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ABSTRACT

Many microorganisms will selectively adhere to mineral surfaces if the charge and 

hydrophobic interactions between mineral and organism allow. In this study, 

Mycobacterium phlei, known to have high surface charge and hydrophobicity, was used to

test the hypothesis that the attachment of M.phlei to hydrophobic minerals is due to

hydrophobic interactions. Flocculation tests showed that the microorganism did in fact

adhere to the hydrophobic minerals and the hydrophobicity of the individual minerals

increased with the addition of M. phlei to the system. If coulombic charges were

involved, these interactions would not allow the adhesion of two negatively charged

particles. Therefore, the results suggest that one explanation could be that hydrophobic

interactions are playing a key role in adhesion.
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INTRODUCTION AND LITERATURE REVIEW

♦ The world demand for cleaner coal products has influenced a search for more

efficient ways of separating mineral matter such as pyrite, ash-forming minerals and sulfur,

from coal. The Clean Air Act Amendments of 1990 order the lowering of sulfur dioxide

emissions from the current 2.5 pounds of sulfur dioxide per million Btu to 1.2 pounds by

the year 2000 (7). These high environmental standards now present in the United States

are urging researchers to develop new methods of dealing with this challenging problem of

separating coal and mineral matter from one another. Currently several methods are being

widely used in laboratories including selective flocculation and flotation (1, 2, 5).

Selective flocculation involves the adsorption of certain chemicals, termed

flocculants, onto fine coal which then combine to form floes. These floes are then

separated from the unwanted minerals (7). The backbone of flocculation is the

"electrostatic and dipole interactions" that occur as a result of hydrophilic interactions

between flocculant and coal particles (5). Currently, either a natural or synthetic

flocculant is being used (7) including synthetic polymers that flocculate fine coal particles

(5). Unfortunately, selective flocculation is not perfect and is often either totally

nonselective or simply does not function properly (7). In fact, "synthetic polymers are

believed to be non-specific with regard to coal, which is hydrophobic, and the mineral

matter from which the coal is being separated," which is hydrophilic (5). Therefore, froth

flotation is currently being used most often on a commercial basis (7) which involves

altering the surface properties of coal using reagents such as collector molecules and

frothers. For example, sulfur products within the manufactured coal are removed by
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treating them with collector molecules. These undesired sulfur particles are then separated

from the essential coal because the collector molecule has created an environment that

more highly favors flotation in certain systems than does the coal, which was not treated

with collectors (7).

Recently, along with synthetic polymers as flocculants, various biological agents

have been studied as flocculants for the separation of coal from mineral matter. 

Specifically, research has revealed an assortment of bacteria that can be applied to mineral

engineering (5).

The most current discovery is the use of microorganisms as flocculation and

flotation agents. Research on some microorganisms reveals that they are actually able to

modify mineral surfaces which will induce the flotation or flocculation of the minerals (9).

Throughout the past few years, research has been done extensively on microorganisms in

mineral flocculation and flotation in order to increase efficiency and collection of

unwanted mineral matter from coal in the commercial industry (3). Specifically, research

at the Department of Chemical and Metallurgical Engineering at the University of Nevada-

Reno, studied a microorganism, Mycobacterium phlei, as an alternative to the synthetic

flocculants currently used commercially (2, 3, 4, 5, 7, 8, 9).

M. Phlei is a microorganism commonly found in soils or on leaves of plants,

especially grasses. Morphologically, it exists as either cocci or rods and is therefore
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dimorphic (9). Figure 1 shows the most common shape that M. phlei exists; cocci. It

Figure 1. Scanning Electron Microphotograph of Mycobacterium phlei', from Raichur, et 
al. (4).

is also prokaryotic and gram positive (6, 9).

