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Abstract 

Mining is being reoriented in Saudi Arabia as a 

strategic industrial pillar, with the recovery of 

raw materials becoming a core focus of 

competitiveness, environmental stewardship and 

national supply-chain resilience. This review 

paper evaluates column flotation technology as a 

facilitator for improving the recovery of 

phosphate, copper, zinc, gold-bearing sulphides, 

industrial minerals and future critical-mineral 

streams in the Kingdom. The paper is a structured 

review, inspired by the recent Springer open-

access formatting, from context and objectives to 

a transparent methodology, thematic synthesis, 

technology assessment, implementation 

framework and research agenda. Column 

flotation is considered because it provides a tall 

separation zone, controlled air dispersion, froth 

washing, less mechanical turbulence, and higher 

selectivity for fine particles compared to many 

conventional cells. The review integrates 

evidence from mineral processing, fine particle 

flotation, nanobubble-assisted flotation, process 

water recycling, tailings valorisation and mining 

priorities of Saudi Vision 2030. It argues the 

biggest opportunity is not just higher concentrate 

grade but also the creation of a recovery 

architecture where lost values in slimes, historic 

tailings and complex feeds are systematically 

reprocessed. The technology is most promising 

for Saudi mining operations when coupled with 

mineralogical characterisation, pilot testing, 

digital froth monitoring, reagent optimisation, 

water-quality control, and circular-economy 

metrics. The review concludes that column 

flotation can improve raw material recovery, 

reduce entrainment, water losses and 

downstream smelting penalties, but successful 

deployment requires site-specific design, 

 Resumo 

A mineração está passando por uma 

reorientação na Arábia Saudita como um pilar 

industrial estratégico, com a recuperação de 

matérias-primas tornando-se um foco central da 

competitividade, da gestão ambiental e da 

resiliência da cadeia de suprimentos nacional. 

Este artigo de revisão avalia a tecnologia de 

flotação em coluna como um facilitador para 

melhorar a recuperação de fosfato, cobre, zinco, 

sulfetos auríferos, minerais industriais e futuros 

fluxos de minerais críticos no Reino. O artigo é 

uma revisão estruturada, inspirada no recente 

formato de acesso aberto da Springer, 

abrangendo desde o contexto e os objetivos até 

uma metodologia transparente, síntese temática, 

avaliação tecnológica, estrutura de 

implementação e agenda de pesquisa. A flotação 

em coluna é considerada porque proporciona 

uma zona de separação elevada, dispersão 

controlada de ar, lavagem da espuma, menor 

turbulência mecânica e maior seletividade para 

partículas finas em comparação com muitas 

células convencionais. A revisão integra 

evidências do processamento mineral, da 

flotação de partículas finas, da flotação assistida 

por nanobolhas, da reciclagem de água de 

processo, da valorização de rejeitos e das 

prioridades de mineração da Visão Saudita 

2030. Ela argumenta que a maior oportunidade 

não é apenas um maior teor de concentrado, mas 

também a criação de uma arquitetura de 

recuperação na qual os valores perdidos em 

lamas, rejeitos históricos e matérias-primas 

complexas sejam sistematicamente 

reprocessados. A tecnologia é mais promissora 

para as operações de mineração sauditas 

quando combinada com caracterização 

mineralógica, testes-piloto, monitoramento 

digital da espuma, otimização de reagentes, 
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workforce capability, pilot scale validation and 

integration with national industrial clusters. 

 

Keywords: Column Flotation. Raw-Material 

Recovery. Saudi Mining. Phosphate 

Beneficiation. Fine Particles. Vision 2030. 

Circular Mineral Processing. Tailings 

Reprocessing. 

controle da qualidade da água e métricas de 

economia circular. A revisão conclui que a 

flotação em coluna pode melhorar a 

recuperação de matéria-prima, reduzir o 

arrastamento, as perdas de água e as 

penalidades na fundição a jusante, mas sua 

implantação bem-sucedida requer projeto 

específico para cada local, capacitação da força 

de trabalho, validação em escala piloto e 

integração com clusters industriais nacionais. 

