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ADSORPTION BEHAVIOR OF GLUCURONIC ACID ON PYRITE SURFACE:
AN ELECTROCHEMICAL AND DFT STUDY

Bacterial adsorption on mineral surface is one of the key steps in bioleaching process. The bacteria adsorb on the mineral
surface via the extracellular polymeric substances (EPS) layer. In this paper, the behavior of glucuronic acid, one of the key sub-
stances in EPS layer, adsorbed on the pyrite surface is studied using DFT and electrochemical methods. Adsorption capacity of
glucuronic acid is stronger than that of water. Glucuronic acid adsorbs on pyrite surfaces and it follows a mixed type of interac-
tions (physisorption and chemisorption). Adsorption of glucuronic acid on pyrite surface followed Langmuir’s adsorption isotherm
with adsorption standard free energy of —27.67kJ mol™'. The structural and electronic parameters were calculated and discussed.
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1. Introduction

Bioleaching is an environmentally friendly and economi-
cally feasible technology [1,2]. In bioleaching process bacte-
ria oxidize Fe?" and enrich Fe*" on the surface of minerals,
consequently, accelerating the dissolution of minerals [3-5].
Bioleaching technology is often used to recover gold [6], cop-
per [7], zinc [8] and other metals. Pyrite is the most widely
distributed sulfide mineral in nature and is often associated with
gold [9], copper [10] and zinc minerals [11]. In the bioleaching
process, pyrite plays an important role in the leaching of other
minerals, including the formation of galvanic cells with other
minerals [12,13], encapsulation of other minerals [14,15], etc.
Therefore, bioleaching of pyrite has attracted widely attention
[5,6,8,9,12, 3].

In recent years, a consensus has been gradually reached on
the mechanism of bioleaching pyrite: bacteria can not directly
dissolve pyrite. In the process of bio-metallurgy, the direct oxi-
dant of pyrite is Fe*" [16]. The bioleaching process of pyrite can
be simply represented by Figure 1.

However, in the absence of bacteria, the oxidation of pyrite
by Fe*" is a very slow process. The presence of bacteria greatly
accelerates the oxidation of pyrite by Fe** [17]. In bioleaching
operations, attachment to mineral surface is a prerequisite for
bacterial accelerated oxidation [19-21]. Attachment of leaching

bacteria and formation of biofilms on mineral surfaces enhance
bioleaching of pyrite and other metal sulfides [22]. Microbial
EPS have been studied and discussed in many articles [23,24].
EPS play an essential role in mediating the contact between the
cell and sulfide surface. Adsorption behavior of EPS on minerals
is important for bacterial adhesion, which related to adsorption
behavior of different components of EPS [25]. Glucuronic acid
is considered in EPS [26-29] and Gehrke et al [20] and Sand
et al [30] concluded that glucuronic acid and iron(IIl) ions
play a pivotal role in primary adhesion due to an electrostatic
attraction between pyrite and iron(IIl) complexes within the
EPS. It has already been shown that the amount of glucuronic
acid and complexed ferric iron in the EPS have direct implica-
tions for the efficiency of the leaching process [31]. However,
understanding of the adsorption behavior on sulfide surfaces is
lacking. Laskowski and Liu [32] reported that these polymers
adsorb through interactions with metal-hydroxy species on
the pyrite surfaces, but other adhesion mechanisms including
hydrogen bonding, hydrophobic bonding, electrostatic interac-
tion and chemical interaction have also been proposed in the
literature [33,34].

In this paper, the adsorption behavior of glucuronic acid on
pyrite surface was characterized using density function theory
(DFT) and electrochemical methods. This paper is helpful for un-
derstanding the effect of glucuronic acid in bioleaching process.
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Fig. 1. Model for contact leaching catalyzed by bioleaching microorganisms

2. Experimental method
Materials

Pyrite chemical analysis was performed by combustion
(sulfur) and ICP-OES (other elements) (S.C. Prospectiuni
Geologice S.A.) and yielded a S:Fe atomic ratio close to 2.
Main impurities detected include Si (300 mg/kg) and Al (160
mg/kg). The results of X-ray diffraction (XRD) analysis (model
ofthe instrument: D8 ADVANCE; wavelength radiation: 1.5405

Angstrom; kV and mA values during operation: 30 KV and 40
mA; and the type of detector: LYNXEYE , Bruker Corpora-
tion, Billerica, Massachusetts, USA) of the pyrite are shown in
Figure 2, which shows that the pyrite samples are pure enough
for electrochemical test.

