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Abstract: Flotation technologies have emerged as key processes for the treatment of industrial
wastewater containing oil, grease and suspended solids. This review proposes an academic
synthesis of four studies addressing flotation-based separation, unified by their focus on the removal
of hydrophobic pollutants from complex industrial effluents. This paper cover: (i) the mechanistic
fundamentals and design parameters of flotation processes, (ii) the optimization of dissolved air
flotation (DAF) for dairy wastewater, (iii) a comparative assessment of acid-induced flotation and
DAF for vegetable oil refining effluents, and (iv) the integration of induced gas flotation (IGF)
assisted by micro/nanobubbles (MNBs) with ceramic membrane filtration (CMF) for oil sands
process-affected water. Overall, flotation processes are most effective when carefully tailored to the
physicochemical properties of the treated effluent and when integrated with complementary pre- or
post-treatment steps. Despite their high efficiency, limitations such as membrane fouling, energy
demand, and challenges related to large-scale implementation remain critical. This review
underscores the need for optimized hybrid systems and emphasizes the central role of
physicochemical interactions in improving flotation-based wastewater treatment performance.
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1. INTRODUCTION

Industrial wastewater generated from sectors such as petrochemical processing, dairy
production, and edible oil refining contains complex mixtures of contaminants, including free
oil, emulsified oil, and suspended solids [7,10,11]. These pollutants pose significant
environmental challenges due to their stability, persistence, and resistance to conventional
treatment methods [19].

Flotation remains one of the most versatile separation technologies for treating such
effluents, as it exploits differences in hydrophobicity and density between contaminants and the
aqueous phase [3]. Consequently, flotation-based technologies are widely applied for the
removal of oil, grease, and fine particles from industrial wastewater [11,19]. Among these,
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dissolved air flotation (DAF), induced gas flotation (IGF), and emerging micro/nanobubble-
assisted systems represent the most relevant and widely studied approaches [3,9,14].

In recent years, research has shifted from general process descriptions toward the
optimization of hydrodynamic parameters and the integration of flotation with complementary
treatment units, particularly membrane filtration and coagulation or acidification stages [8,15].
Despite these advancements, conventional flotation processes still exhibit limited efficiency in
removing fine emulsified droplets (<20 um), which remain a major bottleneck in wastewater
treatment due to their stability and low buoyancy [4,16].

Conceptually, the methodological study on flotation mechanisms and design parameters
provides the theoretical framework for interpreting the experimental findings enabling a
coherent transition from fundamental principles to practical applications in dairy wastewater
treatment, vegetable oil refining effluents, and oil sands process-affected water.

Across these studies, flotation performance is shown to depend critically on several
factors, including wastewater characteristics, particle and droplet size distribution, operating
conditions, and system design. The integration of flotation with pre-treatment or post-treatment
processes further enhances efficiency, highlighting the importance of tailoring the process to
the specific physicochemical properties of the treated effluent.

Accordingly, this review aims to: compare flotation technologies across different
industrial applications, evaluate the influence of key operational parameters, assess the
advantages of hybrid flotation-based systems, identify current limitations and research gaps.

2. RESULTS AND COMPARATIVE ANALYSIS

2.1. Performance of Dissolved Air Flotation (DAF)

Dissolved air flotation (DAF) demonstrated strong performance in the treatment of dairy
wastewater, achieving removal efficiencies of 97.8% for turbidity, 87.5% for COD, and 83.1%
for color [2]. These results confirm that DAF is highly effective for the separation of dispersed
oil fractions (20-150 pm) and suspended solids when operating conditions are properly
optimized [2,21].

However, as highlighted by the broader mechanistic framework proposed in scientific
literature, flotation efficiency is not solely governed by bubble generation, but by a complex
interplay of hydrodynamic parameters, including gas holdup, flow regime, bubble size
distribution, and mixing conditions [3,30]. In this context, was shown that DAF performance is
inherently multi-parametric, with key variables such as air saturation pressure, recycling ratio,
and coagulant dosage playing a decisive role [2].

