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Abstract

Adsorption of microorganisms and/or their different components onto a mineral 
surface would modify the surface characteristics of the mineral. Thus, this investi-
gation evaluated the adsorption capacity of the Rhodococcus opacus strain onto an 
apatite surface. Zeta potential and contact angle measurements of the mineral showed 
dislocations of the values after interaction with the microorganism. The maximum 
adsorption density reached was 24.10 mg of bacterial cells per gram of mineral using 
a biomass concentration of 400 mg/L. The experimental data were linearly fitted by 
the Freundlich model and the adsorption density as a function of time was linearly fit-
ted by the pseudo-second order kinetic equation. The results showed that the bacterial 
strain has affinity for the apatite surface and ability to make it hydrophobic.
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1. Introduction

Phosphorus is an essential element 
in the life of all living beings. In nature, 
phosphorus is used with other elements 
forming phosphates, which have differ-
ent chemical and mineralogical char-
acteristics, depending on the type of 
phosphoric rock deposit. Phosphate rock 
is an indispensable raw material for the 
manufacture of industrial products, and 
is widely used in agriculture, the chemical 
industry, food production, pharmacy and 
many others (Gu, 2007; Ruan et al., 2019; 
Wang, 2004).

The most common types of phos-
phate deposits are igneous, metamorphic, 
sedimentary and biogenic (guano ac-
cumulations). In the world, about 75% 
of phosphate resources are attributed to 
a sedimentary origin (Abouzeid, 2008; 
Ruan et al., 2019). The main mineral in 
phosphate rock is apatite and the impor-
tance in the processing of this mineral is 
the production of phosphoric acid, which 

is used as raw material to produce fertil-
izers. Population growth and high phos-
phate demand has depleted the supply of 
high-grade, low-impurity phosphate ores. 
Most phosphate minerals are composed of 
a low P2O5 content and typically contain 
several gangue minerals, such as feldspar, 
quartz, mica, dolomite, calcite and clays. 
Therefore, the phosphate processing 
industry faces a major challenge, which 
is how to economically and efficiently 
exploit those low-grade phosphate miner-
als (Ruan et al., 2019; Zafar et al., 1996). 
Given the growing demand for the explo-
ration of low-content phosphate deposits, 
the rigorous specifications of flotation 
concentrates, strict environmental laws 
and the need to reduce operational costs, 
encouraged several investigations with a 
view to finding better processing tech-
niques and greater effectiveness of reagents 
in the selective separation of phosphate 
minerals. In this context, mineral biotech-

nology may be an attractive process, due 
to its ability for selective adhesion of mi-
croorganisms and their interactions with 
different mineral surfaces, low operating 
costs and lower environmental impact 
(Mesquita et al., 2003).

The chemical compounds produced 
in the microorganism surface cell may in-
duce hydrophobic (for flotation processes) 
and/or hydrophilic (for flocculation pro-
cesses) properties. Thus, in the flotation 
process, the adhesion/adsorption of the 
microorganism and/or metabolic products 
onto the mineral surface is a mandatory 
step. So, the attachment of hydrophobic 
mineral particles to the air bubbles can 
occur, as well as the flotation progression 
(Botero et al., 2007; Mesquita et al., 2003).

Therefore, to obtain a better under-
standing of the promoted apatite bioflota-
tion, the present study develops the basic 
principles of adhesion of the Rhodococcus 
opacus strain to an apatite surface.
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2. Materials and methods

2.1 Mineral sample 

2.2 Microorganism, media and growth

2.3 Surface properties of the mineral

2.4 Adhesion experiments

The apatite mineral (Ca5 (PO4)3 
(F, Cl, OH)) was supplied by CE-
TEM - Brazil. The degree of purity 
of the mineral sample (40% P2O5 and 

53% CaO) was confirmed using X-ray 
fluorescence. The mineral sample was 
crushed and ground dry, then screened 
wet to obtain the desired granulometric 

fractions and used in zeta potential 
tests (<38 µm), adhesion experiments  
(-74 +38 µm) and contact angle mea-
surements (5 × 5 × 10 mm).

