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Introduction 

Minerals resources are being depleted at faster rates than 

ever. These resources are finite; therefore, they must be used 

sparingly to ensure their availability for future generations. 

The extraction of valuable minerals from ores results in a 

wide variety of by-products. Some of these by-products 

contain residual minerals of commercial value. Many efforts 

are under way to minimize or reduce the tailings generated 

during the processing of ores and render the process more 

efficient and have a positive environmental impact 

and contributing to sustainable development. Therefore, the 

recovery of resources from processing wastes has attracted 

growing attention in recent year [1]. Phosphate rock is a 

primary source of phosphorous in fertilizers, and a 

phosphorous chemical product represents a vital non-

renewable resource. It is neither substitutable nor recyclable 

in agricultural applications. While most of the phosphate 

resources cannot be directly treated as feed stock due to the 

low grade of P2O5 and high content of gangue minerals, as a 

result of the fact that each ore deposit has its own 

characteristics, each phosphate locality has its own 

beneficiation flow sheet to separate its associated gangues to 

for certain industrial application. The major associated 

gangue minerals are carbonates (dolomite, calcite, and 

ankerite), silicate minerals, and clays of ultra-fine particle 

size [2,3,4,5]. So to reach a good phosphate concentrate, the 

beneficiation methods and reagents become more extremely 

critical to achieve selective separation of phosphate minerals 

based on their chemical composition and texture of the origin 

sample. The high-grade phosphate ore will go through the wet 

process and pyrogenic process respectively, to obtain the 

intermediate products of phosphoric acid and phosphorus, 

which can be used to produce various phosphate fertilizers 

and phosphates generally, most of the phosphate ores contain 

valuable minerals in finely disseminated or in similarity in 

surface charge properties with the gangue minerals and this 

makes the recovery of these ores mineral particles 

exceedingly difficult [6]. 

1. Types of phosphate rocks 

There are five major types of phosphate resources in the 

world [7, 8] 

• Marine phosphate deposits.    

• Igneous phosphate deposits. 

• Metamorphic deposits.                  

• Biogenic deposits. 

• Phosphate deposits as a result of weathering. 

2.  Upgrading Techniques for phosphates according to the 

ore type 

1-Siliceous ores:  

These ores contain quartz, chalcedony or different forms 

of silica. Such ores could be upgraded economically by such 

techniques as flotation or gravity separation methods. 

2-Clayey ores:  

These ores contain clays, hydrous iron and aluminum 

silicates or oxides as gangues and could be removed by 

simple beneficiation techniques such as scrubbing and 

washing. Dispersing agents should be added. 

3-Calcareous ores of sedimentary origin: 

 These ores contain calcite and/or dolomite as the major 

impurities with small amounts of silica. It is usually difficult 

to remove the carbonate minerals efficiently from such ores 

by conventional techniques as flotation [9, 10] or by physical 

separation methods. Due to similarity in the physical 

properties of carbonates and phosphates, separation by 

physical means is difficult also; the carbonate minerals are 

finely disseminated into the phosphate particles.  

4- Phosphate ores associated with organic matter, which 

sometimes called ―black phosphates‖ [11].This type of ores is 
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ABSTRACT 

The depletion of high grade reserves coupled with increasing market pressure for 

improved product quality has forced phosphate producers to re-examine their process 

flow-sheets and evaluate alternate or supplement processing routes. The world is rich in 

phosphate resources, but most of these resources are of middle and low grade ores, in the 

same time it is difficult to obtain high grade concentrate with high recovery using 

traditional separation methods. As a result of increasing complex mineralogy, steadily 

decreasing ore grades and ever increasing economic and environmental problems, the 

mineral processing industry over the past decade had to evolve appropriate means to 

beneficiate low grades phosphate ores deposits. Some of the important emerging trends 

and the evolutionary changes which have occurred in mineral processing technology are 

reviewed. New treating methods such as column flotation, nano-bubble flotation 

technique, application of amphoteric collectors, bio-processing, and application of 

surface modification using enzymes help to beneficiate low grade phosphate ores. 

                                                                                                    © 2021 Elixir All rights reserved. 

