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ABSTRACT

Air diffusers or spargers have been used in separation processes that include conventional wastewater treatment. Over the
years, there have been advancements in diffuser design in terms of shape, pore size, orientation and materials of construction
as a way of mitigating challenges such as fouling, clogging, energy consumption and poor system efficiency. Some of the avail-
able air diffusers are inadequate to solve most of these challenges due to reduced quality and increased quantity of wastewater
being treated. Additionally, there is a paucity of information regarding air diffuser design and their effect on operational
parameters in wastewater treatment. This review seeks to address the advancement in diffuser design and also the effects
of design factors including parameters of air diffusers with a focus of their use in a column flotation system for wastewater
treatment.
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HIGHLIGHTS

® Applications of 3D printed air diffusers in a column flotation system.

® The effect of the diffuser design on operational parameters.

® Reducing the rate of fouling and improving the quality of treated water.

® Diffuser designs with oxidative air generating properties for wastewater treatment.
® Advancement in diffuser design for flotation system used for wastewater treatment.
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SCOPE OF THE REVIEW

The article reviews the influence of diffuser design on flotation operational parameters. This was achieved by
focusing on the advancement in diffuser design for flotation systems used for wastewater treatment, physical
aspects considered when designing diffusers and operating factors affecting diffuser design.
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The review paper starts by introducing the origins of diffusers and their application in wastewater treatment
including flotation systems. This is followed by a brief discussion about flotation and the different types of
flotation with a column flotation under a dispersed air flotation system being deemed a potential cheaper waste-
water pre-treatment method. An insight into column flotation with different methods of bubble generation is
provided which then leads to the discussion of different types of air diffusers. This is then followed by an in-
depth discussion of diffuser design aspects, which include diffuser shape, pore size and materials of construction.
Also, operational factors that affect diffuser design are discussed. Finally, the paper is concluded with overall
remarks which gives a summary of the key findings and suggestions that must be explored in future research.

HISTORICAL PERSPECTIVE OF DIFFUSER DESIGN AND APPLICATIONS

The use of gas or air as a carrier or buoyant medium in separation processes was discovered more than a century
ago (Boyle 2003). Initially, it was due to chemical reactions in a liquid medium, which were later harnessed into
pneumatical mixing; that is, the direct introduction of air through diffusion by submerged pipes and porous media
(Rohlich 1954). The aeration of wastewater began as early as 1882 in England using perforated pipes and tubes. A
perforated metal plate diffuser was patented as early as 1904 (Martin 1927). There are different processes in
wastewater treatment where bubbles play a role, which include coagulation, flocculation, flotation, oxidation
and aerobic biological wastewater treatment (Atkinson et al. 2019). However, the addition of chemical agents
has improved processes such as coagulation and flocculation. In most cases, for biological treatment methods,
aeration is used to meet the dissolved oxygen demand of microorganisms mainly in activated sludge (AS) pro-
cesses, whereas in other treatment methods, such as flotation, it is used to separate suspended particles from
wastewater (Behnisch ef al. 2018).

At the beginning of the 1900s, air flotation technology use and early development were for froth flotation sys-
tems whereby milled mineral ore mixed with water was agitated together with air and aggregate in foam at the top
of the water while the gangue settled at the bottom of the flotation vessel. Other bubble generation processes,
such as electrolytic and vacuum flotation, were also invented around the same period (Chow 2007). A vacuum
air flotation was also used around the 1920s as a water clarification system, with more research being conducted
in the 1960s on this technology (Edzwald 2010). Dissolved air flotation (DAF) development in Scandinavia was
conducted in the 1960s and has since been well established for use in the pulp and paper industry, drinking water
production and wastewater treatment (Crossley & Valade 2006). In Southern Africa during the 1960s, flotation
was mainly applied in the mineral industry with little application in municipal or industrial wastewater treatment
(Offringa 1995). Although most of the flotation types and cells were designed and developed for various appli-
cations including column flotation, some were patented in the first two decades of the 20th century. Column
flotation was invented late around 1919 with most research and its extensive introduction in large-scale oper-
ations being in the mid-1960s (Rubinstein 1995). These developments might have been achieved as a result of
advancement in bubble generation technology or aeration techniques.

In wastewater treatment, perforated pipes were the first to be used for aeration and the first accepted means of
aeration diffusers were horizontal porous plates. The theory that small bubbles result in sufficient dissolved
oxygen mass transfer led to the use of porous plate diffusers. Moreover, this resulted in the replacement of per-
forated pipes that produced big bubbles with porous diffusers that improved aeration. The fabrication of porous
plates was an advancement and a part of the early development of diffusers whereby porous ceramic diffusers
were used due to their ease of operation (Roe 1945; Boyle & Redmon 1983). Overall, air diffusers come in differ-
ent shapes, designs and materials of construction, ranging from porous wood, perforated metal pipes, to ceramic
plates with the latter being deemed the most efficient especially for industrial applications prior to 1945 (Roe
1945). As an attempt to advance diffuser usage, new shapes emerged, which included plates, domes and recently
discs. Meanwhile, early investigations used diffusers ranging from basswood plates, perforated iron pipes and
even air jets. There is ample evidence that their design influences process operability and efficiency. Most
research conducted was based on air permeability, which is a measure of how easily air passes through a
liquid (Ernest 1994; Boyle 2003). The reason for improvements of diffusers was to increase their efficiency,
and to have simplified servicing, which is cleaning and ease of parts disassembly (Roe 1945). However, to
improve diffusers, their designs need to be understood as they exist in different forms or types and such designs
can be influenced by the quality characteristics of the liquid in which they operate.
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This review seeks to discuss and consolidate information on air diffusers, although other air releasing devices
are mentioned and discussed for differentiation purposes. Furthermore, the elucidation of column flotation oper-
ations under dispersed air flotation bubble generation method and influences in wastewater treatment diffuser
design are also highlighted. This is a neglected area in wastewater technology practice and development.