The Rhodococcus opacus strain was 
supplied by the CBMAI (Brazilian Collec-
tion of Environmental and Industrial Mi-
croorganisms) in Brazil. The microorganism 
was inoculated in a YMG (yeast and malt 
extract with glucose) culture medium, com-
posed of 1 g/dL glucose, 0.5 g/dL peptone,  

0.3 g/d malt extract and 0.3 g/dL yeast 
extract. The growth of the microorganism 
was carried out in liquid medium using 
500 mL Erlenmeyer bottles that were 
placed in a rotary shaker at 170 rpm for 
70 h at a temperature of 28 °C. Then, 
the culture broth was centrifuged, and 

the biomass obtained was washed with 
deionized water and sterilized in an auto-
clave to avoid further development of the 
bacteria. In order to improve the affinity 
of the microorganisms for apatite surface, 
the adaptation procedure developed in 
Merma et al. (2017) was followed.

Measurements of the zeta potential 
for the mineral, microorganism and 
mineral-microorganism interaction were 
performed using a Zeta meter system 4.0+ 
micro-electrophoresis equipment. For 
this, mineral and microorganism, solu-
tions were prepared with concentrations 
of 0.1 g/L in an indifferent electrolyte of 
0.001 mol/L NaCl. The pH modification 
of the solutions was performed using 
aliquots of HCl and NaOH.

The hydrophobicity evaluation 
of the mineral surface before and after 
the interaction with the microorganism 
was carried out by means of a standard 
Ramé-Hart goniometer using the captive 
bubble method. The ore sample was cut 
(0.5 x 0.5 x 0.5 x 0.1 cm) and polished 
with a diamond paste with 3 µm and 
1 µm particles. The samples were then 
cleaned with distilled water jets and 
ultrasonic water bath. Next, the sample 

was suspended in 0.15 g/L of the biomass 
for 5 min and washed lightly with NaCl 
solution (10-3 mol/L) to remove excess 
bacterial cells. Finally, the samples were 
dried under vacuum in a desiccator for 10 
min and then contact angle measurements 
were performed. This procedure followed 
the methodology of Merma et al. (2013) 
and was performed at different pH values. 
The measurements were carried out in 
triplicate to guarantee a consistent result.

Adhesion experiments were per-
formed in 0.25 L Erlenmeyer bottles 
containing 0.1 L of bacterial solution of 
known concentration (25, 50, 100, 200, 
300 and 400 mg/L) and at different pH 
values (6, 7, 8, 9 and 10). To each Erlen-
meyer flask, 1 g of mineral sample was 
added and placed on a rotary shaker at 
170 rpm for 30 min at different tempera-
ture values (20, 30 and 40 °C). Once the 
contact time had elapsed, the suspen-
sion (bacterial cells and mineral) was 

centrifuged at 2,000 rpm for 5 minutes, 
whereby the mineral with the adsorbed 
bacteria sank to the bottom of the tube 
and the non-adsorbed bacteria remained 
in the aqueous solution. Then, an aliquot 
of aqueous solution was extracted to mea-
sure the absorbance of the solution by a 
Shimadzu UV-1800 spectrophotometer. 
The concentration of biomass adhered to 
the mineral surface was estimated by a 
calibration curve of absorbance versus 
cell concentration, more details of the 

procedure can be found somewhere 
else (Olivera et al., 2017). It is possible 
to observe the bacterial adhesion of the 
R. opacus onto apatite surface by us-
ing scanning electron microscopy (Carl 
Zeiss-DSM 960 SEM) (Morán, 2014; 
Olivera, 2018).

In addition, to determine the in-
teraction between Rhodococcus opacus 
bacteria and the apatite surface, the 
Langmiur (Equation 1) and Freundlich 
isotherm (Equation 2) models were used. 

Where: C
f
, is equilibrium concentration 

(mg/L); q (mg/g), is the amount of bacte-
rial cells adhered per mass of mineral at 
equilibrium; q

max
 (mg/g), is the Langmuir 

parameter related to the adsorption 
capacity; K

ads
 (L/mg), is the Langmuir 

constant. In addition, k
f  and 1/n are the 

Freundlich constants. The constant k
f 
, is 

a function of adsorption energy and tem-
perature and is a measure of adsorption 
capacity, and 1/n determines the adsorp-
tion intensity (Kalavathy et al., 2005; 

Okeola and Odebunmi, 2010; Volesky 
and Holan, 1995).
The adsorption kinetic was studied by 
the pseudo-first and pseudo-second order 
kinetic model, represented in Equation 3 
and Equation 4.
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3. Results and discussion

3.1 Zeta potential measurements

3.2 Contact angle measurements

Where: q and q
e
 are the amount of bac-

terial cells adhered per mass of mineral 
(mg/g) at any time t and at equilibrium, 

respectively, and k is the pseudo first or-
der rate constant of adsorption (min−1); 
h=k

2
 q

e
2  can be regarded as the initial 

adsorption rate  and k
2
 is the pseudo 

second order rate constant of adsorption 
(g/mg.min) (Kowanga et al., 2016).

