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Abstract

The interactions of gold complexes including gold chloro-hygrspecies, gold thiosulphate and
gold thiourea, with protonated and deprotonated sdicaonomers, are studied using density
functional theory (DFT) method3.he previously published optmhgeometry of gold complesis
used here, together with the geometry of silica - monortes is optimised and compared with
experimental and available theoretical data. COSMO (COnduktiStreening Model) solvation
simulation of different systems (for different pH anddyoomplexes) is also used to represent the
surrounding aqueous environmenide. interaction energy of gold complexes with silipeces
based on theoretical studies has been shown to corvedditevith the extent of silica preg-robbing
(sorption) per surface area of quartz determined expetatherlhe ability of DFT to compute the
interactions of different gold complexes involving sigeaiit relativistic effects, with other species,
has been demonstrated in this study. This work allowsouexplain and control the chemical

processes which result in loss of gold from solution idrbgnetallurgical extraction.

Keywords: Density functional theory; COSMO solvation; gold chloride; gold thiourea; gold

thiosulphate; silicate

1. INTRODUCTION

Carbonaceous matter and sulphides are well known to adsordrgoideaching solutions in a
phenomenon known as preg-robbiﬂ;. [Lhe mechanism of interaction of gold complexes wité or
constituents has been the subject of investigation theerdast few decade|§|[2], and it has more
recently been demonstrated that silicates can alsogbdyhproblematic in causing preg-robbing.
However, previous studies of preg-robbing have focused maingylincyanide complexes in view
of its dominant use in gold extraction, meaning that n@micle gold complexes have not received

as much attention. With increasing community resistdocthe use of cyanide, there is renewed



interest in alternative lixiviants in both reseasid industry. The interaction of non-cyanide gold
complexes including chloride, thiourea and thiosulphate mtawd with framework (quartz and
feldspar) and layer silicates (kaolinite and pyrophyllitejerstudied experimentally in our gro@[S-
. A significant preg-robbing effect was observed in nidghe systems, contradicting previously
held beliefs.

The interaction of Au(l) and Au(lll) complexes with othepecies was studied for the first time by
Tossell ] in the presence of sulphide and chloridehatHartreeFock (HF) level with limited
solvent effects. Becker and co-work[lO] used densitytimad theory (DFT) methods to
calculate the adsorption energy of gold chloride (in Aufofrm) on the surface of galena. However,

no details of the geometrical characterisation of golthplexes were presented in that study.

Several studies have been conducted in the last decadleeointeraction of non-cyanide gold
complexes with other species including silanols. and #&#caHong and co-worker,
following their extensive experimental studies on therattion of gold complexes with kaolinite,
also used some computational methods. The results iofqentum mechanics calculations using
the SCFXa-DV (self-consistent-field discrete-variation methodthod revealed that the edge sites
of kaolinite dominate the complexation reactions of khelinite surface with AuSand Au(HS)
anions, especially at sites near the Al octahedra. Weka@ et al. also investigated the
interaction of gold particles with a silica surface usmagiodic DFT. Their results show that the
sorption strength of gold on silica decreases with isengachloride concentration at the surface,
with increasing cluster size, and with decreasing oxidatiate of gold. The most stable grafting
complex was shown to be AuCI(OHpn a chloride-free silica surface, while the presence-@fl Si

groups at the surface destabilises the complex.

There is _a significant lack of knowledge available in therdture regarding computational
characterisation of non-cyanide gold complexes and theraction with other species including
silicates. Most of the studies available are limited to gaseplwalculation or a low level of
computational theory due to the high atomic number of gold associated high computational

costs, which are particularly introduced by relativistieetfs.

Here, we have applied high level computational modelling ampdidinsolvent models to study the
interaction of different complexes with silica monomat different pH conditions, comparable with

the experimental conditions published in our previous work.



2. COMPUTATIONAL METHODS

Density functional modelling has been carried out using the software DMol’, implemented in
Accelrys Materials Studio version 4.4 (Accelrys, San Diego, USA). The most stable and optimised
geometry of each gold complex, as published previously , is used in this study, while the
geometry of silica monomers is optimised and compared with experimental and available theoretical
data. The simulations were implemented using generalised gradient functionals as described below,

running on a Quad-core desktop PC.

A double numerical basis set was used (two atomic orbitals for each occupied orbital) for all atoms
plus a p-function polarisation on all hydrogen atoms (DNP) to account for hydrogen bonding . In

our previous stud5], a series of calculations wereopmed to assess the performance of the
different exchange-correlation functionals as well dutal cut off values; from this assessment PBE
functionals and a 10 A orbital cut off were applied [15]. Noupsepotentials or effective core
potentialswere used in this study and all the results are based on “All Electron Relativistic”

calculations.