Optimal conditions reported (10 bar saturation pressure, 20% recycle ratio, pH ~4, and
250 mg/L FeSO.) indicate that DAF becomes significantly more robust when coupled with
chemical conditioning of the influent [2,5,27]. Nevertheless, despite its effectiveness, DAF
remains limited in removing fine emulsified droplets (<20 pm), which reduces its standalone
applicability in highly stable emulsions [2,5,27].

2.2. Acid-Induced Flotation vs. DAF

The comparative study on vegetable oil refining wastewater provides further insight into
the limitations of conventional DAF [1]. Results show that acid-induced flotation at pH of 3
significantly outperforms DAF, achieving oil removal efficiencies of 99.24% and COD
reduction of 93.4% [1,22].
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From a mechanistic perspective, this improvement can be attributed to enhanced droplet
coalescence, charge neutralization, and increased bubble—oil attachment efficiency under acidic
conditions [1,15]. The findings suggest that, in effluents rich in hydrophobic compounds such
as vegetable oils, destabilization of emulsions through acidification can be more effective than
relying solely on bubble-mediated separation [8,15].

However, these benefits come at the cost of increased chemical consumption and
potential corrosion issues, raising concerns regarding operational sustainability and economic
feasibility. Therefore, while acid flotation can surpass DAF in performance, its practical
implementation requires careful evaluation of trade-offs [1,15].

2.3. Induced Gas Flotation with Micro/Nanobubbles
It was observed that when is used induced gas flotation (IGF) based on the formation of
micro/nanobubbles (MNBs) [4]. The incorporation of MNBs extends the operational capability
of flotation systems, enabling the removal of much finer droplets [4,9].
Key findings include [4]:
o reduction of minimum floatable droplet size to 7.6 pm
e increase in oil removal efficiency by approximately 11%
e increase in suspended solids removal by approximately 19%
These improvements can be explained by the unique physicochemical properties of
MNBs, including increased surface area, prolonged residence time, and enhanced collision
probability with fine particles [9,12,14].

Table 4. Effect of operational parameters in IGF [3, 4, 9, 19]
Parameter Effect on performance
Bubble size | Smaller bubbles — higher efficiency

Injection ratio | Higher ratio — improved removal

pH Lower pH — enhanced flotation
Gas type N2 = air > CO»

Some studies [3] reveal that bubble size distribution and hydrodynamics are central to
flotation performance [3,20]. Unlike conventional DAF, IGF with MNBs partially overcomes
the limitation related to fine emulsified droplets, although complete removal remains
challenging without additional treatment stages [4,19].

2.4. Hybrid IGF-CMF System

The integration of IGF with ceramic membrane filtration (CMF) represents a shift from
standalone flotation toward hybrid treatment systems [4,8]. In this configuration, flotation acts
as a pre-treatment step, reducing the load of oil and suspended solids before membrane filtration
[4,21].

Table 5. Results of Hybrid IGF-CMF System [4]

Parameter IGF only IGF + CMF
Oil concentration | 32—-106 mg/L <7 mg/L
SS removal moderate near complete

This hybrid approach offers several advantages [4]:
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o improved effluent quality
e reduced membrane fouling rate
o elimination of chemical additives
However, a typical trade-off associated with hybrid systems is observed: the presence
of residual nanobubbles slightly reduces membrane flux due to partial pore blocking and
increased interfacial resistance [4,21]. Despite this limitation, the overall system performance
remains superior due to enhanced stability and reduced fouling over time [4].

2.5. Integrated Critical Interpretation

Flotation efficiency is not determined by a single parameter, but by the interaction
between hydrodynamics, water chemistry, and pollutant characteristics. In scientific literature
is shown that the theoretical backbone for understanding system behavior [3], process
optimization and chemical conditioning are essential for high performance [2], highlights the
dominant role of pH in destabilizing emulsions [1]. The IGF-CMF study shows that integration
with advanced technologies is necessary to overcome limitations related to fine particles and
long-term stability [4].

3. MECHANISMS

Flotation efficiency is fundamentally governed by microscale interactions occurring at
the interface between gas bubbles, oil droplets, and suspended particles [3,13]. At this scale,
separation performance is controlled by the balance between hydrophobic forces, electrostatic
interactions, and interfacial tension [3]. These physicochemical interactions determine whether
particles and droplets will successfully interact with rising bubbles or remain dispersed in the
bulk liquid.