Figure 1 shows the results of zeta 
potential of the Rhodococcus opacus 

bacteria and the mineral before and after 
the interaction with the microorganism.

The results of the apatite contact 
angle measurements before the inter-
action showed values around zero, 
indicating its hydrophilic character. 
After the interaction with bacterial 
cells (Figure 2), an increase in contact 
angle values of the apatite was ob-
served. This is directly related to the 
adhesion of the R. opacus cells, which 
shared their hydrophobic properties 
to the apatite surface increasing its 
hydrophobic degree (Botero et al., 
2008). This effect is clearly showed at 
a pH of 7, where the highest contact 

angle value (36°) is achieved. With 
respect to the other pH values, a lesser 
interaction between Rhodococcus 
opacus bacteria and apatite surface 
is shown. Considering the highest 
contact angle and corroborating the 
studies of Mesquita et al. (2003) and 
Merma et al., (2013), the results are in 
accordance. According to these stud-
ies, the maximum contact angle values 
were reached in the pH range between 
3 and 5, demonstrating a larger inter-
action between the bacterial cells and 
mineral surfaces.

The bacterial cell surface struc-
ture is composed of various compo-
nents. These substances and biomol-
ecules on the bacterial cell surface con-
trol the physicochemical properties of 
a bacterial cell and alter the properties 
of the mineral surface. For example, 
outer membrane lipopolysaccharides 
(LPS) are highly hydrophilic and the 
presence of proteins outside the LPS 
layer results in a hydrophobic surface, 
while the negative charge is provided 
by phosphate, carboxylate and sulfate 
groups (Rao and Subramanian, 2007).

Figure 1 shows the zeta potential 
profiles of the mineral, the strain and the 
mineral/strain interaction. It is observed 
that the microorganism presented an 
isoelectric point (IEP) surrounding 
pH of 2.8 (Morán, 2014), a result that 
coincides with the study carried out by 
Vásquez et al. (2007). Other authors, 
such as Botero et al. (2007); Bueno et 
al. (2008) and Cayllahua et al. (2009) 
found pH values of around 3.2. This 
change could be attributed to the origin 
of the strain and to its growing condi-

tions. On the other hand, the isoelectric 
point of the mineral was attained at a 
pH of around 2.6. After microorganism 
adhesion, no relevant change in the IEP 
of the mineral was identified, indicat-
ing little predominance of electrostatic 
interactions between the cell wall of the 
microorganism and the mineral surface. 
This effect is corroborated by Yang et al. 
(2013), Yang et al. (2014) and Olivera 
et al. (2017). In addition, at a pH value 
of 7 both curves approach each other, 
indicating very similar electrokinetic 

characteristics. This observation may 
suggest that the adhesion may be related 
to a combination of a specific and non-
specific adsorption mechanisms of the 
bacterial cells.

According to the results achieved 
in this study, the electrostatic interaction 
can be a trifling one between bacteria and 
surface apatite, which may suggest the pre-
dominance of a kind of specific adsorption 
between the different functional groups 
present in the cell wall and the apatite 
surface (Yang et al., 2013, 2014).

Figure 1 - Zeta potential curves of the Rhodococcus opacus 
bacteria and the apatite mineral (indifferent electrolytic: NaCl 10-3 mol/L).
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Figure 3-a and Figure 3-b show 
SEM images of Rhodococcus opacus 

cells and cells adhered onto apatite 
surface, respectively.

