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Abstract: The influencing factors in adsorption such as adsorption time, pulp concentration, bacterial concentration, pH as well as 
ionic strength were investigated to explore the relationship among them and bacterial adsorption. The adsorption was a rapid process 
for bacterial adhesion to chalcopyrite. The extent of adsorption increased with increasing initial bacterial concentration and pulp 
concentration. The optimal pH for Acidithiobacillus ferrooxidans adsorption onto chalcopyrite surfaces was in the range of pH 1−3. 
The increase of ionic strength led to decrease in bacterial adsorption, which can be well explained by electric double layer theory. 
The adsorption behavior appeared to be controlled by both hydrophobic and electrostatic interactions at the interface of bacteria and 
mineral. 
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1 Introduction 
 

In the last years, the application of bioleaching 
methods to the extraction of metals from minerals gained 
a prominent role in hydrometallurgy processes over the 
world [1,2]. Bacterial adsorption on sulfide minerals 
surface and its role in sulfide bioleaching have been 
extensively investigated [3−6]. Almost the researchers 
tried to bridge the amounts of bacteria adsorbed with the 
bioleaching rate [7−9], although as approved in 
experiments, the amounts adsorbed and the leaching rate 
did not present direct linear relationship [10,11]. 
However, it was commonly convinced that bacterial 
adsorption on mineral surface was prerequisite for direct 
bacterial oxidation [12,13]. To elucidate the roles of 
bacterial adsorption on mineral leaching, long-term 
adsorption processes with sulfide dissolution were 
investigated by many authors [5,13−16]. For example, 
RODRIGUEZ et al [5] studied the relationship between 
the degree of bacterial attachment and their influence on 
the dissolution rate in 32 days of bioleaching processes. 
The bacterial attachment to chalcopyrite was 
characterized by three distinct stages. The maximum 
attachment was reached in an initial stage (first 24 h). 

PISAPIA et al [13] measured the total bacteria coverage 
rates in the process of pyrite corrosion after 22 months of 
incubation. They found bacteria adhered mainly to 
corrosion pitting walls with a higher affinity. 

However, the mineral surface property often 
changed in the long-term adsorption experiments owing 
to the destruction of surface crystal lattice during the 
leaching process [6]. Besides, the biomass increased 
rapidly with the energy acquired in oxidizing mineral [5]. 
In this case, it is difficult to calculate the amounts of 
bacteria adsorbed according to the difference between 
the initial inoculated concentrations of cells and the 
concentration of cells remaining in the liquid phase after 
adhesion. Therefore, the experiment phenomenon could 
not be well explained in the long-term adsorption since 
every experiment condition changed with the bacterial 
oxidation. In this context, the research on short-term 
adsorption seems more important and has more clear 
significance, since the properties of mineral and bacteria 
do not change during the short-term adsorption. 

Experimental studies demonstrated that bacterial 
species, mineralogy and ionic strength strongly affect the 
extent of bacteria adsorption onto mineral surface [17]. 
Chemical composition of different mineral surface, pulp 
concentration, nutrition condition, temperature, pH value 
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and poisonous elements were suggested as the main 
factors controlling the initial deposition of bacteria onto 
mineral surfaces. However, the underlying mechanism 
involved in the short-term bacterial adsorption onto 
sulfide minerals surface has not been fully considered yet. 
In this study, the adsorption time, pulp concentration, 
bacterial concentration, pH and ionic strength are chosen 
as influencing factors in short-term bacteria-chalcopyrite 
adsorption experiments. 
 
2 Experimental 
 
2.1 Materials 

Chalcopyrite used in the experiment was 
well-crystallized mineral from a domestic geological 
museum. The mineral particles were transferred to agate 
mortar and well polished (<74 μm). The powder was 
sealed and reserved in wide-mouth bottle. 

Acidithiobacillus ferrooxidans (A.f) strain used in 
the experiment was isolated and purified from drain 
water in Qixiashan, Nanjing, China, which was identified 
and used for bacterial adsorption in our previous study 
[4]. Element sulfur was chosen as energy source just 
because of its advantage of less precipitate and higher 
biomass. The cultivation of A.f strain was identical to 
Refs. [4,18]. As the growth of bacteria was in the 
logarithmic phase, the bacteria culture was first passed 
through Waterman No. 44 filter paper to remove residual 
element sulfur. The filtrate was then centrifuged at 5000 
r/min for 30 min. The residual pellet was rinsed by 
double-distilled water and then centrifuged as described 
earlier. This procedure was repeated three times to make 
sure of the removal of all the precipitate. The cell pellet 
was finally suspended in distilled water and stored in a 
refrigerator at 4 °C. 

Sodium chloride (chromatographically grade) was 
used as supporting electrolyte in the measurement. 
Double distilled water was used throughout the 
experiments. 
 