The continuum solvation model, (COnductor like Screening MOdel, COSMO) [13] and the dielectric
constant of water (78.54) were used to describe both acidic and alkaline solutions of the different
gold complexes in the dilute solutions studied here. Multipolar expansion was used for calculation of
the solvation energy for all molecules except Cfek which a monopolar expansion was used.
Geometry optimisation convergence thresholds were set at 1x10° hartrees, 2x10™ hartrees/A and
5x10™ A for energy, maximum force and maximum displacement respectively. An SCF convergence

of 107 hartrees was used with no smearing, with an orbital cut off of 10 A for all types of atoms.

The interaction energy of species has been calculated based on the difference between the SCF

energy of combined complexes and individual molecules (E ) in

Si monomer+Gold Complex - Si monomer Gold Complex

kcal'mol ™.

3. RESULTS AND DISCUSSION

3.1 GoLb COMPLEXES

Speciation of gold chloro-hydroxy species, as well as golduté& and thiosulphate, has been
reported by our grou5]. The same geometrical data hesese used in this study.
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3.2. SILICA SPECIES

Silica has an equilibrium solubility in aqueous solutior-d®0 ppm (~2 mM) at near-neutral pH at
around 25 ° ], and the most stable form of silica in agsisolutions over a wide range of pH
(approximately 2-10) is silicic acidSi(OH).. Above this concentration, silicic acid.undergoes
condensation or polymerisation, reducing the silicic acitentration to its equilibrium solubility

and generating stable polynuclear spe [18]. The ntaten of Si is very low in the aqueous
leaching systems studied here (<10 ppm for framework siicas well as acidic clays), so

dimerisation or polymerisation products of silica haweleen considered in this study.

Hydrolysis and deprotonation of the silicate monomer haea Iséudied extensivelE [18-R0]. At a

pH below 2, which is the point of zero net charge ofailjgrotonation of silanols forms cationic
species [SI(OHJOH)4*™ (n < 4) ]. Above pH 10, further hydrolysis involves the

deprotonation of a silanol group to form an anionic species:
[Si(OH)4.10n]"— [Si(OH)@30)On+a] ™+ H' ,0<n<3 (Equation 1)

Because Si(OHY is the conjugate base of a weak acid, it is observed only ie@ppte quantities
above pH 4=| and the second deprotonation requires even more higlalnaliconditions

Figurel demonstrates the dominant silica monomer speciegloegrH ranges from 0-14.

[Si(OH)s(OH2)]" [Si(OH)4] [SiO(OH)s] [SiO2(OH)2)*

@o %:b e }*L‘ Rt 3‘4. > >.-%

| |

0 1 2 3 4 5 6 7 8 9 10 1 12 13 14

Figure 1. Hydrolysis and deprotonation of silica monometdifferent pH.

The structures of the possible silicate monomers (newstrajly charged cation and anion; doubly
charged anion), considering the realistic pH values usedii experiments, were modelled in this
work. To enable simulation of neutral species, enoughidies were added to charge-balance the
anions Si(OHYO" and Si(OH)O,*, and Cl to charge-balance the cation Si(G@)H.)*. The
optimised geometries in the gas phase and COSMO for adtthetures are presented in Tables 1
and 2.



Table 1. The optimised geometries and thermochemical parametesiica monomers in the gas

phase. OC @0 ('H @:Si @:'Na
Si-O bond length (A) O-SiObond angle (°)  Binding energy (kcakmol™)
Silica monomers
Neutral monomers
C ,L" 1.65 106 -903.6
[Si(OH)4]
Neutral models for charged monomers
. Si-OH: 1.65, 1.64, 1.64 111,112,
[Si(OH):OH:CI] Si-OH,Cl: 1.66 113,114 -1041.3
SrOR Lo, 1oL LTS 101,103, 103,116 -907.1
[Si(OH);ONa] T
Si-OH: 1.70, 1.75
S-ONa: 1.59.1.64 118,113, 99,100 -881.1
[Si(OH),0O,N&]
Charged monomers
[SIOH,(OH)4]*
Si-OH: 1.60, 1.61, 1.61 )
o ‘.‘, Si-OHy: 1.85 93,103, 113,121 8048
C
= ] Si-OH: 157, 1.0, 1.0 )
SiLO: 172 100,100, 112,114 888.3
[SIO(OH)
- ? Si-OH: 1.79 1.79,
.-IJ') oh0: 150,162 102,102, 110,110 723.3
[SIOy(OH)3]




Table 2 The optimised geometries and thermochemical paranetsiigca monomers in COSMO.