In addition, M. Phlei has been found to be nonpathogenic to animals and man. In

the field of mineral engineering, M. Phlei has already been reported being used for

flocculation of coal from ash-forming minerals and organic kerogen from oil shales (4)

[see Figure 2],

*

Figure 2. Scanning Electron Microphotograph of Mycobacterium phlei adhering on coal 
surface; from Raichur, et al. (4).
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Noting Table 1, M.phlei posseses a surface of high negative charge and high 

hydrophobic tendencies (contact angle ~ 70°). The negative charge and hydrophobic

tendencies of M.phlei are largly due to its cell wall structure.

MkrfinrpLiiLwn EM (pm^ccMcm) C&nlact Anjlf (Jij)

/IirOrfWi’flS -2.36 2! .2 ±1.5
Fiewforocaar pirdj'da -l,fO 3S.S= 1.0
ftfatfcnniww 55, strniii 52 -2.47 19,0x1.0

-11.42 15.7 a 1.Z
XwA/otiiafr ximpStx J7.D*0.9
Mifracmitf fir/fuf -1.62 44,7x0,9
TtieiiKrlli/i iwiit -2.07 26,2 a 0.S
CorjviftocniriOi jrp. jlrcin: J 25 -3-07 70.0 * 5.0

-M2 44.1x0,5
Mfwhxwfaifi pfilti -3.00 70,0 s 5.0

Table 1. Contact Angles and Electrophoretic Mobilities of selected microorganisms; from 
van Loosdrecht (10).

Figure 3 (p.5) (8,9) shows the cell wall structure of M. Phlei. The component of

the cell wall that is responsible for structural stability is the peptidoglycan layer (murein).

This murein layer is attatched to the outer layer (LI) through various phosphate groups.

The LI layer consists mainly of mycolic acics which, as seen in figure 3 (p. 5), contain

hycrocarbon chains that extend from the surface. These hydrocarbon chains are

responsible for the hydrophobicity of the bacterium. The negative charge is due to the

carboxylic groups of the mycolic acids (9). The cell wall is quite complex, consisting of

about 40% lipids by weight. The functional groups include carboxyl, hydroxyl and

phosphatic groups (7).
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Figure 3. Wall structure of Mycobacterium phlei; from Smith, et al. (9).

One hypothesis for the reaction that takes place between negatively charged

bacteria and negitavely charged coal particles comes from past studies by a Norwegian

scientist, van Loosdrecht, who carried out some of the first studies on microorganisms

which revealed great variances in their hydrophobic and electrokinetic behaviors (10). His

research presented evidence that both mineral and organism play a role in whether or not a

microorganism will adhere to certain mineral surfaces (9).

Loosdrecht summarized a theory for bacterial-mineral adhesion known as the

DLVO theory. When the mineral and microorganism are of the same electric charge, their

attatchment to one another can be explained using the Derjaguin-Landau-Verwey-

Overbeek (DLVO) theory. The DLVO theory alleges that as two like charges approach

one another, coulombic barriers reduce adhesion between the two surfaces. However, if

the barrier is small and is overcome, the particles are able to come into closer contact with

W one another. The close proximity of the two particles encourages van der Walls forces to

bring about adhesion. Therefore, according to the DLVO theory, under ideal conditions,
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two particles with the same charge can adhere (9, 10). However, past studies have shown

that DLVO theory cannot adequately explain microorganism-mineral interactions.

* Adhesion tests done at the University of Nevada-Reno, between M. phlei and coal and M.

phlei and coal-pyrite, revealed that M. phlei favorably attatches to coal when compared

with coal-pyrite. If mineral-organism interactions were based solely on DLVO theory, we

would not expect any distinctions between coal and pyrite samples in terms of adhesion.

Therefore, other explanations for these bacterial-mineral adhesions are being sought at

Unversity of Nevada-Reno (2).

The overall objective of the research project being carried out at University of

Nevada-Reno is to study the effectiveness of M. phlei and biopolymers derived from the

organism for selective flocculation and separation of fine coal from pyrite and ash.