 

Palavras-chave: Flotação em Coluna. 

Recuperação de Matéria-Prima. Mineração na 

Arábia Saudita. Beneficiamento de Fosfato. 

Partículas Finas. Visão 2030. Processamento 

Mineral Circular. Reprocessamento de Rejeitos. 

 

 

1 INTRODUCTION 

 

The Saudi Arabian mining industry is moving from resource discovery to the 

industrial value addition. Mining has been positioned as a third pillar alongside energy 

and petrochemicals in recent national policy, with government communications stressing 

large untapped mineral wealth, new rounds of exploration and an ambition to attract high 

quality industrial and mining investment. Here, mineral processing is not a back-end 

activity anymore. It is a decisive technology layer that defines how much of the mined 

material is converted into usable feed for fertiliser, metals, construction materials, 

batteries, renewable-energy infrastructure and advanced manufacturing. This challenge is 

especially important for ores containing fine particles, carbonates, clays, silicates, 

complex sulphides or previously discarded tailings. Column flotation deserves special 

attention, as it solves one of the oldest losses in mineral processing, namely, valuable 

minerals lost to recovery because their particle size, surface chemistry, or entrainment 

behaviour does not match well with conventional mechanical cells. The column cell has 

no mechanical impeller. But air bubbles move upward through a tall collection zone, 

contacting hydrophobic mineral particles and transporting them to a froth zone where 

wash water removes entrained gangue. This geometry can provide high selectivity, 

smaller plant footprint and improved metallurgical performance for fine and ultrafine 

feeds when feed conditioning, air rate, froth depth, bias and wash-water rate are properly 

controlled. 
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Figure 1 

Column-flotation recovery architecture for Saudi mineral concentrators. 

 
 

The Saudi case is another matter. The Kingdom boasts world-scale phosphate 

production, bauxite and aluminium value chains, gold operations, base-metal prospects 

and growing interest in copper, zinc, rare earths, lithium and other critical minerals. These 

opportunities are associated with constraints in arid regions such as water scarcity, 

increased environmental expectations and the need to reduce tailings volumes. Recent 

reviews of mineral-processing wastes suggest that reprocessing historical tailings and 

low-grade residues can both supply new critical metals and enable circular mining 

(Whitworth et al., 2022). Similarly, mineral-processing wastewater studies have shown 

that flotation circuits produce water streams containing suspended solids, dissolved ions, 

and residual reagents, highlighting the significance of reuse and treatment design for 

sustainable operations (Meng et al., 2022).This review presents a Saudi-specific 

argument that column flotation should be considered a recovery platform and not a single 

equipment replacement. Linked with mineralogy, advanced reagents, froth sensing and 

water recycling, it can upgrade fine phosphate slimes, polish sulphide concentrates, 
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reduce carbonate and silicate contamination, recover values from tailings, and stabilise 

the quality of concentrates for downstream plants. Comparative evidence in phosphate 

processing suggests that column flotation can be superior to mechanical flotation in 

recovering slimes, particularly when nanobubbles are employed to enhance particle–

bubble interactions (Taghavi et al., 2022). The results are directly relevant to 

beneficiation of Saudi phosphate, in that the recovery of fines may be valuable and reduce 

the intensity of waste. 

 

2 AIM, OBJECTIVES AND RESEARCH QUESTIONS 

 

The goal of this review is to assess the suitability of column flotation technology 

to improve raw-material recovery from mining operations in Saudi Arabia and how this 

technology is in line with the priorities of Vision 2030 for industrial diversification, 

sustainability, and domestic value addition. The review is conceptual and integrative 

rather than experimental and aims to provide an academically structured basis for future 

pilot studies, research publications and industrial feasibility assessments.The first 

objective is to characterise the technical principles that make column flotation viable for 

difficult fine particle recovery. The second aim is to synthesise the recent literature in 

flotation intensification, nanobubbles, fine-particle processing, waste reprocessing and 

water management (2020–2025). The third objective is to identify Saudi minerals and 

operational conditions for the maximum value creation by column flotation. The fourth 

objective is to recommend an implementation framework including mineralogical testing, 

laboratory scoping, pilot-column trials, scale-up criteria, process control and 

environmental performance. The fifth goal is to identify gaps for future research, in 

particular in arid-region water chemistry, reagent selectivity, digital froth analytics, and 

reprocessing of historical tailings. 