2.2 Experimental method 

Batch experiments were conducted to measure A.f 
adhesion to chalcopyrite as a function of adsorption time, 
pulp concentration, bacterial content, pH and ionic 
strength at 30 °C and 105 Pa, following a procedure 
similar to these used by YEE et al [17] and AMS et al 
[19]. A known concentration of bacteria was suspended 
in 10 mL aqueous solution, and placed in contact with a 
known mass of chalcopyrite. The pH of each batch 
experiment was adjusted using small aliquots of diluted 
HCl or NaOH. In the ionic strength experiments, varying 
amount of NaCl electrolyte was added to each reaction 
vessel, and then diluted to a total volume of 10 mL. In 
each type of batch experiment, the bacteria-mineral 

mixture was allowed to equilibrate for 2.5 h (or for 
different times for the kinetic experiments). Inflator 
equipment was used to ensure the thorough contact 
between bacteria and mineral. At given time intervals, 
the inflator was paused and the test tubes were allowed 
to set for 20 min. The supernatant fluid was withdrawn 
and counted with microscope. The amounts adsorbed can 
be calculated by the differences in bacterial 
concentration before and after adsorption, assuming that 
any decrease in unattached bacterial concentration was 
caused by bacterial adhesion to mineral surface. 
 
3 Results and discussion 
 
3.1 Effect of adsorption time 

1 mL bacterial suspension with a known 
concentration (1.8×108 cell/mL) was added in a test tube, 
and then 0.1 g chalcopyrite powder was added. The 
bacterial concentration in the liquid was observed at 
regular intervals. The results of the adsorption kinetic 
experiments are shown in Fig. 1. Given the experimental 
uncertainty associated with each measurement, Fig. 1 
indicates that bacterial adsorption proceeds rapidly with 
equilibrium reached in 150 min, and with no subsequent 
significant changes to the extent of adsorption. Therefore, 
it is reasonable to fix adsorption equilibrium time as 150 
min in the following experiments. 
 

 

Fig. 1 Effect of adsorption time on amount of bacteria adsorbed 
on mineral 
 
3.2 Effect of pulp concentration 

The chalcopyrite powder with the mass of 0.05, 0.1, 
0.3, 0.5, 0.7, 1.0, 1.2 and 1.5 g was put into each test tube 
and the same volume bacterial suspension (1 mL, 
1.8×108 cell/mL) was added. The change of bacterial 
concentration in the liquid as a function of the pulp 
concentration is shown in Fig. 2. The bacterial 
concentration in liquid declined exponentially and nearly 
approached to zero when the pulp concentration reached 
0.15 g/mL. When the pulp concentration was within the 
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range of 0.005−0.03 g/mL, the amount of residual 
bacteria in solution sharply decreased. This indicated that 
the initial inoculated concentration of cells was relatively 
in excess at this stage corresponding to the surface sites 
available for bacterial adsorption. In addition, the lower 
the pulp concentration was, the less the shearing force of 
the suspension, which also favored the bacterial adhesion 
to minerals. When the pulp concentration was up to 
0.05−0.15 g/mL, the bacterial concentration in the liquid 
hardly changed. Under this condition, almost all of 
bacteria have adhered to chalcopyrite surfaces. However, 
it does not mean that increasing pulp concentration 
favors the bacterial attachment, because the excessive 
high shearing force at high concentration of mineral 
dosage maybe damage the cell, which would cause a 
decrease of the amount of bacteria adsorbed. 
 

 
Fig. 2 Effect of pulp concentration on bacterial concentration in 
fluid 
 
3.3 Effect of bacterial concentration 

Different volume of cell suspension was added in 
each test tube containing 0.1 g of chalcopyrite powder to 
obtain different bacterial concentration. Figure 3 
illustrates that the extent of bacterial adsorption onto 
the chalcopyrite changed with the initial inoculated 
 

 
Fig. 3 Effect of initial bacterial concentration on amount of 
bacteria adsorbed on mineral 

concentration of bacteria. In experiments that were 
conducted with identical amount of chalcopyrite, the 
amount of bacteria adsorbed onto the mineral surface 
directly corresponded to the concentration of bacteria 
present (R=0.995). The monotonic increase in adsorption 
with increasing concentration indicates that, the mineral 
surface is not saturated with respect to adsorbed bacteria 
under these experimental conditions. 
 