It has already been shown that M. phlei selectively attatches to coal particles

when compared to pyrite and ash (2, 4, 6). Since the bacterium and coal surface are both

hydrophobic, it has been hypothesized that hydrophobic interactions play a key role in

adhesion and flocculation (2). However, this has not been verified yet. Therefore, the aim

of my work was to systematically study the adhesion of M. phlei onto different

hydrophobic minerals and its effect on the hydrophobicity and flocculation efficiency. The

effect of time and pH were studied in detail.
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MATERIALS AND METHODS

Minerals

Five minerals were used including talc, orpiment, stibnite, molybdenite and

graphite. All minerals were obtained from Wards Natural Science Establishment, NY.

Pieces of approximately 1x1x0.5cm were used for contact angle studies. For the

flocculation experiments, the samples were ground to 100x140 mesh size.

Cultivation of Mycobacterium vhlei

The M. phlei used in all of these experiments was obtained from Carolina

Biological Supply Company as freeze dried cultures. First, the culture was incubated for

48 hours at 35°C in the rehydration medium supplied by the company. For M. phlei

culturing, a rapid culture medium was used that consisted of (per liter of distilled water):

10 g D-(+)-glucose, 2 g enzymatic hydrolysate casein, 1 g beef extract and 1 g yeast

extract. The above medium was sterilized at 124°C for 25 minutes in an autoclave. The

incubated culture was then transferred to the sterilized culture medium and grown in 250-

mL flasks at 35°C. These flasks were shaken continuously in an environmental incubator

shaker. After 48 hours, the bacteria were harvested by filtering the incubated culture 

through 0.45pm filter disks and dried at room temperature. The weight of the M. phlei on 

the filter disk was measured and the bacteria was resuspended in distilled water to form

solutions of known concentrations to be used in the experiments.
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Zeta Potential Measurements

Zeta potential is the measure of electric charge on the surface of a molecule. This

measurement was helpful in my experiment in determining the range of coulombic

interactions necessary to obtain adhesion due to surface charge.

Electrokinetic potentials of mineral particles and M.phlei measured using a Lazer

Zee Meter-Model 501. About 0.5 g of minus 325 mesh sample was conditioned in 0.01 M

KNO3 for about 3 minutes after adjusting the pH. The suspension was allowed to stand

for at least 1 minute and the supernant was used for measurements. Readings were an

average of at least 3 trials. Supernant pH was adjusted using either HNO3 or NaOH and

measured using an Accument Model 5 pH meter.

Contact Angle Measurements

Contact angle measures the angle of interaction between a drop of water and the

surface it is on. These measurements are used to study the hydrophobicity of a mineral.

In my experiment, contact angle was used to investigate if hydrophobic interactions could

be a cause for the bacterial-mineral adhesions taking place.

Contact angle measurements of talc, orpiment, graphite and stibnite were

performed using a Model A-100 Rame-Hart Contact Angle Goniometer. Samples of

approximately lxlx0.5 cm size were molded in epoxy resin and polished in a series of
W

1000 grit and 4000 grit SiC papers. Final polishing included using very fine grit polishing

papers. The sessile drop technique of measuring contact angles was employed and surface
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hydrophobicities of the minerals were studied both in the presence and absence of M. 

phlei. Measurements were made on both sides of the bubble. Five bubbles per sample 

were measured with the average contact angle being reported here. The samples were 

then adjusted to desired pH using NaOH or HN03.

Flocculation measurements

Sedementation and flocculation tests were conducted in a graduated cylinder with

a volume of 100 mL. A 2% solids slurry consisting of 100x140 mesh particles (65 mesh in

the case of molybdenite) was conditioned for 5 minutes and pH adjusted for flocculation.

M. phlei, (concentration 122.5 ppm) was added slowly after pH adjustments and stirred

for 3 minutes using a Phipp and Bird paddle stirrer. Then the suspension was transferred

to the 100 mL graduated cylinder. 10 mL samples were taken from the 50 mL mark at

predetermined intervals. The suspensions were then filtered, dried and weighed.

9



RESULTS

Zeta Potential

The surface charge on minerals was studied by determining the zeta potential as a 

function of pH.