FLOTATION IN WASTEWATER TREATMENT

Flotation is made understandable by the Archimedes principle, which is also known as the buoyancy principle
whereby the flotation process utilizes microbubbles to form and lift flocs or particles in a fluid to the top for skim-
ming (Gopalratnam ef al. 1988). The bubble rise rate can be described by the Stokes’ principles and for better
flotability, the particles are supposed to be hydrophobic as this determines the contact angle of the particles
with the wastewater (Gopalratnam ef al. 1988; Oliveira et al. 2010).

Flotation originated from the mineral industry and has gained widespread application in the fresh water and
wastewater industry (Ndikubwimana ef al. 2016). It is a well-known that separation technology with the potential
of being applied in wastewater pre-treatment from various industries is a must. Industrial wastewater requires pre-
treatment before disposal or reuse to reduce the high level of contaminants including suspended solids (Peleka
et al. 2018). Flotation in wastewater has been used for the removal of fibre, solids, macromolecule ions and
other materials (Rubio ef al. 2002). Its main advantage over settling techniques is such that high separation kin-
etics as well as the ability to separate particles that have a low density that cannot be removed through settling
can be achieved (Amaral Filjo et al. 2016). This also makes it a very useful process for the pre-treatment of indus-
trial wastewater containing fats, grease and oil (FOG), such as those from meat processing plants and
petrochemical refineries (Bennett & Shammas 2010). Other advantages include shorter flotation periods even
under high solids loading rates (Tian et al. 2018).

Flotation is classified based on the microbubble generation technique and is divided into three classes covering
DAFs, which is based on Henry’s law, a broad range of Dispersed Air Flotation systems (DiAFs), and electrolysis,
which sometimes falls under DiAFs (Lu ef al. 2016; Kyzas & Matis 2018). The DAF depends on the solubility of
air in water and is operated such that the water is air saturated at high pressures, albeit with the air being intro-
duced into the tank at atmospheric pressure (Deliyanni et al. 2017). Whereas, in electrolysis, bubbles are
generated through the electrolysis of the carrier to create the microbubbles. In DiAFs, microbubbles are gener-
ated by compressing air directly as it passes through porous material including diffusion discs or by the use of
an impeller or hydraulic injectors to get air into the water (Lu ef al. 2016). In larger agitated cells, the air is intro-
duced through the bottom of the agitator while bubbles are formed as a result of the impellor shearing effect
(Deliyanni et al. 2017), whereas air diffusers or spargers are used in smaller cells including column flotation.
This then results in different flotations under DiAFs based on the equipment used; that is, jet flotation, impeller
air flotation, disc/sparger air flotation and pump suction pipe air flotation (Lu ef al. 2016).

Rubio ef al. (2002) and Kundu & Mishra (2018) discussed various types of flotation systems and different
bubble generation techniques and processes that show variations in bubble generation technology (see
Table 1). Many researchers have modified the currently existing flotation processes whereas others have even
given the flotation processes different names according to the notable features of the processes. However,
designers must determine whether the same classification remains, if the method for bubble generation produces
a bubble size out of known specifications.

Flotation is affected by different factors, which include bubble distribution and velocity, including shape, size,
specific gravity and surface charge of the suspended solids (Matis 1995). The efficiency of a flotation process is
affected by the type of wastewater to be treated, the nature of the contaminants present in the wastewater, the
design of the flotation system and its operational parameters (Temesgen et al. 2017). Overall, the control of
bubble generation to obtain an optimum size range during the flotation process is of paramount importance as
it enhances process efficiency (Seger et al. 2019). Bubble size produced in a column flotation can range between
50 and 1,000 um, while DAF produces smaller bubbles between 30 and 100 um, which in turn leads to higher
removal/separation efficiencies (de Sena et al. 2008), especially when treating wastewater with minute particles
that require fine bubbles for particle separation. However, DAF has several disadvantages that include high con-
sumption of power, the requirement for a separate flotation tank, and higher service cost, which leads to higher
operational costs, and the mechanical complexity of the system due to the use of a saturator and compressor (Li
& Tsuge 2006; Painmanakul et al. 2010; Tao et al. 2019). Equally, electro-flotation is characterized by good
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Table 1 | Different types of flotation and bubble generation methods (Rubio et al. 2002; Kundu & Mishra 2018)

Name of the flotation Range of bubble

system Method of bubble generation size (nm)

Electro flotation Uses electric field in between electrodes ~20

Dispersed/induced air ~ Uses mechanical agitation or air injection system 700-1,500

flotation

Dissolved air flotation ~ Dissolve air in water 30-100

Nozzle flotation Use a gas aspiration nozzle that draws air into recycled water that is discharged ~ 400-800
in the flotation tank

Column flotation Use of many bubble generation techniques that include sparging through porous  100-1,500
media, static or mechanical shear contacting and jetting

Centrifugal flotation Generates bubbles through air suctioning by static mixers/nozzles 100-1,000

Jet flotation Entraps air into the liquid by a vacuum effect 100-600

Cavitation air flotation =~ Bubbles formed as a result of the rotation of the cavitation aerator (impeller) 30-70

bubble controllability but it is power intensive and has low treated wastewater throughput; hence, it is not suitable
for small-scale applications (Lu et al. 2016; Tao et al. 2019). Thus, the development of a system that is easy to
operate and cheaper is necessary. Therefore, DiAFs can be an attractive alternative as they have a lower capital
investment and lower operational costs (Gu & Chiang 1999).

