
 

 

Journal of Engineering 
journal homepage: www.jcoeng.edu.iq  

Number 9    Volume 24     September   2018 

 
 

 

 

*Corresponding author 

Peer review under the responsibility of University of Baghdad. 

https://doi.org/10.31026/j.eng.2018.09.04 

2520-3339 © 2017 University of Baghdad. Production and hosting by Journal of Engineering. 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/). 

Article accepted: 81/12/2017 

51 

Chemical, Petroleum and Environmental Engineering  
 

Mass Transfer Study for Bio-Synergy in Dairy Wastewater Treatment 

Plant 

Basma Abbas Abdulmajeed*                                                                                    Arwa Raad Ibrahim 

Professor                                                                                                              MSc. Student 

Dept. of Chemical Engineering                                                                              Dept. of Chemical Engineering 

College of Engineering                                                                                            College of Engineering 

University of Baghdad                                                                                              University of Baghdad 

E-mail: basma1957@yahoo.com                                                     E-mail: chemicaleng89@yahoo.com 
 

ABSTRACT 

The present study addresses the behavior of gases in cultivation media as an essential factor 

to develop the relationship between the microorganisms that are present in the same 

environment. This relationship was explained via mass transfer of those gases to be a 

reasonable driving force in changing biological trends. Stripping and dissolution of oxygen 

and carbon dioxide in water and dairy wastewater were investigated in this study. Bubble 

column bioreactor under thermal control system was constructed and used for these 

processes. The experimental results showed that the removal of gases from the culture media 

requires more time than the dissolution. For example, the volumetric mass transfer coefficient 

for the removal of oxygen is 1.67 min
-1

 while the volumetric mass transfer coefficient for 

dissolution the same gas is 3.18 min
-1

. The same thing occurred with carbon dioxide, where 

the data showed that the volumetric mass transfer coefficient of the dissolution of CO2 is 0.66 

min
-1

 while the volumetric mass transfer coefficient for removal process is 0.374 min
-1

. 

However, the two processes (dissolution and removal) with CO2 take more time than that 

with O2. Therefore, the production of gases due to metabolic processes in bacteria or 

microalgae remains in culture’s media for a certain period even if that media is sparged by 

air. Thus, this will give enough time for both microorganisms to consume those gases.  

Keywords: Bioreactor, mass transfer, microalgae, aerobic bacteria  

 

 المائيت للألبانا مخلفاث معالجت وحذة   في الحيوي للتآزر انتقال الكتلت دراست

 اروى رعذ ابراهيم                                              بسمت عباس عبذ المجيذ                                      

 طبٌجخ ِبعسزٍش                                                                     اسزبر                                       

 لسُ إٌٙذسخ اٌىٍٍّبٌٚخ                          لسُ إٌٙذسخ اٌىٍٍّبٌٚخ                                                           

 ؼخ ثغذادعبِ - وٍٍخ إٌٙذسخ                                                                                  عبِؼخ ثغذاد –إٌٙذسخ وٍٍخ 

 الخلاصت

 اٌذلٍمخ اٌحٍخ اٌىبئٕبد ثٍٓ اٌؼلالخ ٌزطٌٛش أسبسً وؼبًِ اٌضساػً اٌٛسط فً اٌغبصاد سٍٛن اٌحبٌٍخ اٌذساسخ رٕبٌٚذ

 فً ِؼمٌٛخ دافؼخ لٛح ٌزىْٛ اٌغبصاد ٌزٍه اٌغّبػً إٌمً طشٌك ػٓ اٌؼلالخ ٘زٖ ششػ رُ ٚلذ. اٌجٍئخ ٔفس فً اٌّٛعٛدح

رغشٌذ ٚاراثخ الاٚوسغٍٓ ٚصبًٔ اٚوسٍذ اٌىبسثْٛ فً اٌّبء ِٚخٍفبد الاٌجبْ اٌّبئٍخ رُ اٌزحمك . اٌجٌٍٛٛعٍخ الارغب٘بد رغٍٍش
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. اٌؼٍٍّبد ٌٙزٖ ٚاسزخذاِٗ اٌحشاسح اٌزحىُ ٔظبَ رحذ اٌفمبػخ ٌؼّٛدٔٛع ا اٌحٍٛي اٌّفبػً ثٕبء رُاٌذساسخ. ٘زٖ ِٕٙب فً 

