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HIGH QUALITY KAOLIN PRODUCED BY MICROBIAL TREATMENT 
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ABSTRACT. Different strains of “silicate” bacteria were used to improve the quality of kaolin by different ways of treatment. All strains formed large slimy capsules consisting of exopolysaccharides and were related to different species of the genus Bacillus, mainly to B. circulans and B. mucilaginosus. It was found that even a short contact of some hours of well developed cultures of these bacteria resulted in improvement of the bending strength and the other ceramic properties of the kaolin. The improvement was connected with the action of some secreted metabolites such as soluble heteropolysaccharides, monosugars and organic acids. The best results were achieved by continuous cultivation of bacteria in the presence of kaolin with a high relative humidity and subjected to periodic stirring.
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Резюме. Различни щамове на „силикатни” бактерии бяха използвани за да подобрят качеството на каолин чрез различни начини на въздействие. Всички щамове образуваха големи слизести капсули, състоящи се от екзополизахариди и бяха отнесени към различни видове на род Bacillus, главно към B. circulans и B. mucilaginosus. Установено беше, че дори кратък контакт от няколко часа на добре развили се култури на тези бактерии водеше до подобряване на якостта на огъване и други керамични свойства на каолина. Подобряването беше свързано с действието на някои секретирани микробни метаболити, като разтворими хетерополизахариди, монозахариди и органични киселини. Най-добрите резултати бяха постигнати чрез продължително култивиране на бактериите в присъствието на каолин с висока относителна влажност и подложен на периодично разбъркване.
introduction
Different microorganisms have been used under laboratory and even pilot-scale conditions for studying the possibilities to improve the quality of kaolins and other clay materials (Vlasov, Veinberg & Skripnik, 1980; Groudev, 1987; Kromer, Mortel & Ditz, 1988; Kakoshko, Dyatlova, Biryuk et al., 2005; Gaidzinski et al., 2009; Roy et al., 2010). It is found that iron oxides present as impurities in such materials can be efficiently removed by leaching with various heterotrophic bacteria and fungi. In most cases the solubilization is connected with the secretion of organic acids and other metabolites acting as complexing agents as well as with enzymatic and nonenzymatic reduction of ferric iron (Guo et al., 2010). The iron removal by means of culture solutions (i.e. the spent nutrient media after the microbial growth) containing soluble microbial metabolites can be very efficient, especially by solutions containing oxalic acid, because it is possible to be carried out under conditions that are much favorable (such as high pulp density and high temperature) for achieving maximum iron-release rates and extents than these needed for achieving an optimum microbial growth. On the other side, it is known that some bacteria possessing anaerobic iron respiration are responsible for the most of the Fe (III) reduction taking place in sedimentary environments. The microbial removal of iron was connected with a considerable increase in the whiteness and fireproofness of the relevant kaolins. Such kaolins can be used for the preparation of high-quality chinaware as well as in the paper industry.

Only small amounts of aluminum (less than 1%) are usually leached together with iron from the kaolins. However, the thermal pretreatment of these materials at 600-650 0C caused their amorphication due to the separation of water from the hydroxylic groups in the crystalline structures. The pretreatment not only enhances the aluminium leaching but also inhibits the iron leaching. The letter effect is considered very important, as iron impedes the subsequent extraction of aluminium from the pregnant solution.

The microbial leaching of silicon from kaolins and other aluminosilicates is a more difficult process than the leaching of iron and aluminium from these minerals (Maurice et al., 2001). However, it has been found that different microorganisms (mainly the so called “silicate” bacteria which taxonomically are related to the genus Bacillus) (Shelobolina et al., 1997; Groudev, 1999) are able to degrade aluminosilicates and even to remove silicon from low-grade bauxites containing such mineral as impurities. The degradation is connected with the bacterial secretion of organic acids (mainly oxalic and citric acids) but a portin of silicon consisting of the finest particles of the aluminosilicates (minus 1 µm) is removed by the microbial mucilaginous capsules which bind these particles.

