salinity , and nutrient limitation generally 

lead to lipid accumulation247,276–280 in microalgae. Among these, salt stress is of central 

attention. Besides enhancing lipid accumulation, it can also reduce the contamination risk 

and dependence on freshwater reserves. 

 

5.3.9 Possibility of Lipid production, harvesting and extraction 

Industrial scale  

P. kessleri is a green alga with cells capable of utilizing organic carbon sources such as 

glucose281, ethanol, and glycerol. 282 This makes P. kessleri a great candidate for 

photoheterotrophic and mixotrophic cultivation and offers great potential for the 

production of microalgal renewable biomass for biodiesel production and for different 

applications.283 It is important to reduce the cost of microalgal biomass production. Under 

mixotrophic conditions based on wastewater media, microalgae may provide flexibility to 

improve the economics of production, while generating valuable products. Lipid content 

can be increased by nitrogen or phosphate limitation, high salt concentrations, high iron 

concentrations or growth under heterotrophic or mixotrophic culture conditions. The 

microalga P. kessleri strain CCALA 255 is characterized by a high growth rate, tolerance 

to high temperatures, resistance to shear stress, poor adhesion to bioreactor surfaces, and a 

low tendency to form aggregates; this was previously tested in a large-scale thin-layer 

bioreactor to simulate the industrial production of microalgal lipid-rich biomass284. These 

are positive characteristics for its use in large-scale production bioreactors, with a potential 

for biofuel production. Under optimal conditions, the strain is characterized by energy 

storage in the form of lipids. If untreated, the cultures propagate rapidly, producing large 

amounts of biomass in a relatively short period of time. The cells contained negligible lipid 

storage (1% to 10% of DW) but it was possible to induce hyperproduction of storage lipids 

in P. kessleri biomass using various methods,272 while microalgae can grow in seawater or 

wastewater and microalgal oil can exceed 50–60% of dry cell weight.285 
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These microorganisms can produce and accumulate large quantities of triglycerides 

(TAGs) that can be transformed into biodiesel. However, the recovery of the valuable 

fractions produced by the microalgae through a low-cost wet pathway necessitates the 

development of new combined processes integrating culture, harvesting, and several 

biorefining steps, among which cell disruption, centrifugation, and molecular separation 

through membrane processes or solvent extraction. Some microalgae are remarkable for 

their high oil productivity. For instance, Botryococcus braunii, Schizochytrium sp., 

Nannochloropsis sp. and P. kessleri have been reported to produce lipids in quantities that 

ranged between 25% and 75%, 50% and 77%, 31% and 68%, and 41% and 65% w/w of 

dry weight, respectively.245 Extensive research has demonstrated that P. kessleri and 

Chlamydomonas reinhardtii increased their TAG production up to seven-fold and fifteen-

fold, respectively in response to nitrogen deprivation. P. kessleri also has characteristics of 

interest for photobioreactor cultivation and cellular pretreatment for lipid extraction (high 

growth rate and low levels of biofilm and aggregate formation).245 

Today, numerous studies on microalgal biodiesel production are available; however, none 

of those illustrate a detailed step-wise description with the pros and cons of the upstream 

and downstream processes of biodiesel production from microalgae. Specifically, 

harvesting and drying constitute more than 50% of the total production costs285; however, 

there are quite fewer detailed study reports available. In this study, lab-scale lipid extraction 

analysis was attempted. Design and cost analysis on an industrial scale should be 

considered for future research on isolation and screening of P. kessleri microalgae, 

microalgal large scale cultivation, biomass harvesting, drying, lipid extraction, and 

biodiesel production. 

Microalgae can be harvested through many methods, including sedimentation, 

flocculation, flotation, centrifugation, and filtration. Self-flocculation is one of the most 

convenient strategies for low-cost harvesting of microalgae because it requires no extra 

investment in the cultivation of microalgae and purification of bio flocculants. Energy 

consumption of sedimentation harvesting is also generally low. However, sedimentation 

has not been widely used for separation of the microalgae due to their density and small 

size. Two separate studies by Arora and Kato in 2017reported that salt stress induced an 
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increase in cell size. It is possible that the larger cells could contribute to settlement 

harvesting of microalgae.273,274 To further lower the unit cost of microalgae oil, high lipid 

production in association with industrial waste as sources of nutrients or developing high-

value co-products like biofuel appear promising. P. kessleri is known to accumulate starch 

and lipid. It also has characteristics of interest for a semi-industrial scale in outdoor 

photobioreactors and cellular pretreatment for lipid extraction. This microalga is therefore 

considered as one of the most promising potential feedstocks for biofuel production.161,245  

The sedimentation efficiency of P. kessleri cultivated under normal conditions was less 

than 15%, while the sedimentation efficiency of microalgae with 0.35M NaCl was greatly 

improved. A salt-induced increase in cell size can contribute to improvement in 

sedimentation efficiency. Both sedimentation and flocculation can simplify the dewatering 

process. Flocculants are usually added to induce flocculation. Self-flocculation of algal 

cells without flocculants addition is economical.247 

 

5.4 Conclusion 

 

P. kessleri being able to grow in desalter effluent suggests that selected algae possess 

certain traits that allows them to be good candidates for cultivation in wastewater. The 

growth of microalgae highly depends on the COD and phosphorus concentration. 

Supplemented media rich in phosphorous of CK + BBM does not change the algal growth 

rate and final biomass density in the culture in comparison to growth of P. kessleri in 

desalter without BBM. The biological effect of BBM supplementation was especially 

prominent when added into a mixture of two types of effluent due to its low nutrient content 

due to it having a high carbon level from the addition of phenol and the high COD of AV. 

However, the cultivation of microalgae in desalter effluent in mixotrophic conditions may 

be a more favorable approach from an economical and sustainability perspective since this 

approach can eliminate costly and energy-intensive biological treatment steps prior to algal 

cultivation.  
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Parachlorella kessleri grown in desalter effluents display a higher tolerance to salt, metals, 

toxic hydrocarbons and competitiveness for resources of these species. Results confirmed 

that P. kessleri can grow in desalter effluent and in high salinity conditions. This microalga 

can produce biomass with enlarged cells for biodiesel and settling in industrial scale 

operations, which may contribute to a direct reduction of costs. 

