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Article Info Abstract

The adsorption of gold and copper cyanide complexes on the activated carbon is
investigated using the Density Functional Theory (DFT). In order to represent the
activated carbon, two fullerene-like model (presenting structural defect sites) and a
Accepted 12 September 2022 simple graphene layer containing different functional groups (presenting chemical
Published online 12 September active sites) are employed. The structural defect sites show a much lower adsorption
2022 tendency toward all the cyano complexes comparing to the chemical active sites. The
interaction energy for all of the complexes with structural defect sites (concave) is very
low. However, the graphene layer with unsaturated active sites displays the highest
level of interaction almost for all the complexes except Cu(CN)4-3. The effect of
oxygen functional groups on the graphite edges shows a crucial role in the selectivity
of gold adsorption over copper complexes. It has increased adsorption energy for
Cu(CN)2- in the presence of OH and COOH, and has decreased adsorption energy for
Au(CN)2- by OH and increased by COOH. The study results elucidate the lower
selectivity for adsorption of gold over copper cyanides by high oxygen content
activated carbon. The energy levels of the HOMO and LUMO orbitals show
adsorption of unpaired cyanide anions on the activated carbon surface occurs by
electron transfer from the complex to the adsorbent and adsorption onto the activated
carbon edges by transferring electrons from the absorbent to the complex. The result
has clearly demonstrated that the functional groups increase the adsorption tendency
for both the gold (only COOH) and copper complexes (OH and COOH) but deteriorate
the selectivity of gold over copper cyanides.
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1. Introduction

The adsorption of gold cyanide on the activated Several mechanisms have been proposed

carbon is an essential unit operation for extracting
gold from ores using the CIP/CIL processes [1].
The adsorption mechanism of gold and copper
complexes (the dominant competing species [2])
on the activated carbon is of significant interest as
a better understanding of selective adsorption of
aurocyanide over other complexes would result in
developments in activated carbon preparation and
selection [3] as well as optimization of the
operating parameters [4]. Despite many
experimental studies devoted to provide an insight
into the actual mechanism of metal cyanide
adsorption on activated carbon, such a mechanism
has still remained unresolved [3, 5].

E Corresponding author: sima.mnejad@modares.ac.ir (S. Mohammadnejad).

regarding the nature of aurocyanide adsorption on
the activated carbon [3] including electrostatic, ion
and non-ion pair attraction [3, 5, 6], while copper
complexes have received almost no attention [4]. It
has been supported by many researchers that
aurocyanide irreversibly adsorbs as an unpaired
anion Au(CN), via electrostatic interactions on the
active surface sites having polar character, while
less active sites are occupied by ion-paired neutral
molecular M™ (Au(CN),), through Van der Waals
forces [7]. Copper forms the three different
complexes of Cu(CN),,, Cu(CN);?2, and Cu(CN) 4
with cyanide according to the free cyanide
concentration and the pH of the solution [8].
Cu(CN)," is the only species that adsorbs on the
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surface of activated carbon [9]. It has been reported
that the adsorption of Cu(CN)2™ complex on carbon
is so stronger than the gold complex that stripes the
previously adsorbed gold from activated carbon
surface [2]. The adsorption of metal-cyanide
species on the activated carbon occurs selectively
[10]. In the recent experimental as well as
computational modelling studies, this effect has
been attributed to the differences in the hydration
levels of the metal-cyanide molecule [11, 12].

The reactivity of activated carbon is strongly
related to its functional groups [13]. The highest
selectivity of gold over copper complexes has been
achieved using the activated carbon with the lowest
density of surface functional groups that support
the industrial application of such activated carbons
such as coconut shell [4]. It has been hypothesized
that different preferential sites are responsible for
adsorption of gold (graphitic planes) and copper
(surface edges) [4]. The excessive oxygenated
groups like carboxyl and phenolic acid groups
reduce the affinity of activated carbon to the gold
complex [6]. Also it has been reported that the
density of oxygen functional groups negatively
affects the gold adsorption onto activated carbon
[14]. In another study, four different types of
activated carbons containing different densities of
functional groups (carboxyl, lactone, phenol, and
basic groups) have been examined, and it has been
shown that the activated carbon with a lower
density of functional groups and relatively higher
crystalline character achieves a higher adsorption
of gold and a lower adsorption of copper. However,
the role of different functional groups has not been
clearly defined in this study [4].

