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Abstract

We investigated experimentally and theoretically the adhesion behavior of Acidithiobacillus ferrooxidans (At.fy) to
different copper sulfides. The adsorption experiment showed cell densities of 10.74 x 10°, 8.06 x 105, 3 x 10°, 4.24
x 100 and 2.35 x 10° cells/cm?, respectively, on the surfaces of djurleite, bornite, covellite and chalcopyrite. The
order was: djurleite > bornite > covellite > chalcopyrite. The results indicate that A. ferrooxidans has high affinity to
adhering to the surfaces of djurleite and bornite in the acidic region. But the thermodynamic approach predicts that
there will be no attachment of At.f to the surfaces of bornite, covellite and chalcopyrite. This discrepancy is due to
the inadequate description of electrostatic interactions. The DLVO approach shows attachment of At.f; to the surfaces
of djurleite, bornite and covellite, and repulsion between At.f; and chalcopyrite. The DLVO approach can explain the
differences of the adhesion of At.f; to different copper sulfides.
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Introduction covellite > pyrite > enargite > carrolite >>chalcopyrite (Dew et
The bioleaching of low-grade copper sulfides is a al., 1999). The bacteria can solubilize the valuable metals from
developing technology, and has been applied success- the orebodies by the oxidation of minerals. Bacterial adhesion

fully to the extraction of copper from secondary sulfide plays a critical role in the bioleaching processes (Chen et al.,
minerals (Watling, 2006; Pradhan et al., 2008; Akcil 2008; Harneitetal.,2006). Generally, bacterial adhesion can be
and Deveci, 2010). The bioleaching of chalcopyrite explained by surface thermodynamics and the extended DLVO
is still a major challenge (Bosecker, 1997; Brierley  theory, in which the adhesion energy between the bacteria and
and Brierley, 2001; Ehrlich,2004). Astudy conducted =~ mineral is calculated as a function of the separation distance
at Billiton Process Research showed the following (Sharma, 1999; Bos etal., 1999; Sharma and Hanumantha Rao,
preferential order of sulfide minerals leached by me- 2002). These methods take into account Lifshitz-van der Waals
sophilic cultures: chalcocite > bornite > cubanite >  interactions, electrostatic interactions and acid-base interac-
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tions (Busscher et al., 2010). These interactions are very well
understood and formulated in mathematical equations. The
most important inputs in these calculations are surface energy,
surface charge, electron donation and electron acceptance on
the bacterial cell surface and mineral.

Many factors affect the leaching process and leaching ef-
ficiency. Bacterial adherence to the mineral surface is a very
important factor among them (Beheraetal.,2011). This study is
aimed at better understanding the bioleaching of different copper
sulfide minerals from the perspective of the interactions between
the bacteria and minerals. The adhesion behavior of Az.f6 to
different copper sulfides is investigated using the approaches
of surface thermodynamics and the extended DLVO theory.

Materials and methods

Mineral samples. Four copper sulfides (djurleite, bornite,
covellite and chalcopyrite) were used in the experiments.
Djurleite with 71.94% copper (Cu), 1.22% iron (Fe) and
20.53% sulfur (S) was obtained from the Bofang copper mine
in Hunan province, bornite (50.17% Cu, 10.67% Fe and 24.38%
S) was obtained from the Dongxiang copper mine in Jiangxi
province, covellite (60.26% Cu, 3.20% Fe and 33.52% S) was
obtained from the Zijinshan copper mine in Fujian province,
and chalcopyrite (27.88% Cu, 28.29% Fe and 32.36% S) was
obtained from the Dexing copper mine in Jiangxi province.

The handpicked samples were crushed with a hammer and
ground in a porcelain ball mill to particle sizes of less than
74 pm, then stored under nitrogen in a sealed container. The
specific surface areas of djurleite, bornite, covellite and chal-
copyrite were 302.67 cm?/g, 818.93 cm%/g, 1,319.34 cm?¥/g
and 1,362.47 cm?/g, respectively. Some samples were further
ground to particle sizes of less than 5 um for electrokinetic
experiments.