COLUMN FLOTATION SYSTEM AS A PREFERRED PRE-TREATMENT METHOD FOR WASTEWATER

Flotation is used mainly where sedimentation is not applicable due to the nature and presence of dispersed solids,
and their settling rates, and thus becomes an efficient and economical process to apply (Ahmadi & Mostafapour
2017). For wastewater pre-treatment, the removal of particulate matter, macromolecules, microplastics and fibres
results in reduced chemical oxygen demand (COD) and biological oxygen demand (BOD) of the pre-treated
wastewater (Ives & Bernhardt 1995). To achieve high treated wastewater quality, treatment technologies that
are economical, durable and robust are a necessity as the influent varies in terms of quality and quantity from
different industries (Frank et al. 2017).

A flotation method combined with a coagulation/flocculation system has been deemed to be an effective pre-
treatment method for industrial wastewater (Liu ef al. 2010). Challenges of a flotation system include the usage of
a high dosage of flocculants and breakage of flocs by big bubbles (Ndikubwimana et al. 2016). However, the use
of synthetic flocculants in flotation processes continues to be criticized due to their toxicity potential during appli-
cation as their residue ends up in the treated water. Hence, the development of alternative flocculants that are
biodegradable to reduce these toxicity concerns and perhaps acceptance or application on an industrial scale
in suspended solids separation processes (Silva ef al. 2019). The usage of a bioflocculant was investigated exten-
sively by Dlangamandla et al. (2018) and Mukandi (2017), whereby bioflocculants were used instead of chemical
flocculants.

Column flotation is a relatively simple physical separation process whereby microbubbles attach with particles
and rise to the top where they are subsequently removed (Shukla ef al. 2010). Flotation columns are classified
based on various reasons that include the column number, bubble generator location, relative motion of solids-
wastewater to be separated and whether there is a packed bed or not (Cheng ef al. 2016a). Column flotation
came about as a way of mitigating problems that arise when using conventional mechanical cells such as several
cleaning stages required, maintenance requirements and high size to capacity ratio (Al-Thyabat et al. 2011). It has
been used in various industries that include oil recovery, mineral beneficiation, paper de-inking, food industry and
wastewater treatment. Column flotation is still not well understood despite all the advancement in process knowl-
edge over time; hence, scaling up is still a major concern. However, there are three approaches that are employed
for column flotation scale-up and these are based on maintaining a constant recovery, column area and column
volume (Vashisth ef al. 2011) through usage of a bench-scale system. Bench-scale testing is an important character-
isation tool that is a cheap, simple and quick way of obtaining key information. Figure 1 shows a typical column
flotation bench-scale setup for wastewater treatment (Mukandi 2017). The use of such a system (through bench
scale testing) would give a better understanding of any new design and its feasibility.
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Figure 1 | Schematic illustration of the column flotation system, bench-scale set-up.

Advantages of a column flotation over others include lower operating costs due to the absence of movable
parts, less energy consumption due to the absence of a compressor or rotating parts (agitators), and lower
floor space requirements due to its vertical construction, as compared to conventional flotation systems (Rubin-
stein 1995; Chaiarrekij ef al. 2000), and reasonable flexibility for automatic controls (Wang et al. 2019). Due to
the recurring expansion of flotation technology application in varying industries, the use of flotation columns has
pioneered the development and improvement of sparger systems (Finch 1995). Lu et al. (2016) studied the influ-
ence of a flotation device for the pre-treatment of oilfield wastewater. They discovered that the use of a bubbling
device which was a microporous metallic disc simplified the bubble generation process, thus laying a foundation
for microbubble flotation application. Overall, it was found that the device, which included a flotation column,
was more reliable, yielding 90% removal efficiency, and was easy to assemble.

Microbubbles for a column flotation under DiAFs are produced by the use of a sparger or mechanical mixer
(Tao et al. 2019). It is a prerequisite for the system to have sufficient production of microbubbles for high flotation
efficiency and to also generate bubble volume concentration that is stable (Haarhoff 2008). Air bubbles must be
small to maximize the gas/liquid/particle interfacial area as this can lead to improved particle removal even when
flocculants are not used (Offringa 1995). Large bubbles do not easily attach to the particles whereas minutely
smaller bubbles lead to breakage of formed flocs. In addressing these challenges, the costs related to bubble gen-
eration and breakage of flocs needs critical considerations (Féris et al. 2001). Consequently, the average bubble
size of 100 microns is preferred (Gopalratnam ef al. 1988); hence, flotation systems that use this bubble size are
capable of removing many pollutants that are found in wastewater (Dupre et al. 1998). Moreover, the bubble size
in a flotation column is dependent on the generation method and device used, which are the key research points
of a flotation column (Zhekun et al. 2010). Bubbles generated in column flotation are usually produced through
two main types of spargers; that is, internal porous spargers (filter cloth sparger and perforated rubbers) and
external generators such as turbo air spargers (Cheng et al. 2016a).
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Optimization of flotation system operating process variables must focus on sparging rate, solid loading rate,
hydraulic loading rate, air-solid ratio (Gopalratnam et al. 1988) and the addition of suitable flocculants. In this
case, bioflocculants are suitable to impart environmental benignity (Mukandi 2017). There are various other fac-
tors apart from process operating variables that are considered when designing a flotation system, which include
the type and quality of wastewater, the extent of the contamination, the level of treatment required and the type of
diffusers to be used (Dassey & Theegala 2011). Most existing studies are vague in terms of disclosing the geometry
or properties of air releasing devices used in flotation systems. Although the investigations focus on improving the
bubble properties in a flotation system, the type of diffusers or nozzles used are rarely mentioned. Mostly rudi-
mentary mentions of diffusers or nozzles design properties are used. This creates a gap that needs to be
researched for the treatment of a particular type of wastewater using a specified type of diffuser with well-defined
design properties.