Although it is accepted that gold adsorption is
associated with the specific functional groups on
the carbon surface [15], in the study by Yin and co-
workers [3], as the only molecular modelling study
on the adsorption mechanism of gold cyanide onto
activated carbon, the role of functional groups has
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been overlooked to simplify the calculations, and
only structural defects have been taken into
account. Their results illustrate a tendency for
aurocyanide to adsorb on the carbon sheet defects
(concaves) or edges rather than on the basal plane.
Also copper complexes have not been deliberated
in this investigation. Therefore, the main objective
of this study is to establish the role of surface
functional groups and the preferred adsorption sites
on the surface of activated carbon using the ab
initio DFT simulations. Both the gold and copper
cyanide complexes have been examined, and their
interactions with different structural defects as well
as several surface functional groups located on the
planar surface have been calculated and compared.
The results have been used to shed light on the
mechanism of metal cyanide adsorption on the
activated carbon surface. The outcome of this
research work can be effectively used to optimize
the selective adsorption of gold cyanide onto
activated carbon in copper bearing gold ores as
well as elution of copper and gold loaded activated
carbon.

2. Materials and Methods

DFT calculations have been carried out using the
Dmol’> module implemented in the Accelerys
Materials Studio software (version 2017). The
copper and gold complexes as well as activated
carbon were modelled using the generalized
gradient functional BYLP (exchange functional
Becke combined with the Lee—Yang—Parr nonlocal
correlation functional) using an Octa-core desktop
PC. A double numerical basis set was applied
including two atomic orbitals for each occupied
orbital for all atoms plus a p-function polarization
on hydrogen atoms (DNP) to represent hydrogen
bonding [16]. The convergence criteria for
geometry optimizations are summarized in Table 1.

Table 1. Convergence tolerances for geometry optimization calculations.

Convergence tolerance parameters

Tolerances

Maximum displacement
Maximum force
Energy

Self-consistent field (SCF)

Smearing
Orbital cut-off

5x10* A

2 x10 hartrees/A

1 x 106 hartrees

107 hartrees

10®hartrees only for

pentagon fullerene -like model
No

5.0A
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No pseudo-potentials or effective core potentials
were utilized in this study, and all the results are
based on the ‘‘All Electron Relativistic”
calculations. To represent the local environment,
calculations are performed using the continuum
solvation model, namely COSMO (COnductor like
Screening MOdel) [17]. The dielectric constant of
water (78.54) was used to outline the solutions in
COSMO, presuming a very dilute media with
minor dielectric constant deviation from pure
water. Multipolar expansion was used for
calculation of the solvation energy for all of the
models.

The recent studies have shown that microporous
carbon has a fullerene-like structure with possible
pentagonal arrangement of carbon rings with
nonplanar surfaces [18, 19]. This structure has been
successfully used by other researchers to represent
the microporous carbon structure [3, 20]. Here, the
fullerene-like model has been applied by
integrating convex, concave, as well as graphene
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layer to evaluate the active sites on the adsorption
of gold and copper complexes. Also to take into
account the role of surface groups, different
functional groups of OH, COH, and COOH were
added to the active sites of the graphene layer in the
predefined locations. To represent the cyanide
complexes, unpaired anions of Au (CN),,
Cu(CN),, Cu(CN)s~, and finally Cu(CN)s™ have
been used instead of paired neutral complexes to
evaluate the electrostatic interaction with very
active sites of the activated carbon including
unsaturated sites as well as functional surface
groups [7].

The adsorption energy of species on activated
carbon has been calculated based on the difference
between the SCF energy of combined located
complex on the surface of activated
carbon/activated carbon and individual activated
carbon as well as complex (gold or copper cyanide)
in kcal.mol™:

Eaa= Ecomplex/activated carbon — (Ecomplex + Eactivated carbon)

()

where Ecomplcﬂactivatcd carbon, Ecomplcx, and Eactivated
carbon are the total energies of the combined
optimized auro or cuprous cyanide on the activated
carbon, the optimized isolated auro or cuprous
cyanide, and the optimized isolated activated
carbon. The higher negative amounts of adsorption
energy indicate favorable and stronger adsorption
compared to positive or lower negative values [12].