Figure 4 (p. 17) shows the zeta potential of M. phlei, talc, graphite, orpiment and

stibnite in dilute electrolyte as a function of pH. The zeta potentials of talc, orpiment and

stibnite all follow a similar path with a point of zero charge (PZC) around pH 2.2. From 

pH 2.2 to 3.4, the zeta potentials of the three minerals changed from 0 mV to 

approximately 13mV and continued to become more negative as the pH increased. The

zeta potential of M. phlei is only slightly more negative than the above three minerals.

However, it is much more negative than graphite which has a PZC at pH of about 4.0.

Below pH 4.0, graphite is positive and above pH 4.9, graphite is negative. M. phlei, 

however, is negatively charged below pH 2.0 while the zeta potential is almost zero above

pH 2.0.

Contact Angle

When a drop of liquid is placed on a solid surface, it can either spread out 

completely or remain as a bubble. As seen in figure 5 (p. 11), this drop has a distinct angle 

of contact with the surface it is on. The greater the angle of contact with the surface, the

more adhesion that is taking place between the particle and the bubble. Not only that but

the greater the adhesion, the more the system opposes disruption. Therefore, the
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floatability of a mineral should also increase with increasing contact angles. The higher 

the contact angles, the more hydrophobic a mineral is said to be (1).

4»

G - GaS L - Liquid S - Solid

Figure 5. Contact angle between water and a particle surface in air; from Chen (1).

The results of the contact angle measurements are shown in Figures 6-9 (pp. 18-

21). In all four cases, surface hydrophobicity increased with the addition of M. phlei with

orpiment displaying the maximum increase in contact angle.

Flocculation

As mentioned earlier, it has been found that M. phlei is a good flocculant for coal,

which is hydrophobic. In this project, flocculation of other hydrophobic minerals was

studied using M. phlei.

e
The results are plotted as flocculation efficiency (Ef) which is defined as:

Ef = Wso - Wsf 
Wso
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Wso = weight of solids at t = 0
Wsf = weight of solids at predetermined time intervals

Flocculation is most effective when Wsf = 0 and Ef = 1.

According to Figures 10-14 (pp. 22-26), flocculation increased rapidly as a 

function of time with the addition of M. phlei in all cases except molybdenite. All minerals

showed rapid increase in settling rates from 0 sec to about 1 min. The maximum amount

of mineral settled with and without M. phlei are as follows:

MINERAL WITHM PHLEI WITHOUT M.PHLEI

Stibnite (fig. 11, p. 23) 952% 87.9%

Talc (fig. 10, p. 22) 99.8% 57%

Orpiment (fig. 12, p. 24) 96.2% 82.9%

Graphite (fig. 13, p. 25) 99.99% 98.5%

Molybdenite (fig. 14,
P-26)

88.2% 92.9%

Table 2. Percent of mineral studied with and without M. phlei.

Because two min. showed maximum flocculation, it was used as a base time for

studying the effect of pH on flocculation efficiency. Again, M. phlei was at a fixed 

concentration of 122.5 ppm. Each mineral behaved slightly different when the pH was

varied. Figure 13 (p. 25) shows that the flocculation of graphite clearly has a maximum of
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nearly 1.0 at pH 4.2. From pH 2 to 4.2, the flocculation efficiency increased rapidly and 

after pH 4.2, the efficiency decreases to 0.947. Similarly, molybdenite (Figure 14, p. 26) 

has greatest flocculation efficiency at pH 2.7. At this point, 84.2% of mineral matter has

settled. However, as the pH increases, the flocculation efficiency decreases. According to

Figures 10,11, and 12 (pp. 22, 23 and 24), the flocculation efficiency of stibnite, talc and

orpiment show little or no change when pH is varied.

CORETTE LIBRARY CARROLL COLIfrp
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DISCUSSION AND CONCLUSION

Zeta Potential

As noted in the results section, the point of zero charge of M. phlei is near pH 2.