DIFFERENT TYPES OF AIR DIFFUSERS

Bubbles are obtained through usage or application of air releasing devices and are generated when the pressure is
suddenly changed in the aperture points of the devices. These devices produce bubbles in various ways and come
in different forms with the most commonly used being porous air diffusers/spargers, nozzles, gate, fixed orifices
and needle valves, amongst others (Zabel 1985). Porous air diffusers generate bubbles by breaking up air through
liquid displacement. This is achieved through the injection of air under pressure below the liquid surface. Nozzles
are used to release air bubbles through the discharge of air-saturated water (Nadayil ef al. 2015). The bubbles are
formed as a result of a pressure drop on the narrowing of the nozzle whereas a flow constrictor increases the flow
velocity, thus inducing bubble nucleation (Etchepare et al. 2017). In nozzle flow constriction, bubbles formed
travel through the tank at pressures greater than atmospheric pressures but the differences with nozzles is
mainly their configuration (Rodrigues & Rubio 2003). For needle valves and other orifices, air-saturated water
is passed through constricted areas and clouds of bubbles are formed downstream of the constriction into the
wastewater (Rubio ef al. 2016; Azevedo ef al. 2018) while on the other hand, injectors provide a jet of saturated
water (Nadayil ef al. 2015).

Some of the nozzles or valves are adjustable, whereas others are fixed (Haarhoff & Van vuuren 1995), with
others such as needle valves being adjustable and having a self-cleaning ability. A large number of different noz-
zles and diffusers were patented between 1970 and 1980 and are continuously being improved under their initial
or first patent registration (Rykaart & Haarhoff 1995). Table 2 enlists some of the air releasing devices that were
patented, and they offer numerous advantages in comparison to others.

Diffusers that can be removed and serviced are more advantageous than those that are fixed as they can be
easily removed without dewatering the tanks or stopping the aeration process (Roe 1945). Diffuser designs deter-
mine bubble size, distribution and rise velocity, with diffuser functionality being dependent on pore diameter,
number and orientation in the device. Inadequate diffuser designs, for a particular process, result in challenges
such as (i) weeping (slow discharge of air bubbles), which may cause undesirable or longer residence time,
and result in poor performance of the system, (i) blockage of pores or clogging, especially when there is a
high concentration of solid particulate matter in the wastewater, (iii) fouling and scaling by biofilms, which
result in increased dynamic wet pressure (DWP), which lead to bigger bubbles, culminating in a negative
effect on the air supply which will require more energy to pump, (iv) dead zones due to non-uniform sparging
or redundant placement of diffusers, and (v) high cost of operation due to high energy consumption (Kulkarni
& Joshi 2011; Odize et al. 2017), and coalesce issues (Rodrigues & Rubio 2003). However, their application
can be improved by addressing known challenges; hence, the need to improve existing diffuser designs.

DIFFUSER DESIGN: AN ENGINEERING APPROACH

In diffuser design, it is important to consider internal hydraulic parameters that include: (1) uniform discharge of
air along the diffuser to ensure sufficient distribution of bubbles to minimize operational challenges; (2) use of
simple geometries to minimize manufacturing and operational costs; (3) cater for no or low flow of air to prevent
particle deposition including backflow to alleviate frequent out of place cleaning and maintenance challenges;
and (4) to minimize effects of the unsteady-state performance of compressors supplying the pressurized air
(Bleninger et al. 2005). Moreover, various factors determine the performance of air diffusers which include
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Table 2 | Examples of patented air releasing devices and their notable attributes

Patent specification

Name of air release device/

number description Notable properties/attributes References
US2294973A Fluid treatment diffuser element  Strong, efficient, simple and easy to manufacture as Ford (1942)
a way of withstanding shocks and avoiding
bottom coalesces that result in big bubbles
US2639131A Diffuser for gases Facilitates cleaning of the air supply orifice thus no  Procter (1953)
need for removal; hence, saving labour and time
US2815943A Diffuser tube The tube inflates quickly thus removing any lodged Lamb (1957)
solid matter and rapidly deflate to avoid clogging
when air is supplied or cut off respectively.
Cheap and ease of manufacturing
US4338192A Clarifier bubble generation and  For the production of bubbles with a diameter less ~ Krasnoff &
distribution nozzle than 100 micrometres Luthi (1982)
US4477341A Injector apparatus having a High airflow rate with economical/reasonable Schweiss &
constriction in a following energy consumption Dorflinger
adjoining mixing pipe (1984)
US4842777A Pressurized mixing injector Inject high airflow rate, Strong and normal Lamort (1989)
aeration which in turn minimize clogging
problems
US4981623A Diffuser for aeration basin Improved diaphragm diffuser that will keep the Ryan (1991)
membrane in place to prevent rupture or
dislodging
US5139663A Discharge valve for dissolved Nozzle assembly that is improved and capable of Maples (1992)
air flotation self-cleaning, and a Nozzle assembly that can
have its flow rates changed from a remote
location
US5154351A Dispersion water nozzle Reduction of pressure in dispersion water flow, and Takko (1992)
To produce bubbles of about 100 micrometres
with sufficient distribution of air
US6367783B1 Fine bubble diffusers A diffuser that cannot easily be clogged by organic  Raftis (2002)
matter, and that prevents backflow into the
diffuser air supply source
US9138752B2 Dissolved gas flotation pressure  Increased turbulences that favours microbubble Amato et al.
reduction nozzle production, uniform bubble size, corrosion (2015)
resistant material used, and simple
manufacturing and installation of the nozzles
US9808810B2 Nozzle for dissolved air To produce microbubbles even at low pressures, To  Park ef al.
flotation system produce uniform sized microbubbles with (2017)

extended existence time in fluid, nozzles that are
easy to manufacture and have a simple structure

the depth at which they are placed in the wastewater, and thus the external pressure that the diffuser will experi-
ence (Cheng et al. 2016b).