The review poses four questions. How does column flotation improve the 

likelihood of valuable fine minerals adhering to bubbles and rejecting worthless particles? 

Which Saudi mineral streams are most suitable for column flotation or column-cleaning 

circuitry? What are the procedural steps needed in order to evaluate this technology before 

large scale implementation? Finally, how can column flotation contribute to the circular 



5              Mohammed Naveed Azad 

 

 

Veredas do Direito, v.23, e237388 – 2026 

Veredas do Direito, v.23 n.2, e23xxx – 2026 

mining concept by recovering values from slimes, tailings and low-grade feeds instead of 

using only new ore to do so? 

 

3 METHODOLOGY 

 

The methodology of this paper is structured narrative review. A narrative review 

is suitable as the subject is a mix of engineering design, mineralogy, environmental 

management, national strategy and implementation planning. The review was conducted 

in six stages: topic scoping, keyword selection, database screening, inclusion criteria, 

thematic coding and synthesis. The approach is similar to the clarity of the attached 

Springer style reference paper presenting abstract, introduction, methods, results and 

discussion, figures, tables and conclusion in a transparent sequence. The attached model 

also demonstrates the importance of connecting process treatment, analytical results, 

environmental reuse and circular-economy implications in one coherent study (Alrowais 

et al., 2023). The search terms included column flotation, phosphate flotation, fine 

particle flotation, nanobubbles, mineral processing wastes, tailings reprocessing, flotation 

wastewater, process water recycling, Saudi mining, Vision 2030 mining, and critical 

minerals. The data were mainly obtained from peer-reviewed journal articles and review 

papers published between 2020 and 2025, supplemented with some official Saudi mining 

and investment sources when national context was required. Studies were considered if 

they discussed flotation selectivity, column-cell performance, recovery of fine or ultrafine 

minerals, phosphate beneficiation, process-water effects, environmental management, or 

industrial scale-up. Older foundational knowledge is acknowledged but not used as the 

main evidence base, consistent with the requested citation window. 

The synthesis proceeded through thematic coding. The literature was categorised 

into six areas, including fundamentals of column flotation, fine-particle challenges, 

advances in reagents and bubble size, applications to phosphate and sulphide ores, water 

and tailings management, and relevance to the Saudi industry. The review was not meta-

analysed due to the different ores, column geometries, reagent regimes, particle-size 

distributions and performance metrics used in the studies. Instead, evidence is 

comparatively interpreted with an eye to transferability. For example, a Phosphate study 

outside Saudi Arabia is not directly predictive of Saudi performance but it is useful in 
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understanding how fine phosphate slimes respond to column froth washing, nanobubbles 

and controlled air dispersion. 

The methodology also assesses preparedness for implementation. Each 

technology claim was evaluated against four questions: 1) Is the ore type likely to behave 

similarly mineralogically? 2) Is the process water chemistry likely to be important to 

flotation? 3) Are both grade and recovery reported in the results? 4) Is the approach 

scalable without unacceptable water, reagent, energy or maintenance burdens? This 

avoids a narrow focus on laboratory recovery alone and aligns the review with Scopus, 

Elsevier, Springer, Emerald expectations for transparent review logic, critical discussion 

and practical implications. 