For electrochemical studies, only 1 cm? area was exposed
during each measurement. The samples were polished using
different grades of emery papers (600-1200 grade) followed by
washing with ethanol, acetone and finally with distilled water
before each measurement.
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Fig. 2. The results of X-ray diffraction (XRD) analysis of the pyrite



Electrochemical experiments

Electrochemical experiments were carried out in a three-
electrode cell consisting of one pyrite specimen with an exposed
area of 0.185cm? as working electrode, a platinum counter elec-
trode and a saturated calomel electrode (SCE) as a reference elec-
trode. Using CH electrochemical workstation (Model No: CHI
660e, manufactured by CH Instruments, Austin, USA) at 303 K.
The electrochemical experiments were carried out after 30 min
to stabilize the corrosion potential of pyrite. Potentiodynamic
polarization tests were conducted at the scan rate of 1.0 mV s !
in the potential range from 0.2 to 0.6 V vs. SCE. Corrosion cur-
rent density (i.,,.) was obtained by Tafel extrapolation method.

DFT computational details

All calculations of DFT were performed using DMOLS3 [35].
For pyrite, the Generalised Gradient Approximation (GGA) de-
veloped by J.P. Perdew, K. Burke, and M. Ernzerhof[36,37] was
used to describe the exchange correlation effects. For glucuronic
acid, B3LYP with electron basis set 6-31G (d, p) was used for
all atoms. The geometry optimization was considered to be com-
plete when the stationary point was located. Among the quantum
parameters, lonization potential (/) and electron afficienity (4)
was calculated used Eyo;0 and E; 0 With equation (1) and (2),
Several quantum chemical calculations indices, including AE (en-
ergy band gap), # (hardness), o (softness), y was the global elec-
tronegativity and AN was the fraction of electron transfer [38-42].

Ionization potential (/) and electron afficienity (4) was
calculated using Eyop0 and Ej 0 with equation (1) and (2),
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Several quantum chemical calculations indices, including AE
(energy band gap), # (hardness), o (softness), y is the global elec-
tronegativity and AN is the fraction of electron transfer [38-42].
The quantum parameters are calculated using equation (1)-(6).
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3. Results and discussion
DFT

Adsorption behavior is closely correlated with the reac-
tive activity of glucuronic acid and pyrite. Therefore, using
GGA/BLYP/DNP method, quantum chemical parameters were
calculated in aqueous phase. The results are shown in Table 1.

Band structure of pyrite is shown in Fig. 3, the band gap
is 0.725eV, experimental and theoretical estimates of the pyrite
(FeS,) band gap vary from 0.73 to 1.20 eV [43-45], meaning

Band gap is 0.725 eV

Energy (eV)

b R ]

Fig. 3. Band structure of pyrite
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that the results is credible. For pyrite, the value band edge is
about 0.157Ha, and 0.184Ha for bottom of conduction band.
Because pyrite is one type of semiconductor, we can calculate
the quantum chemical calculations indices using equation
(1)-(6) by value band edge and bottom of conduction band of
pyrite (molecular orbit of Gamma Kpoint), which are collected
in Table 1, then, the calculated indices of glucuronic acid are
also listed in Table 1.

TABLE 1
Calculated indices of glucuronic acid and pyrite
Indices (Ha) 1 A n c x AN
Pyrite 0 0.027 | 0.014 | 71.429 | 0.014
Glucuronic acid |, 59 | .57 | 0.086 | 11.627 | 0.143 | 0.785
(liquid phase)

It is well known that any chemical reaction occurs as
a result of transition of electrons due to interactions between
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) of reacting species. Eyomo
is a quantum chemical parameter which represents the electron
donating ability of the molecule. It was reported that chemical
species with high values of Eyyop0, have the tendency to donate
electrons to other chemical species with a low empty molecular
orbital energy. On the contrary, the E; ;0 shows the ability of
the molecule to accept electrons. The lower the value of E; 40,
the higher its ability to accept electrons [46,47].

The LUMO and HOMO of glucuronic acid is shown in
Fig. 4. The LUMO distribution on carboxy site of glucuronic acid,
and the HOMO distribution concentrates on the hydroxy group of
glucuronic acid. Conceding on the reducibility of pyrite surface
in bio-leaching, the possible adsorption sites on pyrite surface

may be the carboxy site. And Fe** may be weakly bound with
hydroxy, resulting a high reaction of bioleaching. On the other
hand, the, AN values are correlated to the adsorption efficiency
resulting from electron donation, if, AN < 3.6, the adsorption
efficiency increases within creasing electron-donating ability at
the minerals surface. In addition, AN of pyrite and glucuronic
acid is —0.785, which means that glucuronic acid can capture
electron from pyrite. This indicates glucuronic acid can oxidize
pyrite slightly, which is consistent with the experimental results
of Wang et al. [48]. This indicates that glucuronic acid and
complexed ferric iron in the EPS has direct implications for the
bioleaching efficiency.