 

Elixir Appl. Chem. 159 (2021) 55661-55666 

Applied Chemistry 

Available online at www.elixirpublishers.com (Elixir International Journal) 

 

mailto:Khaled_yassin@yahoo.com


Khaled E.Yassin et al./ Elixir Appl. Chem.159 (2021) 55661-55666 55662 

generally upgraded by heating up to about 800 °C. the 

organic material and the residual organic carbon are burned 

without significantly affecting the qualities of the 

sedimentary phosphates such as solubility and reactivity 

5- Phosphate ores containing more than one type of the 

gangue minerals: all the sedimentary phosphate types contain 

mixtures of undesired constituents. These ores require series 

of upgrading operations depending on the type of gangue 

minerals. 

(6) Igneous and metamorphic phosphate ores: The main 

gangue materials in these ores are sulfides, magnetite, 

carbonates (calcite, dolomite, siderite, and ankerite), 

nephelinesyenite, pyroxenite, foskorite, etc. Beneficiation of 

these ores may include, after crushing and grinding, washing, 

desliming, magnetic separation, and flotation depending on 

the types of gangue minerals present. However, flotation is a 

common step in all of them [12].  

4. Beneficiation of Fine phosphate particles 

In general when the gangue minerals are finely 

disseminated with the valuable minerals, a high degree of 

grinding is required to reach the liberation size causing fine 

particles problems. Also, during mining and transport 

operations fines can be produced. As a result of the losses of 

mineral and metal values in the fine size range, considerable 

interest is growing in developing new processes and in 

improving old processes for the recovery of fine particles. 

Standard physical separations are made in mineral processing 

plants utilizing differences in physical properties of desired 

and gangue minerals. Therefore, it is imperative to first of all 

discuss about the size limits of standard separation methods.  

 

Fig 1. Effective size range of application of conventional 

mineral processing techniques 

Fig.1 shows the general size range applicability of unit 

concentration processes. It is evident that most mineral 

processing techniques fail in the ultra-fine size range. One of 

the most important concentrating techniques, flotation is now 

practiced successfully below 10 µm but not below 1 µm [13]. 

However, flotation problem of fines was solved using 

modified flotation cells such as column flotation. 

The  conventional  view  of  the  flotation size 

recovery curve  is  shown  in  Fig. 2. It shows that flotation is 

not recommended in fine range. Accordingly, operators  

carefully avoid over grinding of the feed because of the 

extremely complicated physico-chemico-mechanical 

conditions found in the flotation method. There  is  a  general  

agreement  that  flotation decreases  with  a  decrease  in  

particle  size  in  the  fine particle range  [14]. It was proposed 

that particles with diameters less than 100 µm size, very fines 

those less than 20 µm, and ultra-fines the ones less than 5 µm. 

But particles length 1 µm in size, belong to the colloidal size 

range. 

 

Fig 2. Typical recovery versus size curve. 

Due to the small mass and large surface area of fines, 

various problems affect their separation including; high 

reagent consumption, excess froth stability, low adhesion 

probability, higher dissolution, rapid oxidation, and non-

specific collector adsorption. Generally, slimes float more 

slowly than particles of intermediate size, Fig.3. [15, 16]. The 

marketable phosphate is usually 30% P2O5 or higher. The 

run-of-mine material is mostly of lower grade which needs 

processing or upgrading. The processing techniques of 

phosphate ores depend mostly on the type of associated 

gangue minerals present in the mined rock. In some cases, 

simple, inexpensive techniques are enough to produce the 

required grade. For example, crushing and screening is used 

to get rid of the coarse hard siliceous material, and attrition 

scrubbing and desliming is used to remove the clayey fine 

fraction. If silica is the main gangue material, single-stage or 

double-stage flotation is the conventional mineral processing 

technique used in this case. If the ore is igneous carbonatitic 

alkaline or ultra-basic phosphate deposit, crushing, grinding, 

scrubbing, and flotation associated with other steps such as 

magnetic and/or gravity separation is proved to be successful 

in upgrading this type of ores. [17]. 

The sedimentary phosphate ores having carbonate-apatite 

as the main phosphate minerals and containing carbonates 

(calcite and/or dolomite) represent a challenge in the field of 

phosphate concentration due to similarity in the physico-

chemical properties of the ore surfaces constituents, [18]. 

