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Abstract - This comprehensive review addresses the 

biological processes used in fermentation, with a focus on 

the design of various bioreactors such as continuous 

stirred tank reactors (CSTR) and both aerobic and 

anaerobic reactors. The review explores the history of 

fermentation, production stages, different types of 

bioreactors, and their operational characteristics. It 

highlights the industrial, medical, and environmental 

applications of these processes, analyzing factors affecting 

production efficiency, such as oxygen transfer, 

temperature control, and pH regulation. As the new 

developments are incorporated into the enhancement of 

the productions of antibiotics, enzymes, and other 

pharmaceutical products, the study reinforces the role of 

biotechnology in the advancement of the pharmaceutical 

and food industries. 

Keywords: Fermentation, bioreactors, bioreactor design, mass 
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I. INTRODUCTION 

The combination of biology and the technological 

domain (technology) is known as biotechnology. It is utilized 

in a number of industries, chief among them being nutrition, 

agriculture, and medical. The fermentation process, which has 

been used for hundreds of years, is the oldest biotechnology 

method. Fermentation technology refers to the study and use 

of fermentation [1]. Regarding the idea of fermentation, there 

are several ways to understand it. For instance, fermentation is 

today understood to be the process by which different living 

things, particularly bacteria, produce energy from the 

perspective of biochemistry and physiology [2]. According to 

a chemical engineer, fermentation is the process of growing a 

lot of microorganisms and performing biotransformation 

within specialised containers known as fermenters or 

bioreactors [3-4]. Although the words fermenters and 

bioreactors are similar, they serve different functions. One 

kind of bioreactor is a fermenter, which has closed containers 

and a sterile, controlled environment for microbes to grow in 

an appropriate medium and create a variety of chemicals. 

Bioreactors closed containers use a living cell as a biocatalyst 

[5]. The idea of the fermentation process, its stages, types, 

fermenters, their types and applications will be covered briefly 

in this article. 

II. FERMENTATION 

2.1 Concept of fermentation process 

The term "fermentation" generally refers to a biochemical 

process in which sugars are converted into acids, gases, and 

alcoholic products. This process primarily involves 

microorganisms, particularly bacteria, which produce energy 

from a biochemical and physiological perspective. According 

to a chemical engineer, fermentation is defined as the 

cultivation of a large number of microorganisms that perform 

biotransformation within specialized containers known as 

fermenters or bioreactors. The term fermentation derives from 

the Latin fervere, meaning to boil. It refers to that type of 

anaerobic catalysis of carbohydrates, which invariably 

produces carbon-dioxide bubbles as a product of the 

phenomenon called fermentation. The fermentation process 

initiates when the substrate is inoculated with the required 

microorganisms under optimal environmental conditions, 

promoting the desired products [6-7]. 

Fermentation is important for every aspect of our lives on a 

daily basis: 

 Wastewater treatment. 

 Environmental management. 

 Manufacturing of industrial products (e.g., bread, cheese, 

coffee). 

 Production of industrial and medicinal enzymes. 

 Development of vaccines and antibiotics.  

2.2 History of fermentation  

Although no one understood the origins of fermentation 

or the relationship between fermentation and microbes at the 

time, the history of fermentation started around 1200 years 

ago. The first person to study fermentation was the French 

microbiologist Louis Pasteur, who demonstrated in 1854 that 

microbes start the process. In 1907, the German scientist 

Eduard Buchner was awarded the Nobel Prize for 

demonstrating that yeast cell enzymes are the source of 
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fermentation. For precisely identifying the process by which 

enzymes are created during fermentation, scientists Arthur 

Harden and Hans Euler were awarded the Nobel Prize in 

1929.The 1940s saw the most significant use of the 

fermentation process to the manufacture of antibiotics [8]. 

2.3 Fermentation stages 

Two major processing steps of fermentation generally 

include upstream processing and downstream processing, 

which transform raw or unprocessed material into the final 

commodity product. 

A. Upstream processing 

It consists of three primary sections and involves 

cultivating microorganisms or cells to generate the desired 

result. The first section is microorganism production, which 

includes choosing the right microbes, including fungus and 

bacteria, which are the most often employed microorganisms 

in fermentation industries, increasing the strain's yield and 

productivity, and preserving its purity. The second section is 

the fermentation medium, which includes the production of 

the necessary medium as well as the removal of particles and 

inhibiting substances from the media. The final step is the 

fermentation process, when the desired product is created as a 

result of the growth of microorganisms [9]. 

B. Downstream processing 

It includes all the subsequent procedures that take place 

after fermentation. It consists of several stages, namely (cell 

harvesting, cell dissociation, cell purification). The process of 

cell harvesting involves the extraction of solids/cells and 

insoluble products from the culture broth utilising methods 

like sedimentation, filtering, centrifugation, etc. Because of 

their tiny size, stiff walls, and strong internal osmotic pressure, 

cells often have a hard time dissociating. Therefore, in order to 

release the products between the cells, some physical 

treatments might cause the cells to disassociate. High-pressure 

homogenisation, ultrasonic, thermal shock, osmotic shock, 

chemical extraction, and enzymatic extraction are some of 

these methods. Cell purification is crucial as a high degree of 

purity in the recovered product is required. Typically, methods 

including liquid extraction, sedimentation, and high-

performance liquid chromatography are used to purify the 

crude product. Additionally, membrane methods like reverse 

osmosis and ultrafiltration are employed. After drying, the 

product crystallises [10-11]. 