The flotation process proceeds through a sequence of key mechanisms. Initially,
collisions occur between rising gas bubbles and dispersed oil droplets or solid particles [3,13].
The frequency of these collisions depends on hydrodynamic conditions, including bubble size
distribution, gas holdup, and flow regime [3,12,20]. Following collision, attachment takes place
if attractive forces overcome repulsive barriers, leading to the formation of stable bubble—
particle or bubble—droplet aggregates [9,12]. Once formed, these aggregates rise toward the
surface due to buoyancy, where they accumulate and form a froth layer that can be removed,
thus achieving phase separation [ 4,9,12,19].

The incorporation of nanobubbles significantly enhances these mechanisms due to their
unique physicochemical properties. Their extremely small size increases the total interfacial
area available for interaction, thereby improving collision probability. In addition, nanobubbles
exhibit high surface energy and stability, which promotes stronger attachment between bubbles
and fine particles. As a result, they improve the stability of formed aggregates and enable the
efficient capture of fine and stable emulsified droplets, typically below 10 pum, which are
difficult to remove using conventional flotation systems. [4,19]

The overall separation performance is determined by the dynamic of bubbles, droplet
and particles. The interaction at microscale involves electrostatic and hydrophobic interactions
and interfacial tension. At first, suspended particles and oil droplets collide with the rising
bubble, being influenced by bubble size, gas holdup and hydrodynamic conditions. The
formation of aggregates is influenced by the overcame of repulsive force by the attractive force.
These aggregates rise at the surface where they are removed thus achieving the separation of

375 Fiabilitate si Durabilitate - Fiability & Durability No 1/2026
Editura “Academica Brincugi”, Targu Jiu, ISSN 1844 — 640X,



pollutants. Nanobubbles have some advantages: high surface area, high surface energy, strong
attachment and stability of aggregates Fig.1.

1. Collision 2. Attachment 3. Rise 4. Separation
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Figure 1. a) Mechanisms of flotation; b) microscale interaction and c) the role of
micro/nanobubbles in enhancing separation efficiency.

Fig. 1 1 illustrates the fundamental stages of the flotation process, including bubble—
particle collision, attachment, rise, and separation through froth formation. At the microscale,
flotation efficiency is governed by hydrophobic interactions, electrostatic forces, and interfacial
tension between gas bubbles and oil droplets. The lower section highlights the role of micro-
and nanobubbles, which increase interfacial area, enhance collision probability, and improve
the stability of bubble—particle aggregates. These effects enable the effective removal of fine
emulsified droplets (<10 um), which are typically resistant to conventional flotation processes.

4. CRITICAL DISCUSSION

A first key aspect is the dominant role of process parameters controlling bubble-particle
interactions. Across all studies, flotation efficiency is strongly influenced by bubble size, gas
concentration, residence time, and pH [3,14]. These parameters directly affect collision
frequency, attachment probability, and aggregate stability, confirming that flotation is
fundamentally governed by hydrodynamic and interfacial phenomena rather than by a single
operational variable. [3,20]

A second important observation concerns the role of the wastewater matrix. The results
demonstrate that performance achieved in one type of effluent cannot be directly transferred to
another. Variations in organic loading, salinity, emulsion stability, and particle size distribution
significantly alter separation mechanisms [11,19]. For instance, while DAF performs well in
dairy wastewater under optimized conditions [2], acid-induced flotation proves more effective
in highly hydrophobic effluents such as vegetable oil wastewater. This highlights the necessity
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of tailoring flotation processes to the specific physicochemical characteristics of each
wastewater stream [1,15].

A third major trend is the transition toward hybrid systems. The integration of flotation
with complementary processes-such as coagulation, acidification, or membrane filtration-
consistently leads to improved performance [5,6,8]. In particular, the combination of IGF with
ceramic membrane filtration demonstrates how flotation can be effectively used as a pre-
treatment step to enhance downstream separation efficiency and reduce fouling [4, 21]. This
shift reflects a broader evolution from standalone unit operations toward integrated treatment
trains.