During flotation of carbonaceous phosphate ores; apatite, 

calcite and dolomite will dissolve in water producing 

dissolved species. These dissolved species can have a harmful 

effect on interfacial properties of both phosphate and 

carbonate minerals. New flotation systems are being 

developed to treat these challenging phosphate ores to 

produce a high-grade phosphate, to improve the phosphate 

recovery and enrichment efficiency product suitable for 

fertilizers and other phosphate compounds [19, 20]. 
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Fig 3. Problems of fine particles separation 

5. Effect of Nanobubble on Flotation of Fine and Ultrafine 

Particles  

From Figure 4 the effect of nanobubbles on the surface 

of the particles make activation for the flotation through 

promoting the attachment of larger bubbles where the 

attachment between nanobubbles and conventional size 

bubbles is more than bubble/solid attachment. i.e. 

nanobubbles act as a secondary collector for particles, 

reducing flotation collector dosage, increase particle 

attachment probability and reducing the detachment 

probability. This leads to substantially improved flotation 

recovery of poorly floating fine and ultrafine particles. The 

potential of cavitation generated picobubbles in improving 

fine particle froth flotation recovery has been demonstrated 

by tests on fine silica [21], inserting a cavitation tube with 

addition of small amount of air in the feed stream (0.15 l/min) 

showed a significant increase in fine silica recovery from 

30% to 52%. The results were better than using a static mixer 

in the feed stream. A similar conclusion was reached by [22]. 

The advantage of cavitation generated pico-nano bubbles 

incorporating with conventional size bubbles in flotation has 

been explained by two factors that contribute to the increased 

flotation rate constant: a) the pico-nano bubbles formed in 

situ on hydrophobic particles may cause flocculation by a 

bubble-bridging mechanism, resulting in increasing the  

collision probability with the bubbles; b) particles frosted 

with pico-nano bubbles may present a surface favorable 

attachment to flotation sized bubbles [23]. Besides, 

generating nanobubbles by hydrodynamic cavitation revealed 

that the energy dissipation levels for cavity formation in a 

flowing liquid could be much lower than predicted, 

depending on the content of dissolved gases, presence of free 

gas nuclei and design of cavitation tubes [24]. 

 

Fig 4. Effect of pico-nano bubbles on coarse, fine and 

ultrafine particles 

6. Application of Column Flotation Technology to 

Beneficiate low Grade Fine phosphate ores. 

Fine phosphate particles flotation is traditionally 

accomplished with conventional stirred tank flotation 

machines. Long flotation times are generally required to 

achieve the desired separation of fine particles. As a result the 

capacity of a plant is reduced and large floor space is 

required. In conventional flotation and due to the small mass 

and momentum of fine particles, they may be carried into the 

froth after getting either entrained in the liquid or 

mechanically entrapped with particles being floated. The 

column has proved particularly attractive for cleaning 

applications and can achieve in a single stage upgrading 

comparable to several stages of mechanical cells, often with 

improved recoveries. Because of the efficient cleaning action, 

flotation columns can upgrade a fine sized concentrates in a 

single step, where conventional flotation machines would 

require several sequential stages. Flotation columns offer 

improved metallurgy, simplified circuits and easier control 

compared to conventional cells. Fig.4. the fine particles, in 

conventional flotation cell, are carried into the froth as 

mechanical carry over in layers of water attached to air 

bubbles. When such particles are of gangue minerals, the 

effect is the reduction of the concentrate grade. Also, the 

large specific surface area of fine particles increases the 

adsorption capacity of reagents when considered on a mass 

basis. 

 

 

Fig 4. Column flotation cell   and Denver Flotation cell 

The column holds several distinct advantages over 

conventional flotation such as the following  

 More quiescent separation conditions due to the lack of 

turbulence caused by mechanical impellers. 
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 Capability to produce high grade concentrates by 

employing. 

i. Wash water additions to the froth. 

ii. Increased froth depth. 

iii. Counter current flow of bubbles and pulp. 

 Increased energy efficiency. 

 Decreased floor space requirement. 

 Natural adaptability to the computer control because the 

control is based on flows into and out of the column. 