2.4 Type of fermentation processes 

Different types of fermentation can be classified in the 

following manner: 

1. With respect to variations such as feed substrate to 

fermenter. 

2. With respect to the need for an air supply. 

3. With respect to the need for light. 

1) The classification of the mode of fermentation is done 

primarily based on various aspects, such as feeding substrate 

for the fermenter, which includes batch fermentation, 

continuous fermentation, and fed-batch fermentation. 

 Batch fermentation: The substrate, inoculant, and all 

other ingredients required for the fermentation process 

are put into the fermentation vessel, and the process is 

initiated. The substrate is not added to the fermentation 

vessel or the product is not taken out of the fermentation 

vessel until the entire process is complete. This method is 

attractive for small-scale production because it is 

relatively inexpensive. Batch fermentation is 

characterised by four basic phases (lag, exponential, 

stationary, and death). During the lag phase, cells do not 

proliferate nor enlarge; rather, they adjust to their new 

environment. The exponential phase is when cells divide 

rapidly, the time of fast growth. During this stage, both 

the cell concentration and product concentration increase 

exponentially. In the stationary phase, the concentration 

of cells and the concentration of the product remain 

constant, with the rate of cell growth equal to the rate of 

cell death. Finally, in death phase, cells die, and the 

concentration decreases [12]. 

 Continuous fermentation: Nutrients are added 

continuously to the culture, while the products are 

removed continuously from the culture. with the 

rationale being the continuous introduction of the fresh 

medium into the used medium or the harvested cells. 

This way, a frequent supply of nutrients continues to 

sustain the exponential growth of microorganisms for a 

longer time. Thus, harmful metabolites are removed from 

the culture while deficient nutrients are replenished. 

There is no change in the volume of culture or medium, 

as the rate of addition and withdrawal of the medium is 

equal. Therefore, continuous fermentation is an 

improvement over batch fermentation since it suffers no 

downtime for the addition of new media; it is thus an 

economical process [13]. 

 Fed-batch fermentation: It includes both batch 

functioning and continuous fermentation. It is a semi-

open fermentation device, wherein the increment of 

liquid culture is proportional to the addition of culture. 

The microorganism in the fermenter then grows for a 

preset period in a batch fashion at a constant inflow rate 

with an add-as-needed supply of nutrients. At the end of 

each cycle, the culture suspension gets completely 

removed. There is one benefit of fed-batch cultures. By 
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giving only small amounts of nutrients, yield and 

productivity can be increased with time. The two types of 

fed-batch fermentation are solid-state fermentation (SSF) 

and submerged fermentation (SmF). Solid-state 

fermentation (SSF) is based on the principle that solid 

substrates are slowly consumed by bacteria or fungi. 

Examples include bran, bagasse, paper pulp, wheat bran, 

rice straw, hay, fruit and vegetable waste, and artificial 

media. At a constant rate, the nutrients are thus regulated 

in the gradual release. The advantages of this technique 

include the reuse of nutrient-rich wastes as fermentation 

substrate and the commonality of using the same 

substrate over long periods. Some disadvantages of this 

way, however, are inability to bacteria with high water 

activity requirements and very high cost for purification 

at the end product. Submerged fermentation (SmF) and 

liquid fermentation (LF) use free-flowing liquids such as 

broth and molasses. These are for bacteria that require a 

great deal of water activity. Making it easy for the 

purification of the desired substances directly into the 

fermented broth. Yet it demands a continuous flow of 

substrate supply. The main purpose of using such an 

advanced technology is to separate the secondary 

metabolites, which have to be utilised in liquid forms. 

Some examples of such substrates that are frequently 

used for SmF or LF are soluble sugars, molasses, liquid 

media, fruit and vegetable juices, and sewage or 

wastewater [14-15]. 

2) With respect to the need for an air supply: There is aerobic 

fermentation and anaerobic fermentation. 

 Aerobic fermentation: Many large-scale fermentation 

operations are conducted in an aerobic environment, in 

which sterile air is forced into the fermenter to stir the 

contents using a motor and sprinklers [16]. 

 Anaerobic fermentation: The fermenter setup is similar 

to aerobic fermentation except for the requirement for an 

agitator and sprinkler to provide aeration. However, the 

presence of an agitator ensures that the medium in the 

fermenter has uniform temperature, pH, viscosity, 

nutrients, etc. Wastewater treatment and ethanol 

production both employ this kind of fermentation [17]. 

3) With respect to the need for light: There is light 

fermentation and dark fermentation [18]. 