Bacterial strain. A pure culture of an Acidithiobacillus
ferrooxidans (At.f6) strain, isolated from the Liwu copper
mine in Sichuan province in China, was used in this study.
The strain was cultured in an optimized medium consisting
of (NH,),SO, (2.0 g/L), K,HPO, (0.25 g/L), MgSO,-7H,0
(0.25 g/L), KC1 (0.1 g/L), and FeSO,-7H,0 (22.0 g/L) (Fu et
al., 2011, 2013). Cultures were grown in shake flasks under
the conditions of 160 rpm and 30°C.

Contact angle measurement. Samples were prepared
using the method reported by Sharma and Hanumantha Rao
(2003). Between measurements, the mineral surfaces were
freshly polished with paper No. 4000 and dipped in ethanol
to prevent any oxidation of the surfaces, and contact angles
were measured within 5-10 minutes of polishing.

For measuring the contact angle of bacteria, bacterial lawn
was prepared by filtering bacterial suspension on a filter mem-

Table 1 — Surface tensions (mJ/m2), as obtained from
literature (Bos et al., 1999).

Liquid ,YTOT 'YLW Y AB Tt s
Water 72.8 21.8 51 25.5 25.5
Ethylene 48.0 29 19.0 1.92 47.0
glycol
Glycerol 64 34 30 3.92 57.4
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brane, with about 800 bacterial layers depositing on the filter
membrane. The filter membrane with the bacterial lawn was
vacuum freeze-dried, cut into strips, and fixed with double-
sided adhesive tape onto a sample holder (Farahat et al., 2009).

Polar liquids (water, ethylene glycol and glycerol) were
used to measure the angles on copper sulfide surfaces and
bacterial lawns. The contact angles of these three liquids on
solid sulfide surfaces and bacterial lawns were measured using
the sessile drop technique with an Easydrop DSA20 dynamic
adsorption tester. The surface tension components of the liquids
are shown in Table 1.

Adsorption studies. The bacterial cultures were fully grown
in a sterile medium (for 60 hours) and filtered through a What-
man No. 1 filter paper to remove the insoluble compounds.
The filtrate was centrifuged at 10,000 rpm for 10 minutes,
washed several times with distilled water, and then dispersed
in distilled water at a pH of 2.0 (Jia et al., 2008).

Attachment experiments were carried out in a 50-mL KC1
solution with ionic strength of 0.001 mol/L, containing 2.0 x
1,010 cells and 0.5 g of mineral (-74 um), on a rotary shaker
(120 rpm) at 30°C. The number of attached cells was calculated
by subtracting the remaining planktonic cells from the total
numbers of cells inoculated.

Electrokinetic measurements. The electrophoretic mo-
bilities of the copper sulfides as well as At.f6 were measured
using a Brookhaven Zeta PALS instrument. The zeta potential
of bacterial cells was measured at a concentration of 4 x 108
cells/mL. All measurements were conducted at the same ionic
strength (0.001 mol/L). Each sampling was taken and analyzed
in triplicate (Farahat et al., 2010; Subramanian et al., 2003).

Results and discussion

Thermodynamic approach. The interfacial free energy of
microbe-mineral can be described using the thermodynamic
approach (Sharma and Hanumantha Rao, 2002), and compared
before and after adhesion. The comparison is expressed in
terms of free energy of adhesion as:

AG,gh = Ysb = Y1 ~ Yo (1

where vy, 7 and vy, are mineral-bacteria, mineral-liquid and
bacteria-liquid interfacial free energies, respectively. AG, 4, is
negative, which means that bacterial adhesion will take place
on the mineral, and adhesion is thermodynamically unfavor-
able when AG, 4, is positive. The interfacial energies of y; and
Yp; €an be calculated using contact angle data measured with
standard liquids with known free energies. Different approaches
to converting contact angle data to surface free energies had
been described previously (Sharma and Hanumantha Rao,
2002). Detailed descriptions of the various approaches can be
found in the literature: equation of state approach (Neumann
etal., 1974; Neumann et al., 1980), geometric mean approach
(Owens and Wendt, 1969) and Lifshitz-van der Waals’ acid-
base approach (LW-AB) (Van Oss, 1993, 1994). In this study,
the LW-AB approach was used to calculate the solid surface
free energies and interfacial energies:

AG, =AGLY +AG2 @

AGEY =2l /B — /¥ | - ) @
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Table 2 — Interaction energy terms used in XDLVO approach.