 ٔمً ِؼبًِ اٌّضبي سجًٍ ػٍى. اراثزٙب ِٓ أطٛي ٚلزب ٌزطٍت اٌٛسط اٌضسػً  ِٓ اٌغبصاد إصاٌخ أْ ثٍٕذ ٔزبئظ اٌزغبسة

 8.81 ٘ٛ ٔفسٗ اٌغبص ٌزٚثبْ اٌحغًّ اٌىزٍخ ٔمً ِؼبًِ أْ حٍٓ فً ٌىً دلٍمخ, 1..8 ٘ٛ الأٚوسغٍٓ لإصاٌخ اٌحغًّ اٌىزٍخ

 CO2 ٌزٚثبْ اٌحغًّ اٌىزٍخ ٔمً ِؼبًِ أْ اٌجٍبٔبد أظٙشد حٍش اٌىشثْٛ, أوسٍذ صبًٔ ِغ حذس اٌشًء ٔفس. دلٍمخٌىً 

 اٌؼٍٍّزٍٓ فإْ رٌه, ِٚغ. ٌىً دلٍمخ 6.810 ٘ٛ الإصاٌخ ٌؼٍٍّخ اٌحغًّ اٌىزٍخ ٔمً ِؼبًِ أْ حٍٓ فً ٌىً دلٍمخ ...6 ٘ٛ

 اٌزّضًٍ ػٍٍّبد ػٓ إٌبعّخ اٌغبصاد إٔزبط فإْ ٌٚزٌه,. O2 ِغ رٌه ِٓ أطٛي ٚلزب ٌسزغشق CO2 ِغ( صاٌخالإٚ الاراثخ)

وبْ رٌه اٌٛسط صٚد ثفمبػبد  ٌٛ حزى ِؼٍٕخ ٌفزشح ثبلٍخ فً اٌٛسط اٌضسػً ٌضاي لا اٌذلٍمخ اٌطحبٌت أٚ اٌجىزٍشٌب فً اٌغزائً

 .اٌغبصاد رٍه لاسزٙلان اٌذلٍمخ اٌحٍخ ٍٓاٌىبئٕ ٌىلا اٌىبفً اٌٛلذ سٍؼطً ٘زا فإْ ٚثبٌزبًٌ,. ٘ٛائٍخ

 ٌب ٘ٛائٍخ: ِفبػً حٍٛي, أزمبي وزٍخ, طحبٌت, ثىزشالكلماث الرئيسيت

1. INTRODUCTION  

The accelerated global demand for energy is still a concerning factor for many researchers 

and for those interested in the environment and energy fields Schenk, et al., 2008. It is 

related to fossil fuels consumption and its economic and environmental effects, Dryzek, 

2011. Despite the availability of alternatives to conventional fuels, the productivity still 

suffers from high costs and low production. Chisti, 2007. Furthermore, some of those 

alternatives are in a competitive position with world food demand Scott, et al., 2010, Singh 

2012 and Hettinga, et al., 2009. For instance, biofuels produced from some agricultural 

crops require large areas of arable land with water for cultivation purpose Liu, et al., 2016. In 

fact, these crops can meet the needs of poor countries to prevent famine Rosgaard, et al., 

2012. In contrast, the development in the field of industry produced large quantities of 

wastewater. In addition to its contribution to the already worsening energy problems, the 

resulting wastewater, and its environmental pollutants have become an obstacle to these 

developments. These pollutants are related to human health, especially those produced from 

the food industries. For this reason, it became necessary to use applied studies to address 

industrial problems and minimize energy requirements. This can be accomplished by 

identifying the most efficient means of exploiting bioenergy sources to provide the necessary 

energy. Nevertheless, that process, if accompanied by the improvement of the source itself, it 

will increase the benefits to the maximum extent possible. Indeed, the present study seeks to 

investigate this hypothesis. 

There are many attempts that have been made to utilize organic materials that available in 

food wastewater by the cultivation of the microalgae as a source of bio-carbon dioxide for 

bacteria Sutherland, et al., 2014, Satpal and Khambete, 2016, and Aravantinou, et al., 

2013. The microalgae are also an important source of renewable energy, which has 

revolutionized its development in recent years Banerjee, et al. 2002, Abou-Shanab, et al., 

2011, Chisti, 2007. It represents a promising source for different productions Choi, 2011. 