Additionally, DWP which is defined as the head loss across a diffuser being operated under submerged con-
ditions, is an important parameter to consider when designing air diffusers. It increases with time due to fouling
and is material dependent, thus different materials have different DWP. This is attributed to different material prop-
erties, with the pressure factor indicating the performance of the diffuser (Rosso & Stenstrom 2006). The DWP
ratio of old to new diffusers must be quantifiable to assess the diffuser deterioration over time, although this is
dependent on foulant (wastewater) characteristics and cleaning frequency. It is, however, also influenced by pro-
cess operational conditions. Furthermore, pore geometry has an influence on DWP with round pores being rigid
and acting as a control opening that can withstand high pressure, whereas membrane pores/slits can expand
when the pressure increases. However, a low DWP does not guarantee the best performance as there is a minimum
pressure required for the proper distribution of the air (Rosso ef al. 2012). Such analysis is scantily reported and
there is minimal guidelines or information available for the design of diffusers in published literature.
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DIFFUSER, BUBBLE FORMATION AND DYNAMICS: EFFICACY IN FLOTATION SYSTEMS

For flotation, the air is introduced into the tank in the form of bubbles. Bubbles exist in different forms; that is, as
nanobubbles with a diameter of less than 0.2 microns, while microbubbles have a diameter of 10-100 microns
and lastly, macro bubbles that have a diameter of greater than 100 microns, which tend to rise faster than the
rest. Moreover, microbubbles are of interest in water and wastewater treatment as nanobubbles take longer to
rise to the top while macro bubbles are inefficient due to their high rising velocity (Sadatomi et al. 2005;
Basso et al. 2018). They have adsorbent properties as they can adsorb and agglomerate particulate matter due
to their bigger surface area and their negative charge (Lee et al. 2019), which neutralizes repulsion forces between
suspended matter. When bubbles and suspended particles are similar in size, maximum collision efficiency is
achieved (Han 2002). Compared to bigger bubbles, microbubbles have an increased interfacial area and thus
more interaction area, which improves bubble-particle collision, hence increasing flotation efficiency. In
column flotation, the collision probability is higher due to large aerated volumes of the column and long passage
that bubbles and particles travel along the height (Rubinstein 1995). Overall, bubble size measurements are con-
ducted using laser-based methods and by image analysis techniques (Zhang et al. 2015).

Bubble size is influenced by diffuser design and affects bubble particle collision, and thus attachment of sus-
pended solids including the rise velocity, which affects the efficiency of the system (Edzwald 2010). The size is
governed by a sparging rate, pore size and also the wastewater parameter-volumetric quality and mixing velocity
(Basso ef al. 2018). Most researchers have focused their work on micro and nanobubbles in a bid to improve the
efficiency of flotation systems. They do this by investigating bubble generation methods, characterization of
bubbles and their categories as well as the development of bubble measurement methods (Temesgen et al.
2017). Moreover, bubble hydrodynamics have been extensively researched to assess bubble size influences on
fluid dynamic behaviour using Computational Fluid Dynamics (CFD) (Chen et al. 2016), bubble surface modifi-
cations by surfactants (Henderson ef al. 2008) and pressure effects on bubble size (Han et al. 2002). However,
most researchers just mention that they used nozzles, needle valves or diffusers without sharing much-needed
information about the air releasing devices and design features. Much less attention has also been paid to the
type, design or configuration of air releasing devices that are being used to date, thus making it difficult to com-
pare results from researchers using different applications.

Bubble generation is affected by (1) operating conditions, which include air flow rate and the sparging rate that
is influenced by the operational pressure, (2) structural design that includes pore size (or diameter), pore geo-
metrical configuration (e.g. contact angle), the device’s materials of construction and submergence attributes
and (3) physical properties, which include the quality characteristics of the water as it comes into contact with
the diffusers (Xiao et al. 2019). Microbubbles have been known to be suitable for flotation systems and are gen-
erated mainly through three ways; that is (a) dissolving air in a liquid and subsequently releasing it through air
releasing devices that lead to nucleation of small bubbles, (b) cavitation induction through the usage of power
ultrasound and (c) air delivered under low pressure forming bubbles with the aid of additional features such
as mechanical vibrations, flow focussing and pneumatic fluid oscillation. Dissolving air in wastewater is
widely or commonly used and the latter has the lowest energy consumption amongst the three (Zimmerman
et al. 2008; Zimmerman et al. 2009). Bubble formation through cavitation, by forming nuclei first followed by
growth as the bubble rises through wastewater, is desirable. However, in bubble growth, coalescence is a
major challenge that affects flotation systems (Edzwald 2010).

Generation of bubbles through the saturation of water with air has limitations that include the high pressure
needed for injecting the saturated liquid, the mixing of air and the recycling of gas/liquid, which can lead to equip-
ment damage or contamination due to the nature of contaminants present in the water being treated (Ahmed
et al. 2018). These disadvantages might be overcome by using diffusers without a recycle stream provided they
generate the required bubble size for the particular or specified process.