 Light fermentation: When light is present, a certain type 

of bacteria known as photosynthetic bacteria carry out a 

series of biochemical events that transform organic 

molecules into other chemicals that may be used as 

energy. This process is known Light fermentation. 

 Dark fermentation: Dark fermentation is comparable to 

light fermentation; however, other bacteria are involved 

in dark fermentation, and it does not require light to start 

reactions 

III. BIOREACTOR AND FERMENTERS 

3.1 Bioreactor and Fermenter Concept 

The earliest known bioreactors were most likely ceramic 

jars used by ancient peoples including the Greeks, Romans, 

Egyptians, and Mesopotamians to ferment bread, wine, beer, 

and mead. The technology of the fermentation process and the 

microbial world were unknown at the time. Louis Pasteur's 

discovery of germs in the 19th century shifted focus to 

experiments. He used a mixed bacterial culture that contained 

at least one strain of Clostridium to manufacture microbial 

butanol. During the First World War in the 20th century, 

Chaim Weizmann also employed a strain of Clostridium to 

make acetone, which was then utilised to make artillery 

projectiles. Later, bioreactors were created for bigger sizes 

after Alexander Fleming discovered penicillin and the 

necessity for these medicines to be produced globally. Seven 

trillion units of penicillin could be produced in industrial 

bioreactors in 1945. 

They are closed systems that allow for the regulated 

execution of biological processes.  The biomechanical and 

biochemical environment that a bioreactor offers regulates the 

movement of nutrients, oxygen, and metabolic products into 

and out of cells. Bioreactors are widely utilised in food 

processing, fermentation, waste treatment, and the 

manufacturing of medications from bio-based foods like 

polylactic acid. Fermenters are a kind of closed-vessel 

bioreactor that allows microbes to grow in a liquid medium 

and create a variety of chemicals in a sterile and regulated 

environment. The metabolic products of sugar, yeast, alcohol, 

and carbon dioxide are typically handled by fermenters. They 

can also be used to produce enzymes (lipase, amylase, and 

cellulase) and hormones and vaccines [5,19].                

3.2 Bioreactor and Fermenter Basic Feature, Size and 

Material 

The basic design components of a bioreactor include 

those related to agitation, foam control, gas exchange in the 

production organism, headspace volume, sample ports, 

temperature-pH control, sterilisation system, and charging and 

discharging lines of the reactor. These are explained in Table 

1. The range of bioreactor size begins with some 

electromagnetic cells, a few mm³, and includes shake flasks 

(100-1000 ml), laboratory-scale fermenters (1-50 L), pilot 

(0.3-10 m³) and industrial scales (2-500 m³) when large 

volumes of industrial applications are concerned [20]. 
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Materials that can endure several sterilisation cycles on a 

small scale are crucial when fermentation and strict 

sterilisation standards are involved.  For instance, stainless 

steel and/or glass can be utilised.  Glass has several benefits, 

including smooth surfaces, non-toxicity, resistance to 

corrosion, and generally simple inspection of the vessel's 

inside.  Construction materials for pilot and large-scale 

bioreactors must be resistant to corrosion, pressure 

sterilisation, possible toxicity, and expense.  Since stainless 

steel satisfies the necessary specifications, it is a good option 

[1]. 

 

Table 1: Different parts of Fermenter and its function [21-22] 

Parts of Fermenter Function 

Impellor (agitator) Continuous stirring of media to ensure distribution of the oxygen throughout the system 

and prevent cells from settling down. 

Sparger (Aerator) Introduces sterile air or oxygen into media for aerobic fermentation. 

Baffles (vortex breaker) Better mixing by disturbing the vortex formation. 

Temperature probe Measurement and monitoring of temperature changes of the medium during fermentation. 

Cooling Jacket Maintenance of process temperature. 

pH probe Evaluation and monitoring of the change in pH of the medium. 

Level probe Measurement of medium level. 

Foam probe Detection of the presence of foam. 

Acid Neutralises a basic environment and maintains the pH level. 

Base Neutralises an acidic environment and maintains the required pH. 

Antifoam To break down and prevent foam production in the medium. 

Sampling point For sampling during the process. 

Valves Control and restrict the flow of liquids and gases. 

 

3.3 Types of bioreactors and fermentorse 

The most important influencers of the operations of 

various types of bioreactors utilised in fermentation are the 

microorganisms involved in the fermentation process and the 

end products. The different fermenter types listed above are 

the primary ones being used in the industry; other fermenters 

are subtypes of these primary fermenters. In general, 

fermenters can be classified as mechanically agitated 

fermenters, non-agitated fermenters, and non-mechanically 

agitated fermenters. Other classifications are as follows: 

continuous stirred tank reactor, airlift fermenter, tower 

fermenters, bubble column bioreactor, batch bioreactor, 

packed bed reactor, membrane bioreactor, photobioreactor, 

deep jet fermenter, fluidised bed bioreactor, wave bioreactors, 

sparged tank bioreactor, and microbioreactors. 