Lifshitz-van der Waals (LW) interaction energy, AG!W, mJ/m?2

I 1
A | 2alH +¢ (H+2a)| 1 |
Mineral-At.f, R+ A | _ —|
12| H2a+H) | H J\1+1.77(2nH/}))
At.f5-At.fy Al y y LIRS AN | | I
12| X" +xy4+X X +Xy+x+y x*+xy+x+y/\1+1.772xH/2)
Lewis acid-base (AB) interaction energy, AGAB, mJ/m?2
i y w  [H,—H)
Mineral-At.f, 21tah AG*? “i" 0 ‘
. h,
w [H,-H)
At.fg-At.fg nah , AG*" m]wi ] i
. h, )
Electrostatic interaction energy (EL), AGEL, mJ/m?2
Mineral-At.f, . A i : Sl all .
TE, ;1[(;1,', -, ] ———p+q|p=i - q = In{l —expl Zlc]I}]
| oy + 0 ) | —exp(-«H) | :
At.fy-At.f, 2ne,a02, In[l +exp(— «H)]

A =-121H2G,4,"W; a is the radius of At.f;, 1 um; H is the separation distance; H, is the minimum separation distance between mineral and At.f;,
6.57 A; x = H/(a; + a,); y = a,/a,, 1; L = 1,000 A; h, is the correlation length of molecules in liquid, ~ 6 A; k = 0.328 x 101(1)2m-"; ¢y, and ¢, are the
zeta potentials of cell and mineral, respectively, mV; g, is the permittivity of the medium, 6.95 x 10-10 C2J/m; | is the ionic strength, M; and « is the

double-layer thickness'.

A(}.;\\III‘; = 2[_\-';.‘;”\-\ - \-'I:Zf - ]\f\
- 3(\-':‘.-’ —— \-':‘f I ]\’ e \-"I‘.-':‘. )

where b, m and v indicate bacteria, mineral and vacuum.

Extended DLVO approach. Classical DLVO theory de-
scribed by Verwey and Overbeek (1948) and Deryagin and
Landau (1941) includes Lifshitz-van der Waals forces and the
electrostatic force. Van Oss and Good (1984) later added the
acid-base contribution. In the system of bioleaching of copper
sulfides, bacterial adhesion is described as a balance between
Lifshitz-van der Waals forces (LW), electrostatic force (EL)
and acid-base interaction force (AB):

G,q,(H) = GEL(H) + GIW(H) + GAB(H) 5)

The mathematical formulations used for the calculations of
these forces (Blessing, 1997; Hemansson, 1999; Poortingaectal.,
2002; Mills et al., 1996; Oliveria, 1997) are shown in Table 2.

Surface free energy of solids and bacteria. The contact
angles measured with the three liquids on djurleite, bornite,
covellite and chalcopyrite, and the calculated surface free ener-
gies using the LW-AB approach are presented in Table 3. The
surface energies of djurleite, bornite, covellite and chalcopyrite
are 35.0, 39.6, 42.9 and 44.7 mJ/m?2, respectively. The result
shows that the mineral surfaces are differently energetic. If
we compare only the Y4B part, the chalcopyrite surface seems
more polar than the surfaces of djurleite, bornite and covel-
lite. Chalcopyrite has higher electron-donating (y-) part and
electron-accepting (y+) part than djurleite, bornite and covel-
lite, so its B is high.

The bacterial surfaces were found to be more energetic than
the mineral surfaces and hence more hydrophilic, principally
due to the very high electron-donating characteristic (y"=55.2

Contact angle, 0/(°)

Table 3 — Contact angle and surface free energy data for mineral and bacterial cells.

Surface energy (mJ/m2)

Mineral Water Ethylene glycol Glycerol yw T+ e yAB yTot
Djurleite 75 38 60 25.6 3.0 74 9.4 35
Bornite 50 36 56 30.2 0.6 36.7 9.4 39.6
Covellite 38 26.5 49 33.1 0.5 48.5 9.8 42.9
Chalcopyrite 43 34 53 10.7 5.6 517 34 44.7
At.fg 29 10 43.5 28.6 1.5 55.2 18.2 46.8

yTOT: total surface energy; yW: van der Waals; y*: electron acceptor; y: electron donor; yAB: acid-base.
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Figure 1 — Zeta potential curves of minerals and cells as a function of pH.

mJ/m?). The surface energy of the Az./6 is higher than those of
these minerals, which is due of the fact that the y~ component
for the At.f6 is high. But the bacteria have less y" component
than djurleite and chalcopyrite.