The information about the improvement of the ceramic properties of kaolins by means of microbial treatment is relatively scarce (Groudev et al., 1989; Groudev, 1999; Kakoshko et al., 2005; Uz et al., 2010). It has been suggested that the improvement is connected with the secretion of some microbial metabolites, mainly organic acids and slimes consisting of exopolysaccharides (Groudeva & Groudev, 1995). The attack by organic acids results in the decreasing of the mineral grain size and the slimes act as resins drying and increase the coherence of the particles. The effect depends considerably on the way of treatment and in most cases the treatment by means of preliminarily grown cultures is more efficient than the treatment by means of cultures growing in the presence of the relevant kaolin. On the other side, it is known that in some East Asiatic countries, mainly in China, at least in the past, clay and kaolins intended for preparation of fine ceramics were put to “mature” in pits, in a humid medium, for long periods of time (years). Small amounts of plants wastes were occasionally added to the surface of the clay material in the pits. This practice usually resulted in the improvement of the ceramic properties of the minerals. At present, it is accepted that the improvement was due to alterations caused by microorganisms that were naturally associated with the clay minerals. In spite of this long standing practice, until recently little was known about the microbial communities in such ecosystems, the distribution and the number of microorganisms in the clay and about the biological processes occurring during its maturation.

The present paper contains some data about experiments intended to improve the ceramic properties of kaolin by different ways of treatment, including under conditions simulating to some extent the conditions of kaolin maturation mentioned above.
Materials and Methods 

The kaolin used in this study was characterized by the data shown in Table 2.

Strains of different species related to the genus Bacillus as well as some mixed microbial cultures were used in the experiments for treatment of kaolin. Most of the strains and the mixed cultures were isolated from different kaolin deposits in Bulgaria. The pure and the mixed microbial cultures were maintained on the modified nutrient medium of Ashby with the following composition: (NH4)2SO4 0.5 g, K2HPO4 0.2 g, MgSO4 0.2 g, NaCl 0.2 g, K2SO4 0.1 g, sucrose 20.0 g, distilled water 1000 ml, pH 7.5.

The microbial treatment of kaolin was carried out by means of two different ways: 1) treatment of kaolin with a relative humidity maintained about 97 - 98% by addition of the Ashby medium and periodic stirring on a rotary shaker (20 min per day) and 2) treatment of kaolin as suspension with 40 % pulp density in the Ashby medium by continuously stirring on a rotary shaker at 225 rpm. All experiments were carried out with 100 g kaolin, at 35 oC for 120 hours.

Experiments on microbial treatment of kaolin were also carried out using large PVC columns (1800 mm high, with 3200 mm internal diameter) containing 100 kg kaolin each. Pieces of inert rocks with a size of about 3 - 5 cm3 each were put inside the kaolin mass at different distances from the surface to facilitate the penetration of solutions. Finely cut plant biomass was put on the surface of the kaolin at the top of the columns to be used as a source of carbon and energy for the microorganisms. This plant biomass was periodically replaced by fresh batches of plant biomass from different origin and with a different composition to some extent, at least. The columns were inoculated with a mixed culture of “silicate” bacteria isolated from a real kaolin deposit. The kaolin in one of the columns was maintained at a relative humidity of about 97 - 98 % adjusted by periodic additions of the Ashby nutrient medium. The other column was irrigated by the Ashby medium at rates varying in the range of 5 - 15 L per day. The treatment was carried out at 30 oC for a period of 150 days.

Treatment of kaolin was carried out also by means of microbial cultures grown, prior to treatment, in the modified nutrient medium of Ashby but in the absence of kaolin. Treatment was carried out and by different components of the microbial cultures present in Table 3. The bacterial cells were separated from the culture solution at the end of the logarithmic growth phase by centrifugation at 10 000 rpm for 30 min. These experiments were carried out in Erlenmeyer flasks containing 250 ml solution and 100 g kaolin, i.e. at 40 % pulp density, at 35 oC for 6 hours.