3. Results and Discussion
3.1. Modeling activated carbon surface

The optimized geometry of the Fullerene-like
pentagon model utilized to represent the
concave/convex carbon surface is presented in
Figure 1.a. The Fullerene-like models, as used by
other researchers, are completely saturated with
hydrogen with no unsaturated active sites. To
represent the chemical active sites, a simple model
consisting of single layer with four graphene rings
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was used [21-27] and some of the edge atoms on
the upper side of the graphene layer were
unsaturated. Also to evaluate the effect of
functional groups, OH, COH or COOH group was
settled in one of activate sites of the graphene layer,
resulting in the geometries of Figures 1.d to 1.f.

3.2. Effect of structural defects

The interaction between metal cyanide
complexes and the concave surface of activated
carbon was evaluated. The complexes are almost
parallel to the concave with minimal reorientation
of the complex structure. It is interesting that the
optimized geometry for convex structure could not
be achieved as the complex rotated to the other side
of the structure (concave) after optimization,
supporting the very low interaction energy for
convex structure reported by Yin and co-workers

[3].



Ghasemi et al. Journal of Mining & Environment, Vol. 13, No. 3, 2022

(b) Graphene layer with four unsaturated
active sites

(¢) Graphene layer with one unsaturated (d) Graphene layer with one active site plus
active site one OH functional group

(e) Graphene layer with one active site (f) Graphene layer with one active site plus
plus one COH functional group one COOH functional group

Figure 1. Models used in this research work to study adsorption on activated carbon (gray: carbon, red: oxygen,
and white: hydrogen).

SO ®

Figure 2. Optimized geometry of gold and copper complexes on surface of fullerene-like pentagon model (yellow:
gold, redsphalon: copper, gray: carbon, blue: nitrogen, red: oxygen, and white: hydrogen).
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The interaction energy of the four studied
complexes with structural defect site of activated
carbon is presented in Table 2. The interaction
energy for all of the complexes is low with a very
high positive adsorption energy for Cu(CN); and
Cu(CN)4>. The low adsorption energy for dicyano
complexes are in agreement with the previous
studies that suggest that unpaired cyanide
complexes are not adsorbed on the low active sites
[5]. However, the order of the complexes in the
table is in full agreement with the previously
reported data based on the hydration order of the
complexes [3, 11].

3.3. Effect of active site

To evaluate the effect of unsaturated edges, the
four rings single graphene layer with four
unsaturated active sites was examined against each

¢
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cyanide complex. The optimized geometry of the
structures as well as the interaction energy with
cyanide complexes have been demonstrated in
Figure 3 and Table 3. In all of the species except
Cu(CN);” the central metallic ion has been
oriented to the active site, while in Cu(CN)4~, three
of the four nitrogen atoms have been stretched
toward the active negative sites.

Table 2. Adsorption energy of gold and copper
cyanide complexes with concave surface of activated
carbon.

Cyanide complex Adsorption energy (kJ/mole)

Au(CN),"! 27.16
Cu(CN),"! -12.68
Cu(CN);2 23.10
Cu(CN)s? 74.00

g :
C C

¢ L -

RS S8 8 ¢

f
T

Figure 3. Optimized geometry of gold and copper cyanide complexes and graphene model with four active site
(yellow: gold, redsphalon: copper, gray: carbon, blue: nitrogen, red: oxygen, and white: hydrogen).

Table 3. Adsorption energy of gold and copper
cyanide complexes with graphene edges.