Possible reasons for the limited performance of biomass production in different conditions 

may be phosphorous limitation and high ammonia nitrogen concentration due to 

nitrification that can be resolved by adjusting pH, adding a supplement or mixing different 

desalter effluents. Parachlorella kessleri can degrade phenol and remove benzene in 

simulated desalter effluent. These properties make this microalga a unique microorganism; 

not only can it grow in the presence of toxic chemicals like phenol and Benzene, but it is 

also a halotolerant microalga that can produce biomass and accumulate a high content of 

lipids. Therefore, the microalgae–water mixture can be directly discharged in desalter 

effluent to provide both clean water, biomass for biofuel production, and irritation which 

is both economical and feasible for the petroleum industry. Quality parameters of desalter 

effluent after treatment by P. kessleri falls within the range of water quality standards for 

Ontario effluent quality guidelines for petroleum refineries.54  

Furthermore, it is important to note that application of desalter effluent has a critical 

economical advantage; the cultivation of algae in the desalter effluent which contains 

harmful nutrients does not require capital and energy-intensive biological preliminary 

treatment. Therefore, the cultivation of robust microalgae in desalter effluent media is 

likely to be the most favorable processing approach from an economical and sustainability 

perspective if the applied alga possesses critical characteristics required for robust growth 

in wastewater.  
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Chapter 6  

 

6 Continuous cultivation of Debaryomyces hansenii (Laf-3 
10 U) at Varying Dilution Rates on Dodecane 

 

 

 

6.1 Introduction  

 

The desalter unit is installed in the first stage of the petroleum refinery process to remove 

the salt present in the incoming crude oil. Crude oil desalting is necessary to avoid 

corrosion, rust, and deposition in the refinery process and plant equipment, including heat 

exchangers, pipes, pumps, distillation columns etc. The salt dissolved in the  water, along 

with impurities4,5, is called desalter effluent and is sent to wastewater treatment plant the 

further treatment. The addition of this salt containing effluent in high doses may affect the 

biological treatment.  

Several approaches have been reported in literature for desalter treatment 12–19.   Many such 

approaches such as membrane requires high maintenance costs, replacement of spare parts 

and high energy consumption. In addition, Physico-chemical methods are capable of 

removing contamination but not eliminating it 58,84,85,104,105.  Thus a need for alternative 

cost effective solutions is desirable. 

Debaryomyces hansenii is a halotolerant yeast which has been shown to effectively 

metabolize several hydrocarbons. In particular, the application of the yeast in treatment of 

challenging wastewater streams such as desalter effluent has significant potential. This 

yeast can tolerate high concentrations of salt (e.g. NaCl, and KCl)  up to 24% (w/v)150 and 
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is  one of the lipid-accumulating yeasts137. The yeast is found  in salty food, blue cheese 

and brines and has both  high respiratory and low fermentative activity228,286. The yeast was 

previously shown to remove phenol (aromatic group) 52 and dodecane ( a chain 

hydrocarbon and an alkane) 24. Previous studies show that high substrate concentrations 

are inhibitory for the yeast cultivation, therefor continuous cultivation at steady state 

(CSTR) may be an effective way to control the specific growth rates and avoid substrate 

inhibition. 

There are only a limited studies involving the bioremediation of petroleum refinery 

wastewater by yeast202 and bacteria using CSTRs227,287–293.  

In this study, the cultivation of D. hansenii on dodecane as a substrate was investigated in 

a laboratory scale CSTR under different dilution rates to find out optimum substrate 

removal.  The degradation kinetics were modelled and kinetics were determined.   

   

6.1.1 Growth kinetic modeling in CSTR 

The rate of cell production (dX/dt) is proportional to the cell concentration (X) as is shown 

in Equation (6-1): 

𝒅𝑿

𝒅𝒕
 =  𝛍𝐧𝐞𝐭𝐗                                                                                               (6-1) 

  

where µ is the specific growth rate.  

In the CSTR setup, a substrate solution (dodecane the carbon source) is pumped 

continuously to the reactor; culture media is withdrawn from the bioreactor with exactly 

the same flow rate. Therefore, under steady-state conditions, all of the parameters of the 

process (volume, concentrations of substrate, product and biomass, reaction rate etc.) 

remain the same and do not change in time. In 1949, Jaques Monod proposed a relationship 

between µ and S294. He has shown experimentally that this relationship is similar to the 
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relationship between the reaction rate and substrate concentration in enzyme kinetics 

(Michaelis–Menten kinetics). The Monod equation is shown in Equation 6-2. 

𝛍𝐧𝐞𝐭 =  
𝛍𝐦𝐚𝐱 𝐒

𝐊𝐬+ 𝐒
                                                                                           (6-2) 

  

Where the µmax is maximum specific growth rate and Ks is the saturation constant and S is 

dodecane concentration.   

The continuous stirred tank reactor (CSTR) used for aerobic respiration and microbial 

fermentations is also called chemostat. A schematic diagram of such a reactor is shown in 

Figure 6-1. 

 

Figure 6-1: Schematic of continuous bioreactor  

 

The material balance of biomass X can be written as:  

 

𝑽𝒓
𝒅𝑿

𝒅𝒕
=  𝑭𝑿𝟎 −  𝑭𝑿 + 𝑽𝒓𝝁𝑿                                                                (6-3) 



130 

 

 

Vr is the volume of the reactor that is constant. Considering that the inlet flow usually 

contains no microorganisms (X0=0), Equation 6-3 can be rearranged that as equation 6-4: 

𝑑𝑋

𝑑𝑡
=  𝛍𝐧𝐞𝐭𝑋 −  𝐷𝑋                                                                                                                  (6-4) 

  

   Therefore, under steady-state conditions when dX/dt=0 

 

𝑫 =  𝛍𝐧𝐞𝐭                                                                                                               (6-5) 

  

Combining Equations 6-2 (Monod) and 6-5, we have  

𝛍𝐧𝐞𝐭  =  𝐃 =  
𝛍𝐦𝐚𝐱 𝐒

𝐊𝐬+𝐒
                                                                                                 (6-6) 

     

where µnet is specific growth rate, µmax is maximum specific growth rate in absence of 

substrate limitation, S is the concentration of substrate in the reactor (which equals the 

concentration of substrate in the liquid leaving the reactor) under steady state conditions, 

Ks is substrate concentration which allows the organism to grow at 0.5 µmax. 

 

The substrate and product concentrations can be related through the yield coefficient (Y 

x/s) as: 
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𝐘𝐱/𝐬 =  
𝐗 − 𝐗𝟎

𝐒𝟎− 𝐒
  =  

𝐗

𝐒𝟎−𝐒
                                                                            (6-7) 

  

Combining equations 6-6 and 6-7, the material balance of substrate can be obtained: 

 

𝐃(𝐒𝟎 −  𝐒)  =  
𝐗

𝐘𝐱/𝐬 

𝛍𝐦𝐚𝐱 𝐒

𝐊𝐬 + 𝐒
                                                                                       (6-8) 

 

        Equation 6-8 can readily be solved for X and S to yield: 

𝐗 =  𝐘𝐱/𝐬 (𝐒𝟎 −  
𝐃𝐊𝐒

𝛍𝐦𝐚𝐱− 𝐃
)                                                                                             (6-9) 

 

        

And         

𝐒 =   
𝐃 𝐊𝐬

𝛍𝐦𝐚𝐱 − 𝐃
                                                                                                     (6-10)             

The maximum specific rate of D.hansenii in SDE when dodecane is the only 

hydrocarbon, was obtained from previous experiment  in chapter 4 with batch bioreactor, 

µmax is equal 0.085 h-1.  