 

4 COLUMN FLOTATION PRINCIPLES AND RECOVERY MECHANISMS 

 

Column flotation provides a better recovery of raw material, as the hydrodynamic 

environment is different from that of mechanical flotation. In a mechanical cell, the 

impeller can disperse air, suspend solids and create turbulence which may be useful for 

collision but detrimental to selectivity. Feed is introduced in a column near the upper 

middle section, air is sparged from the bottom, and bubbles rise through a relatively 

quiescent collection zone. Hydrophobic particles attach to the bubbles and rise, whereas 

hydrophilic particles sink or are removed as tailings. The froth zone is washed from above 

limiting the entrainment of unwanted fine gangue. 

This is useful when the ore contains fine particles. Fine particles have low mass 

and low collision probability with bubbles, but are also easy to be entrained with water 

into froth. Column cells solve this contradiction by providing a long contact time in the 

collection zone and using wash water to reject hydrophilic fines. This can lower the 

carbonate or silica contamination in concentrate for phosphate ores. Depending on the 

mineralogy this can improve selectivity to the cleaner stage for sulphide ores and reduce 

penalties associated with arsenic, carbonaceous matter or pyrite. 

The primary operating variables are superficial gas velocity, bubble size, froth 

depth, wash water rate, bias, pulp density, residence time, collector dosage, frother 

dosage, depressant dosage, pH and feed particle size. Only when these variables are in 

balance do we see the benefit of recovery. Too much air can lead to unstable froth and 
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poor selectivity. Too little air can limit collision. Too much wash water can result in loss 

of valuable recovery, while too little can allow entrainment. An overdose of reagent can 

increase the recovery but decrease the grade of concentrate. Column flotation is therefore 

a systems technology, and demands disciplined test work rather than a simple equipment 

substitution. There’s another dimension, as recent studies have been made on 

nanotechnology and nanobubbles. Nanobubbles increase the floatability of fine particles 

under particular conditions through an increase in the apparent opportunities for bubble-

particle contact and changes in surface interactions (Sigauke et al., 2025). In the work of 

Taghavi et al. (2022), column flotation with nano‐microbubbles resulted in higher 

phosphate slime concentrate grade and recovery compared to the tests without 

nanobubbles. The results support a Saudi research agenda of combining column 

equipment with bubble engineering and reagent selectivity especially for phosphate 

slimes and fine sulphide feeds. 

 

5 SAUDI MINERAL OPPORTUNITIES 

 

The earliest opportunity is in the beneficiation of phosphates. Saudi phosphate 

value chains support the fertiliser industries, export markets and downstream chemical 

production. Fines and slimes formed during crushing, grinding, classification and 

washing may contain recoverable apatite. These streams are difficult as fine particles 

consume reagents, reduce selectivity and increase water entrainment. Column flotation 

can be used as a cleaner or scavenger stage to recover fine apatite and reject carbonate 

gangue. Historical work on phosphate ores from Saudi Arabia had already highlighted 

the potential of column flotation, and newer data on phosphate slime flotation is making 

a case for updated pilot work with modern spargers, on-line sensors and optimised 

reagents. 

A second opportunity is the processing of copper and zinc sulphides. Saudi Arabia 

is broadening its search for base metals and new finds will need efficient concentrators. 

Cleaner circuits of sulphide ores often employ column flotation, as it can yield higher 

grade concentrates with less entrained gangue. Small selectivity improvements in 

polymetallic systems can have large financial consequences as impurity levels impact 
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smelter penalties, transport costs and concentrate blending constraints. This could 

enhance the marketability of Saudi concentrates and reduce downstream processing risk. 

 

6 ENVIRONMENTAL AND WATER-MANAGEMENT DIMENSIONS 

 

Column flotation can contribute to environmental performance but only in 

conjunction with water management. Mining in arid regions cannot treat water as an 

unlimited input. Water chemistry in flotation can influence the stability of bubbles, 

surface charge, reagent adsorption, froth behaviour and scale formation. Calcium, 

magnesium, sulphate, chloride, residual collectors, dispersants and dissolved organics can 

be present in recycled water. Depending on the ore and reagent system, these components 

can either assist or hinder flotation. Therefore, Saudi pilot studies should evaluate not 

only grade and recovery but also water quality, reagent persistence and recyclability. 