Cyanide complex Adsorption energy (kJ/mole)

Au(CN)," -110.10
Cu(CN),"! -87.00
Cu(CN);2 84.01
Cu(CN)3 64.80

Here, the dicyano complexes demonstrate again
the highest interaction with graphene edges similar
to the surface defect; however, the amount of
interaction is much higher (four times higher for
Au(CN),, and 7 times higher for Cu(CN),’). The
higher amount of interaction energy supports the
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hypothesis that more active sites are responsible for
the unpaired anions [5]. Also the very distorted
structure of dicyano complexes might be an
indication for the instability of cyanide complex
and possible deposition as metallic cation as
reported before by several researchers [1]. Another
interesting effect is the higher interaction of
Cu(CN),~ comparing to Cu(CN); 2. This effect can
be attributed to the different orientation of the
structure as in all of the complexes the interaction
occurs between the central metallic cation and the
active edges, while in Cu(CN),~, nitrogen atoms
are oriented toward the surface. Apparently three
nitrogen atoms have compensated the force
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between negative carbon and active sites, so a
lower repulsive interaction has been resulted. As
presented in the next section, by decreasing the
number of unsaturated sites, the interaction energy
also declines (from -110.10 to -12.37 kJ.mol" for
Au(CN); on the four and one unsaturated active
sites of graphene layer, respectively).

3.4. Effect of functional groups

To evaluate the role of the functional groups, the
three OH, COH, and COOH functional groups
were located on one of the active edges of the

Cu(CN),
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single layer graphene with another unsaturated
active site. The three Au(CN),, Cu(CN),, and
Cu(CN);? were examined against the functional
group containing graphene layer as well as one
unsaturated graphene layer without functional
group for comparison purposes. The optimized
geometry and interaction energies of the structures
have been presented in Figure 4 and Table 4. It has
to be noted that Cu(CN),~ was not considered in
this part of the analysis as no tendency for
Cu(CN),~ was expected to occur on the surface of
graphene layer.

Cu(CN),”

\®

(Active site)

(OH)

(COH)

¢ (COOH)

Figure 4. Optimized geometry of interacted copper and gold cyanides on single graphene layer and one
unsaturated active site. a) no functional groups, b) OH functional group, ¢) COH functional group, d) COOH
functional group. (yellow: gold, redsphalon: copper, gray: carbon, blue: nitrogen, red: oxygen, and white:
hydrogen).

Table 4. Adsorption energy of cyanide complexes of gold and copper with one active site at edge and presence of
different functional groups.

Adsorption energy (kJ.mole™)

Cyanide complex

No functional group OH COH COOH
Au(CN),! -12.37 -4.80 11.64 -39.07
Cu(CN)y! 140.21 -25.74 14.88 -53.07

Cu(CN);2 57.56 80.85 * 49.88

* Not converged.
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The absorption energy variation in the presence
of different functional groups show a very
interesting trend. The presence of functional
groups has reversed the order of Au(CN),” and
Cu(CN)," adsorption trend. In either four or one
active sites, gold cyanide shows much higher
adsorption comparing to Cu(CN),". However, the
presence of OH and COOH functional groups has
resulted in much higher adsorption energy for
Cu(CN),,, while Au(CN)," adsorption has been
reduced by OH and increased in COOH surface
groups. It can be postulated that OH group has
reduced the gold cyanide adsorption by 2.5 times,
while has increased the copper dicyanide almost 7
times. On the other hand, the COOH group has
improved the absorption of both complexes, while
the enhancement for Cu(CN)," is more pronounced.
This effect can be attributed to the higher reactivity
of copper than gold with oxygen of functional
groups as can be clearly observed in the optimized
geometries (Figure 4).

It has been reported that the presence of a large
amount of oxygenated surface groups such as
COOH and OH reduce the gold cyanide absorption
[28]. In addition, Souza and his co-workers report
that a high amount of surface functional group
specifically COOH deteriorate the selectivity of
activated carbon for adsorption of gold cyanide,
and result in a higher adsorption of Cu(CN),” and
lower absorption of Au(CN),™ consistent with our
modelling data. In their results, the absorption of
gold was doubled by increasing the COOH
functional groups from 0.3 peq-m™ to 0.8, and
about three times for the copper complex.