The characterization of kaolin and all analytical procedures are subscribed elsewhere (Groudev et al., 1989).
Results and Discussion
It was found that the bacterial strains used in this study caused increasing in the bending strength of the kaolin (Table 1). However, the strains differed considerably from each other with respect to this ability. The most active strains were related to the species Bacillus mucilaginosus and Bacillus circulans and possessed the typical properties of the so called “silicate” bacteria (Shelobolina et al., 1997).

Table 1.

Effect of different species of the genus Bacillus on the bending strength of kaolin

	Microorganisms 
	Number of the tested strains
	Way of treatment

	
	
	Contact with kaolin in a humid medium
	Leaching of kaolin by stirring

	
	
	Bending strength of kaolin, MPa

	Bacillus circulans
	10
	2.1-3.2
	2.1-2.8

	Bacillus mucilaginosus
	8
	1.9-3.5
	1.8-3.0

	Bacillus polymixa
	3
	1.9-2.3
	1.7-2.1

	Bacillus subtilis
	5
	1.7-2.3
	1.5-1.9

	Bacillus cereus
	5
	1.8-2.1
	1.7-1.9

	Bacillus megaterium
	3
	1.7-1.9
	1.5-1.7

	Mixed culture №1
	
	2.1-2.8
	1.9-2.6

	Mixed culture №2
	
	2.0-3.2
	1.9-2.8

	Mixed culture №3
	
	1.9-2.5
	1.7-2.1

	Sterile controls:

Distilled water
	
	1.4
	1.4

	Solution of sucrose in distilled water:
	
	
	

	2 g/L
	
	1.5
	1.5

	5 g/L
	
	1.6
	1.6

	20 g/L
	
	1.7
	1.7

	Modified nutrient medium of Ashby
	
	1.7
	1.7

	Modified nutrient medium of Ashby without sucrose
	
	1.4
	1.4


It must be noted that considerable individual difference with this respect existed even between the strains related to each of the taxonomic species tested in these experiments.

The increase of the bending strength was achieved by the two different ways of treatment. The contact of bacteria with the kaolin at a high relative humidity (>97 %) established in the presence of the liquid modified nutrient medium of Ashby with only periodic stirring was more efficient than the leaching in the system with the continuous intensive stirring and a higher solution to solids ratio. The treatment by the last system was connected with an intensive solubilization of kaolin during which not only impurities such as iron, titanium and calcium were removed but the structure of kaolinite was also degraded. 23.5 % from the aluminium and 21.2 % from the silicon were solubilized during the leaching of kaolin (Table 2) and only small portions of these elements originated from the solubilization of feldspar and quartz which were present in much lower contents in kaolin (less than 10 % each) than the kaolinite.

Table 2.

Effect of the way of treatment on the ceramic properties of kaolin

	Parameters 
	Before treatment
	After treatment

	
	
	By contact in humid medium
	By leaching with stirring

	Al2O3, %
	32.7
	32.3
	25.0

	SiO2, %
	51.2
	50.7
	40.1

	Fe2O3, %
	1.16
	0.82
	0.78

	TiO2, %
	0.24
	0.23
	0.15

	CaO, %
	0.82
	0.77
	0.24

	Loss on drying, %
	0.35
	0.91
	1.25

	Bending strength, MPa
	1.4
	3.5
	2.1

	Plasticity, %
	32.3
	36.9
	33.6

	Drying shrinkage, %
	3.5
	4.2
	3.9

	Firing shrinkage at 960 oC, %
	4.2
	4.6
	3.9

	Water saturation capacity at 960 oC, %
	28.0
	30.2
	27.5

	Formation water, %
	32.1
	34.1
	32.5

	Whiteness on drying, %
	76.5
	82.0
	82.8

	Size fractions, % :
	
	
	

	>60 µm
	0.02
	0.02
	0.02

	10-60 µm
	1.25
	1.14
	1.07

	5-10 µm
	14.10
	11.32
	14.01

	1-5 µm
	33.95
	31.12
	33.70

	<1 µm
	50.68
	56.40
	51.20


The mixed cultures used in this study were also quite efficient for increasing the bending strength of kaolin. These cultures consisted mainly of different species of the genus Bacillus, including these shown in Table 1 which were used also as pure cultures. Apart from the different bacilli, the mixed cultures contained and representatives of other bacterial genera such as Pseudomonas, Serratia, Xonthomonas and Acetobacter.