Despite these strengths, several limitations are consistently reported across the studies.
High removal efficiencies (typically exceeding 80-99%) are achievable, but often under
controlled or optimized conditions that may not fully reflect industrial complexity. Flotation
performance remains highly sensitive to droplet size, especially for stable emulsions below 20
um [14,19]. In addition, energy consumption associated with pressurization (DAF) or gas
injection (IGF), as well as chemical dependency in acid flotation, raises concerns regarding
operational sustainability [1,4,15]. In hybrid systems, membrane fouling and flux reduction
remain critical challenges, even when flotation is used as a pre-treatment step.

From a research perspective, several gaps limit the direct applicability of current
findings. A major issue is the limited validation on real industrial wastewater, as some studies
rely on synthetic or controlled systems that do not fully capture real-world variability.
Furthermore, there is a lack of standardized comparison metrics, as different studies report
performance using non-uniform indicators, complicating direct evaluation. Equally important
is the absence of comprehensive analyses of energy consumption and operational costs, as well
as a lack of clearly defined scale-up criteria for industrial implementation.

These aspects should be addressed through a unified evaluation framework based on
common performance categories, including removal efficiency, operational stability, chemical
consumption, energy demand, and impact on downstream processes. Such an approach would
enable a more consistent comparison of flotation technologies and support their transition from
laboratory-scale studies to full-scale industrial applications.

5. CONCLUSIONS

Flotation technologies remain essential for the treatment of industrial wastewater
containing oil, grease, and suspended solids, due to their versatility and adaptability to a wide
range of effluent characteristics. Flotation processes can be effectively tailored to diverse
industrial applications when the underlying mechanisms and control parameters are properly
understood.

The study on dairy wastewater confirms that dissolved air flotation (DAF) can achieve
high removal efficiencies when supported by careful optimization of operational and chemical
conditions. In contrast, the comparative analysis of vegetable oil refining wastewater shows
that acid-induced flotation can outperform DAF under specific conditions, particularly in
systems dominated by stable hydrophobic emulsions. Furthermore, the investigation of oil
sands process-affected water demonstrates the potential of integrating induced gas flotation
(IGF) with micro/nanobubbles and ceramic membrane filtration, emphasizing the advantages
of hybrid treatment configurations.
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Future industrial applications will increasingly rely on hybrid flotation-based systems,
designed through an integrated understanding of hydrodynamic behavior and wastewater
chemistry.

Future research should therefore focus on: the optimization and scaling of hybrid
systems, reduction of energy consumption and chemical dependency, validation under real
industrial conditions and development of standardized performance metrics for cross-study
comparison.

6. REFERENCES
[1].  Hartal, O., Khattabi Rifi, S., Madinzi, A., Mouhir, L., & Souabi, S. (2024).
Comparative study on wastewater pollution reduction: dissolved air flotation versus acidic
flotation and pH effects. Euro-Mediterranean Journal for Environmental Integration, 9, 1401—
1411. https://doi.org/10.1007/s41207-024-00569-1
[2].  Pereira, M. dos S., Borges, A. C., Heleno, F. F., Squillace, L. F. A., & Faroni, L. R.
D. A. (2018). Treatment of synthetic milk industry wastewater using batch dissolved air
flotation. Journal of Cleaner Production, 189, 729-737.
https://doi.org/10.1016/].jclepro.2018.04.065
[3]. Prakash, R., Majumder, S. K., & Singh, A. (2018). Flotation technique: Its
mechanisms and design parameters. Chemical Engineering and Processing: Process
Intensification, 127, 249-270. https://doi.org/10.1016/].cep.2018.03.029
[4].  Shim, J., Koo, J.-W., Hwang, T.-M., Sul, J.-H., & Jeong, S. (2025). Integrated
micro/nano bubbles-assisted induced gas flotation and ceramic membrane filtration for
chemical-free treatment of oil sands process-affected water. Separation and Purification
Technology, 374, 133736. https://doi.org/10.1016/j.seppur.2025.133736
[5]. Adlan, M.N., Palaniandy, P., Aziz, H.A. (2011). Optimization of coagulation and
dissolved air flotation (DAF) treatment of semi-aerobic landfill leachate using response surface
methodology (RSM). Desalination 277, 74-82.
[6].  Faisal, M., Machdar, L., Gani, A., Daimon, H. (2016). The combination of air flotation
and a membrane bioreactor for the treatment of palm oil mill effluent. Int. J. Technol. 7, 767—
777.
[7]. Ghosh, P., Samanta, A.N., Ray, S. (2010). COD reduction of petrochemical industry
wastewater using Fenton’s oxidation. Can. J. Chem. Eng. 88, 1021-1026.
[8§]. Khouni, 1., Louhichi, G., Ghrabi, A., Moulin, P. (2020). Efficiency of a
coagulation/flocculation—-membrane filtration hybrid process for the treatment of vegetable oil
refinery wastewater for safe reuse and recovery. Process Saf. Environ. Prot. 135, 323-341.
[9]. Lim, M.W., Lau, E.V., Poh, P.E. (2018). Micro-macrobubbles interactions and its
application in flotation technology for the recovery of high density oil from contaminated sands.
J. Pet. Sci. Eng. 161, 29-37.
[10]. Mohammed, T.J., Mohammed, S.S., Khalaf, Z. (2013). Treatment of oily wastewater
by induced air flotation. Eng. Technol. J. 31, 88-99.
[11]. Ogunbiyi, O., Liu, Z. (2023). Air flotation techniques for oily wastewater treatment.
In: Advanced technologies in wastewater treatment. Elsevier, pp. 153—-172.