μmax =   
D(Ks+S) 

S
                                                                                       (6-11) 

        

To find the relationships of S vs. D, Ks is required to be calculated. It can be seen that cell 

concentration decreases with the increase of D (Eq 6.9) and reaches zero at washout. At 
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this dilution rate all the microorganisms are washed out and therefore, there is no 

biochemical reaction. Therefore, the concentration of substrate in the reactor equals that of 

the feed (S0)
295,296.   

𝛍𝐧𝐞𝐭 = 𝐃 =   
𝛍𝐦𝐚𝐱 𝐒 

(𝐊𝐬 + 𝐒)
                                                                                                  (6-12)  

     

The CSTR is a powerful tool for the study of microbial process and allows control for 

specific growth rate by controlling the dilution rate. Microorganisms in the continuous 

reactor are almost always in exponential phase of growth. The change of the flow rate of 

substrate solution results in the change of dilution rate (D) since D=F/Vr. If dilution rate is 

changed and the substrate concentration in the reactor is measured as a function of dilution 

rate, Equation 6-6 can be used to determine the kinetic constants µmax and Ks. A plot similar 

to that of Lineweaver _Burk can be used to calculate the kinetic constants (Figure 6-3).  

In additional the Monod model, a relationship between dilution rate and COD could also 

be obtained by using inhibitory models such as Haldane, Aiba and Edwards models. The 

inhibitory growth kinetic equations of Andrews 297 , Aiba 194 and unstructured 

mathematical model Edward  195 as given by the equation 1, 2 and  respectively as 

follows:  

 

μ =
μmaxS

Ks+ S + 
S2

KI 

                                                                                                  (6-13) 

 

μ =
 μmax

−
S

KI

Ks+ S 
                                                                                                           (6-14) 
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𝜇 = 𝜇𝑚𝑎𝑥 [𝑒
−𝑆

𝐾𝐼 − 𝑒
−𝑆

𝐾𝑆]                                                                                        (6-15) 

 

where KS, KI, µ, µmax, and S are the half saturation constant (mg L-1) (substrate-affinity 

constant), substrate inhibition constant (mg L-1), specific growth rate (h−1), maximum 

specific growth rate (h−1), and substrate concentration (mg L-1), respectively. 

Although dodecane concentration is not high in this research and inhibition models are 

applied for high substrate concentrations, the experimental data in inhibition models were 

replaced to compare with Monod model Aiba, Edwards and Haldane models were used 

and discussed. These three model equations were discussed in degradation of phenol in 

previous study by Azimian et a.l in 201852. 

 

6.2 Materials and methods 

 

6.2.1 Materials 

The Synthetic Desalter Effluent (SDE) was derived from a mineral media solution with 

equivalent properties of real desalter effluent, with dodecane the only yeast-degradable 

carbon source. Tween 20 (non-ionic surfactant) was added to dissolve the nonpolar 

hydrocarbon dodecane into the aqueous medium of SDE to help yeast access this carbon 

source. Synthetic desalter components in the mineral media solution210 is described in 

Table 6-1.  
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6.2.1.1  Chemicals of synthetic desalter growth medium 

 

All chemicals used in this study were purchased from Sigma Aldrich (Oakville, Canada) 

as analytical grade. The Synthetic Desalter Effluent in 1 L distilled water was prepared as 

described in Table 6-1. The pH of the growth media was adjusted to between 6 and 6.5.  

All growth media were autoclaved at 121°C for 20 min prior to yeast cultivation. Dodecane 

was added to SDE as a petroleum hydrocarbon representative at concentrations of 

750mg.L-1. The theoretical oxygen demand (ThOD) for the oxidation of 1 g of dodecane 

is 3.43 g (adapted from Pitter and Chudoba, 1990). The equivalent of ThOD for dodecane 

(750 mgL-1) is 2610 mgL-1; this is within the range of the COD in Imperial Oil desalter 

effluent.   Total free hydrocarbon content, including dodecane, in typical desalter effluent 

has been reported as high as 1,000 mgL-1 38,211.  

 

Table 6-1: Phase 1 of synthetic desalter effluent components with Dodecane 

Mineral Media component Concentration in 1 liter distilled water 

KH2PO4 1g 

K2HPO4 1g 

(NH4)2SO4 1g 

MgSO4  0.2g 

FeCl3 0.05g 

CaCl2  0.02g 

NaCl 1 g 

FeCl3, CaCl2 , NaCl 0.05g, 0.02g, 1 g 

Tween 20 1 ml 

Dodecane 750mg 
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6.2.1.2  Yeast preparation and experiments  

Debaryomyces hansenii SWING YEAST LAF-3 (Parmalat Inc., London, Canada) was 

used for all experiments. Pre-cultivation of fresh and sterilized yeast extract peptone 

dextrose (YEPD) agar slants was conducted, and the cultures were then incubated at 25°C 

and 180 rpm on a rotary shaker (VWR, Mississauga, ON, Canada) for 24 h. Growth in 

liquid media was facilitated by 50 mL of sterilized malt extract medium. Optical density 

(absorbance percentage) at a wavelength of 600 nm was measured every four hours on an 

Evolution™ 60S UV-visible spectrophotometer (Thermo Fisher Scientific) during the  

hours of incubation.  

Once the cultures reached the late exponential phase, the D. hansenii cells were added to 

SDE in 250 mL flasks with a suspended yeast cell concentration of 1% v/v (1 mL D. 

hansenii inoculum in 100 mL of desalter effluent) and incubated at 25°C in a rotary shaker 

set to 180 rpm for three days.  

 

6.2.1.3  CSTR bioreactor  

The biodegradation of hydrocarbons was studied in a bioreactor (shown in Figure 6-2) with 

total volume of 1000 ml and working volume of 500 ml for continuous experiments. The 

reactor is Wheaton™ Celstir™ Spinner Flask. Aeration was provided by impeller and 

injection from the top of reactor for yeast growth. The bioreactor was fed continuously 

with SDE contains dodecane as a sole carbon source.  

The reactor was inoculated with 250 mL of precultured (enriched culture), D.hansenii, 

yeast suspension and filled with SDE. The continuous feed was started at dilution rates (D) 

in the range 0.007-0.045 h-1. Synthetic desalter effluent was supplied at the bottom of the 

reactor by means of a mini and ultra-pump variable flow (VWR, 120 mL to 2.2 Lmin-1). 

Sterile air was passed into the continuous reactor and storage feed tank the temperature 

was maintained at 25 °C. The sampling for optical density and Chemical Oxygen Demand 
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(COD) measurement were carried out once a day from reactor using sterile syringe. The 

monitoring of the reactor is by analysis of COD and biomass (optical density). 

 

Figure 6-2: Schematic of continuous reactor for dodecane removal from SDE 

 

pH of the culture medium was controlled at 6.5 ±0.3. 