3.3.1 Continuous stirred tank reactor 

Despite not being the greatest kind of fermenter, 

continuous stirred tank fermenters are still the chosen option 

for over 70% of fermentation procedures. Because of its 

numerous benefits, including continuous operation within the 

tank, temperature control, inexpensive construction costs, easy 

operation (which lowers labour costs), ease of cleaning, good 

mixing ability, and high mass transfer rates, this tank type is a 

common choice for an ideal reactor in chemical engineering 

[23-24]. 

These continuous-mode reactors maintain stable nutrient 

concentrations throughout the process by continuously adding 

fresh medium and removing products and the culture at the 

same pace. In CSTR mixing provides a continuous supply of 

nutrients and oxygen, which are essential for the growth of 

microorganisms. (CSTR) reactors work at controlled 

temperature, pressure, and concentration levels, allowing the 

required chemical changes to occur. In contrast to the old 

batch reactor tank, the continuous flow tank features high 

efficiency in mass and heat transfer. The mixing in this case is 

possible with a mechanical or magnetic stirrer, providing 

complete concentration and temperature uniformity [25]. The 

majority of FDA-approved biopharmaceutical manufacturing 

facilities and procedures employ continuous stirred tank 

reactors, particularly for producing antibiotics. Additionally, it 

is used in the treatment of wastewater, vinegar, and baker's 
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yeast. This tank has a capacity of 0.05 litres to 100 cubic 

meters [26-27]. 

3.3.2 Air lift fermenter 

In certain situations, antibiotics are produced in airlift 

fermentation reactors. This is because, in contrast to stirred 

tank reactors, air lift fermentation uses less energy because it 

doesn't require mechanical stirring. In addition, this type is 

preferred in waste treatment and methanol production because 

of its good efficiency [28]. Two linked zones created by 

baffles into which medium is injected are found in these kinds 

of bioreactors. In one zone, known as the riser, air is pumped, 

while in the other, known as the descender, no air is 

introduced. While downhill flow takes place in the down 

comer, air particle dispersion travels up the riser zone [29]. 

The central tube plus auxiliary tubes in the reactors improve 

the mixing and circulation of the medium-fermentation 

culture. This enhances the mass transfer coefficient mixed 

with stress balancing, reducing the gas bubble coalescence 

flying inside the reactor. Important types of airlift bioreactors 

include internal-loop airlift bioreactors, external-loop airlift 

bioreactors, and two-stage airlift bioreactors. Internal-loop 

airlift bioreactors consist of a single vessel with a draft tube 

along the axis of the vessel, permitting the formation of 

channels for circulation of liquid within. The design is simple 

so that they can be used for fermentation, wherein their 

volume and circulation are maintained at a set rate [30]. 

External-loop airlift bioreactors possess an external loop to 

circulate through various channels. These fermenters can be 

modified in many aspects for varied fermentation purposes. 

Also, it is probably more correct to refer to airlift bioreactors 

as some sort of more effective than bubble columns in mixing, 

especially for more dense microbial suspensions [29]. The 

production of products in two-stage airlift bioreactors is 

dependent on temperature. There are two bioreactors on it. 

Growing cells at a constant temperature of 30ºC are found in 

this bioreactor. After that, these cells are sent towards a 

different bioreactor with a temperature of 42ºC.The rapid 

temperature shift from 30 to 42 degrees Celsius is an issue 

with this kind of bioreactor. A pump and a transferring tube 

link the valves in both bioreactors. Its bioreactor grows the 

cell culture, while the second reactor is used for further 

processing [30-31]. 

3.3.3 Tower fermenters 

The main function of tower fermenters is continuous 

fermentation. This was an apparatus that Bass used in the 

1870s. It was 8.5 meters high and 1 meter in diameter. The 

disadvantage of batch fermentation constituted the reason for 

this fermenter. It is mainly used in the beer-making industry 

[32-33]. One of the distinguishing features of a typical tower 

fermenter is the wort gradient and yeast gradient going up the 

tower. The objective of the multi-stage fermenter is to create 

the process flow via gravity [34].Without the use of a pump, 

the bulk of the raw ingredients, water, and malt are first raised 

to the top of the fermenter before descending. While there is 

an outlet at the top, there is an intake at the bottom. 

Additionally, it has insulating jackets, which are designed to 

keep the temperature at the ideal level for organism growth. 

Additionally, there are baffles that are intended to cause 

agitation [35-36]. 

3.3.4 Bubble Column Bioreactor 

Numerous chemical, petrochemical, and biochemical 

industries make use of bubble column reactors. These reactors 

have minimal running costs, cheap maintenance, and a 

straightforward design. They have a cylindrical form and a 

height: diameter ratio of 4:6. At the base of the column, air or 

gas is injected via metal microporous spargers or perforated 

pipes or plates. To accomplish the right O2 transfer or mixing, 

the air or gas flow rate is precisely maintained [20,37]. To 

enhance reactor performance, perforated plates are affixed to 

the fermenter. 