The increase of bending strength in the sterile Ashby’s modified nutrient medium was mainly due to the presence of sucrose which acted as a resin during drying. Some but markedly smaller contribution in this respect was due to the electrolytic action of the mineral salts included in this medium or solubilized from the kaolin during the treatment. The microbial growth in the nutrient medium was connected with decreasing of the residual sugar concentration. After 120 hours of cultivation under stirring conditions all microbial cultures were at the end of the logarithmic or at the beginning of the stationary growth phase and the residual sugar concentrations at that moment were in the range of about 1.4 - 5.1 g/L. In all tests with microorganisms these residual sugars also had a positive effect on the increasing of the bending strength. However, the data shown in Tables 1 and 3 were a clear indication that the increase of the bending strength in the presence of bacteria was mainly due to the slimy exopolysaccharides produced during their growth. The increasing exopolysaccharide concentrations in the bacterial cultures compensated the decreasing positive effect caused by the residual sugars whose concentrations steadily decreased during cultivation.

Table 3.
Bending strength of kaolin after treatment by different agents obtained from a culture of Bacillus mucilaginosus
	Agents used for kaolin treatment
	Bending strength, MPa

	Culture with secreted metabolites and viable cells
	2.7

	Culture with secreted metabolites and dead cells
	2.6

	Culture with secreted metabolites but without cells
	2.1

	Washed cells without secreted metabolites
	1.4

	Washed cells (~109/mL) + sucrose (20 mg/L)
	1.8


Pulp density, 40 %; Temperature 35 oC; Residence time 6 h.

The exopolysaccharides produced by the typical “silicate” bacteria consisted mainly of sucrose, galuctose, mannose and amino sugars. The relative potions of these components varied to some extend at the different species of bacteria and even at the different strains related to one and the same species.

The bacterial growth was connected also with a decrease in the pH of the culture solution, in some cases even to values within the range of about 2.8 - 3.2. This was due to the bacterial secretion of organic acids, mainly of oxalic and citric acids. It was found that the organic acids produced by most of the bacteria used in this study reduced the size of the kaolin particles. It was well known that the finest particles, especially with size less than one micron, have a positive influence on the bending strength, plasticity and other properties of the clay minerals.

A very essential factor affecting the microbial action on the kaolin was the ratio between the amount and density of the microbial culture being used, on the one side, and the amount of the kaolin being treated, on the other. The residence time and temperature during the treatment were not so important with this respect.

A detailed characterization of the kaolin before and after the bacterial treatment is shown in Table 2. The data obtained during this study and, more especially, these shown in Table 3 confirmed the finding that the treatment by microbial cultures grown under suitable conditions in the absence of kaolin can be more efficient than the treatment by microorganisms fastly growing in the presence of kaolin. Such fast growth is usually connected with destruction of kaolin. At the same time, the relatively moderate microbial growth in the presence of nutrients and kaolin with an optimal relative humidity resulted in a considerable improvement of the ceramic properties of this clay material. Such contact only slightly changed the chemical composition of the kaolin and practically did not affect its aluminium content. About one % only of the kaolin was degraded during bacterial treatment for 120 hours under such conditions (Table 2).