 Producing small-bubbles can carry fine and ultra-fine 

particles:. There are different ways to generate small bubbles: 

using dissolved air flotation, picobubbles, electroflotation, 

and colloidal gas aphrons [25, 26, 27, 28]. For example, in 

beneficiation of Saudi phosphate ores by column flotation 

technology a concentrate with 35%, P2O5, 95% recovery and 

a lower CaO:P2O5 ratio of 1.53 was obtained from a feed 

containing 25% P2O5 and CaO:P2O5 2.1 [29]. 

7. New Trends to Beneficiate Low Grade Phosphate Ore 

7.1. Application of Amphoteric Collectors 

Dolomite-phosphate separation was investigated using 

amphoteric collector (dodecyl-N-carboxyethyl-N-

hyroxyethyl-imidazoline) in presence of bacteria. Two types 

ofbacteria,Corynebacterium-diphtheriae intermedius (CDI), 

and Pseudomonas aeruginosa(PA),  were used. The collector-

bacteria interaction shows improving in the flotation 

selectivity. Phosphates concentrate of 0.7% magnesium oxide 

and 31.77% P2O5 with a recovery of 68% at the optimum 

conditions [28]. Besides, the amenability of carbonate 

separation from Abu-Tartur phosphate ore, through flotation 

process, using either sodium oleate or a new amphoteric 

collector for flotation of dolomite was obtained. For oleate-

microorganisms system, a concentrate containing 0.78 % 

magnesium oxide and 30.15 % P2O5with a recovery of 

92.31% was obtained from a feed containing about 2.45 % 

magnesium oxide and 27 % P2O5. For amphoteric-

microorganisms system, a concentrate containing 0.69 % 

magnesium oxide and 30.72 % P2O5 with a recovery of 80.15 

% was obtained [30]. 

7.2. Application of Surface Modification using Bacteria. 

In this case, the bacteria are used to modify the mineral 

surface through adsorbing onto particles surfaces make one of 

them more hydrophobic and the other hydrophilic. 

For example; the cell walls of both M.phlei and 

B.licheniformis JF-2 were tested for flotation of Florida 

phosphate pebble. It was shown that M. phlei was markedly 

adsorbed on the dolomite and apatite surfaces. The bacterium 

demonstrated more affinity towards dolomite than apatite, 

and that B. licheniformis JF-2has even more affinity than 

M.phlei for adhesion onto dolomite. Flotation tests revealed 

that both bacteria act as a depressant of dolomite during 

phosphate flotation using anionic collectors. Using these 

bacteria a flotation concentrate with less than 1% magnesium 

oxide content can be obtained from Florida phosphate pebble 

flotation [31]. 

In another study two types of bacteria were tested in 

beneficiation of carbonaceous phosphate ore. Flotation 

experiments were carried out using statistical designs for 

optimizing the main operating parameters. The main 

parameters used in this study were micro-organism 

concentration, pH and collector dosage. The optimization 

process was conducted using rotatable central composite 

design (RCCD) as a tool for optimization. The design results 

showed that selective separation of carbonate from phosphate 

can be obtained using bacteria. An optimum conditions, 

concentrate containing 0.7% magnesium oxide and 31%P2O5 

with recovery of 93% can be obtained [32]. 

In another study bio-beneficiation using bacteria adapted 

from the phosphate surface for removal undesirable gangue 

minerals from the desired valuable phosphate minerals. A 

concentrate with 18.5% P2O5 and 33.03% SiO2has been 

obtained from a binary mixture having11.65% P2O5 and SiO2 

40.98 %. At optimum conditions on natural phosphate ore 

containing 21.89%, a concentrate with 27.2 % P2O5 has been 

obtained using Bacillus cereus bacteria [33] Also, Using 

Desulfovibrio desulfuricans bacterial isolate during flotation 

of another phosphate rock a concentrate contains 98 % P2O5 

and 2 % SiO2 with a recovery of 70% could be obtained from 

a mixture containing 90 % by weight apatite and 10% by 

weight silica. Applying the same conditions on a natural 

phosphate rock, a concentrate containing 30 % P2O5 and 10 % 

SiO2 with 68 % recovery was obtained from a feed containing 

20.52 % P2O5 and 23.51 % SiO2 [34]. 