3.3.5 Batch bioreactor 

The processing industries make extensive use of this kind 

of bioreactor. It participates in a range of fermentation 

processes, including batch distillation, liquid extraction, solids 

dissolving, crystallisation, chemical reactions, and 

polymerisation. It is made up of an integrated heating and 

cooling system and a tank with an agitator [38]. They come 

with different capacities -- less than a litre to more than 15,000 

litres. Steel, glass-lined steel, glass alloys, and other materials 

are used for their construction, and electric connections are 

used to charge the interior solids and liquids. Fermentation-

related gases are released from the top, while liquid products 

are released from the bottom. The batch reactor's benefits 

include its adaptability, the ability to perform a wide range of 

tasks in a single vessel, and its use in the treatment of strong 

and toxicogenic substances [39-40]. 

3.3.6 Packed bed reactor 

These reactors are also known as fixed-bed reactors. 

These reactors have many applications in chemical processing, 

such as catalytic reactions, stripping, distillation, absorption, 

and separation applications. It's made up of a partition. Such is 

a tube or channel with catalyst pellets or particles on it, 

through which liquid passes. When the liquid interacts with 

the catalyst, the substance's chemical makeup changes. This 

reactor has many advantages, such as a higher catalyst 

conversion rate, ease of construction and maintenance, 
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improved contact between reactants, cost of maintenance, and 

works even at high temperatures and pressures [41-42]. 

3.3.7 Membrane Bioreactor 

Since the 1990s, membrane bioreactors (MBR) have been 

in use. It essentially combines a conventional treatment system 

with membrane-based filtering to remove organic and 

suspended solids while also eliminating high amount of 

nutrients [43]. Membranes are submerged in an aerated vessel 

known as a biological reactor in an MBR system. The pore 

size of the membrane would thus range from 0.035 to 0.4 

microns. Since the mid-1990s, when the submerged MBR 

system was developed, its use has expanded greatly and is 

expanding quickly in both commercial and research 

applications. MBRs widely used in waste water treatment, 

include a significant and meritorious drop in the membranes' 

cost. 

3.3.8 Photo bioreactor 

These bioreactors are used in fermentation processes that 

require light, either artificial or sunlight, to be present. The 

purpose of this bioreactor is to produce light-dependent 

bacteria, which are known as phototrophs. Similar to green 

plants, these microorganisms are capable of photosynthesis 

and can use light to produce biomass. Important byproducts of 

photobioreactors include p-carotene and asthaxantin. They are 

often made of clear plastic or glass. They are made out of a 

variety of tubes or glass that are intended to catch light [44]. 

These bioreactors can be used to increase the rate of 

productivity. To carry out the fermentation process, they offer 

a significant surface to volume ratio. There is a better 

approach to manage gas transfer. Growth media evaporation is 

decreased. The batch is safeguarded against contamination. 

Fouling is kept at a minimum due to self-cleaning ability. 

Because algae are cultivated under strict supervision, yields 

are very high. Compared to bag reactors, the yield in this 

reactor is 10 to 20 times greater. Photo-bioreactors utilise 

minimal light that increases productivity and yield. Sustained 

temperature is provided [45-46]. 

3.3.9 Deep Jet Fermenter 

A deep jet fermenter's medium may be circulated with the 

use of a powerful pump. Compressed air is pumped into a 

medium jet by an injector nozzle. The gas creates enormous 

bubbles that are extracted from the top port. After then, the 

media moves on through the media's degassing ejector nozzle. 

Finally, the chilled aerated medium is introduced into an air 

entrainer situated above the reactor [47]. 

 

3.3.10 fluidize bed bioreactor 

Unlike packed bed reactors, fluidised bed reactors depend 

on the flow of a fluid for the dispersion of materials. In other 

words, the biocatalysts are suspended since the fluid flow rate 

acts like a fluid [48]. The catalysts sit on a porous plate, which 

permits the flow of fluid just like in a packed bed reactor. The 

device will work like a packed bed reactor at low fluid flow 

rates since the force acting on the materials is not sufficient to 

lift the particles. A stage is therefore reached when an increase 

in the flow rate causes the particles to be suspended in the 

fluid. Here, the weight of the particles is suspended in the 

fluid, and that weight is counterbalanced by the fluid motion. 

We call this process "incipient fluidisation." The term 

"fluidized bed reactor" refers to the process by which particles 

get fluidized and behave like fluid when the fluid flow rate is 

raised after the initial fluidization. In addition to the fluid 

flow, aeration can be supplied; however, the particle 

dispersion is no longer consistent when gases are present. 

Because of the comparable aspect ratio, the fluidized bed 

reactor can be categorised as a tower reactor. Because of their 

superior temperature distribution and notably high particle 

interaction, certain reactor types improvements in the yield of 

the product [49]. Numerous chemicals, including vinyl 

chloride and polypropylene, are produced in the reactor. 

Additionally, it is employed in the brewing sector to produce 

beer. 

3.3.11 Wave Bioreactors 

Comparatively more recent technology for cultivating 

plant and animal cells is wave bioreactors. The bioreactor 

system is easy to use and reasonably priced. Polymers can 

serve the purpose of being used for designing bioreactors 

while keeping all the attributes of conventional stainless steel. 