Free energy of adhesion. The free energies of bacte-
rial adhesion on djurleite, bornite, covellite and chalcopyrite
were calculated using the LW-AB approach and are shown in
Table 4. The Lifshitz-van der Waals forces are attractive for
the At.f6 on djurleite, bornite and covellite. However, the van
der Waals interactions between the Az.f6 and chalcopyrite are
repulsive. The acid-base component is attractive for djurleite,
and repulsive for bornite, covellite and chalcopyrite. The total
free energy of adhesion of the At.f6 to djurleite is negative.

Tor

However, the A(,,  of adhesion of the Azf6 to bornite,

donation character (y"), and hence it is attracted by djurleite.

Zeta potential. The surfaces of Atf6 cells are charged
due to the presence of functional groups, such as carboxyl
(-COOH), amino (-NH,) and hydroxyl (-OH), originating from
the cell wall components of lipopolysaccharides, lipoprotein
and bacterial surface proteins (Fu, 2012). The zeta potentials
of minerals and cells as a function of pH are shown in Fig.1.

The isoelectric point (IEP) characterizes the electrical prop-
erties of a mineral. Figure 1 shows that the IEP of Az.f6 cells
is at pH 2.8 and there are two IEPs for djurleite and bornite:
the IEPs of djurleite are at pH 4.0 and pH 7.9, and the IEPs of
bornite are at pH 3.2 and pH 6.9. This may be because djurleite
and bornite are easily dissolved in acidic environments and
the locating ions are mainly Cu?*, S2- and HS™. The zeta po-

— i 2
covellite and chalcopyrite are positive. The thermodynamic Table 4 — Free energy of adhesion (mJ/m?).
approach predicts that there will be no adhesion of the Az.f6 Svst AGLY A8 AGTO"
on bornite, covellite and chalcopyrite. This may be because the ystem S adh e o
A. ferrooxidans strain is hydrophilic, and bacterial cells prefer Djurleite-At.f, -0.53 -2.03 -2.56
to stay in the aqueous phase rather than attach themselves to Bornite-At.f, -2.62 28.06 25.44
these mineral surfaces. The djurleit.e exhibits higher acid-base Covellite-At.f; 147 35.3 33.83
attraction compared with other minerals due to the fact that Chal e AL f 190 29,15 31.05
djurleite has low electron-donation character (y~) and electron- alcopyrite-Atls ) ) )
accepting character (y*). The Atf6 has very high electron-
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Figure 2 — Free energy versus separation distance curves for At.f6-At.f6 system at (a) pH

=2 and (b) pH =10, when | = 0.001 M.
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Figure 3 — Free energy versus separation distance curves for djurleite-At.f6 system at (a)

pH =2 and (b) pH = 10, when | = 0.001 M.

tentials of djurleite and bornite in acidic environments can be
calculated using the equation:

0y = 0.059/Z(pMpy.— pM), V

where @ is the zeta potential, Z is the ion valence and M is
locating cationic activity. The mineral dissolution gradually
enhances with decreasing pH, resulting in the increase of pM
and thus the decrease of ¢,. When pM > pMp, -, ¢, < 0. The
locating ions of djurleite and bornite in the alkaline environ-
ment are mainly H" and OH-, and the zeta potentials can be
calculated using the equation:

¢y = 0.059/Z(pHp,-—pH), V

where pHp, - is the point of zero charge of the minerals. When
pH > pHp;c, ¢ < 0.

Chalcopyrite has an IEP at pH 6.9, while the IEP of covel-
lite is at pH 6.8. The zeta potential is negative for pH values
smaller than the IEP value, and positive for pH values larger
than the IEP value.