On the other hand, the zeta potential of the hydrophobic minerals studied is positive up to

pH 4.5. Therefore, in the pH range where both M. phlei and the mineral posesses 

opposite charges, favorable adhesion of M. phlei on the mineral surface can be expected

due to strong coulombic interactions. However, with these hydrophobic, negatively

charged minerals, there is a very small range where these coulombic interactions are able

to take place (from pH 2 to pH 4). Because it has already been shown that M. phlei

selectively adheres to negatively charged, hydrophobic minerals such as coal (7), further

investigations using contact angles and flocculation efficiencies were made to determine a

possible alternative for the interactions taking place.

Contact Angle

Examination of contact angle results points out the important role hydrophobic 

interactions are playing in the mineral-microorganism interaction. The contact angle

measurements taken indicate an increase in contact angle upon addition of M. phlei to the 

system in all cases. The increase in contact angle coorelates with increased

hydrophobicities. In other words, as the amount of M. phlei adhering increases, the 

contact angle (and thus, hydrophobicity) of the system increases. Therefore, hydrophobic

14



interactions between mineral and organism are likely responsible for the adhesion taking 

place.

It should be noted that the contact angle of M. phlei is about 68-70 degrees (see

Table 1, p. 4) and therefore, the maximum contact angle attained after attachment of M.

phlei was near 70° with all minerals studied.

Flocculation

Figures 11-15 (pp. 23-27) and the preceding data show that the minerals are

getting flocculated more efficiently with M. phlei and, therefore, the M. phlei is causing

the particles to settle faster. The fact that the microorganism and mineral are adhering

suggests that hydrophobic interactions may be playing a role. More evidence suggesting

the important role of hydrophobic interactions is that the the maxima of each mineral with

the exception of graphite correlate well with the maxima attained during contact angle

measurements using M. phlei. An exception is molybdenite. Settling rates may not have

increased here because I only ran the experiment up to three minutes when it may have

required more time.

The effect of pH on flocculation efficiency (at a fixed concentration of 122.5 ppm) 

shows that the flocculation efficiency of stibnite, talc and orpiment show little or no

change due to variances in pH. Therefore, pH does not influence the settling of these

three minerals like it does with graphite and talc. These results suggest that because the

pH does not play a significant role in settling rates and coulombic interactions can only

take place between pH 2 and pH 4, there must be another explanation. Flocculation

15



efficiencies studied on the minerals show definite increase in settling rates due to the 

addition of the M. phlei to the system. Therefore, an alternate form of interaction is

taking place.

Overall conlcusions

In the world of electrostatics, the forces that bind two particles together or

separate particles are attraction and repulsion based on electrical charges. In the case of a

hydrophobic mineral and a hydrophobic bacteria such as M. phlei, both are negatively

charged and repel one another. Therefore, adhesion would not take place due to these

forces. Because adhesion did take place between M. phlei and the hydrophobic minerals

in this study, a more reasonable explanation can be offered from the consideration of

hydrophobic interactions.
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Figure 4. Zeta Potentials as a function of pH
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Figure 6. Contact Angles, Stibnite, with and without 
M. phlei
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Figure 7. Contact Angles, Talc, with and without M. 
phlei
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Figure 8. Contact Angles, Orpiment, with and without 
M. phlei
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Figure 9. Contact Angles, Graphite, with and without 
M. phlei
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Figure 10. Flocculation Efficiency, Talc, with and 
without M. phlei

22



♦

Figure 11. Flocculation Efficiency, Stibnite, with 
and without M. phlei
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Figure 12. Flocculation Efficiency, Orpiment, with 
and without M. phlei
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Figure 13. Flocculation Efficiency, Graphite, with 
and without M. phlei
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Figure 14. Flocculation Efficiency, Molybdenite, 
with and without M. phlei
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Figure 15. Flocculation Efficiency, Talc, a a 
function of pH
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Figure 16. Flocculation Efficiency, Stibnite, as a 
function of pH
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Figure 17. Flocculation Efficiency, Graphite, 
as a function of pH
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Figure 18. Flocculation efficiency, 
Molybdenite, as a function of pH

♦

30



Figure 19. Flocculation efficiency, Orpiment, as 
a function of pH

♦
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