 

6.2.2 Analytical methods 

 

Organic carbon (dodecane) concentration was measured by assessing COD. SDE, mineral 

media (MM) and surfactant (Tween 20), were maintained at the same concentrations for 

all runs of all experiments, with dodecane concentration as the only variable. 
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6.2.2.1  Cell concentration 

Yeast (D. hansenii) is a unicellular microorganism, and growth (cell concentration) was 

measured using the optical density (OD) of the cell culture by measuring absorbances at 

600 nm.  

 

6.2.2.2  Chemical oxygen demand (COD)  

The strong linear relationship between total organic carbon (TOC) and COD indicates that 

a COD assay can reliably replace the TOC test normally used in the evaluation of specific 

wastewater and treatments212. Amounts of consumed dodecane were evaluated by 

measuring reductions in COD after five days using Equation 6-16 

𝐶𝑂𝐷𝑇𝑜𝑡𝑎𝑙 = 𝐶𝑂𝐷𝑀𝑀 + 𝐶𝑂𝐷𝐷 + 𝐶𝑂𝐷𝑇                                                                 (6-16) 

                                                                        

where CODX denotes the COD of component X, MM represents mineral media, T 

represents Tween 20 and D represents dodecane.  

Equation 6-17 illustrates that CODTotal has linear regression with the TOD of Tween 

20 (T) and dodecane (D)  

 

𝐶𝑂𝐷𝑇𝑜𝑡𝑎𝑙 = ∝ 𝑇𝑂𝐷𝜏+𝐷 +  𝛿                                                                        (6-17) 

where α is the slope and δ is the intercept of the straight line. 

Equation 6-18 similarly illustrates that COD Total has linear regression with the TOD 

of Tween 20 (T) and dodecane 
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𝐶𝑂𝐷𝑇𝑜𝑡𝑎𝑙 = ∝ 𝐷 + 𝛽                                                                                    (6-18) 

where α is the slope and β is the intercept of the straight line.  

Tween 20 is not degradable by yeast, so amounts thereof at the first (i) and final (f) 

days remained constant   

 [𝐶𝑂𝐷 𝑇𝑜𝑡𝑎𝑙(𝑖)  −  𝐶𝑂𝐷 𝑇𝑜𝑡𝑎𝑙(𝑓)]  =  𝛼𝛽 [𝐷(𝑖)  − 𝐷(𝑓)]  =  𝛥𝐷                  (6-19) 

As the actual desalter effluent is represented in the COD values (due to a range of carbon 

sources), COD measurements were also used for the SDE. For experimental determinations 

of COD, the microbial culture samples from the shaker flasks were centrifuged with an 

IEC Micromax (Hyland Scientific Company, WA, USA) at 1,0000 rpm for 45 min. The 

supernatant was then filtered using sterile 0.2-micron cellulose acetate membrane syringe 

filters (VWR) to remove any remaining cells. COD analysis of the filtrated SDE was 

conducted with a Hach 8000 (Hach Inc., Loveland, USA).  

 

6.2.2.3  n-dodecane removal measurement 

Dodecane removal was evaluated using Equation 6-19 and the following formula  

𝚫𝐂𝐎𝐃% =
(𝐂𝐎𝐃𝐓𝐨𝐭𝐚𝐥(𝐢)−𝐂𝐎𝐃𝐓𝐨𝐭𝐚𝐥(𝐟))

𝐂𝐎𝐃(𝐓𝐨𝐭𝐚𝐥)𝐢
× 𝟏𝟎𝟎                                      (6-20) 

Here CODi is the initial dodecane concentration before adding yeast and CODf is the final 

dodecane concentration at the end of the experiment. 

 

6.2.2.4  Modeling the kinetics of synthetic desalter effluent  

Michaelis–Menten kinetics is a models of enzyme kinetics and equation is based on 

theoretical considerations while the Monod equation is empirical. The use of Michaelis -

Menten kinetics was particularly attractive to researchers studying nutrient relationships, 

since two parameters were needed to define the nutrient acquisition and growth potential 
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of a particular of microorganism298. Michaelis–Menten can apply for microorganism 

growth kinetics under steady state condition299.  

Because it is difficult to accurately determine the µmax by examining a rectangular 

hyperbola, it is also difficult to establish the value of the Ks in this way. The Lineweaver-

Burk plot is the most commonly used linear plot for enzyme kinetic analysis (Figure 6-3). 

Today enzyme kinetic constants are determined by fitting experimental data to rate 

equations by computer. when linear data are desired, the reciprocal of the Michaelis-

Menten equation (Lineweaver-Burk) plot is obtained (figure 6-3) for illustrative purposes 

based on kinetic constants 300,301. The equation for these linear constructs is obtained by 

inversing Monod equation 6-2: 

 

𝟏

𝛍
=

𝐊𝐬

𝛍𝐦𝐚𝐱

𝟏

𝐒
+

𝟏

𝛍𝐦𝐚𝐱
                                                                                            (6-21) 

  

 

 

https://www.sciencedirect.com/topics/engineering/kinetics-analysis
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Figure 6-3: A Lineweaver-Burk plot of l/µ against 1/s  298 

 

The Monod equation explains the growth of D.hansenii and the utilization of substrate in 

SDE as it was shown in equation 10. The substrate is not high concentration so the 

maximum specific growth rate and saturated constant can be obtained from Lineweaver-

Burk plot.  

 

6.3 Results and Discussion 

 

6.3.1 Effect of dilution rate (DR) 

Dodecane concentration is one of the important parameters monitored to improve the 

removal efficiency of the treatment system. Table 6-3 shows operation parameters, steady 

state data and dodecane removal by COD was determined throughout the SDE. The system 

attained an overall hydrocarbon removal efficiency of 95%. The bioreactor efficiency 

decreased by increasing at D of 0.45 h-1. The dodecane concentration in SDT was 

equivalent of initial COD 2793 mgL-1 at the beginning and decreased to 136 mgL-1 after 

reaching to steady state at dilution rate of 0.07 h-1 in CSTR. Yeast, D. hansenii, effectively 

mineralized dodecane as demonstrated by reduction in COD, indicating that D. hansenii 

play an important role in dodecane break down. Dilution rate of SDE helped control 

organic loading rate in continues bioreactor. Removal efficiency was observed in the range 

of 80.96 – 95.14% in D range between 0.007 and 0.026 h-1. However, dilution rate of 0.007 

h-1 is the best parameter, to be considered for CSTR design due to fluctuating of organic 

load in different situation, therefore higher hydrocarbon load can be mineralized and 

significantly reduced at D of 0.007 h-1. Maximum growth rate of yeast, D. hansenii, was 

attained during the treatment of SDE in batch reactor with maximum COD of 61%. This 

value increased in CSTR when the range of substrate (dodecane) is lower than 750 mgL-1 

at D 0.007 h-1. 
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Table 6-2 : Operational parameters and steady state data and COD removal in CSTR 

with yeast D.hansenii 

Day Flow- rate 

(mL h-1) 

D< (µmax=0.085) 

(h-1) 

S (CODf) 

(mgL-1) 

1/D 

(h) 

COD % 

removal 

10 3.5 0.007 136±2 142.86 95.14 

17 13 0.026 618.7±5 38.46 85.05 

24 15.5 0.031 733±6 32.26 80.96 

30 17.5 0.035 1000±8 28.57 71.43 

37 22.5 0.045 2793 ±20 22.22 7.37 

 

 

The effect of D on the removal of dodecane was studied. Dodecane and other components 

of desalter effluent were kept constant. The initial dodecane concentration is 750 mgL-1. 