378 Fiabilitate si Durabilitate - Fiability & Durability No 1/2026
Editura “Academica Brincugi”, Targu Jiu, ISSN 1844 — 640X,


https://doi.org/10.1007/s41207-024-00569-1
https://doi.org/10.1016/j.jclepro.2018.04.065
https://doi.org/10.1016/j.cep.2018.03.029
https://doi.org/10.1016/j.seppur.2025.133736

[12]. Parmar, R., Majumder, S.K. (2014). Hydrodynamics of microbubble suspension flow
in pipes. Ind. Eng. Chem. Res. 53, 3689-3701.

[13]. Perez-Garibay, R., Ramirez-Aguilera, N., Bouchard, J., Rubio, J. (2014). Froth
flotation of sphalerite: collector concentration, gas dispersion and particle size effects. Miner.
Eng. 57, 72-78.

[14]. Rajapakse, N., Zargar, M., Sen, T., Khiadani, M. (2022). Effects of influent
physicochemical characteristics on air dissolution, bubble size and rise velocity in dissolved
air flotation: a review. Sep. Purif. Technol. 289, 120772.

[15]. Rattanapan, C., Sawain, A., Suksaroj, T., Suksaroj, C. (2011). Enhanced efficiency
of dissolved air flotation for biodiesel wastewater treatment by acidification and coagulation
processes. Desalination 280, 370-377. https://doi.org/10.1016/j.desal.2011.07.018

[16]. Falletti, L., Conte, L., Zaggia, A., Battistini, T., Garosi, D. (2014). Food industry
wastewater treatment plant based on flotation and MBBR. Mod. Environ. Sci. Eng. 1, 562-566.
[17]. Santos, M.A., Capponi, F., Ataide, C.H., Barrozo, M.A. (2021). Wastewater
treatment using DAF for process water reuse in apatite flotation. J. Cleaner Prod. 308, 127285.
[18]. Saththasivam, J., Ogunbiyi, O., Lawler, J. et al. (2022). Evaluating dissolved air
flotation for oil/water separation using a hybridized coagulant of ferric chloride and chitosan.
J. Water Process Eng. 47, 102836.

[19]. Wang, C., Lii, Y., Song, C. et al. (2022a). Separation of emulsified crude oil from
produced water by gas flotation: a review. Sci. Total Environ. 845, 157304.

[20]. Wang, G., Ge, L., Mitra, S. et al. (2018). 4 review of CFD modelling studies on the
flotation process. Miner. Eng. 127, 153-177.

[21]. Xue, J. et al. (2016). Treatment of oil sands process-affected water (OSPW) using a
membrane bioreactor with a submerged flat-sheet ceramic microfiltration membrane. Water
Res. 88, 1-11.

379 Fiabilitate si Durabilitate - Fiability & Durability No 1/2026
Editura “Academica Brincugi”, Targu Jiu, ISSN 1844 — 640X,


https://doi.org/10.1016/j.desal.2011.07.018