7.3. Application of Surface Modification using Enzymes  

Enzymes are a group of biological macromolecules. All 

known enzymes are proteins. They are high molecular weight 

compounds made up principally of chains of amino acids 

linked together by peptide bonds. Enzyme molecules are 

coated mostly with hydrophilic functional groups and it is 

understood that they have hydrophobic pockets on their 

surfaces, Fig.5. These pockets are available for interaction 

with appropriately sized hydrocarbon chains, implanted on an 

inert matrix, forming hydrophobic bonds However; enzyme 

can form either hydrogen bonds or ionic interaction with oleic 

acid containing hydrocarbon chain either in solution or on 

mineral surface, Figs.6 &7. This hypothesis was used in the 

flotation separation of some minerals commodities. 

 

Fig 5. Typical protein structure-two amino acids joined by 

peptide bond 

 

Fig 6. Schematic representation of an enzyme with one 

active site binding to a substrate molecule 

It was found that enzyme functions as a depressant for 

phosphates during flotation of calcareous phosphate ore, [34]. 

At optimum conditions of enzyme dosage, solution pH, 

temperature and conditioning time, and in the presence of 

0.03 kg/t enzyme, a concentrate containing less than 0.60% 

MgO and 29.5% P2O5 with P2O5 recovery of about 94% was 
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obtained, [34]. Cellulase enzyme was used in the flotation of 

the calcareous phosphate ore. Under the optimum flotation 

conditions, 0.04% cellulase and 5x10
-3

 M oleic acid, a 

phosphate concentrate containing 0.89% MgO with P2O5 

recovery of 75% was obtained from the phosphate ore 

containing 2.2%MgO,[35] .Besides, the amylase enzyme was 

used in the flotation of phosphate fines. At the optimum 

conditions of 0.25% enzyme dose, and 0.05M oleic acid, a 

phosphor-concentrate contain 29.22% P2O5, 0.57% MgO, 

11.70% SiO2 was obtained from a feed sample contains 

18.27% P2O5, 1.78% MgO, and 17.56% SiO2 [36,37]. 

 

Fig 7. Schematic diagram for the probable mechanism of 

the interaction of oleic acid and enzyme on the mineral 

surface [35] 

8. Conclusion 

 Beneficiation of low grade phosphate ores is very important 

subject, especially with the rapid decrease of the high grade 

ores. 

 Conventional methods give better results when the 

liberation between valuable and gangue  impurities in 

relatively coarse particle size 

  Similarity of surface properties and fine disseminated 

gangues are the most challenging obstacles in phosphate ore 

beneficiation. 

 The new trends in mineral beneficiation technologies offer 

reasonable results in beneficiation of low grade phosphate 

ores. 

 Application of amphoteric collectors was used in dolomite-

phosphate separation and get better results. 

 The bacteria and enzyme are used to modify the phosphate 

surface through adsorbing onto particles surfaces make one of 

them more hydrophobic and the other hydrophilic and 

considered a best methods for beneficiation of low grade and 

fines in the same time. 

 The drawbacks of bio-beneficiation methods that are in 

laboratory scale. 

References 

[1]Michelly S. Oliveira, Ricardo C. Santana, Carlos H. 

Ataíde, Marcos A.S. Barrozo Recovery of apatite from 

flotation tailings separation and purification Technology, 79, 

79-84, (2011). 

[2]Abdel-Zaher M. Abouzeid ʺPhysical and thermal treatment 

of phosphate oresʺ — An overview Int. J. Miner. Process. 85, 

59 –84. (2008) 

[3]Andronov, G. P., I. B. Zakharova, N. M. Filimonova, V. 

V. L’vov, and T. N. Aleksandrova.. ʺMagnetic separation of 

eudialyte ore under pulp pulsationʺ. Journal of Mining 

Science 52:1190–94. doi:10.1134/S1062739116061735. 

(2016) 

[4]Sis, H., and S. Chander.. ʺReagents used in the flotation of 

phosphate oresʺ: A critical review. Miner. Eng. 16:577–85. 

doi:(03)00131-6",1,0,0>10.1016/S0892-6875(03)00131-6. 

(2003). 

[5]Sizyakov, V. M., and V. N. Brichkin.. ʺAbout the role of 

hydrafed calcium carboaluminates in improving the 

technology of complex processing of nephelinesʺ. Journal of 

Mining Institute 231:292–98. doi:10.25515/PMI.2018.3.292. 