Figure 3 shows that the bacterial 
cells have a rod and spherical shape, 
which indicates a mixture of growth 
phases, mainly in the exponential and 
stationary stage, because there was no 
homogeneity of growth at the time that 
they were removed from the culture 
broth. Scanning electron micrographs 
show the attachment of bacterial cells on 
the apatite surface (Figure 3-b). It can be 
seen that the bacterial cells have a low 
surface affinity for the apatite surface, 
and consequently low adhesion. Other 
authors also studied the adhesion of mi-
croorganisms to the surfaces of various 

minerals and their adsorption capacity 
varied from one mineral to another 
(Chandraprabha and Natarajan, 2006; 
Farahat et al., 2008; Olivera et al., 2017; 
Patra and Natarajan, 2008; Santhiya et 
al., 2001; Zheng et al., 2001).

The adhesion results of Rhodococcus 
opacus bacteria on the apatite surface 
as a function of cell concentration, and 
at temperature values of 20, 30 and 
40 °C are shown in Figure 4-a, Figure 
4-b and Figure 4-c, respectively. It is 
observed that there was an increase in 
adsorption density as the concentra-
tion of bacterial cells increases. This 

phenomenon occurred because there 
was a greater amount of bacterial cells 
in the solution and therefore, a higher 
probability of collision between the 
bacterial cell and the mineral surface. 
Schilling et al. (1994) studied the ad-
hesion of the Actinomyces naeslundii 
bacteria to the hydroxyapatite surface 
and verified an increase in adsorption 
density as the concentration of bacterial 
cells in the solution increases. The same 
phenomenon was presented by Botero 
et al. (2007), who studied the adhesion 
of R. opacus bacteria on the calcite and 
magnesite surfaces.

Figure 3 - SEM Images of the bacterial cells: 
a) Rhodococcus opacus cells and b) Rhodococcus opacus cells onto the apatite surface.

3.3 Adhesion experiments

(a) (b)

Figure 2 - Values of contact angle of the apatite mineral after interaction 
with the R. opacus bacteria. Cell concentration 100 mg/L and contact time of 5 minutes.
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The pH value of the bacterial-
mineral suspension plays an important 
role in the adhesion process. For the 
present study, the authors considered 
pH values higher than 6. The last was 
due to the high solubility of apatite in 
the acidic medium. From the results 
obtained, it is possible to observe the 
influence of the concentration of H+ 
and OH– ions in the cell adhesion 
onto an apatite surface. These ions 
interact with the functional groups of 
different molecules present in the cell 
wall of the bacteria, activating them 
and thus, allowing their interaction 
with the mineral surface. The adhe-
sion results showed that at the pH 
value of 7 there was a greater affinity 
between the bacteria and the mineral, 
and therefore, a greater quantity of 
bacterial cells adhered to the mineral 
surface. The adsorption density at that 
pH was of 22.50, 23.30 and 24.10 mg 

of bacterial cells per gram of mineral, 
at temperature values of 20, 30 and  
40 °C, respectively, using a cell concen-
tration of 400 mg/L. For pH values dif-
ferent from 7, the adsorption capacity 
of bacterial cells to the mineral surface 
tends to decrease due to lower affinity. 
The same effect was found by Rong et 
al. (2010) in the study of the adhesion 
of Pseudomonas putida bacteria to the 
goethite surface. On the other hand, 
Jiang et al. (2007) showed variations 
in the adhesion values of Pseudomonas 
putida bacteria to the mineral surfaces 
of kaolinite, goethite and montmo-
rillonite due to the influence of the 
solution pH. The adsorption capacity 
of P. putida on the mineral surfaces 
increased with a pH of 2 to 3 and de-
creased with a pH of 3 to 10.

Adsorption capacity is usually 
described through by isotherms. The 
most common types of adsorption 

isotherms used in biosorption pro-
cesses are the Langmuir and Freun-
dlich models. Both models were used 
to adjust the experimental results of 
adsorption density (highest results at  
pH = 7). It was observed that the ad-
sorption data did not fit well (r2 = 0.25) 
to the Langmiur isotherm because of 
the heterogeneity of the mineral sur-
face (see Figure 3), and also because 
the model assumes that the adsorbed 
bacterial cells interact with an active 
site on the mineral surface and not with 
each other. Meanwhile, the Freundlich 
isotherm adequately described the 
absorption process by assuming in-
teractions on heterogeneous surfaces, 
as well as linkages between bacterial 
cells. The graphic representation of the 
linearized plot is shown in Figure 5 and 
the Freundlich constants obtained at 
different conditions are summarized 
in Table 1.