EFFECT OF DIFFUSER SHAPE

There are many different shapes of air diffusers that have evolved and emerged in accordance with different
industry needs. These include domes, which are usually mounted at the bottom of a tank, panels that usually
covers the flotation tank floor, flexible membranes that come in many shapes- from tubes, discs to flat surfaces,
and flat stripes that usually covers the floor of a flotation tank as well (Ovezea 2009).
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The shape of the diffusers can influence the air-water contact volume of rising air/microbubbles such that the
greater the contact volume, the higher the flotation efficiency (Roe 1945), which can also affect the formation of
flocs. In an attempt to optimise flotation systems, Féris ef al. (2000) investigated the use of two types of diffusers,
traditional, which were longitudinal (Figure 2(a)), and newly developed mushroom type diffusers (Figure 2(b)).
The results showed that with the use of surfactants (sodium oleate), the mushroom type had high removal effi-
ciency as compared to the former, thus showing that the shape of diffusers has an effect on the formation and
breakage of flocs under turbulent conditions (Féris et al. 2000).

Figure 2 | lllustration of (a) longitudinal and (b) mushroom type diffuser (Féris et al. 2000).

Hence, diffuser shape also influences the aeration efficiency, which in turn affects the overall system efficiency.
Cheng et al. (2016b) investigated the effect of different microporous diffuser shapes - I, C, S and disc shape, on aera-
tion performance and discovered that the I shape had optimal aeration whereas the disc shape had the poorest
performance amongst the shapes investigated. Hence, understanding the design of air diffusers for improved flotation
efficiency and low energy consumption by maximizing the design shape need not be understated as there is minimal
information available on the design of diffuser shape and the shape influences on performance.

INFLUENCE OF APERTURE/PORE SIZE ON DIFFUSER FUNCTIONALITY

Fixed orifice nozzles and manual needle valves tend to limit the recycle flow to a small range under different
operating pressures. With fixed nozzles, the recycling system must be designed to two or three operating
points by having each orifice with its pressure inlet that can be controlled by varying pressure control valves.
The orifices should be able to be switched on and off with minimized backflow when not in operation (Crossley
& Valade 2006). Diffuser pores can be varied in size to affect energy consumption. Coarse bubble diffusers have
higher energy consumption as compared to fine pore diffusers, which are considered to be energy efficient (Noble
et al. 2016). Furthermore, pore size determines bubble size, which in turn affects the type of bubbles formed, with
bigger bubbles having lower efficiency while smaller bubbles are determined to have a higher process efficiency
(Rosso et al. 2008). Moreover, blockage of pores results in increased pressure on diffusers and reduced air supply
channels, which is counteracted by increased airflow resulting in high energy cost with the consequential effect
being the deformation of pore structure as well as breakage of diffusers. This can however be countered by the use
of a diverse pore structure and suitable materials of construction such as blended material containing additives
for enhancement of chemical and mechanical properties (Eusebi & Battistoni 2014).

Microbubble generation has its own challenges as most would expect that the smaller the pore size of diffusers,
the smaller the bubble size would be; however, this is not the case, as other factors such as the wetting force
exerted by the liquid surrounding the diffuser surface acts as an anchor and as a result the bubbles keep growing
unless the force is disrupted. This can affect the bubble size apart from the air releasing device aperture size
(Zimmerman et al. 2009). The other challenge is the spacing between adjacent bubbles or pores in the diffusers,
which lead to coalescence of bubbles or channelling (Zimmerman et al. 2008). Behnisch ef al. (2018) investigated
different designs of fine aperture pore membrane diffusers, focusing mainly on the slit length and density to
improve the aeration system treating water. Diffusers with a dense slit pattern and smaller length were rec-
ommended for saline water, whereas in tap water a dense slit resulted in bigger bubbles due to coalescence.
This observation showed that diffuser design affects the wastewater being treated and this is also dependent
on the contaminants present in the wastewater (Behnisch et al. 2018).

Bubble size generation by air diffusers cannot only be varied by use of different types of diffusers but also by
other means that include the application of surface tension reducing chemicals, use of alternative pressurised air
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generation techniques and diffusers made of different materials of construction (Kyzas & Matis 2018); hence, it is
important to improve the design and functionality of air diffusers as a way of mitigating a variety of challenges as
mentioned above.

MATERIALS OF CONSTRUCTION USED IN DIFFUSER MANUFACTURING

Materials of construction used early in the century were bonded silica sands but sometimes could be mixed
material such as sand-cement plates. To improve aeration, early investigators focussed on the development
and generation of fine bubbles. The materials of construction that they based their investigation on included
porous volcanic rock (pumice), firebrick, sandstone, and mixtures of glass and sand. However, many of the men-
tioned materials were dense thus leading to increased pressure head loss and reduced efficiency (Boyle 2003).

Nowadays, air diffusers are mainly made from ceramics, porous plastics and perforated membranes. Ceramic
diffusers are made from a combination of silica, alumina and aluminium silicates. The media consist of sized
material particles that are mixed with bonding materials and are moulded into various shapes at a high tempera-
ture. This results in an interconnected network of passages whereby the air flows through the diffuser. Porous
plastics for diffusers are made from propylene, polytetrafluoroethylene and polyethylene for the rigid diffusers
while high density polyethylene and rubber are used for non-rigid diffusers. They are fabricated in such a way
that they all have a network of channels through which air travels. Similarly, perforated membranes are made
from elastomers and these are normally referred to as flexible diffusers (Shammas 2007). Other materials can
be used but the above mentioned are considered to be cost-effective and can be produced in different sizes
and specifications. However, they are prone to chemical degradation and biological fouling (Nadayil et al
2015). Several factors determine or contribute to fouling, which include the suitable properties of the materials
of construction of diffusers, the nature of the contaminants or the type of wastewater and operating conditions
(Odize et al. 2017). The air diffusers are currently being coated using different coating materials that include
poly-urethanes and silicones that serve as antimicrobials, which however degrade with time (Garrido-Baserba
et al. 2016); hence, finding materials that minimize biofilms attachment is a necessity.