It can be concluded that the active sites on the
graphite edges can play a crucial role in the
selectivity of gold adsorption over copper
complexes. The unsaturated active sites are
preferential sites for adsorption of unpaired anions,
while the defect sites on the surface show a

897
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minimal tendency for adsorption of both the gold
and copper anions. The presence of functional
groups can be effective for adsorption
enhancement of both unpaired gold and copper
cyanide adsorption on the edges. These groups can
deteriorate the selectivity of activated carbon for
gold cyanide adsorption, and are not suitable for
copper bearing gold ores. The COOH functional
group among the three investigated groups is the
most potent factor for adsorption of Au(CN), and
Cu(CN)," at the edges. In addition, the results of
study is in support of the hypothesis for different
absorption mechanism and preferential sites of
gold and copper complexes on absorbing gold on
the carbon surface and absorbing copper on the
edges [4].

3.5. Molecular orbital analysis

To further investigate the mechanism of
adsorption of unaired gold and copper cyanide
complexes on the less active site of surface defects
as well as very active sites of graphite edges, the
molecular orbital analysis was performed by
calculating the frontier orbitals of each specie. For
this purpose, the energy levels of the HOMO and
LUMO orbitals for the four complexes and the six
carbon models used in the previous sections were
calculated and demonstrated in Fig. 5. To the
direction where electron transfer from cyanide to
the activated carbon occurs, or vice versa, the
energy difference between HOMO and LUMO of
the activated carbon, as well as the energy
difference between LUMO of the complex and
HOMO of the activated carbon were calculated
(Tables 5 and 6). The energy difference between
the complex HOMO and the absorbent LUMO is
depicted in Table 5, and the difference between the
complex LUMO and the adsorbent HOMO is
demonstrated in Table 6.
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o | Au(CN)y Cu(CN); Cu(CN)s2 Cu(CN),?
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Pentagon 4AC* 1AC COOH COH OH

Figure 5. HOMO (red) and LUMO (blue) energy levels for cyanide complexes and carbon models (AC = active
site).

Table 5. Difference in energy level between complex LUMO and absorbent HOMO (eV).

Cyanide complexes

Activated Carbon Layers

Au(CN),! Cu(CN),! Cu(CN);2 Cu(CN),3
Concave surface defect 0.107 0.124 0.128 0.137
Edge with 4 active sites 0.009 0.027 0.030 0.040
Edge with 1 active sites 0.066 0.084 0.087 0.097
Edge with 1 active sites & OH group 0.061 0.078 0.082 0.092
Edge with 1 active sites & COH group 0.073 0.090 0.094 0.103
Edge with 1 active sites & CCOH group 0.055 0.072 0.076 0.085
Table 6. Energ_y difference between complex HOMO and absorbent LUMO (eV).
Activated carbon layers Cyanide complexes
Au(CN),! Cu(CN),! Cu(CN);2 Cu(CN),3
Concave surface defect 0.086 0.055 0.005 0.015
Edge with 4 active sites 0.022 0.186 0.136 0.116
Edge with 1 active sites 0.159 0.128 0.077 0.057
Edge with 1 active sites & OH group 0.161 0.130 0.080 0.059
Edge with 1 active sites & COH group 0.142 0.111 0.061 0.041
Edge with 1 active sites & CCOH group 0.144 0.113 0.063 0.042

By comparing the concave pentagon model and
the graphene layer with four active sites, the energy
difference between the HOMO of the complex and
the LUMO of the carbon is lower in concave
surface, while for the graphene layer, the difference
between the LUMO of the complex and the HOMO
of carbon is lower. It shows that absorption of
unpaired cyanide anions on the activated carbon
surface occurs by electron transfer from the

complex to the adsorbent and adsorption onto the
activated carbon edges by transferring electrons
from the absorbent to the complex. It supports the
hypothesis for different adsorption mechanism on
the surface and edges of the activated carbon
discussed before.

Moreover, based on hard-soft acid-base theory,
Au(CN); is the hardest cyanide complex, and
graphene layer with four active sites at the edge is
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the hardest absorbent. Since hard-hard interaction
is preferable because of the attraction between
positive and negative charges [29], adsorption of
this complex on the edges is an attraction between
the positive charge of gold and the negative charge
of carbon.