Effect of different dilution rate on the COD removal and cells concentration is shown in 

Figure 6-4. The change in biodegradation and mineralization of dodecane at different 

dilution rate is shown as COD in blue line.  Cell concentration of SDE recorded when there 

was only slightly fluctuation in optical density at each D as it is shown in red line. When 

the D was adjusted to 0.007 h-1, the cell concentration gradually increased to 0.496 and the 

removal efficiency has been observed. The bioreactor showed greater than 95% removal 

of COD (equivalent of 100% removal dodecane) at 142.86 h. However, further increase in 

dilution rate to 0.026 leads to gradually decrease in biodegradation rate to 85.05 % (COD 

%). At dilution rate of 0.045 h-1, the biodegradation rate was drastic decreased, and cell 

concentration was diluted to 0.293 with COD removal of 7.4%. The optimum D can be 

designed in CSTR, when SDE contains COD of 750mgL-1(THOD of dodecane is 2610 

mgL-1 < COD (Dodecane +SDE) of 2793 mgL-1).  
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Figure 6-4: Steady-state values of the concentrations of dodecane (■), and CO 

D removal (●) for different dilution rate using D.hansenii in CSTR 

 

The biodegradation rate was gradually increased to 95% at steady state when dilution rate 

was increased to 0.07 h-1. Table 6-3 summarizes the change in COD removal and dilution 

rate and initial substrate concentration of 750 mgL-1. The D was based on the flow rate of 

the effluent passing through the pump to the bioreactor. Two dilution rates, 0.007 and 0.026 

h-1, were given high percentage COD removal. But D of 0.007(142.9 h) is recommended 

for CSTR in pre-treatment phase due to fluctuating the amount of organic carbon load in 

desalter effluent.  

Figure 6-5 shows the change in cell concentration with time at five different dilution rates 

0.07, 0.026, 0.031, 0.035 and 0.045 h-1 at initial COD 2793 mg. l-1 in steady state. In the 

presence of dodecane the cell concentration of D.hansenii decreased as the dilution rate 

increased. At 0.045 h-1 dilution rate which is lowest growth of yeast with cells 
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concentration about 0.292±0.008 (OD 600) and no significant removal of COD was obtained 

under steady state condition, which clearly indicates the cell is wash out condition. This is 

also supported by incomplete utilization of dodecane by D.hansenii under steady state 

condition. Although, at dilution rate of 0.035h-1, 0.031 h-1 and 0.026 h-1(longer residence 

time) the cell concentrations were found to be 0.364±0.01, 0.382±0.02 and 0.401±0.01 

respectively, but dodecane still remain unutilized. This indicates further reducing of 

dilution rate, enhanced the COD removal and consequently complete dodecane utilization 

through biomass growth. Thus, at a dilution rate 0.007 h-1 the dodecane was found to be 

completely utilized and the maximum cell concentration at Absorbance of 600 nm was 

observed to be 506± 0.3.  

 

Figure 6-5: The change of cell concentration in SDE at different dilution rates during the 

continuous operation 

 

As dodecane was completely utilized at this dilution rate, A maximum COD removal 

(95%) was observed from 2793 to 136 mgL-1. by operating the process in decreasing  D 

from 0.045, 0.035, 0.031, 0.026 and 0.007 h-1 the dodecane was completely utilized by 

reducing COD from 2793, 1000, 7333, 618.7 and 136 mgL-1 respectively(Figure 6-6.  As 

dodecane (equivalent to COD) was completely utilized at 0.007 h-1, further studies were 

not carried out at a dilution rate lower than 0.007 h-1. 
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Figure 6-6: Dodecane concentration equivalent with COD in SDE as function of time 

during biodegredation in aerobic bioreactor CSTR   

 

6.3.2 Growth kinetic modeling 

The substrate is not high enough to inhibit growth of D.hansenii. Therefore, the growth of 

cells in different dilution rate follows of Monod equation (as shown in Figure 6-7 a). To 

measure maximum growth rate and Ks, we used the experimental data in the Lineweaver–

Burk plot. This plot linearizes the hyperbolic curved relationship, and the line produced is 

easy to extrapolate, allowing evaluation of Dmax=µmax and Ks. We obtained only the five 

data points from complete cure of substrate vs D; we would have difficulty estimating Dmax 

from a direct plot as shown in Figure 6-7. a. 
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Figure 6-7: (a) Relationship between substrate concentration and the rate of growth rate 

reaction (b) Lineweaver–Burk plot of the same kinetic data 

 

As shown in Figure 6-7.b, if these five points are plotted on a graph of 1/D against 

1/S(COD), the data are linearized, and the line can be easily extrapolated to the left to 

provide intercepts on both the y-axis and the x-axis, from which µmax and KS, respectively, 

can be evaluated. 

𝟏

𝛍
= 𝟏𝟕𝟕𝟖𝟒. 𝟐

𝟏

𝐒
+ 𝟏𝟏. 𝟐𝟗                                                                                             (6-22) 

       

 Based on experimental data and the model in equation 6-22 and 6-23, µmax is 0.085 h -1, 

KS(Lineweaver–Burk) =1575.2 mgL-1, µmax and , KS and can be applied saturate constant of 

Monod equation. 
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Therefore, the kinetic model for SDE when dodecane presents alkane and chain 

hydrocarbon in range of concentration around 750 mgL-1 and less is in equation 20: 

𝐒 =
𝟏𝟓𝟕𝟓.𝟐 𝐃 

𝟎.𝟎𝟖−𝐃
                                                                                                 6-23) 

  

Next, the experimental data were compared with inhibitions equations 6-13. 6-14, and 6-

15. The values, µmax, Ks and KI were calculated by the method of least square in MATLAB 

Program Software and compared with Monod model. Figure 6-8 demonstrates the effect 

of dilution rate on COD removal using D.hansenii. The dilution rate could reach at 0.007 

h−1. Then, the rate begins to increase exponentially with COD (dodecane removal) until the 

value reaches close to initial COD in SDE, where the D is the highest at 0.045 h−1 with cell 

concentration of 0.293. Further increase in dilution rate, decreases the rate of substrate 

removal and growth, implying that the dilution rate stage has taken place during the 

process. When D increases (close to µmax), this adverse effect on D.hansenii growth and 

depresses substrate degradation. There is not enough time for yeast to metabolize dodecane 

in SDE.  