Potentiodynamic polarization analysis

Potentiodynamic polarization is a useful tool to describe
the relationship between electrode potential and electric current
in the process of polarization. And it is widely used to obtain
adsorption isotherm of organic molecules adsorbing on electrode
surface, as well as to identify the effect of organic molecules
on either cathodic or anodic reactions [49-52]. The polarization
curves of in absence and presence of different concentration of
glucuronic acid in pH 1.5 (additional sulfuric acid was added
to achieve the pH) solution (the pH of bioleaching solution)
are shown in Fig. 4. And Tafel data is collected in Table 2. The
surface coverage (0) is calculated using equation (7).

l.i'orr
0 =1--2"x100% (7)

lcorr

As we can see from Fig. 5. The shift in E,,,, values of the
different concentration of glucuronic acid compared to the acid

Fig. 4. LUMO (a) (green atmosphere) and HOMO (b) (green atmosphere) of glucuronic acid (isosurface value was select as 0.2) (grey ball for C

atom, red ball for O atom and white ball for H atom)
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Fig. 5. The polarization curves of in absence and presence of different concentration of glucuronic acid in pH 1.5 solution

TABLE 2

Tafel data of polarization curves of in absence and presence
of different concentration of glucuronic acid
in pH 1.5 solution

Concen- E.., )14 fa Leom
tration | (V vs. SCE) | (mV Dec.”)) | (mV Dec.”!) | (pA em™)
0 0.344 6.611 4.458 2.296
0.03 0.346 6.275 4.636 1.962
0.06 0.349 6.105 6.506 1.705
0.09 0.343 6.436 4.699 1.508
0.12 0.342 6.323 4.671 1.346
0.15 0.335 6.449 5.019 1.141
0.18 0.337 6.169 4.839 1.118
0.21 0.331 6.316 5.316 1.065
0.24 0.336 6.129 4.860 1.055
0.27 0.338 6.004 4.800 1.048

blank is less than 80 mV, suggesting that the studied surfactants
are mixed type inhibitors (with the effect of adsorption) [53,54].
The values of both anodic and cathodic Tafel slopes (fc, fa)
slightly changed when the concentration of the gluconic acid
increased, which suggests that the addition of the gluconic
reduces the anodic dissolution of pyrite (without Fe*" in the
solution) as well as effects of the cathodic reaction, without
affecting the reactions mechanism. The decreases of the cor-
responding current densities and the increase in the degree of
surface coverage (6) with increasing glucuronic acid concen-
tration due to the formation of anodic protective films on the
electrode surface [55].

Adsorption isotherm

Adsorption behavior can be described by adsorption iso-
therm, i.e. as those given by the Frumkin, Langmuir, and Temkin
models, among others [56], which can give key information of
adsorption. The adsorption isotherm is shown in Fig 6. Using
Langmuir model to fit the data, R?is 0.982, which indicates that
the adsorption isotherm can be described as Langmuir isotherm.
We can also describe Langmuir isotherm by Equation (8)

1
€1 ¢ )
0 kads

where C is the concentration of glucuronic acid, & the adsorp-
tive equilibrium constant and 6 is the surface coverage. The
adsorption isotherm was determined from the polarization curves
after 30 min of immersion. The adsorption equilibrium constant
ka5 is 1.276 x 103, which reflects the high adsorption ability of
glucuronic acid on the pyrite surface.

Standard free energy of adsorption is related to k4 ac-
cording to the following equation (3). AG," = —RTIn(55.5k )
Equation (3) where R J mol™! K is the universal gas constant
and T (K) is the absolute temperature and 55.5 mol L! is the
molar concentration of water in solution. AG,;” is calculated to
be —27.67 kI mol !, the negative value means the spontaneity of
the adsorption of glucuronic acid on pyrite surface and the stabile
adsorbed layer on pyrite surface, as well as the strong interaction
of glucuronic acid and pyrite surface. Generally, absolute values
of AG,;" around 20 kJ mol™! or less negative are consistent
with electrostatic interactions between inhibitor and the charged
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Fig. 6. The adsorption isotherm of gluconic on pyrite; (a) Fitting with concentration and coverage; (b) Fitting with concentration (C) and C/0

metal surface (physisorption), while those around 40 kJ mol™!
or higher are associated with chemisorption as a result of the
sharing or transfer of electrons from organic molecules to the
surface to form a coordinate type of bonds (chemisorption) [25].
Accordingly, the value of AG,;’, —27.67 kJ mol™! suggests that
the adsorption of glucuronic acid on the pyrite surface takes place
through both chemical and physical adsorption.

4. Conclusion

In the present study, adsorption behavior of glucuronic acid
on pyrite surface was investigated by DFT and electrochemical
methods. Following conclusions are drawn:

1. Adsorption capacity of glucuronic acid is stronger than that
of water, in water solution, glucuronic acid tends to absorb
on pyrite surface.

2. Electrons transfer from pyrite to glucuronic acid when
glucuronic acid adsorbs on pyrite surface. Glucuronic acid
can oxidize pyrite slightly.

3. Adsorption of glucuronic acid on pyrite surface follows
Langmuir’s adsorption isotherm with adsorption standard
free energy of —27.67 kJ mol ..

4.  Glucuronic acid adsorbs on pyrite surface by mixed type
interactions (physisorption and chemisorption).
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