Figure 4 - Influence of bacterial concentration and solution pH 
on adhesion density at different temperature values: a) 20°C, b) 30 °C and c) 40 °C.

(a) (b)

(c)
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The results show a parameter 
"n" greater than 1, which represents a 
favourable adhesion process, demon-
strating the affinity that exists between 
the mineral surface and the compounds 
present in the bacterial cell wall. It 

is observed that with the increase in 
temperature, there is an increase in the 
parameter "n", and consequently, an 
increase in adsorption capacity.

The adsorption density as a func-
tion of time is shown in Figure 6. The 

maximum contact time was 30 min. 
because in greater times aggregation 
of bacterial cells can be generated 
and these cell flocs would negatively 
influence the adhesion values (Jiang 
et al., 2007).

Figure 6 shows that the adsorption 
density is higher with increasing tempera-
ture, indicating that increasing temperature 
accelerates the adhesion process of bacterial 
cells to the apatite surface by increasing 
their randomness, which facilitates the 
adsorption process.  This increase in tem-

perature may also provide more active sites 
on the mineral surface and consequently 
increase adsorption. The maximum adhe-
sion reached at 20, 30 and 40 °C was 4, 
5 and 6 mg of biomass per g of mineral.

The adsorption kinetics showed that 
the adsorption density is ascending and is 

influenced by the concentration of bacte-
rial cells, contact time and temperature of 
the medium. The experimental data was 
fitted to the pseudo-second order kinetic 
model in the linearized form (Figure 7) 
to obtain the parameters of the equation 
(Table 2).

Temperature (°C) kf n r2

20 0.08 1.07 0.996

30 0.09 1.08 0.995

40 0.10 1.11 0.993

Figure 5 - Adsorption isotherm of R. opacus onto apatite surface. 
The data were fitted with Freundlich model (Temperature: 20°, 30°, 40° C).

Figure 6 - Effects of time and temperature on the adsorption 
density: pH 7 and cell concentration of 100 mg/L (Temperature: 20, 30 and 40° C).

Table 1 - Freundlich parameters for adsorption of Rhodococcus opacus on apatite.
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Figure 7 - Kinetics of Rhodococcus opacus adsorption onto 
apatite surface. The data were fitted using the pseudo-second order kinetic model.

From Table 2, it was observed that 
the adsorption rate constants decrease 
as the temperature increases from 20 
to 40 °C, and their correlation coef-

ficient values were greater than 0.98, 
indicating an appropriate fit and good 
correlation. That suitable fit showed 
that the interaction of each bacterial cell 

with the mineral surface occurs through 
the occupation of active surface sites 
(Kumar et al., 2010).

Similarly, Tan and Chen (2012) 
evaluated the adsorption kinetics of the 
Acidothiobacillus ferrooxidans bacteria 
to the bornite surface using pseudo-second 
order kinetic model, and observed that the 

adsorption capacity increases with time 
and levels off at around 60 min. Other 
authors concluded that kinetic param-
eters are important, but these depend on 
several process variables that influence 

their efficiency. Therefore, the kinetic 
models are relative and are restricted to 
determinant factors of the adsorption 
process (Olivera et al., 2019, 2017; Wills 
and Finch, 2015).

The study showed the affinity 
of Rhodococcus opacus strain for the 
apatite surface and its ability to make it 
hydrophobic. This aspect was shown in 
the displacements of the zeta potential 
and contact angle curves of the apatite 
mineral after interaction with the micro-
organism. These displacements occurred 

due to the adsorption of different cellular 
compounds on the mineral surface. On 
the other hand, the maximum adsorption 
density reached was 24.10 mg of bacterial 
cells per gram of mineral, at a temperature 
of 40 °C and using a cell concentration of 
400 mg/L. In addition, the experimental 
data were linearly fitted by the Freundlich 

isotherm due to the heterogeneity of the 
mineral surface and cellular interactions. 
Meanwhile, the adsorption density as a 
function of time was linearly adjusted by 
the pseudo-second order kinetic model, 
and was observed that the adsorption 
rate constants decrease as the temperature 
increases from 20 to 40 °C.

The authors thank to the Pon-
tifical Catholic University of Rio de 

Janeiro, CNPq, Faperj and CAPES for 
the financial support.
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