The observed relationship between D and COD discussed in Figure 6-5 was further used 

to compare the kinetic parameters of Monod, Aiba, Edwards and Haldane models to each 

other. At the first glance, it seems the Monod is less fit with the experimental data.   As 

shown in the Figure 6-8, the Monod equation could not estimate the experimental data well, 

with a coefficient of determination, RMSE 0.0013. When we observe other kinetics 

constants in Table 6-3, it helps us to analyze profoundly and chose the right model. The 

kinetic parameters, using five experimental data points, were obtained as 0.085 h−1 and 

1575.2 mgL-1 for 𝜇max and Ks, respectively. On the other hand, in this study, dodecane (750 

mgL-1) is not beyond its saturation value. The identical curves were demonstrated by the 

Aiba, Edwards and Haldane models. It shows the better agreements between the 

experimental and the simulated data were obtained by these models compared with that of 

Monod in Figure 6-8. However, Table 6-3 displays the constant inhibition (KI) in the 

growth kinetics of Aiba, Edward and Haldane models are less than constant saturation, Ks. 
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In addition, Aiba model with 𝜇max 0.27 h-1 cannot be accepted due to literature report about 

D.hansenii specific growth rate. Previously Prista et al.193 described the specific growth 

rate of D. hansenii in the presence of different salts between 0 and 0.6 M NaCl is in the 

range of 0.02 to 0.22 h-1. With similar reason Edward model cannot be accepted. The values 

of 𝜇max, KS and KI were selected as 0.097 h−1, 2467 mgL-1 and 2410 mgL−1, respectively, 

for the Edwards model, which are less than those obtained by the Andrew (Haldane) model 

0.137 h-1, 2464.5 mg-1 and 2410.5 mgL-1, respectively. It was observed that. The value of 

KS is larger than KI in all inhibitions mathematical models that demonstrates the substrate 

concentration and dilution rates in experimental data are not within the range to inhibit the 

growth of cells.  The parameter values, however, were comparable with previous research 

was carried out by authors for optimization of dodecane removal in wide range between 

0.3 to 30 gL-1 in batch reactor with 7 experimental data points and the models showed Aiba 

model with µmax of  0.085 h-1 was the best fit in batch system. While this study was 

evaluated five experimental data at five different D in CSTR and this experiment was 

investigated for substrate concentration of 750 mgL-1 and less. We might obtain more 

accurate RMSE for Monod model with running extra D (more than 5 experimental data) 

between 0.01 and 0.045 h-1. On the other hand, experimental data shows exponential phase 

with no inhibition. Therefore, the Monod model is the most realistic simulates the 

experimental data and is an appropriate kinetic model to represent the growth of the D. 

hansenii CSTR at steady state. 
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Figure 6-8: The effect of COD (Dodecane load) using D.hansenii on different dilution 

rates. The curves refer to the simulated data using the Monod, Aiba, Edwards and 

Haldane models, equations 6-13,14 and 15, (The line represents different kinetic models 

using least squares non-linear regression and exponential curve fitting (MATLABTM). 

 

Table 6-3: Summary of the kinetic parameters used in the modeling of D.hansenii 

dilution rate using Monod, Aiba, Edwards and Haldane models 

Kinetic Model µmax (h-1) KS (mgL-1) KI (mgL-1) RSME 

Aiba 0.2748 4837 34711 0.0002617 

Edward  0.0970 2467 2410.5 0.0002584 

Andrew (Haldane)  0.1368 2464.5 2410.5 0.0008 

Monod 0.085 1575.2  _____ 0.0013 
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The result of this study was compared with the most similar wastewater with desalter 

effluent. The result of biodegradation of low molecular weight in refinery wastewater under 

saline condition in Saudi Arabia by halophilic bacteria consortium in CSTR system was 

reported in 2018. 94% COD removal was obtained after 12 days, when initial concentration 

of polycyclic aromatic hydrocarbon (PHAs) was 100 mgL-1 and NaCl concentration of 40 

gL-1288.Another study the petrochemical wastewater with initial COD of 1025 mgL-1 was 

removed up to 93% using biosurfactant rhamnolipid in continuous bioreactor within 21 

and 25 days. While in our study COD removal of 95% at initial COD of 2793 mgL-1 was 

achieved227. The petroleum hydrocarbons with n-alkane of C10–C35 were strongly 

degraded (COD removal of 97%) after 200 days by the microbial consortium in continuous 

aerobic treatment in the CSTR302. There is only one study using microbial consortium in 

CSTR mode. This yeast is capable degrader of hydrocarbon can be added to biological 

treatment of desalter effluent in continuous reactor.  

 

6.3.3 Design of CSTR 

Refinery operations may process about 120,000 bpd (barrel per day) crude oil. The oil 

residence time is approximately 1 h in each of the desalter vessels for this 60,000 bpd 

(9540000 Lit day -1) application. A brine-settling tank is also utilized to maximize oil 

recovery from the brine effluent303.  

Based on the volume of desalter effluent and required optimum resident time for the yeast 

to grow and remove hydrocarbon and reduce COD, the capacity of the continuous reactors 

can be calculated and designed in the pre-treatment line. First, we studied the removal of 

COD in different dilution rates on the lab scale. An optimum dilution rate for COD removal 

of SDE using halotolerant microorganism, D.hansenii, can lead us to design volume of the 

continues stirred tank reactor (CSTR) to remove COD (oil and aliphatic compound) when 

initial dodecane concentration is about 750mgL-1with surfactant for improving miscibility 

of dodecane in aqueous phase. 

Three parameters affecting CSTR functionality; these are flow rate (Q), residence time 

(RT) and, dilution rate (DR). 
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Desalting units remove contaminants from crude oil by washing with water at  a ratio of  

2-8% v/ v of crude oil 5 38. If the volume of water for desalting is 2% of volume of crude 

oil, The flow rate of desalter effluent is 0.08 *9540000 Lit day -1.  

 

𝑄 = 0.02 × 9540000 (𝐿𝑖𝑡. 𝑑𝑎𝑦−1 ) ×
𝑑𝑎𝑦

24 ℎ
×

𝑚3

𝐿𝑖𝑡
= 7.95 𝑚3ℎ−1 

 

The dilution rate equals the flow rate divided by the reactor volume. 

𝐃 =
𝐐

𝐕
                                                                                                      ( 6-24) 

  

𝑉 =  
7.95 𝑚3ℎ−1

0.026ℎ−1
=  305.7 𝑚3 

 

The volume of CSTR (V) is total volume of Equalization tank and flotation tank in pre-

treatment module. It can be divided to two bioreactors with equal volume: 

𝑉𝐸𝑞𝑢𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 𝑉𝐹𝑙𝑜𝑡𝑎𝑡𝑖𝑜𝑛 =  
4542.86

2
= 152.8 𝑚3 

 

The dimension of CSTR can be defined based on limitation and specifications of a 

petroleum refinery. If another microorganism such as microalgae is added to the pre-

treatment for further treatment, the candidate dilution rate is appropriate for fast growth 

microalgae. 