Heavy metals, suspended solids and residual flotation reagents are often found in 

mineral-processing wastewater which requires treatment and reuse for environmental 

control, according to Meng et al. (2022). Wash water is an additional water stream to a 

column flotation circuit, but it also provides the operator with an immediate means of 

controlling entrainment. A good design of circuit can recirculate clarified water, treat high 

risk streams and reduce the discharge burden. The goal should be to create a closed or 

semi-closed water loop where water quality is controlled as a process variable.Tailings 

management is just as important. Column flotation can recover more value from fine 

streams, reducing the mineral value locked in tailings and the long-term opportunity cost 

of waste storage. It could also alter the chemistry of the tailings, however, by 

concentrating certain minerals or reagents in specific streams. Environmental assessment 

must therefore take into account tailings mineralogy, acid generation potential, reagent 

residues, water return and geotechnical behaviour. A recovery technology is sustainable 

only if its incremental metal or phosphate recovery does not present unmanaged 

downstream risks. 
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7 PROCESS DESIGN FRAMEWORK FOR SAUDI DEPLOYMENT 

 

A real Saudi framework should start with the characterisation of the ore. 

Automated mineralogy, particle-size analysis, liberation studies, x-ray diffraction, 

chemical assays and surface-chemistry tests are needed before a column circuit can be 

selected. The key question is whether valuable minerals are released at floatable sizes. If 

values are locked in composite particles, additional grinding or selective regrinding may 

be required. If the values are liberated but ultrafine, column flotation with appropriate 

sparging and froth washing could be attractive. 

The second phase is laboratory scoping. Mechanical cells and small columns 

should be compared under controlled conditions in bench tests. The variables must 

include pH, type of collector, depressant, frother, air rate, percentage of solids, rate of 

wash-water, froth depth and residence time. Response metrics should include concentrate 

grade, valuable recovery, mass pull, selectivity index, water recovery, entrainment ratio, 

reagent consumption and tailings grade. Here, one should avoid the common mistake of 

reporting only the maximum recovery, as the industrial value depends on the recovery-

grade balance.The third stage involves pilot testing. A pilot column shall be operated with 

representative feed, process water and realistic disturbance patterns. It should test start-

up, shut-down, feed variability, froth stability, sparger maintenance and control response. 

Early implementation of digital monitoring including froth imaging, airflow 

measurement, density, level control, conductivity, pH, oxidation-reduction potential and 

automatic sample collection should be carried out. Data should guide a scale-up, not 

simply validate a desired outcome. 

The fourth stage is an economic and environmental assessment.  

• The business case should compare incremental recovery to: capital cost, operating 

cost, reagent intensity, water requirement, energy use, concentrate transport 

savings, smelter penalty reduction, tailings value and potential environmental 

liabilities. The assessment should also take into account local content, workforce 

development, domestic equipment servicing, research partnerships and integration 

with industrial clusters to be in line with Vision 2030. 
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8 TABLES AND SYNTHESIS 

 

Table 1 Fit of column flotation to key Saudi mineral streams the table does not 

replace site testing but provides a screening map for prioritising research and pilot 

projects. Phosphate slimes and sulphide cleaner circuits look especially attractive with 

the combination of fine particle recovery and benefits in concentrate quality. 

Reprocessing of tailings is also strategic in the sense that it supports circular mining and 

can convert legacy waste into feedstock. 

Table 2. Proposed matrix of methodology for the future Saudi studies. The main 

message is that staged evidence should be used to test column flotation. A good research 

paper or pilot report should start with mineralogy, go through lab kinetics, study column 

operating variables, quantify environmental performance and finish with scale-up criteria. 