(2018). 

[6]Straaten, P.V. ʺRocks for Crops, Agro minerals of sub-

Saharaʺ Africa.(CD), ICRAF, Nairobi, Kenya. ISBN: 0-

88955-512-5, pp. 7–24. 338 pp., (2002) 

[7]Straaten, P.V., Agrogeology, ʺThe Use of Rocks for 

Cropsʺ. Enviroquest (pub.), (Chapter 4), pp. 87–164. (2007). 

[8]Cathcart, B.. Proc. Escafe Seminar, Bangkok, Thailand, 

ʺMinerals Resources Development Seriesʺ Rep. No. 32, 

United nations, New York, (1968). 

 [9]Peleka E.N., P.P. Mavros, D. Zamboulis, K.A. Matis 

"Removal of phosphates from water by a hybrid flotation–

membrane filtration cell.", Desalination 198, 198–207. 

(2006). 

[10]Elgillani,D.A., Abouzeid, A.-Z.M., Negm, A.A., ʺFinal 

Report to the Supremeʺ Council of Universities (FRCU) of 

Egypt.(1984) 

[11]Blazy, P., Bouhaouss, A., Miner. Metall. Process. 22 (2), 

107–115.(2005) 

[12]Emich, G.D., Phosphate Rock.Ind. Miner. Rocks 2, 

1017–1047., (1984). 

[13] Wills B.A., and K. Atkinson "Some observations on the 

fracture and liberation of mineral a assemblies", Minerals 

Eng., 6(7), 697.(1993). 

[14]J.,D., Pease, Young, M.,F., Curry, D., and 

Johnson,W."Improving Fines Recovery by Grinding Finer", 

Met PlantAus IMM. (2004) 

 [15] R. Sivamohan (1990) ―The Problem of recovering very 

fine particles in mineral processing",-, International Journal 

of Mineral Processing, vol.28, 247-288., (1990). 

[16]Somasundaran, "An overview of ultrafine problem", in 

mineral processing at a crossroad B.A. Wills and R.W. 

Barley, Eds. Dordrecht: Martiuns Nijhoff, P.I. (1986). 

[17]R. Houot "Beneficiation of phosphatic ores through 

flotation: Review of industrial applications and potential 

developments", Int. J. Miner. Process.  9, 353–384. (1982) 

 [18]S. Althyabat, R.-H. Yoon, "Floatability of  fine 

phosphates in a batch column flotation cell", Min. Metall. 

Process.  28, 110–116. (2011). 

[19]E.N. Peleka, P.P. Mavros, D. Zamboulis, K.A. Matis 

"Removal of phosphates from water by a hybrid flotation–

membrane filtration cell.", Desalination 198, 198–207. 

(2006). 

[20]Zhou, Z.A., Langlois, R., Xu, Zhenghe, Finch, J.A., 

Agnew, R., ―In-plant testing of a hydrodynamic reactor in 

flotation‖, In: Finch, J.A., Rao, S.R., Huang, L.M. (Eds.), 

Processing of Complex Ores. CIM, Sudbury, Canada, pp. 

185–193, (1997b). 



Khaled E.Yassin et al./ Elixir Appl. Chem.159 (2021) 55661-55666 55666 

[21] Xu, M., Quinn, P., and Stratton-Crawly, R.―A feed-line 

aerated flotation colum, Part 1: Batch and continuous test 

work‖, Minerals Engineering, Vol. 9, No. 5, pp. 499–508., 

(1996) 

[22]Fan, M., ―Picobubble enhanced flotation of coarse 

phosphate particles‖ (Ph.D.dissertation), Kentucky: 

University of Kentucky.(2008). 

 [23] Zhou, Z. A., Xu, Z. H., Finch, J. A., Masliyah, J. H., and 

Chow,  . S., 2009, ―On the role of cavitation in particle 

collection in flotation – A critical review II‖, Minerals 

Engineering,Vol. 22, pp. 419-433.(2009). 

[24]Yalcin, T., Byers, A.,―Dissolved gas flotation in mineral 

processing‖, Mineral 

Processing and Extractive Metallurgy Review, Vol. 27, pp. 1–

11., (2006). 