The above-mentioned findings were confirmed by the results obtained by the column experiments. The treatment under almost static conditions, with periodic stirring of the humid kaolin, resulted in chemical composition and ceramic properties of this clay material very similar to this obtained in Erlenmeyer flasks for five days only (Table 2). Two different zones were established in this column during the treatment. The top zone initially was located until a depth of about 50-60 cm from the surface. This zone was aerobic and was inhabited by different obligately and facultatively aerobic bacteria, mainly such related to the inoculated species of the genus Bacillus. Oxygen dissolved in the liquid phase in this zone was present usually in concentrations within the range of about 2 - 5 mg/L. The total concentration of “silicate” bacteria in this zone steadily increased and exceeded 109 cell/mL after 16 - 18 days since the start of the experiment. A narrow, about 8 - 10 cm, zone separated the top zone from the deeply located anaerobic zone. This zone was inhabited not only by “silicate” bacteria but also by fermentative bacteria and by bacteria possessing anaerobic respiration of different types: sulphate-reducing, ferric iron-reducing and nitrate-reducing bacteria. However, the facultatively anaerobic “silicate” bacteria were also the prevalent microorganisms in this zone. Their number also increased during the treatment and reached about 108 - 109 cells/mL after about two months since the start of the experiment. It must be noted that regardless of the relatively low water content in this column secreted microbial metabolites and different ions were continuously transferred from the top zone to the more deeply located kaolin layers. In the course of time the depth of the top zone was decreased to about 15 - 20 cm. At the end of treatment, with the exception of the kaolin from this narrow surface zone, the composition and ceramic properties of the kaolin in samples taken from different depths were quite similar.

On the other side, the chemical composition and ceramic properties of the kaolin subject to percolation leaching in the other column were quite similar to these obtained by leaching in Erlenmeyer flasks using the shake-flask technique (Table 2).

The kaolin pretreated by the “silicate” bacteria was tested in the procedure for production of kaolin-base ceramics as the main component of the so called green body. It is known that the structure, the mechanical strength and the other physical properties of this body are subjected to changes during the two main stages of the procedure – heating and cooling stages. It was found that it was necessary to conduct the firing of the green body until the safe upper limit of the heating and in the shortest time possible without damage to the fired body. It was also necessary to establish the optimum cooling rate of the ceramic body produced by the solid phase sintering.65 - 75 %).
Conclusion 

The data obtained during this study revealed that some species of the genus Bacillus were able to increase considerably the bending strength of kaolin and at the same time to improve some other essential ceramic properties of this clay mineral such as plasticity, drying and firing shrinkage, whiteness on drying, as well as the water saturation capacity at 960 oC and the amount of formation water. The positive effect was mainly due to the microbial secretion of organic acids and polysaccharides and clearly depended on the way of treatment. The best results were achieved by systems in which bacteria grew in the presence of the treated kaolin with a relative humidity higher than 97 %. Similar results were achieved by systems in which the kaolin was treated by solutions containing exopolysaccharides and organic acids secreted during the preliminary cultivation of the bacteria in the absence of kaolin. On the other side, the treatment under optimum leaching conditions, i.e. at a high ratio between the amount of the leach solution and the amount of solid kaolin particles, was connected with destruction of the kaolinite and considerable solubilization of aluminium and silicon.

The testing of the kaolin pretreated by “silicate” bacteria as the main component of the green body subjected to the two-stage firing procedure resulted in the production of ceramics of high quality.

The results also clarify to a considerable extent the possibilities to apply the microbial treatment of kaolin under real large-scale industrial conditions. The treatment in large columns under almost static conditions with a periodic stirring of the humid kaolin can produce a high-quality product but is a slow long-term process which is not acceptable for a large-scale production. The more fast percolation leaching in large columns removes a large portion of iron impurities but is connected with degradation of kaolinite. The two-stage process in which the kaolin is subjected to treatment in stirred reactors by solution containing active microbial biomass and secreted microbial metabolites obtained by a prior cultivation of microorganisms on a suitable nutrient medium in the absence of kaolin can produce a high-quality product. However, the microbial cultivation in the presence of kaolin in stirred reactors under strictly controlled growth conditions is the most attractive from the economic point of view.
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