The bioreactor or polymer bag is to be set on a swinging 

platform. Without sacrificing mixing, the waves produced by 

the platform's rocking motion offer relatively little shear 

stress. Additionally, the wave movement stops cells from 

accumulating. In a polymer bioreactor, it is advantageous to 

have a pre-sterilized bag; therefore, further sterilisation is not 

necessary. Because of its less intense wave motion, the wave 

bioreactor also exhibits comparatively less foaming [50]. 

3.3.12 Sparged Tank Bioreactor 

While the air enters a metal vessel from the bottom, it 

heats up and agitates the liquid non-mechanically; in doing so, 

it utilizes a porous plate in a sparged tank bioreactor. A baffle 

is set up to help scatter the gas bubbles horizontally. The 

system has relatively less shearing stress and doesn't need an 

agitator because it is agitated by air. Because there aren't many 

moving parts in this kind of reactor, it requires a lot less 

electricity [51]. 
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3.3.13 Microbioreactors 

The innovative concept of microbioreactors enables us to 

use minuscule amounts of medium and microorganisms to get 

exact data. Microbioreactors are shaking flask cultures and 

smaller versions of CSTRs. This kind of bioreactor aids in the 

screening process for several microbes in a really economical 

way. When compared to microbial growth medium, the media 

and other components were found to be costly for animal cell 

culture experimentation, a microbioreactor is particularly 

useful. These reactors can be used for phenotyping, media 

screening, toxicity screening, standardising fermentation 

parameters, growth profiling, and parallel culture operations. 

Fluorescence, pH, dissolved oxygen, spectroscopy, and other 

methods can be used to investigate the aforementioned factors. 

Only the aforementioned tests require quantities of less than 1 

ml. The test may be conducted rapidly on a lab scale after the 

microbioreactor parameters have been studied, and then it can 

be scaled up to pilot plants and industrial-scale culture [52]. 

The commercial microbioreactor is the bioreactor producer 

that offers multi-parameter testing bioreactors [53]. 

IV. OPERATING CONDITIONS IN BIOREACTORS 

When designing a bioreactor, operating conditions are 

quite important. This is because the main goal of bioreactor 

design is to give the cells inside the reactor the best possible 

environment. The development of microorganisms and their 

capacity to produce active chemicals are directly impacted by 

a number of variables, including temperature, pH, mixing, and 

shear force. Achieving optimal productivity and maintaining 

the stability of the reactor's internal environment are facilitated 

by precise management of these factors. 

4.1 Temperature 

One of the most crucial elements that has to be properly 

managed in a bioreactor is temperature. Microorganisms are 

frequently categorised as thermophilic (growing at 

temperatures above 50°C), mesophilic (growing at 

temperatures between 20 and 50°C), or climatophilic (growing 

at temperatures below 20°C) based on their growth 

temperature [54]. The ideal temperature range for microbe 

development is always quite limited, regardless of the type of 

microorganism. Growth will be sluggish if the temperature is 

below ideal, which will reduce the number of cells produced 

and the synthesis of products. However, if the growth 

temperature is too high, metabolite synthesis will be severely 

impacted, which will lead to a drop in product in addition to 

mortality in cells. 

 

 

4.2 PH 

Different biological systems present a variety of diverse 

ideal temperature ranges. The ideal pH range for most 

microbes is between 5 and 7. For instance, the pH may alter 

when fermentation is taking place. The medium is exposed to 

metabolites as cells proliferate, and pH shifts are also brought 

on by substrate consumption. Thus, it's critical to maintain the 

proper pH to guarantee a healthy metabolism [55]. 

4.3 Mixing 

A bioreactor would have to be well-mixed to ensure the 

availability of nutrient nomads in large quantities in the 

medium and prevent any harmful metabolite accumulation. 

Mixing is frequently assessed in fermentation or cell culture 

procedures based on biological performance metrics like 

productivity and cell growth rate.  In a bioreactor, mixing is 

essential for controlling temperature, pH, and substrate 

concentration [56].  In a small-scale reactor, maintaining a 

homogeneous state is simple, but when scaling up, mixing 

frequently becomes a constraint.  Poor mixing frequently 

results in undesired concentration gradients and decreased 

mass transfer efficiency in large-scale bioreactors. 

4.4 Oxygen transport 

An issue in aerobic biological systems is oxygen 

transport. Water-soluble nutrients are generally required for 

metabolism and cellular growth. Nutrient supply on an 

acceptable schedule and in adequate amounts can occur 

adequately in a well-mixed bioreactor. However, because 

oxygen is only present in water and is relatively weakly 

soluble in aqueous solutions, oxygen transport frequently 

becomes a limiting step for both scaling up and the optimal 

operation of biological systems. There are certain factors that 

can significantly influence the product formation and 

development of a cell, such as oxygen limitation. It has been 

observed that even a short cessation of aeration in the medium 

during the penicillin fermentation process has a strong 

influence on the capacity of cells to produce this antibiotic 

[57]. When cell density becomes high enough in a particular 

biological system (bacteria, yeast, animal, or plant cells), it 

can be expected that there will be a considerable oxygen 

deficiency. This problem is further aggravated by the fact that 

most often at high cell densities, the oxygen transfer 

coefficient deteriorates.  Achieving a suitably high oxygen 

coefficient is a crucial component of bioreactor design 

because the oxygen transfer coefficient plays a significant role 

in the oxygen delivery to the medium.  Numerous elements 

influence the mass transfer coefficient, such as the reactor 

vessel's geometry and operation, agitation speed, aeration rate, 

fluid dynamics, medium composition, cell type, concentration, 

and biocatalyst properties.  According to estimates, managing 
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oxygen transfer accounts for 15–25% of aerobic fermentation's 

overall expenses. 