This structure will lead to publishable results in Scopus indexed journals and useful to 

industry decision makers 

 

Table 2 

Methodology matrix for Saudi column-flotation studies 

Stage Required work 
Outputs for Scopus/Q1-style 

reporting 

Characterization 

Automated mineralogy, assays, 

particle-size distribution, 

liberation and water chemistry 

Ore-response map, liberation 

limits and baseline water 

constraints 

Bench testing 

Mechanical-cell comparison, 

pH, collectors, depressants, 

frothers and initial column tests 

Grade-recovery curves, kinetic 

parameters and reagent 

selectivity 

Pilot column 

Representative feed, air rate, 

wash water, froth depth, bias and 

control loops 

Scale-up data, stability envelope 

and mass-balance closure 

Environmental review 

Water recycling, residual 

reagents, tailings chemistry and 

energy intensity 

Water-loop model, risk controls 

and circular-economy indicators 

Economic decision 

CAPEX, OPEX, concentrate 

transport, smelter penalties and 

local content 

Net-value model and 

implementation readiness score 

 

9 DISCUSSION  

 

The evidence suggests that column flotation is at its best when the aim is selective 

recovery of fine values, rather than simply replacing mechanical cells. The technical 
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advantage of the process is the separation of functions, the collection zone encouraging 

particle-bubble attachment, while the froth zone and wash water improve rejection of 

entrained gangue. This separation is of relevance to Saudi phosphate beneficiation as fine 

apatite losses may be accompanied with carbonate and silica contamination. This is 

important in sulphide cleaning, as concentrate impurities can reduce net smelter return 

even though rougher recovery may be high.But column flotation is no panacea. It may 

not work well if feed is too coarse, if valuable minerals are not liberated, if slime coatings 

prevent selectivity, if water chemistry destabilises froth, or if operators cannot maintain 

correct bias and froth depth. It also may require careful sparger maintenance and 

dependable instrumentation. So the correct advice is not to go full-scale everywhere 

immediately, but to do disciplined piloting where the mineralogical and economic 

conditions justify it.Saudi process-water chemistry is a major research gap. Laboratory 

water or site water used in many flotation studies may not be representative of arid-region 

recycling conditions. Saudi operations should take into account the effects of salinity, 

hardness, sulphate, chloride and residual reagents on column flotation. Another area is 

digital control. Froth imaging and machine learning can detect bubble size, colour, 

velocity, texture and froth stability. Combined with grade sensors and mass-balance 

models, these tools can reduce operator variability and support autonomous control. This 

is part of Saudi Arabia’s broader digital transformation agenda.Another gap is 

sustainability of reagents. Conventional collectors and frothers are effective but care must 

be taken to prevent reagent residues in recycled water and tailings. Research should 

evaluate biodegradable, selective or lower dosage reagent systems, including nanoparticle 

collectors, when environmental risk is known. As pointed out by Sigauke et al. (2025), 

nanomaterials and nanobubbles may enhance fine-particle flotation, but the 

environmental and health implications need to be explored as well. Saudi research should 

therefore combine recovery testing with reagent fate, toxicity screening and water-loop 

behaviour. 

 

10 PRACTICAL IMPLICATIONS FOR VISION 2030 

 

Column flotation can support Vision 2030 through increased domestic value 

capture from the same geological resource base. The more we recover, the 
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more product we get from each tonne mined. Higher concentrate grade reduces 

unnecessary gangue transport and can improve downstream plant efficiencies. 

Reprocessing of tailings converts waste to an industrial input and reduces long-term 

liabilities. Water-aware flotation promotes responsible development in arid areas. These 

contributions align with the Kingdom’s goals of diversification, industrial localisation, 

environmental responsibility and global mining competitiveness.“From a company 

perspective, the practical implication is that column flotation should be part of an 

innovation pipeline.” Mining companies can start with a digital inventory of losses: 

tailings grades, slime losses, cleaner-stage recoveries, impurity penalties, and water-

recycling constraints. That allows them to rank opportunities by value and technical 

viability. Universities and research centres can provide support for mineralogical 

characterisation, reagent screening and pilot testing. Service capabilities can be localised 

by equipment suppliers. Permitting frameworks can also serve as a tool for regulators to 

incentivize secondary resource recovery by recognising tailings as a potential feedstock, 

provided there are environmental safeguards. 
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Figure 2 

Five-step scale-up roadmap for column flotation in Saudi Arabia. 