Based on some studies, half of their dry weight is oil content that can be extracted to be an 

environmentally friendly fuel and a good alternative to fossil fuels Chisti, 2007. One 

kilogram of the dry weight of biomass requires about double of carbon dioxide. However, 

these attempts still face some challenges, including the cost of agriculture and selectivity 

suitable for agriculture. In fact, the most appropriate selection is the most prevalent in the 

area of agriculture, as these species are able to survive in the same conditions. There are 

several studies that have included the cultivation of microalgae in dairy waste Choi, 2016, 

Woertz, et al., 2009, Hena, et al., 2015, but the operating conditions, microalgae species, 

and type of study case may differ from research to another.  

Cultivation of microalgae in such a type of solutions and in accordance with these operational 

conditions makes it a forced confrontation with other microorganisms, such as aerobic 

bacteria and anaerobic bacteria. The preference for aerobic bacteria over anaerobic bacteria 
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depends on the quality and quantity of available oxygen sources. Indeed, the microalgae, if 

they are found in isolation from other microorganisms, can improve their productivity by 

eliminating the accidental product (oxygen) of their metabolic processes Molina, et al., 2001, 

Raso, et al., 2012. The increase in oxygen causes an imbalance in metabolic bio-reactions 

according to Le Chatelier’s concept, which shows the response of balanced reactions to 

change their direction due to increased or decreased concentration of the products. Thus, 

thermodynamically, the free energy of these reactions will turn to positive values. 

Consequently, there will be no benefit from the solar energy adenosine triphosphate (ATP) to 

convert the non-spontaneous reactions to the fact that the concentration of products has 

become too difficult to proceed with the metabolic processes. Therefore, it is possible to have 

a significant inhibiting in the reproduction of microalgae in these conditions. This can also 

happen to aerobic bacteria despite the fact that their biological reactions are spontaneous. The 

free energy of these interactions may also turn into positive values if their products increase.  

However, the presence of these two species of organisms may radically change the scenarios 

through the principle of co-existence and mutually beneficial. Because of the subject has 

become under the circumstances of changing phases, it is worth and through the current 

research is an urgent need in the study of the mass transfer of products gases in water and 

water residues selected for the current study according to a hypothesis. 

The hypothesis of the current research suggests that the possible co-existence between the 

microalgae and bacteria in the same place and environment can be determined by the gas-

transfer factor from those organisms. Therefore, the present paper seeks to investigate this 

hypothesis through the volumetric mass transfer coefficient.  

 

2.  MATERIAL AND METHODS 

2.1 Experimental set-up 

Cylindrical bioreactor with a diameter of 120 mm and 260 mm height was used for mass 

transfer study as shown in Fig.1.  The reactor was provided by a ceramic diffuser (diameter 

80mm) for sparging system purpose. Dairy wastewater and distilled water were used as 

solutions in this study, while air, nitrogen, oxygen, and carbon dioxide were used as gases. 

These gases were provided by the flow rate for each gas was 500 ml/min in dissolution and 

removal process. The hydrogen ion (pH value) was measured regularly using (pH-Basic 20, 

CRISON), while the dissolved oxygen was measured using (OXI 45+, CRISON, Spain). All 

the data were recorded during the experiments. The temperature of the solution was 

controlled with 30
o
C using heating control system. Fig. 2 shows the screenshot of the 

experimental set-up used in the present study.   Table 1 shows the operation conditions and 

bioreactor dimensions. 

2.2 Collection of dairy wastewater 

The wastewater produced from the dairy factories was collected from the General Company 

for Food Industry in Abu Ghraib City. In fact, the environmental and location conditions of 

the dairy wastewater treatment unit plant play an important role in selecting the suitable 

location for microalgae cultivation. Dairy waste is rich in fatty substances as well as 

suspended solids. Removal of these substances is necessary for the cultivation of microalgae 

because they block the required light for the photosynthesis of the cells. In addition, 

deposition may contribute somewhat to the adhesion of organic materials and stack down the 

reactor, and thus will cause nutrients-layers in the same reactor. The selection of nutrition for 
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cultivation in this microorganism was after the processes of fat reduction and preliminary 

processing. 