4.5 Shear force 

Shear stress, shear duration, energy dissipation, and cell 

growth stage are some of the characteristics that are linked to 

shear-induced cell death. Shear damage from spraying can 

also happen at several places in the bioreactor, including the 

suspension surface (either foam-covered or foam-free), the 

rising zone through the bulk liquid, and the bubble formation 

zone at the spray device. Bubble-free aeration, which uses 

membranes for indirect aeration and controls the oxygen 

supply by diffusion, is one way to get around the issue of 

rising air bubbles. Reducing the impeller's agitation speed is a 

typical way to lessen the severity of shear stress in shear-

sensitive cell cultures. In very viscous cell culture broths, it 

may hinder the enhancement of oxygen and heat transfer rates 

and result in inadequate mixing.  Moreover, modest agitation 

rates can encourage cell agglomeration into clusters of varying 

sizes at high biomass concentrations.  However, damage from 

agitation and aeration may be reduced with appropriate 

bioreactor design and management [58]. 

V. MASS TRANSFER COEFFICIENT 

Mass transfer occurs when there are variations in 

concentrations in the mixtures. Mass transfer processes must 

ensure that materials move from originally high to low 

concentration areas. This is perhaps the best example of mass 

transfer in bioprocessing: the supply of oxygen in aerobic 

culture fermenters. The concentration of oxygen at the surface 

of the air bubbles in the liquid is greater than that in the bulk. 

This concentration gradient moves oxygen from the bubbles 

into the medium. The volumetric mass transfer coefficient 

(𝐾𝐿𝑎) is perhaps the most important parameter that describes 

oxygen mass transfer and regulates unit installations and 

designs. Its value sets the rate at which oxygen moves from 

the gas phase into the liquid. The efficiency of oxygen 

dissipation when delivered into the vessel via a spray device 

and disseminated throughout the medium by the mixer is 

demonstrated quantitatively by 𝐾𝐿𝑎. As for calculating 𝐾𝐿𝑎, it 

is done in several ways, some experimental and others 

theoretical. 

5.1 Theoretical Evaluation of 𝑲𝑳𝒂 

One of the most popular empirical correlations linking 

𝐾𝐿𝑎 to different bioreactor operation modes is van't Riet's 

1979 correlation [59].  van't Riet's proposed establishing a 

correlation between specific power input and surface gas 

velocity in the stirred tank bioreactor and the 𝐾𝐿𝑎. 

𝑘𝐿𝑎 = 𝐶. (𝑃𝑔/𝑉)∝. 𝑣𝑔
𝛽    (1) 

Where: 

𝑃𝑔  aerated power input, W/𝑚3 

V  working volume, 𝑚3 

𝑣𝑔   superficial gas velocity, m/s 

C, α, β empirical constants that take into account the 

vessel's shape (mixer rotors, baffles, etc.), and the coefficients 

in question are calculated in the following manner per Van't 

Riet:  α = 0.4, β = 0.5, and C = 0.026. 

5.2 Experimental Determination Methods of 𝑲𝑳𝒂 

The main experimental techniques used to determine 𝐾𝐿𝑎 

are sulphite oxidation methods, the method of oxygen balance, 

the dynamic gas escaping method, and static gas escaping 

methods. 

The first technique used to determine 𝐾𝐿𝑎 was sulphite 

oxidation [60]. The operation does not involve oxygen-

providing equipment; it involves the oxidation of sodium 

sulphite such that oxygen transfer rates can be established in 

aerated vessels. 

𝑁𝑎2𝑆𝑂3 + 0.5𝑂2 = 𝑁𝑎2𝑆𝑂4 

The rate of sulphite oxidation is equal to OTR due to the rate 

of this reaction being such that, as soon as sulphite enters the 

solution, oxygen is immediately utilised by it for the oxidation 

reaction. Theoretically, this means that the concentration of 

dissolved oxygen will be zero, and 𝐾𝐿𝑎 may thus be calculated 

using Eq.2: 

𝑂𝑇𝑅 = 𝑘𝐿𝑎 . 𝐶∗  (2) 

Chemical analyses of the sulphite solution are conducted 

throughout the experiment at predetermined intervals while 

the solution is being stirred at various mixer rotation speeds 

and air flow rates.  Titrating the solution with thiosulphate is 

the standard method for doing this.  This creates a graphical 

link between time and thiosulphate concentration.  The graph 

has a trend with a linear characteristic, where the slope of the 

line is equal to OTR. Although the procedure is quite 

straightforward, it takes a lot of time and is not very precise.  