On the other hand, according to Table 4, the
selective absorption on the graphene layer with
four active sites follows Au(CN),' > Cu(CN),"" >
Cu(CN);2 > Cu(CN),*, which is in accordance
with the results of the previous experimental
studies and modeling in this study [4] [12].

The saturation of the graphene edges with
hydrogen leads to a decrease in the both the HOMO
and LUMO energy levels of the graphene layer, so
the difference between the energy level of the
adsorbent HOMO and complex LUMO amplified
consequently. Therefore, a graphene layer with an
active site has an inferior ability to share electrons
with cyanide complex in comparison with
graphene layer with four active sites.

The HOMO-LUMO analysis of functional
bearing graphene layers demonstrates that the least
negative effect on the adsorption was obtained by
the addition of COOH functional groups. The
energy level difference between the LUMO of all
the complexes and the HOMO of graphene layer
for the COOH group is the lowest, which is
consistent with the modeling results in this research
work and reported experimental data [4]. Also
lower selectivity of activated carbon with OH and
COOH functional groups for adsorption of gold
cyanide over copper cyanides can be clearly
observed in the energy level difference between the
LUMO of all the complexes and the HOMO of
graphene layer. This very well explains the reason
for the negative effect of functional groups in
selective adsorption of aurocyanide in copper
containing gold ores.

4. Conclusions

The role of surface functional groups and
preferred adsorption sites in gold and copper
cyanide adsorption was investigated using first
the principal computational modelling method.
The following results were achieved:

e The modelling results propose that the type of
defect sites including structural or chemical
defect sites of activated carbon play an important
role on the adsorption mechanism of gold and
copper cyanide complexes.

e Theresults obtained here in combination with the
previously modelling study by Yin and co-
workers demonstrates that unpaired cyanide
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complexes tend to adsorb on the structural defect
sites, mostly concave structure, while unpaired
gold and copper cyanide anions have the
tendency to be adsorbed on unsaturated surface
sites.

e The role of oxygen functional groups is
promotion of adsorption for both gold and copper
cyanide complexes. The elevation of adsorption
is more pronounced for copper complexes that
can clearly influence the selectivity for gold
adsorption by activated carbon.

e The energy levels of the HOMO and LUMO
orbitals showed the adsorption of unpaired
cyanide anions on the activated carbon surface
dominates by electron transfer from the complex
to the adsorbent and adsorption onto the
activated carbon edges by transferring electrons
from the absorbent to the complex.

e Finally, based on the results of this
computational modelling study, two different
mechanisms can be proposed for adsorption of
metal cyanide complexes, the adsorption of
paired cyanide complexes on the concave
structural defect sites as well as unpaired cyanide
complexes on the unsaturated chemical defect
sites.

References

[1]. McDougall, J. G. and Hancock, R. (1981). Gold
complexes and activated carbon - A literature review.
Gold Bulletin, 14, 138-153.

[2]. Sayiner, B. and Acarkan, N. (2014). Effect of silver,
nickel and copper cyanides on gold adsorption on
activated carbon 1in cyanide leach solutions.
Physicochemical Problems of Mineral Processing, 50,
277-287.

[3]. Yin, C.Y., Ng, M.F., Saunders, M., Goh, B.M.,
Senanayake, G., Sherwood, A. and Hampton, M.
(2014). New insights into the adsorption of aurocyanide
ion on activated carbon surface: Electron microscopy
analysis and computational studies using fullerene-like
models. Langmuir. 30 (26): 7703-7709.

[4]. Souza, C., Majuste, D., Dantas, M.S.S. and
Ciminelli, V. S. T. (2014). Selective adsorption of gold
over copper cyanocomplexes on activated carbon.
Hydrometallurgy, 147-148, 188-195.

[5]. Xia, J., Marthi, R., Twinney, J. and Ghahreman, A.
(2022). A review on adsorption mechanism of gold
cyanide complex onto activation carbon. Journal of
Industrial and Engineering Chemistry, 111, 35-42.

[6]. Ibrado, A.S. and Fuerstenau, D.W. (1995). Infrared
and X-ray photoelectron spectroscopy studies on the
adsorption of gold cyanide on activated carbon.
Minerals Engineering. 8 (4): 441-458.