DLVO approach. 4¢.f6-At.f6 system. The total interaction
is the sum of van der Waals interactions, electrostatic interac-
tions and acid-base interactions between the bacterial cells
themselves. Van der Waals interactions, electrostatic interac-

GKT

6 8 12 14

T 100
Separation distance (nn)

G/l

tions, acid-base interactions and the total interaction between
bacterial cells themselves as a function of separation distance
AB

adh

(H) at I =0.001 M are shown in Fig. 2. The AG ., | AG

and AG'9" of bacteria-bacteria are —~0.92 mJ/m2, 36.41 mJ/

adh
m? and 35.49 mJ/m2, respectively.

Figure 2a shows that the total interaction energy, G, is
positive when the separation distance H <4.2 nm, indicating
that the repulsive forces dominate. When H > 4.2 nm, G
is negative, indicating that the adhesion between bacterial
cells themselves is thermodynamically preferred. This means
that aggregation of bacterial cells in the aqueous phase in
the acidic pH region is impossible. Figure 2b shows Gpq
is positive in the alkaline pH region, indicating that the re-
pulsive forces dominate interactions between bacterial cells.
Although the van der Waals interactions GLV is attractive,
the acid-base interactions and electrostatic interactions are
highly repulsive. The reason for this repulsion is the fact
that bacterial cells are hydrophilic and hence they prefer to
stay in the aqueous phase rather than form flocs (Sharma and
Hanumantha Rao, 2003).

Mineral-At.f6 system. The total interaction, van der Waals
interactions, electrostatic interactions and acid-base interac-
tions versus separation distance curves of djurleite, bornite,

900}
i L1 IJ
(1 =
600 G
300+ b
| (-I\!\
(L
=300+
600}
900} GV
E.] . 2 . -1 . ::u . \ . |-[]. ]-Z . ].—l. I.h

Separation distance (1m)

Figure 4 — Free energy versus separation distance curves for bornite-At.f6 system at (a)

pH =2 and (b) pH = 10 when | = 0.001 M.
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Figure 5 — Free energy versus separation distance curves for covellite-At.f6 system at (a)

pH =2 and (b) pH =10, when 1 = 0.001 M.

covellite and chalcopyrite interactions with At.f6 are shown
in Figs. 3, 4, 5 and 6, respectively.

Figure 3a shows that the total interaction energy, van der
Waals interactions, electrostatic interactions and acid-base
interactions between djurleite and A4¢.f6 at pH = 2 are attrac-
tive. The number of cells adsorbed on djurleite increases.
The primary contribution to the total energy comes from the
electrostatic energy GEL, followed by the Lifshitz-van der
Waals energy GV and the acid-base energy GAB. The acid-
base interaction is relatively short-range, and the interacting
surfaces must approach closely (less than 5 nm) before these
forces become operative (Hermansson, 1999). At pH =2, the
bacterial cells and mineral particles are oppositely charged,
and the adhesion of bacterial cells to the mineral surfaces is
possible. At pH = 10 (Fig. 3b), both djurleite and A4¢.f6 are
negatively charged and hence electrostatic interaction is re-
pulsive. Figure 3b shows the Lifshitz-van der Waals energy
GW and the acid-base energy GAB are attractive. In the basic
pH range, when H < 1.5 nm, GTOT is negative, indicating that
the attractive force dominates interaction between djurleite
and bacterial cells and the number of adsorbed cells increases.
However, when H > 1.5 nm, GTOT is positive. There is a
maximum value GTOT _ at H =5 nm, indicating that bacte-
rial cells could adsorb onto the surface of djurleite when the
kinetic energy of A¢.f6 is larger than GTOT .

The free energy versus separation distance (H) curves of

(€

O bl 10 12
.\L‘I)ill'.l][l\l] distance (nim)

14

G/KT

bornite-At.f6 and covellite-Az.f6 are shown in Figs. 4 and 5,
respectively. Figures 4a and 5a show that the GLW and GEL of
bornite-Atf6 and covellite-At.f6 are attractive, but the GAB of
both is repulsive. The total interaction energy GTOT is negative
at H > 3.0 nm and positive at H < 3.0 nm. This means that
the Az.f6 cells can approach, then adsorb on the surfaces of
bornite and covellite, but the adhesion strengths of the A4¢.f6
to the surfaces of the two minerals are weak. However, the
free energy versus separation distance (H) curves of covellite
interaction with A¢.f6 at pH =2 are similar to those at pH = 10,
indicating that the interaction between covellite and cells in the
acidic pH range agrees with that in the basic pH range. But the
interaction between bornite and A4¢.f6 in the acidic pH range
is different from that in the basic pH range. GTOT is positive
at pH = 10, showing that the repulsive forces dominate the
interaction between bornite and the 4¢.f6, and the adhesion of
bacterial cells to bornite decreases.