3.4 Effect of pH 

Since pH has great effect on the activity and surface 
property of both bacterial and mineral, it is always 
regarded as an essential parameter on the mineral 
adsorption. The concentrations of mineral and bacteria 
were 0.01 g/mL and 1.8×107 cell/mL, respectively. 
Figure 4 depicts the pH-dependent adsorption behavior 
in the bacteria-chalcopyrite system. The curve of 
bacterial adhesion appears as “n” in shape, and the 
maximum of bacteria adsorbed onto mineral was as 
much as about 3.2×108 cell/g at pH 1−3. pH can greatly 
influence the surface potential of bacteria and 
chalcopyrite and therefore the electrostatic force of 
interaction. A.f cells cultivated by element sulfur are 
charged negatively above approximately pH 3.8, whereas 
the minerals are charged positively in the entire pH range 
studied [20−22]. This suggests that a repulsive 
electrostatic force may operate at lower acidic pH values 
(pH < 3.8), which does bring negative effect on bacterial 
adhesion. However, it seems from Fig. 4 that the optimal 
pH for A.f adsorption is just below pH 3.8. Therefore, 
our results indicate that electrostatic interactions alone 
cannot successfully account for the adsorption behavior. 

According to the chemical driving force for 
adsorption, the Gibbs free energy of adsorption can be 
represented as the sum of hydrophobic and electrostatic 
components such that [17]: 
 
ΔG=ΔGhydrophobic+ΔGelectrostatic                    (1) 
 

The ΔGhydrophobic term is directly related to the 
 

 

Fig. 4 Effect of pH value on amount of bacteria adsorbed on 
mineral 
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concentration of neutral sites on the bacterial surface, 
favoring increased adsorption as the concentration of 
these sites increases. At low pH, the bacterial surface is 
dominated by R—COOH sites, which behaves hydro- 
phobically and therefore bacteria more readily adsorb 
onto mineral surface. With the increase in pH, the 
bacteria become progressively more negatively-charged, 
thus increasing its ability to remain in suspension. The 
decreasing hydrophobic nature of the bacteria would 
offset the increasing electrostatic attraction between the 
mineral and bacterial surfaces. Therefore, a marked 
decrease in adsorption was observed with increasing pH 
(pH>3.0). 
 
3.5 Effect of ionic strength 

Bacterial adsorption in bioleaching process took 
place not in a pure water system but in a complicated 
condition containing inorganic salt that bacterial growth 
required and metal ions that were extracted by bacterial 
oxidation. All those ions resulted in the increase of ionic 
strength of solution, so ionic strength should be one of 
the most important factors in bacterial adsorption. Figure 
5 presents the effect of ionic strength on bacterial 
adsorption. Basically, the extent of bacterial adsorption 
onto chalcopyrite declined with the increase of ionic 
strength. 
 

 

Fig. 5 Effect of ionic strength on amount of bacteria adsorbed 
on mineral 
 

Both pH and the ratio of bacteria to mineral are held 
constant in ionic strength experiments, and thus 
ΔGhydrophobic is also constant. The observed changes in 
bacteria adsorption should be ascribed to the changes in 
ΔGelectrostatic. ΔGelectrostatic as a function of distance H 
between mineral and bacteria could be expressed as [21]: 
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where a1, a2 are radii of mineral and bacteria particles, 
respectively; κ is the reciprocal of double-layer thickness; 
and ζ is the zeta potential. 

At low ionic strength, the double layers associated 
with both surfaces are relatively thick, and the attractive 
electric fields extend further into solution, thus 
increasing the potential for adsorption. With the increase 
of ionic strength I，κ in Eq. (2) increases, which implies 
that the electrical double layer of both mineral and 
bacteria particles is compressed. The higher 
concentration of electrolyte ions limits the interaction 
between the two surfaces, and the adsorption is reduced 
though they remain oppositely charged. 
 
4 Conclusions 
 

1) Acidithiobacillus ferrooxidans adsorption onto 
chalcopyrite surfaces is a rapid process. The amount 
adsorbed reaches 2.5×108 cell/g at 5 min and the 
adsorption process comes to equilibrium after 150 min. 

2) Increasing the initial bacterial concentration and 
pulp concentration leads to an increase in extent of 
adsorption. The optimal pH for Acidithiobacillus 
ferrooxidans adsorption onto chalcopyrite surfaces is in 
the range of pH 1−3. With increasing ionic strength, the 
bacterial adsorption is reduced due to the electrical 
double layer compression of both mineral and bacteria 
particles. 

3) The bacterial adsorption of Acidithiobacillus 
ferrooxidans onto chalcopyrite is driven by 
hydrophobicity, but electrostatic interactions also play an 
important role. 
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摘  要：为了探明细菌在黄铜矿表面的吸附机制，采取短期吸附的实验方法，研究吸附时间、矿浆浓度、细菌浓

度、pH 值和离子强度等因素对吸附行为的影响。结果表明，细菌吸附量随初始细菌浓度和矿浆浓度的增加而增

大。Acidithiobacillus ferrooxidans 在黄铜矿表面的最佳吸附 pH 范围为 1−3。离子强度的增大会抑制细菌吸附，这

一现象可以通过双电层理论得到很好的解释。细菌与黄铜矿的吸附行为受疏水性和静电作用力共同影响。 

关键词：细菌吸附；黄铜矿；离子强度；疏水性；Acidithiobacillus ferrooxidans 
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