The biomass produced from yeast D.hansenii, can be harvested and extract lipid for biofuel 

production. Lipid content increase when D.hansenii is grown in high NaCl concentration 

137.   
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6.4 Conclusions 

 

A continuous bioreactor was studied for removal of dodecane in SDE using halotolerant 

D.hansenii. The result demonstrated that different DR at one specific wastewater (all of the 

components of SDE were kept constant when DR changed) have a profound effect on 

dodecane removal efficiency. The CSTR showed an excellent removal efficiency for 

dodecane removal with COD removal of 95% (99.9% removal dodecane). The optimum D 

for bioreactor was found to be 0.007 h-1 and below of maximum growth rate that the wash 

out of the yeast D.hansenii was observed. Effect of salt in SDE does not change the removal 

efficiency; however, the literature reported D.hansenii grows more when salt concentration 

increases137,229–232,234. The initial substrate concentration of 750 mgL-1 of dodecane was 

efficiently removed up to 99.9% (COD 95.5%) at D of 0.007. The stability and efficiency 

showed by D.hansenii for different D and typical hydrocarbon concentration (Dodecane) 

indicate its suitability for bioremediation of desalter effluent in the continuous bioreactor. 
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Chapter 7  

7 Conclusions and Recommendations 

 

The transfer of high concentration of salt from the desalter unit to petroleum refinery 

effluent is a serious challenge in this industry.   The quality of wastewater treatment may 

not meet the environmental standard guidelines due to compositions and characteristics of 

desalter effluent. The stringent environmental regulations to prevent toxic hydrocarbons 

emissions into the environment have obliged refineries to lower and ultimately totally 

remove pollutants in discharged treated wastewater from petroleum refinery plants. 

Adjustment of operational and environmental parameters in petroleum refinery wastewater 

treatment plants are currently used to minimize the transferred load of a shock to the 

system. Separation techniques, which is currently used in refineries for desalination, is 

prohibitively expensive.  Many of the current facilities are not able to desalinate salt and 

removs metal ions compounds, because, higher temperature and pressure are required.  In 

addition, other approaches such as membrane technologies, nanofiltration, dehydration, 

absorption do not eliminate contaminants. The challenges for desalination have provided 

an inevitable necessity to develop other alternative cost-effective treatment methods.  

In this research, the bioremediation of desalter effluent in the presence of high salt using 

halotolerant and robust yeast strain Debaryomyces hansenii (LAF-3 10 u) and microalgae 

strain Parachlorella kesssleri was investigated. The following are the main conclusions of 

this study: 

• Growth of D. hansenii with phenol was studied in simulated desalter effluent at a 

salt concentration of 1 gL-1. At lower COD, when phenol is the only carbon source, 

D. hansenii could be assimilated. Phenol, as the sole carbon source, inhibited 

growth at COD of 1200 mgL-1. Phenol inhibition followed a substrate inhibition 

model (Edward model) and kinetic constant of 0.21 h-1, 633.95 mgL-1, and 1263.6 

mgL-1 for µmax, KS, and KI, respectively were obtained.. Presence of salt, metal ions 

with phenol significantly compounded the inhibition and decreased the value of the 
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observed µmax in particular when the Phenol concentration was more than 1200 

mgL-1.  This yeast was growing in real desalter effluent. and the  COD removal in 

real desalter effluent wastewater was about 1.3-8 times higher than that obtained in 

simulated desalter effluent containing phenol as the only carbon substrate.  

 

• D.hansenii was also shown to metabolize dodecane in the presence of Tween 20 

non-ionic surfactant. A factorial design was used to study the effects of 

temperature, substrate concentration (n-dodecane), initial pH, and salt (NaCl) 

concentrations. Yield (COD removal) is dependent on the effect of pH, 

Temperature. From the performed experiments it was concluded that higher 

temperatures at low pH at the presence of nonionic surfactant had a negative effect 

on biodegradation. D.hansenii can remove high substrate at high pH and low 

temperature in a wide range of salt concentrations. The best dodecane removal was 

obtained at temperature of 20 ⁰C, pH of 9, salt concentration (NaCl concentration 

of 1000m gL-1) to get 100% removal in both dodecane concentrations of 150 and 

750 gL-1. Low pH at high temperature postponed dodecane removal in further time. 

 

• Biodegradation in two types of desalter effluent of AV Brine and CK Brine was 

carried out in photobioreactor using Parachlorella kessleri a robust microalga at 

different conditions of both heterotrophic or heterotrophic and, with supplement 

media or no supplement media. It was observed that the strain could acquire 

adaptability with AV brine, and it could start growth with no lag time.  

 

• The use of BBM as a supplemented media for biodegradation of contaminants in 

desalter effluent has shown the potential to eliminate ammonia, phosphorous and 

COD in AV brine is much higher than CK brine due to COD level. After 12 days, 

the biodegradation in the presence of BBM is, however, lower than when 

microalgae grow in AV Brine only. But the quality of effluent treatment results is 

as similar to the one when BBM was not added to AV Brine.  Microalgae could not 

grow well in CK effluent even with BBM due to low range of COD.   
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• Growth of strain P.kessleri in CK brine did not change significantly in both 

hetrotrophic and mixotrophic when the growth of microalgae and quality of effluent 

treatment were evaluated between mixotrophic and heterotrophic. Mixing two 

types of desalter effluent was favorable media for P.kessleri to remove the 

maximum COD removal up to 82.9%. To sum up the result of COD final in AV 

brine shows, P.kessleri can reduce COD  in the range of environmental guideline 

of Canada to be discharged while it has the advantage of being tolerated in high 

salt, remove phenol and Benzene. Benzene was removed up to 51% in the closed 

photobioreactor system 

 

• Growth of D.hansenii in CSTR in different dilution rates gives a model to predict 

the dilution rate regarding hydrocarbon concentration in desalter effluent. Growth 

and hydrocarbon removal at different dilution rate of desalter effluent using 

D.hansenii was studied , then CSTR can be designed based on optimum dilution 

rate that remove high COD percentage. Furthermore, the study can be developed in 

high substrate (Hydrocarbon) concentration to find an inhibition kinetics model. In 

current study the Monod model was fit with experimental data. 

 

7.1 Recommendation  

 

The current research on biotreatment of desalter effluent by halotolerant yeast and robust 

microalgae Parachlorella kessleri is still in early phases. Bioremediation and 

Phycoremediation of desalter effluent are completely a brand-new approach and no 

information regarding its interactions and biocompatibility are available in the literature. 

Collective research in different disciplines is required to understand many of the missing 

parts in this field. The present research is considered the first step in this field and the 
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following points are recommended to improve the bioremediation of desalter effluent by 

halotolerant yeast and robust microalgae. 

Biodegradation of desalter effluent using D.hansenii  and P.kessleri was limited to 

petroleum refinery effluent in Sarnia, ON, Canada. Due to the versatility of both 

microorganisms, other types of effluent might show better biocompatibility. Future studies 

should concentrate on mixtures of substrates. Other microorganisms can also be 

investigated. 