Figure 6 shows that the GTOT between chalcopyrite and
bacterial cells is always positive at any given pH values,
predicting that the repulsive forces dominate and hinder the
adsorption process. The reason for this repulsion is the fact
that both GEW and GAB are repulsive.

Adsorption experiment. The adsorption of the Azf6 on
the different copper sulfides as a function of the conditioning
time at pH = 2.0 is shown in Fig.7.

8§ 10 12 14 16

Separation distance (nm)

4]

-

(S0

Figure 6 —Free energy versus separation distance curves for chalcopyrite-At.f6 system at
(a) pH =2 and (b) pH =10, when | = 0.001 M.
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Figure 7 shows the number of adsorbed cells increases for
up to 60 minutes before saturation in the cases of djurleite
and bornite, and 70 minutes before saturation for covel-
lite and chalcopyrite. As for the four copper sulfides, the
cell density on the surface of djurleite is higher than those
on the surfaces of bornite, covellite and chalcopyrite. Af-
ter conditioning for 80 minutes, the cell densities on the
surfaces of djurleite, bornite, covellite and chalcopyrite
are 10.74 x 106, 8.06 x 10, 3 x 109, 4.24 x 106 and 2.35 x
106 cells/cm?, respectively. The order of adsorption of cells on
copper sulfidesis: djurleite >bornite > covellite > chalcopyrite.

Discussion

The thermodynamic approach predicts that there will be no
attachment of bacterial cells to the mineral surfaces (Sharma
and Hanumantha Rao, 2003). However, the total free energy
of adhesion of the Az.f6 to djurleite is negative, indicating that
the thermodynamic approach can predict the adhesion of the
At.f6 to djurleite. The reason behind this is the strong acid-base
attraction and van der Waals attraction between djurleite and
the At.f6. The thermodynamic approach predicts that there will
be no attachment of 4¢.f6 to the surfaces of bornite, covellite,
and chalcopyrite. The results are in good agreement with those
reported by Sharma and Hanumantha Rao (2003). For bornite
and covellite, the strong acid-base repulsion outweighs the
van der Waals attraction. The other reason may be the fact
that electrostatic interactions are not considered at all in the
thermodynamic approach.

The DLVO approach predicts the possibility of flocs of
the individual bacterial cells, and attachment of the Az.f6 to
the surfaces of djurleite, bornite and covellite, and repulsion
between chalcopyrite and the Az.f6. However, the adsorption
experiment shows the attachment of the Az.f6 bacterial cells to
these minerals. The attachment of bacterial cells to chalcopyrite
is not predicted by the DLVO approach or thermodynamic
approach. However, the DLVO approach can explain the se-
lective adhesion of bacterial cells to the surfaces of different
copper sulfides.

Conclusions

Our adsorption experiment showed that, after conditioning
for 80 minutes, the cell densities on the surfaces of djurleite,
bornite, covellite and chalcopyrite were 10.74 x 106, 8.06 x
10,3 x 10°, 4.24 x 10% and 2.35 x 100 cells/cm?, respectively.
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The order was: djurleite > bornite > covellite > chalcopyrite.

The thermodynamic approach predicts that there will be no
attachment of the 4z, to the surfaces of bornite, covellite and
chalcopyrite. For bornite and covellite, the strong acid-base
repulsion outweighs the van der Waals attraction. The other
reason may be the fact that electrostatic interactions are not
considered at all in the thermodynamic approach. The DLVO
approach predicts the possibility of flocs of the individual
bacterial cells, and attachment of the At f; to the surfaces
of djurleite, bornite and covellite, and repulsion between
chalcopyrite and the At.f. The attachment of bacterial cells
to chalcopyrite is not predicted by the DLVO approach or
thermodynamic approach. The DLVO approach can partially
explain the selective adhesion of bacterial cells to the surfaces
of different copper sulfides.
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