 

2.3 Calculation of Mass transfer coefficient 

Generally, the gas is a major requirement in the growth of some organisms. It may limit the 

growth rate of these microorganisms. Optimal growth rate can be achieved when the 

solubility of that gas is maintained at a higher level slightly than the critical level. High 

concentration of gases will not work in improving growth rate as well as not be an important 

determinant of the growth rate of the microorganisms. Therefore, the strategy of the current 

research has been based on this principle by providing the necessary gas for the growth of 

bacteria and microalgae, with opportunities for mutual benefit between them. Thus the rate of 

transfer of carbon dioxide and oxygen gas should exceed the requirement of microalgae and 

bacteria, respectively. The current study relied on the identification of this strategy through a 

study the mass transfer gases via volumetric mass transfer coefficient (KLa). This coefficient, 

which includes the surface area between the transition zones, depends mainly on the 

concentration of the substance in the two phases as they change with time.  The molar flux in 

gas-liquid systems can be writing as the following: 

 

                                  –                 –                                                  (1) 

 

Where    is the molar flux of gas (mol/m
2
s),    and     are the local gas mass transfer and local 

liquid mass transfer coefficients respectively,    and      are partial pressure of the gas in the gas 

phase and interface area respectively, and  finally,    and    are gas concentration in the 

liquid phase and interface area respectively.  

It is difficult to measure the concentration or partial pressure in the interface zone. Therefore, 

it replaced by saturated or equilibrium concentration or equilibrium pressure. In the present 

study, both parameters were used for oxygen and carbon dioxide, as given in equation (2).  

 

                                  –  
               –                                     (2) 

 

From the equation, it can be obtained by the following equation: 

 

  

  
       

  –                                                                                         

 

By integration of the above equation, the following equations can be used for removal and 

dissolution of the gases: 

 

                                        (  
   

   
)                                                                     
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                                        (  
   

   
)                                                                        

Where   is initial concentration,      is the concentration at the time,     is the 

concentration at equilibrium state, and t is a time of dissolution or stripping process. 

By drawing the parameter in the right-hand side against time, the slop will be volumetric 

mass transfer coefficient (   ). 

 

3. RESULTS AND DISCUSSION 

In general, the presence of gas bubbles in biological systems is necessary to achieve food 

homogeneity and prevent the formation of thermal layers in the parts of the reactor. Oxygen, 

nitrogen, hydrogen sulfide, hydrogen, and methane are the most abundant gases in those 

systems. These gases either enter as basic substances in the metabolic processes, or they are 

products of them. However, some of these gases can be used in biological processes to 

achieve the desired target. In the present study, aeration using air was suggested in the 

sparging system with microalgae. 

 The concentration of oxygen in water is limited by its concentration in the environment. 

With the known oxygen concentration in the air, it is inconceivable that the concentration of 

oxygen in the water will exceed 7-9 mg/liter. Therefore, the experiments conducted in the 

current research have proved this fact. Using air in the sparging system enhances the 

concentration of oxygen within certain limits as can be seen in the Fig.3. However, using a 

higher concentration of oxygen in the gas phase can increase the equilibrium concentration in 

the sparged liquid. 

Fig. 4 shows the dissolution and removal of oxygen in the distilled water. The removal 

process was carried out using pure nitrogen. The oxygen remains as a free gas in water, 

however, the solubility of oxygen is faster than its removal as can be seen in the figure. 

Consequently and according to the calculations conducted in this research, the volumetric 

mass transfer coefficient in the solubility process is greater than that in the removal process. 

For instance, the KLa of the dissolution of oxygen in water was about 3.18 min
-1

, while in the 

removal process using the nitrogen the KLa was about 1.67 min
-1

 as can be seen from Fig. 5. 

To determine the rate of consumption of aerobic bacteria for oxygen, experiments were 

conducted around that consumption through the process of sparging to a bioreactor 

containing 2.4 liters of non-sterilized wastewater without any microalgae culture available in 

the media. The sparging system was carried out at 30
o
C. Once the state equilibrium is 

achieved, the pumping system stops and the dissolved oxygen are then monitored in the 

wastewater. The same procedure is repeated with the distilled water, but the removal is done 

by sparging with pure nitrogen. Fig. 6 shows the amount of oxygen consumption by bacteria 

when there are no microalgae available in the same media, while the second line represents 

the removal of oxygen in mg/l from distilled water when the bioreactor was sparged by 500 

l/min of pure nitrogen for comparison. It can be seen, in the natural removal by bacteria, 

about 20 minutes enough to drop the dissolved oxygen from 6 mg/l to 0.05 mg/l. 

Leaving the bioreactor without aeration system, the environment will gradually turn into an 

oxygen-free, except for the layers that are in contact with the atmosphere. Thus the growth of 

anaerobic bacteria will be possible. However, the presence of microalgae reduces the 

likelihood of this change by processing the solution with bio-oxygen in all areas of the 

reactor. This is one of the advantages that have been concluded from this current research 
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since it will reduce the consumption of electrical energy in the biological treatment units of 

the dairy wastewater. 