Ghasemi et al.

[7]. Lagerge, S., Zajac, J., Partyka, S. and Groszek, A.J.
(1999). Comparative study on the adsorption of cyanide
gold complexes onto different carbonaceous samples:
Measurement of the reversibility of the process and
assessment of the active surface inferred by flow
microcalorimetry. Langmuir. 15 (14): 4803-4811.

[8]. Marsden, J. and House, L. (2006). The Chemistry
of Gold Extraction: Society for Mining, Metallurgy,
and Exploration.

[9]. Dai, X. and Breuer, P.L. (2009). Cyanide and copper
cyanide recovery by activated carbon. Minerals
Engineering. 22 (5): 469-476.

[10]. Adams, M.D., Friedl, J. and Wagner, F.E. (1995).
The mechanism of adsorption of aurocyanide on to
activated carbon, 2. Thermal stability of the adsorbed
species. Hydrometallurgy. 37 (1): 33-45.

[11]. Ghasemi, S., Mohammadnejad, S. and Khalesi,
M.R. (2018). A DFT study on the speciation of aqueous
gold and copper cyanide complexes. Computational and
Theoretical Chemistry, 1124, 23-31.

[12]. Yin, X., Opara, A., Du, H. and Miller, J.D. (2011).
Molecular dynamics simulations of metal-cyanide
complexes: Fundamental considerations in gold
hydrometallurgy. Hydrometallurgy. 106 (1): 64-70.

[13]. Van Deventer, J.S.J. and Van Der Merwe, P.F.
(1994). The mechanism of elution of gold cyanide from
activated carbon. Metallurgical and Materials
Transactions B. 25 (6): 829-838.

[14]. Ofori-Sarpong, G., Amankwah, R.K. and Osseo-
Asare, K. (2013). Reduction of preg-robbing by
biomodified carbonaceous matter—A  proposed
mechanism. Minerals Engineering, 42, 29-35.

[15]. McDougall, G.J., Hancock, R.D., Nicol, M.J.,
Wellington, O.L. and Copperthwaite, R.G. (1980). The
mechanism of the adsorption of gold cyanide on
activated carbon. Journal of the Southern African
Institute of Mining and Metallurgy. 80 (9): 344-356.

[16]. Delley, B. (2000). From molecules to solids with
the DMol3 approach. The Journal of Chemical Physics.
113 (18): 7756-7764.

[17]. Klamt, A. and Schuurmann, G. (1993). COSMO:
a new approach to dielectric screening in solvents with
explicit expressions for the screening energy and its
gradient. Journal of the Chemical Society, Perkin
Transactions. 2 (5): 799-805.

[18]. Harris, P.J.F. (2013). Fullerene-like models for
microporous carbon. Journal of Materials Science,
48(2): 565-577.

900

Journal of Mining & Environment, Vol. 13, No. 3, 2022

[19]. Peter, J.F.H., Zheng, L. and Kazu, S. (2008).
Imaging the atomic structure of activated carbon.
Journal of Physics: Condensed Matter. 20 (36): 362201.

[20]. Cam, L.M., Van Khu, L. and Ha, N.N. (2013).
Theoretical study on the adsorption of phenol on
activated carbon using density functional theory.
Journal of Molecular Modeling. 19 (10): 4395-4402.

[21]. Montoya, A., Truong, T.T., Mondragon, F. and
Truong, T.N. (2001). CO desorption from oxygen
species on carbonaceous surface: 1. Effects of the local

structure of the active site and the surface coverage. The
Journal of Physical Chemistry A, 105(27), 6757-6764.

[22]. Montoya, A., Mondragén, F. and Truong, T.N.
(2002). First-principles kinetics of CO desorption from
oxygen species on carbonaceous surface. The Journal of
Physical Chemistry A. 106 (16): 4236-4239.

[23]. Montoya, A., T.N. Truong, and A.F. Sarofim,
Application of density functional theory to the study of
the reaction of NO with char-bound nitrogen during
combustion. The Journal of Physical Chemistry A. 04
(36): 8409-8417.