 
 

The topic lends itself well to research-paper development because it ties 

engineering detail to national strategy. Suitable empirical studies might be pilot column 

flotation of Saudi phosphate slime recovery, effect of process-water salinity on apatite-

calcite separation, nanobubble-assisted recovery of fine sulphides, digital froth-image 

control for column cleaning, or techno-economic assessment of tailings reprocessing. 

Quantifiable outputs can be generated from each study, for example grade, recovery, 

selectivity, water recovery, reagent consumption and life-cycle indicators. 

 

11 FUTURE RESEARCH AGENDA 

 

We recommend five areas for future research. First, Saudi ore-specific column 

tests are required for phosphate, copper-zinc sulphides, gold-associated sulphides and 

tailings. 2) Recycled, saline, and treated process waters should be studied for their water 
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chemistry. Third, reagent optimisation should include the development of lower-dose 

collectors, selective depressants, froth modifiers, and safer environmental alternatives. 

Fourth, the development of digital monitoring should be based on the analytics of the 

froth image, online sensors and predictive control. Fifth, techno-economic and 

environmental models should quantify the combined value of higher recovery, lower 

impurities, water reuse and tailings valorisation.Pilot studies should be designed to 

publication quality. They should have clear hypotheses, characterisation or at least, 

reproducible procedures, statistical treatment, discussion of uncertainties and transparent 

limitations. This will help Saudi researchers to publish in high quality journals and help 

the mining companies to trust the results. It could test a number of ores under a common 

test matrix to develop a Saudi column-flotation database for future projects under a 

national research program. 

 

12 CONCLUSION 

 

The use of column flotation technology provides a practical and scientifically-

defensible means for improving the recovery of raw materials in the Saudi Arabian 

mining industry. It is of greatest value in fine-particle recovery, froth washing, cleaner-

stage selectivity and tailings reprocessing. For phosphate, it can be helpful to recover 

apatite from slimes with less entrainment of carbonates and silicates. For sulphides it can 

enhance concentrate quality and downstream value. For tailings, it can provide a second 

life to discarded material, allowing for circular mining. 

The review finds that successful implementation is contingent on ore-specific 

evidence, not generic claims. Operations in Saudi Arabia should follow a staged 

methodology including mineralogical characterisation, laboratory testing, pilot-column 

validation, digital monitoring, water-loop evaluation and techno-economic assessment. 

Under this framework, the implementation of column flotation is expected to play a role 

in Vision 2030 by improving resource efficiency, supporting local mineral value chains, 

reducing environmental burdens, and reinforcing the Kingdom's position as a modern 

mining hub. The next step is coordinated pilot research that will translate the promise of 

column flotation into measurable Saudi operating data. \Methodological quality note\For 

a Saudi column flotation study, the feed should be defined before discussing the machine 
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in the research design to meet international review expectations. lithology, mineral 

association, liberation size, clay content, slime percentage, oxidation state, soluble salt 

load and variability across shift samples. All these should be included in a complete feed 

description. Without this baseline, any reported improvement in recovery may be a 

temporary feed condition rather than a technological advantage. The second quality 

requirement is paired benchmarking. The results obtained from column flotation should 

be compared to the existing rougher/scavenger/cleaner circuit on the same feed mass, 

reagent conditioning, solids density and sampling intervals. This prevents optimistic 

comparisons of a carefully optimised pilot column against a poorly tuned baseline. 

Sampling discipline is equally important. Samples of the tailings and intermediate should 

be taken at steady state after residence time has been stabilised. Each campaign should 

have replicate testing, assay reconciliation and a mass balance documented. Where 

phosphate is being studied, P2O5 grade should be reported along with MgO, CaO, SiO2, 

Al2O3, acid insoluble material and carbonate indicators If base metals are being studied, 

include copper, zinc, lead, iron, sulphur, penalty elements and precious-metal credits. 