The physical and chemical characteristics of construction materials used for the production of diffusers each
influence the workability of apertures in air diffusers, and thus bubble formation (Eusebi & Battistoni 2014). One
of the challenges of bubble generation in relation to the material of construction is that the liquid surrounding the
pore on the diffuser surface acts as an anchor, which aids the wetting force in the attachment of the growing
bubble to the surface of the diffuser. The bubble will continually grow unless the anchoring force is disrupted
or the buoyant force exceeds the anchoring force (Zimmerman ef al. 2008; Zimmerman et al. 2009). Additionally,
the mechanical properties of diffuser materials are characterized by parameters such as Young’s modulus of elas-
ticity and hardness, which affect the deformation of pore shape. This is used to predict breakage of diffusers and
this is further affected by the presence of additive and corrosive pollutants in the water being treated as they affect
the material’s stiffness and strength over time (Eusebi ef al. 2017), thus making it important to select a suitable
combination of materials of construction for a particular type of application.

Recently, Lee ef al. (2019) investigated bubble generation at different entry and exit angles. Notably, the nozzles
were synthesized using 3D printing specifically using acrylonitrile butadiene styrene (ABS) resin with an alu-
minium cover casing. Interestingly, can 3D printing be used to print air diffusers which are strong, durable,
made with material that affects biofilm formation thus reducing biofilm attachment and formation while
having properties to effectively design aperture sites for desired bubble size? These are pertinent questions
that must be addressed in future diffuser designs. Thus, this is another niche area for future research.

OPERATING FACTORS AFFECTING DIFFUSER DESIGN
Impact on microbial community removal and attachment

Constituents of wastewater pose dangers to both humans and the ecosystem. A greater number of organisms in
wastewater are pathogens and viruses that can disrupt nature and make humans sick (Nadayil et al. 2015). Edz-
wald (2010) indicated that an effective flotation system can remove microorganisms such as Giardia cysts.
Similarly, Andreoli & Sabogal-Paz (2017) investigated the removal of Giardia spp and Cryptosporidium spp
using a combination of flotation and filtration systems. They discovered a higher removal of cysts and oocysts
from the wastewater with the flotation system compared to the filtration method. Santos & Daniels (2017) pre-
viously used a bench-scale DAF to remove Giardia cysts from wastewater but this was an ineffective method as it
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was dependent on flocculant supplementation. However, whether diffusers aid in the removal of microorganisms
due to their materials of construction possessing antimicrobial properties still needs some further investigations.

Diffuser surfaces are a unique environment for biofilm formation due to the provision of an adherence surface,
sufficient oxygen supply from the incoming air and adequate nutrients from the wastewater being treated.
Additionally, operating process variables play a role in the formation of biofilms on diffusers. This includes
levels of dissolved oxygen, the concentration of ions in the wastewater to be treated as well as the soluble sub-
strate availability, which collectively promote biofilm growth (Garrido-Baserba et al. 2018). Consequently,
sparger systems’ attributes can favour fouling, which can be grouped into three categories that are biological,
organic and inorganic fouling with biofouling or the development of biofilm on diffusers being of great concern
(Meng et al. 2009). Organic matter can also contribute to the deposition of biopolymers (Odize et al. 2017) and
inorganics can lead to the deposition of different cationic and anionic precipitates of chemical or biological
nature, which could further exacerbate the fouling challenges (Wang et al. 2008). Additionally, biofouling is a
result of deposition of small particles onto the diffusers leading to the formation of a cake layer, which is com-
posed of particles built-up, thereby leading to flow resistance, thus loss of bubble generation efficiency (Harun
& Zimmerman 2019). This leads to an increase of back pressure on the air pump or compressor (Rosso &
Shaw 2015), resulting in decreased aeration efficiency. DWP increases with increasing time in operation
(Zhao et al. 2004). This also results in an increase in bubble size as a result of material property alteration,
and also leads to increased energy costs (Garrido-Baserba ef al. 2016). Fouling can either be reversible or irrevers-
ible. Reversible fouling is as a result of loosely bound materials, which can be easily removed by physical cleaning
processes, whereas irreversible fouling is a more complicated phenomenon and can cause clogging, which
requires chemical cleaning for its removal (Odize ef al. 2017).

Researchers have tried to chemically clean diffusers such that they are less vulnerable to fouling. However,
challenges arise since diffusers are porous hence a continuous supply of cleaning chemicals is a challenge. More-
over, by using some coatings on the diffuser material of construction as having been used previously, some of
these coatings are not resistant to cleaning chemicals, have poor durability and easily leach (Hamza et al.
1997). Zhao et al. (2004) investigated the effect of free energy of diffusers surfaces to minimize microbial
adhesion. They used a nickel polytetrafluoroethylene (PTFE) coating and achieved a reduced microbial adhesion
of 68-94%. To mitigate these challenges, routine cleaning-in-place of diffusers must be implemented. However,
diffuser maintenance can delay or take operator’s time, thus increasing downtime (Boyle & Redmon 1983);
hence, innovative diffusers that require very minimal maintenance are needed. During disinfection, operations
using oxidative micro and nanobubbles is deemed effective when compared to normal air bubbles produced
through a porous material (Sung ef al. 2017), as diffusers can be designed in such a way that they produce oxi-
dative bubbles that will affect the microbial community in the wastewater while carrying out their normal
flotation process. However, future research needs to investigate if additives such as silver nano-particles that
can be incorporated during diffuser production reduce the microbial load in wastewater being treated due to
their antimicrobial properties.