Too much ammonia can inhibit biomass growth. Other sources of wastewater mixed with 

desalted effluent can be investigated. A balance between supplement media and 

requirement of microorganism for optimum degradation and optimum removal in 

bioreactor must be developed.  Growth of P.kessleri is highly dependent on COD and 

Phosphorous concentrations. and pollutant removal. Desalter effluent can be mixed and 

dilute by other types of effluent inside of petroleum refinery or external industrial effluent 

which are nearby.  

Biodegradation requires optimization. This process due to microorganism activity is slow; 

therefore, one run at a time cannot be a decent approach for optimization studies. It is 

recommended several identical photobioreactors be designed to that various changes can 

be studied when the reactors are running in parallel.  

In the central composite design studies, it was concluded that salt concentration does not 

have any effect on COD removal.  Salt presence is varied in the reactor is the function of 

desalting unit operation and crude oil properties. To find the best setting point for salt 

presence based on environmental and operation parameters, Temperature, initial pH, and 

hydrocarbon concentration, can considerably increase hydrocarbon removal yield. 

 The full factorial design showed a positive effect on dodecane concentration, temperature, 

salt and initial pH on hydrocarbon removal using halotolerant yeast after 5 days. This 

research dodecane concentration from 150 to 750 mgL-1 and NaCl between 1 and 5 gL-1 

were examined. It should be investigated in higher dodecane and salt concentration with 

the same period of 5 days.  
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Environmental impacts of volatile organic compounds are fully known. To do the 

optimization study on degradation of Benzene in a closed system, a balance between 

required oxygen and carbon dioxide must be developed. Using consortium microorganism, 

D.hansenii and P.kessleri required to be designed in a photobioreactor.  

Growth of D.hansenii and P.kessleri depend on oxygen.  D.hansenii has high aerobic 

metabolism. This captures oxygen and produces CO2. On the other hand, microalgae 

required CO2 to do chemical photosynthesis reaction by taking CO2 and introducing O2. It 

is recommended to maximize Benzene degradation and contaminant removal, the 

relationship between the cell concentration and the required O2 and CO2 is developed. 

Based on this calculation, a model of contamination removal is designed which is a 

function of microalgae and yeast cells concentration and the characteristics of media. 

This is recommended to study oxygen and CO2 production be developed in three phases 

salt content, hydrocarbon content (COD) and microbial metabolism. Then the 

microorganism concentrations can be designed at the presence of different salt 

concentration for optimum hydrocarbon removal. 

D.hansenii and P.kessleri have the high content of lipids, part of biomass can be used for 

bioremediation of desalter effluent and they do not need to be purchased regularly. If the 

amount of biomass was considerable, harvesting the biomass and producing biofuel from 

D.hansenii and P.kesslerii is recommended for development of bioremediation process. 

Scale up in larger bioreactors is recommended to develop processes for industrial 

applications. 

Other halotolerant yeasts and microalgae could be explored. 
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Appendices 

 

Optical density and dry weight of D.hansenii in desalter effluent 

Dry weight of D,hansenii in actual Desalter Effluent (Figure and Data) 
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Design of experiment at different range of Salt, Temperature, and Dodecane. To 

investigate yield, dodecane removal (COD) 
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Biodegradation of dodecane using D.hansenii in SDE in CSRT 

 

 

 

 

Experimental methods 

Lipid Extraction measurement 

• Lipid content Folch method (Folch et al, 1957) 

• Weighted Dry microalgae 

• Add bead (Silica) 

• Disrupt cells: Bead beater 8 min  

• Chloroform- methanol: 1-0.5 ml 

• Hold in ultrasonic (2 hours) 

• 0.2 *(1.5 ml) Chloroform- methanol add in samples 

• Centrifuge 1000 rpm 10 min 

• Transfer lower layer (Chloroform ) to pre-weighted pan 

• Dry in open air 

• 30 min in oven (105 ⁰C) 

• Total lipid% =
W3−W2

W2
× 100 
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Water Quality - COD 

 
DOC316.53.01099- Hach Method 8000  

USEPA Reactor Digestion Method (Oxygen Demand, Chemical, Dichromate method ) 

• Reactor Digestion Method 

•  Use a clean pipet to add 2.00 mL of sample to the vial. 

• For 250–15,000 mg/L vials: add 0.20 mL of sample to the vial. 

• Blank:  add 2.00 mL of deionized water. For 250–15,000 mgl-1 vials: add 0.20 mL of 

deionized water to the vial. 

• Heat the vials for 2 hours in DRB200 reactor 

• Insert the blank into the cell holder. Push zero 

• Insert the prepared sample into the cell holder 

• Nutrient removal efficiency (RE, %) ℛ =
𝐶𝑖−𝐶𝑓

𝐶𝑖
× 100  

 

 

 

Water Quality- Ammonia 

 
Ammonia, High Range Test’N Tube TM, Hach Method 10031 

• Blank: Add 0.1 DI water the high range N tube vial 

• Add 0.1 ml of sample to the other 

• Add Ammonia Salicylate Reagent Powder Pillow to each vials 

• Add Ammonia Cyanurate Reagent Powder Pillow to each vials 

• Shake and Waite 20 minutes 

• Place into the cell holder of spectrophotometer DR2800 

• Blank press Zero 

• Samples and read Ammonia concentration mgl
-1

 

• Nutrient removal efficiency      (RE, %) ℛ =
𝐶𝑖−𝐶𝑓

𝐶𝑖
× 100  
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Water Quality- Phosphorus, Total 

 
Phosphorous, Total, HR, Hach Method 10127 

Molybdovanadate Method with Acid Persulfate Digestion 

• Molybdovanadate with Acid Persulfate Digestion Method 

• 5.0 mL of deionized water to a Total Phosphorus Test Vial 

• Add 5.0 mL of sample to a Total Phosphorus Test Vial. 

• Add the contents of one Potassium Persulfate Powder Pillow to each vial.  

• Shake to dissolve the powder. 

•  A 30-minute reaction time in the reactor 

• Add 2 mL of 1.54 N Sodium Hydroxide Standard Solution to each vial. 

•  add 0.5 mL of Molybdovanadate Reagent. 

• A 7-minute reaction time starts  

•  Using and comparing to the blank, PO
4
 
3–

 mgl
-1

 is measured 

 
 
 

Monitoring algal populations - Cell Counting- Haemocytometer 

 

Document: http://site.iugaza.edu.ps/aajrami/files/5_Monitoring-algal-populations.pdf 
 

The volume of central large square= length * width*depth 

                                                               = 1mm* 1mm*0.1mm=0.1mm3 

Multiplication by 10 will give the number of cells in 1mm3 

Since there are 1000mm3 (=1cm3) in 1 ml, so multiplication by 1000 will give the number of cells 

per ml 

The number of cells per ml= average cell count *104 

Which is called chamber conversion factor Neubauer (X*104)  
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