This information helps the reader to evaluate whether the recovery gain is commercially 

useful, or merely analytically interesting.Another quality issue is the water treatment. 

Since Saudi plants operate in arid conditions, test programmes should be conducted with 

actual process water, recycled water and controlled synthetic water representing expected 

salinity and hardness. Reporting should include pH, conductivity, total dissolved solids, 

calcium, magnesium, sulphate, chloride, alkalinity, residual collector, frother 

concentration and suspended solids. Water recovery has to be measured along with 

mineral recovery because high water pull inflates fine particle carryover and reduces 

selectivity. In column flotation, washwater rate and bias are not minor settings, but core 

design variables.The pathway to scale-up should also be clear. Laboratory columns show 

the response, but industrial columns have feed surges, air-sparger wear, froth-depth drift, 

instrumentation fouling and operator intervention. A good pilot should also record the up 

time, the maintenance events, the sparger pressure, the air distribution, the froth stability, 

the pump performance and the control-loop behaviour. Digital froth imaging can improve 

this evidence by relating bubble texture, froth mobility, colour and collapse patterns with 

assay results. However, image analytics should be trained on local ores, not blindly 

imported from unrelated circuits.The language of decisions should be the language of 
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metallurgy in economic reporting. Incremental recovery should be compared to reagent 

cost, power, wash water, maintenance, plant downtime, concentrate transport, smelter 

penalties and potential benefits of tails retreatment. An increase in grade that reduces 

impurity penalty may be of more value than a larger recovery gain with poor concentrate 

quality. In addition, a tailings reprocessing project can be justified by a package of 

recovered minerals, reduced closure liability, improved water return and better land 

stewardship.Finally, the limitations of the research should be acknowledged. Column 

flotation is sensitive to feed size distribution, excessive slimes, reagent carry over and 

water chemistry. Nanobubbles & nanoparticles can enhance fine-particle recovery but 

require environmental screening, occupational safety assessment, and reagent fate 

studies. So the most credible Saudi research will not be promotional and will contain 

balanced evidence. It will show when the technology works, when it doesn’t work and 

what operating conditions define the boundary. This degree of transparency strengthens 

the paper for the reviewers in Scopus and Web of Science, as well as making the findings 

more useful for mining companies when deciding whether to invest in pilot plants or full-

scale column circuits.Another requirement for credibility is institutional collaboration. A 

Saudi pilot programme should connect mine operators, universities, reagent suppliers, 

equipment manufacturers, environmental laboratories and downstream customers. This 

network can ensure assays are independent, data are complete, and product specifications 

are matched to fertiliser, smelting, or industrial-mineral markets. It can also help develop 

local capability in column design, sparger maintenance, froth sensing and metallurgical 

accounting. Workforce development should be part of implementation reporting because 

advanced recovery technology won't stay stable without trained metallurgists, operators, 

maintenance technicians, and data analysts.\The ultimate layer of reporting should be 

reproducibility. Authors are asked to supply flowsheet diagrams, equipment dimensions, 

type of sparger, feed rate, gas velocity, froth depth, wash-water rate, reagent addition 

points, conditioning time, sampling locations and analytical methods. Where repeated 

testing is available, statistical summaries should include means, standard deviations and 

confidence intervals. This level of detail allows other researchers to judge transferability, 

and avoids the common failure of technology papers that describe success without 

providing sufficient operating information to repeat the work. For Saudi Arabia, 

reproducibility is not just an academic requirement; it is the foundation for building a 
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national database that can guide future projects for phosphate, gold, copper, zinc and 

tailings recovery. These standards would also help to provide clearer procurement 

specifications, to improve the regulatory dialogue and to enable reliable collaboration 

with international technology providers across the Kingdom’s emerging mineral belts, 

industrial cities and processing clusters. It would make column flotation evidence 

cumulative, comparable and usable for mine planning, national content development and 

future circular mineral economy policy. 
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