Sparging rate influences

Sparging rate is important in the production of suitable microbubbles. It determines the bubble size, which influ-
ences residence time in the form of throughput rates of treated wastewater and rising bubble velocity with bigger
bubbles having lesser residence time, and thus less bubble particle collision times than smaller bubbles, which
leads to inefficiencies (Edzwald et al. 1992). Gas flow rate determines the air bubble quantity that goes into a
flotation system, whilst affecting the bubble size and the flow pattern in column flotation; hence, an averaged
flow rate is advised (Liu ef al. 1999).

Also, the pressure loss of a system determines the energy consumption, especially for diffusive aeration. This is
usually an indicator of clogging and fouling that further causes increased back pressure on the diffusers, thus indi-
cating reductions in the performance of the system. The pressure loss can be estimated using Equation (1)
(Krampe 2011);

AP= Py — Pp— Pp (1)
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Where

* AP = Diffuser pressure loss

* Py = Pressure of the total air supply

* Pp = Hydrostatic pressure resultant from injection depth
* Pp = Pressure loss of valves and/or pipes

Hence, when designing diffusers, properties that reduce chances of clogging and fouling thus minimising
pressure loss and the need for increased gas flow rate should be considered.

Suspended solids loading rate influences

The suspended solid loading rate is an important factor in flotation system operation as it determines the quantity
and concentration of suspended solids (flocs) to be removed. For example, suspended solids being fed into the
tank per minute (Al-Sabagh et al. 2015) can affect the performance of the flotation system, which in turn affects
the air-solid ratio, which can be estimated by Equation (2).

A 1.3S,(fP 1)
S X @

where:

4_ air-solid ratio (Kg air/Kg suspended solids in the feed),
ga = air solubility (mL/L),

P = operating pressure (Kg/cm? or Pa)

f = pressurisation system efficiency at pressure 0.8 and

X = influent solids concentration (mg/L).

A/S ratio is the measure of the released quantity of air per solid mass available in a flotation cell. Air-solid ratio
affects the collision frequency and buoyancy velocity of particle-bubble formations, including the suspended
solids removal rates, which influences the overall performance of a flotation system. Various A/S ratios have
been used in different applications (see Table 3).

Table 3 | Examples of the required A/S ratios used in different applications

A/S ratios Applications References

0.05-0.22 kg air/kg solids Iron hydroxide precipitation Féris et al. (2001)

0.027-0.066 kg air/kg solids Wastewater treatment (milk industry) dos Santos Pereira ef al. (2018)
0.015 kg air/kg solids Textile effluent treatment Pioltine & Reali (2011)
0.54-0.078 kg air/kg solids Poultry slaughterhouse wastewater treatment de Nardi et al. (2008)

Removal efficiencies will be negatively affected if less than the required amount of air is supplied whereas
energy will be wasted if too much air is supplied; hence, an optimum supply should be employed thus making
the A/S ratio an important parameter to be considered when designing air diffusers and flotation systems
(Othman ef al. 2021). Flotation systems have no tool that satisfactorily expresses it due to system complexity
and many unknowns (Tai & Doo 1997; El-Gohary et al. 2010); therefore, designing of diffusers that distributes
sufficient air is a necessity especially with the increased quantity and reduced quality of wastewater needing
treatment.

Hydraulic loading rate

Flotation systems are limited by operating costs, complex operating process variables, maintenance and optimis-
ation. However, diffuser design has led to technological developments, which in turn resulted in increased
hydraulic loading rate (HLR). HLR of up to 30 mh~? for high rate flotation systems have been reported (Edzwald
2010; Azevedo et al. 2017). However, with such design improvements over the years, it is important to take into
account improvements in relation to the rising velocity of bubbles when designing the diffusers to avoid bubble
floc aggregate disintegration (Maeng et al. 2017).
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Overall remarks on diffuser design and its use in a column flotation

This review allowed for identification of the gaps within diffuser design literature in relation to their physical
design aspect and how operational parameters affect it. Importantly, at some instances, questions have been

raised and suggestions have been mentioned. However, there is minimal information on the design of air diffusers
as most research is focused on hydrodynamic properties rather than the air releasing device’s properties and con-
figurations including design. The review of diffuser design has highlighted that:

Significant progress has been made to improve the efficiency of the diffusers; that is, new shapes have been
introduced and materials used for construction has been varied including being mixed, but the diffusers are
still inadequate to meet the process efficiency for particular purposes due to increased quantity and reduced
quality of wastewater to be treated; hence, the need for improvement need not be understated.

The challenges associated with air diffusers and their applications are known, and these include fouling, clog-
ging, poor system efficiency and breaking, amongst others, thus reflecting the need to improve their design.
The importance of understanding the effect of the diffuser design on operational parameters and the factors that
are considered important when designing diffusers; that is, cost, durability and robustness using appropriate
materials of construction.

Process variables (sparging rate, suspended solid loading rate and hydraulic loading rate) should be taken into
account when designing diffusers as they have an effect on the efficiency of the diffusers.

Addition of additives to the diffusers can give them extra properties such as antimicrobial activities while carry-
ing out their normal aeration/sparging processes.

Therefore, future work can:

Explore whether the application of new technology such as 3D printing of air diffusers for use in a column flo-
tation system can provide for suitable bubble size production that can lead to reduced energy consumption and
a simplified system.

Design air diffusers that have oxidative air generating properties, which might affect the microbial community
present in the wastewater being treated, thus reducing the rate of fouling and improving the quality of treated
water in terms of reduced microbial load while carrying out the normal flotation process.
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