[24]. Montoya, A., Truong, T.N. and Sarofim, A.F.
(2000). Spin contamination in hartree—fock and density
functional theory wavefunctions in modeling of
adsorption on graphite. The Journal of Physical
Chemistry A. 104 (26): 6108-6110.

[25]. Wu, X. and Radovic, L.R. (2004). Ab initio
molecular orbital study on the electronic structures and
reactivity of boron-substituted carbon. The Journal of
Physical Chemistry A. 108 (42): 9180-9187.

[26]. Radovic, L.R. (2005). The mechanism of CO,
chemisorption on zigzag carbon active sites: A
computational chemistry study. Carbon. 43 (5): 907-
915.

[27]. Chen, N. and Yang, R.T. (1998). Ab initio
molecular orbital study of the unified mechanism and
pathways for gas—carbon reactions. The Journal of
Physical Chemistry A. 102 (31): 6348-6356.

[28]. Ibrado, A.S. and Fuerstenau, D.W. (1995). Infrared
and X-ray photoelectron spectroscopy studies on the
adsorption of gold cyanide on activated carbon.
Minerals Engineering. 8 (4): 441-458.

[29]. Bhattacharyya, D., Depci, T., Prisbrey, K. and
Miller, J.D. (2016). Significance of Graphitic Surfaces
in Aurodicyanide Adsorption by Activated Carbon:
Experimental and Computational Approach
Characterization of Minerals, Metals, and Materials,
683-690.



H"?JL./‘fyajw‘ﬂoﬂo)jo‘wjmjumwjf 7‘54.&4.:).%: u/)&ﬁng

DFT asflluo 0 i Jlsd (3258 bawgi (s 31 Wb il (il i 5o Jlole (glaog S i

e Lo joexo g w.>|);..\.c:.am Lo ‘Gnmlﬁ Lo

Olpl ol (o Cany oKD (yame (cuwdige s
VoYY ANY Gy s Y YYVAY L)

sima.mnejad@modares.ac.ir :olslse Jytus odim g %

HRWE

Joe 99 o JUd )3 (Byme sl )5 ) E oy 0)90 DFT) JSa b sl jf ool b Jub 005 595 32 e 9 Wb gl Sl oSS ol
oolainl 050 ((plowds Jud slacusdas oasmsylas) calises Jole sloog,5 (g5l (81,5 ool a¥ G g (5,5 Lo Laly slacasdse sanlad) aiile o Js8
Ol bt Jb ool b anslio 10 Mo (6 gl o mSleS o |) (6505 s Ciz 4 bl (lie LSl (aBly glacuadge w85 I8
o gLl (o glacdpe b G318 4Y iz e ool (b jlew (2ie) )l Le aBly lacoadse ;0 b puShoS doa (1S 0l (5550 ()l ol
2 @S 18 el T a5y 2 ST sl sloog S 1ol pLas |, CUCNF-Y 5 & oSS aan (5T Ly S8 0 a0 3YL
a5 5 COOH 5 OH 52> )3 Cu(CN)-Y (sl i 551 (il a e ooy 57 0l 318 (Lt s 2 S Mo (1o (SeST Dl (5 35 5]
i M (gl iz s iy ]l osins olis aalllae ol gl aiot COOH g o1 il s OH Ligs AUCN)-Y (sl i (55,1
3y ¢ odls Lz sl Sloisul iz 45 wimd ce (LS segl 5 509 slelli) (65l sk aitee Jlab (S VL (RS lgie dlauly 4 e @
@ bl o i) (uSlaS a4 ol 5 Ldg mSUN JUail 3yl 51 Jlad (057 sload (g5, i 5 o3l 4 S5l g, Jlil 3 )b 51 Jlab (S elas
wins o il 1, (COOH 5 OH) s ob 5 (COOH L) S (50l (slo puShiaS o iz & oles _lle (sloog 5 45 wimo o o)l zgdg &

Ao Gl ome A Zemd 1) Mo ol iz coll iz o

DFT . Jsse g jbadin (U (55,5 s i Sl il 2 g0l olodsS



mailto:sima.mnejad@modares.ac.ir