Nowadays, this approach is seldom ever applied. 

One of the most used experimental techniques for 𝐾𝐿𝑎 

assessment is the static gassing-out method [61].  The medium 

in the vessel has first its oxygen removed. The second 

solubility gas is added; in most cases, nitrogen is preferred. 

The nitrogen supply is cut once the level of oxygen in the 

medium gets to zero or a value somewhat close to it. The 

increase in dissolved oxygen content, as defined by the Eq.3, 

is then monitored when air is introduced to the medium at a 

constant flow rate: 
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𝑑𝑐

𝑑𝑡
=  𝑘𝐿𝑎. (𝐶∗ − 𝐶𝑙)   (3) 

Integration this equation:  

𝑙𝑛 𝐶∗ − 𝐶𝑙 = −𝑘𝐿𝑎   (4) 

Consequently, as seen in Fig. 1, a plot of versus time will 

produce a straight line of slope. 

 

Figure 1: Graph of ln(C*-CL) vs. experimenttime (for determining 𝑲𝑳𝒂) 

For proper 𝐾𝐿𝑎 data, the effects of probe reaction latency 

on oxygen measurements and the temperature/pressure control 

during the experiment should be considered; however, the 

static gassing-out method is relatively easy to perform. 

Even while the dynamic gassing-out approach has a few 

advantages, it is essentially the same as the static method [62]. 

With dynamic technique for measuring the volumetric oxygen 

mass transfer coefficient during fermentation operations. 

Aeration is ceased at point A in Fig. 2 until a certain oxygen 

concentration is reached at point B in the same figure. Once 

the aeration is resumed at point B in Fig. 2 data on DO level 

vs time is collected. 

 

     Fig. 2: Dynamic gassing-out experiment time dependent process data. 

Eq.5 describes how oxygen moves from the gas phase to 

the liquid phase. 

ln  
𝐶∗−𝐶

𝐶∗−𝐶0
 =  − 𝑘𝐿𝑎 . 𝑡                     (5) 

Where: 

𝐶0  concentration of dissolved oxygen prior to resuming the 

aeration process (refer to point B in Figure 2). 

C   concentration of dissolved oxygen at time t (in the BC line 

segment). 

The following graph (see Fig. 3) is produced by doing 

DO measurements and using the data acquired in Equation 

above. 

 

Figure 3: Graphical function to determine 𝑲𝑳𝒂 

Because the reaction latency of the DO measuring probe may 

be disregarded, the oxygen balancing technique is thought to 

be more accurate than the two previously stated methods for 

determining 𝐾𝐿𝑎 [63].  The fundamental concept of the 

oxygen balance technique is to determine the amount of 

oxygen entering the fermentation medium, utilise it by 

microorganisms, and finally, get rid of the exhaust line by gas 

analyses for oxygen concentration in the gaseous phase. In a 

steady-state condition, OTR is equal to OUR if you keep the 

oxygen content in the medium constant. By using this 

condition, we can establish an oxygen mass balance for 

calculating 𝐾𝐿𝑎. 

OTR=OUR            (6) 

𝑂𝑇𝑅 = 𝑄𝑂2−𝐼𝑁 − 𝑄𝑂2−𝑂𝑈𝑇    (7) 

Where: 

𝑄𝑂2−𝐼𝑁  and 𝑄𝑂2−𝑂𝑈𝑇  are volumetric oxygen flow rates at the 

intake and the output. 

𝑂𝑈𝑅 = 𝑄𝑂2−𝑉 . 𝑉   (8) 

Where: 

𝑄𝑂2−𝑉  rate of volumetric oxygen uptake. 

𝑉 amount of model media or fermentation volume. 

The rate at which oxygen moves from the gas phase to 

the liquid phase is equal to the rate at which microorganisms 

consume oxygen in a steady state: 

𝑘𝐿𝑎 .  𝐶∗ − 𝐶𝐿 = 𝑂𝑈𝑅/𝑉        (9) 

Combining the equations of the static gassing-out 

method, the equation for determining 𝐾𝐿𝑎 is obtained: 
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𝑘𝐿𝑎 = (𝑄𝑂2−𝐼𝑁 − 𝑄𝑂2−𝑂𝑈𝑇)/(𝑉. (𝐶∗ − 𝐶𝐿)           (10) 

Considering that gas analysers are needed, the approach 

is much more costly to execute even if it provides fairly 

accurate estimations of 𝐾𝐿𝑎. 

VI. CONCLUSION 

Bioreactors are a vital tool in many industries, enabling 

the efficient production of a wide range of bioproducts. 

Ongoing advancements in reactor design and control 

technologies have led to significant improvements in 

efficiency and quality. Research in this field is expected to 

continue, driving the development of more sustainable and 

flexible systems that meet the growing demand for 

bioproducts in medical, industrial, and environmental 

applications. 
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