[25]Fan, M., ―Picobubble enhanced flotation of coarse 

phosphate particles‖ (Ph.D. dissertation), Kentucky: 

University of Kentucky.(2008). 

[26]Cilliers, J.J., and D.J. Bradshaw. 1996. The flotation of 

fine pyrite using colloidal gas aphrons. Minerals Engineering 

9 (2):235–41. doi:10.1016/0892-6875(96)00006-4.(1996). 

[27]Walters, K.E., K. Hardler, and J.J. Cilliers. ʺThe flotation 

of fine particles using charged microbubblesʺ. Minerals 

Engineering 21:918–23. 

doi:10.1016/j.mineng.2008.04.011.(2008) 

[28]N.A. Abdel-Khalek, H. El-Shall , M.A. Abdel-Khalek,  

A.M. El-Mahdy, S.E. El-Mofty  " Carbonate separation from 

sedimentary phosphates through bio-flotation" , Mineral  

Metallurgical Processing, Vol. 26, No. 2., (2009)  

[29]N. Abdel-Khalek  S. El-Mofty  M. Abdel-Khalek  A., El-

Midany  A. Elmahdy   (2013) "Dolomite-apatite separation 

by amphoteric collector in presence of bacteria", Journal of 

Central South University,  Vol. 20, Issue 6, 1645–1652. 

(2013). 

[30]W. Ross Smith M., Manoranjan K. Rajendra Mehta,  and 

X.  Zheng "Bacteria as flotation reagents for the flotation of a 

dolomitic phosphate rock", final report University of Nevada, 

Nevada 89557, (1997). 

[31 N. A. Abdel-Khalek, A. M. Elmahdy, A. A. El-Midany  

S. Farrah "Optimization of bio-flotation of carbonaceous 

impurities from phosphate ore" , Mineral Processing and 

Extractive Metallurgy Transactions of the Institutions of 

Mining and Metallurgy: Section C  Volume 117,  Issue 1. 

(2008) 

[32]A., Yehia M.A., Abdel-Khalek M., Fadel J.D., Miller S. 

Wisniewska and X. Wang "Fatty Acid flotation of calcareous 

phosphate rock using enzymes for a selective separation" , 

Presented at the Engineering Foundation Conference: 

Beneficiation of Phosphate III, Florida, December 2-7. 

(2001). 

[33]Samah S.Abdallah1 , E. H. El-shatoury , Nagui A. Abdel-

khalek1 , Mohamed A. Youssef1 , Khaled A. Selim , M. K. 

Ibrahim2 , Samah M. Elsayed     ʺBio-Flotation of Egyptian 

Siliceous Phosphate Ore Using Bacillus CereusʺProceedings 

of the 4th World Congress on Mechanical, Chemical, and 

Material Engineering (MCM'18) Madrid, Spain – August 16 

–18,2018 Paper No. MMME 114. 

DOI: 10.11159/mmme18.114. (2018) 

[34]N. A., Abdel‐Khalek, K.  A. Selim, K.  E. Yassin, S. S. 

Abdallah ʺBio‐flotation of Egyptian Phosphate Using 

Desulfvibrio Desulfuricans Bacteriaʺ Journal of Mining 

World Express (MWE) Volume 4, www.mwe‐journal.orgdoi: 

10.14355/mwe.2015.04.002, (2015). 

[35] A., Yehia, M. A. Khalek, M. Ammar "Cellulase as a new 

phosphate depressant in dolomite-phosphate flotation 

hysicochem", Probl. Miner. Process. 53(2), 2017, 1092-1104. 

(2017). 

[36] A., Yehia, K. E.Yassin, M. Ammar, Kaleifa "Upgrading 

of Phosphate Fines by Fatty acid Flotation Using Amylase 

Enzyme as A surface Modifier", Ecomine X Ein Shams 

University, Cairo, 21-23 April. (2018). 

 [37] K., Yasutaka, Y., Takato, K., Takashi, M., Kohsuke and 

Y., Hiromi "Enhancement in adsorption and catalytic activity 

of enzymes immobilized on phosphorus- and calcium-

modified", MCM-41, J. Phys. Chem. B, 115 (34), 10335–

10345 Vol.35, issue 7. 5, 92- 100. (2011), 