The delay in depletion of the oxygen represents a significant factor in achieving the current 

research idea since its existence in media provides sufficient time for the bacteria to consume 

it.  Moreover, the rapid growth of bacteria is also a driving force for consumption the oxygen 

as quickly as possible, as observed in Fig. 6. 

The solubility of carbon dioxide in distilled water is also faster than removing it. In addition 

to its similar behavior to the oxygen gas, solubility and stripping process, it takes longer to 

remove as can be seen in the Fig.7. This figure displays the volumetric mass transfer 

coefficient of the dissolution and removal of CO2 from the water. KLa of dissolution is 0.66 

while KLa for removal process is 0.374 m
-1

. However, the two processes (dissolution and 

removal) with CO2 take more time than with O2. In fact, the presence of carbon dioxide in the 

water is a physiologic presence. However, a certain amount of this gas reacts with water to 

produce carbonic acid and its ions as shown in the reactions below. 

 

      
 
                     
↔                                      

           
               
↔                         

     

                  
↔         

                   

    
                      

↔        
                  

 

Although the reaction ratio of carbon dioxide to water is quite low, the concentration of 

hydrogen produced from these reactions has a significant effect on the pH value. This value 

reduces to three for just four minutes, while removing the carbon dioxide requires longer 

time. The fact these microorganisms have a sufficient time to take advantage of that biogas. 

However, Fig. 8 shows that solubility of gases in the distilled water is different from that of 

wastewater. This difference proves that the soluble and suspended substances significantly 

affect the solubility and removal of gases. Nevertheless, this research addresses a culture 

media containing effective microorganisms that consume and produce gases during the 

process of studying volumetric mass transfer coefficient. Therefore, the gas removal problem 

does not need to use nitrogen gas in this study for the removing oxygen purpose, since the 

bacteria in this solution is a good consumption. Thus, oxygenation was carried out with 

external action with monitoring and control systems. While consumption of oxygen was 

carried out by bacteria with monitoring systems as shown in Fig. 8. 

However, the comparison between oxygen dissolution and removal by bacteria, as in Fig. 9. 

It shows that oxygenation is faster than stripping process, since the KLa for dissolution of 

oxygen in dairy wastewater was about 0.3 min
-1

, while in removal process via the bacteria the 

KLa was about 0.09 min
-1

. This means that aerobic bacteria have time to consume this amount 

of dissolved oxygen. Effective bacteria and operational conditions used in this study require 

only 18 minutes to consume all dissolved oxygen in the culture media. Therefore, this rate of 

consumption, if not combined with another source of oxygen, will gradually turn the culture 

media into an anaerobic environment. 
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4. CONCLUSIONS  

The mass transfer rate of oxygen and carbon dioxide as sub-products gases in non-sterilised 

dairy wastewater was investigated in the present study. The volumetric mass transfer 

coefficient of the dissolution of oxygen in water was about 3.18 min
-1

, while in the removal 

process using the nitrogen the KLa was about 1.67 min
-1

. The same thing was observed with 

the dissolution of oxygen and carbon dioxide in water. However, and because of the 

chemical reactions of the carbon dioxide with its ions, the two processes take longer time 

than that with oxygen. In addition, the characteristics of the dairy wastewater play an 

important role in the two processes. Nevertheless, this behavior may give sufficient time 

advantage to bacteria and the microalgae for the consumption of biogas resulting from the 

metabolic processes via mutually beneficial principle. 
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                  Table 1. Operation conditions and dimensions of the vessel tank. 

Parameter Value Unit 

Flow rate 500 ml/min 

Temperature 30 
o
C 

Volume of reactor 3 L 

Liquid volume 2.6 L 

Diameter of diffuser 80 mm 

 

  

 

 

   

  

 

 

 

 

 

 

Figure 1. Schematic diagram of cylindrical tank used in mass transfer study. 
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Figure 2. Screenshot of the experimental set-up used in the present study. 

 

 

Figure 3. The oxygen concentration in distilled water at 30
o
C when the air was used as gas is 

sparged. 
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                Figure 4. Dissolution and removal of oxygen in the distilled water. 
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Figure 6. Dissolved oxygen in the distilled water, when the bioreactor removed by pure 

nitrogen, as well as in wastewater when the removal carried out by a metabolic process. 
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Figure 8. The volumetric mass transfer coefficient of dissolution of oxygen in wastewater 

and distilled water. 

 

 

Figure 9. The volumetric mass transfer coefficient of dissolution in wastewater and removal 
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