Ccl@®0 CHE:S @:Na

Silica monomers | Bond length (A) Bond Angle (°) Binding Energy (kcal-mol?)
Neutral monomers
e 1.65 115 -944.1
[Si(OH)4]
Neutral models for charged monomers
Si-OH: 1.64, 1.64, 1.65, 100,107, 113,116 -1058.5
Si-OH,Cl: 1.67
[Si(OH);OH.CI]
l Si-OH: 1.67, 1.67, 1.73 103,104, 110,119 -933.4
[Si(OH);0Na] Si-ONa: 1.58
G
J Si-OH: 1.70, 1.73 104,104, 114,115 -917.9
Si-ONa: 1.60,1.62
[Si(OH),O.Na]
Charged monomers
-
C = 1 Si-OH: 1.61, 1.62, 1.62 Si- 103, 104, 114, 11¢ -876.8
) . OH,: 1.79
[SiOH,(OH)4]
C
§s ] Si-OH: 1.69, 1.69, 1.70, Si- 102, 107, 112,
0:157 118, -961.5
[SIO(OH)
? Si-OH:1.75, 1.75Si-O: . )
.-x’) 160, 1.60 102, 107, 108, 12¢ 961.3
[SIOx(OH)g*

To validate the structures of different silicate monorspecies, the Gibbs free energies were
calculated for deprotonation reactions of silica monomens] the results were compared with
experimental and theoretical data reported in the fitezan Table3. The description of the aqueous
phase in each of the calculations was based on the CO&bU2l, and explicit water molecules
were not included. As is depicted in the third equationabld 3 for each type of species, some
literature studies have used four explicit water molecurethe protonated form and three water

molecules in neutral and deprotonated forms, to improvsithelation of the solution chemistry via



theoretical methodl], but in the current work this wasound to be beneficial as the inclusion
of explicit water molecules greatly extended the commutat demands (time and memory) of the

calculations involving also gold complexes

Table 3.Values of stability constant (legf) of protonation and deprotonation of Si(Qh¥)onomer.

Reaction Theo. Exp. This work
[Si(OH)5(OH,)]* + OH — Si(OH), + H,0 4.7 4.4
[Si(OH)3(OH,)]C1 — Si(OH)4+ HCI 0.2? 1.8
[Si(OH)s(OH)] "+ 4H,0 + OH — Si(OH)s 41,0 + HO 3.0
Si(OH); + OH — SiO(OH)3 + H,0 7.3 9.5 -13.6
Si(OH); + NaOH — NaSiO(OH); + H,0 -8.6° -10.1
Si(OH)s 3H,0 + NaOH — NaSiO(OH)3: 3H,0 + H,0 -5.1°
SiO(OH) + NaOH — SiO,(OH),* + H,0 04> 3.2 40 0.2
NaSiO(OH) + NaOH — Na,SiO,(OH), + H,O -7.6° -9.5
NaSiO(OH): 3H,O + NaOH — Na,SiO,(OH);-3H:0 + H,0 3.0

Literature sources:
: - HF and DFT

The deprotonation reactions were simulated here using botla@Hsodium hydroxide (NaOH) as
the basic reactants, where in each case the hydroxid®Iéh forms water through extraction of a

hydrogen ion (H) from the silicate monomer.

The protonation and deprotonation energies of silica moroate298 K hae been reported in the
literature using different theoretical and experimentetineues (Tablg). Considering the fact that
the best theoretical results reported in the literatueebased on consideration of at least three
explicit water molecules, while none were taken into aotdiere, the results show reasonable
correlation with both experiments and previous theotretiata. The use of neutral models for the
charged silicates results in better correlation with exparim(-10.1 vs. -13.6 for 1st deprotonation).
Unfortunately there are no experimental data available anliterature regarding protonation of
Si(OH)4, however the data obtained here without explicit watdeondes are relatively close to the

results reported byossell and Sah2] including explicit water molecules.
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Although there is some level of discrepancies betweercdlerlated values of stability constants
from these theoretical studies and the available expetaneata, the optimised geometries for the
silica monomer could be still used for investigation mkraction with gold complexes via trend
analysis of interaction energies.

3.3. INTERACTION OF GOLD COMPLEXES WITH SILICA SPECIES

Our previous experimental studies showed a considerable cimberdetween silicate solids and
dissolved species with different gold compleﬁs [7]. Kbg aim of this study is to examine tbes
interactions at a molecular level using DFT methodi® gold species and silicate monomers were
simulated as described above. To obtain results whiclbeaised in comparison with experimental
data, we need to look at the interactions across the adgrof pH conditions used in experiments.
Table 4 lists the pH ranges used in the experiments, which comdsfmthe pH ranges used in
industrial scale gold leaching systems.

Table 4. pH values of experimental systems.

Gold.complex pH

Acidic Alkaline
Chloro-hydroxide 2-3 8-8.5
Thiourea 15 12-12.5
Thiosulphate 9.5

As discussed above, gold chloride species undergo dechlorinatibsilca monomers undergo
deprotonation at higher pH values. However, gold thiourea and gokutphate can each only form
one stable complex. Here, the interactions of diffegold chloro-hydroxy complexes with silicates
were studied systematically as a function of the numbehloride ligands, as well as gold thiourea
and thiosulphate. The interaction energies of alhefdifferent gold complexes with Si(OPH,)",
Si(OH), and Si(OH)O were examined and these trends were used to predict thaciide
behaviour even where stability of each particular specesnprobable. For silica monomers,
charged species were used for interaction studies tml @assible interactions between charge

balancing ions (Naor CI") in the neutral species which might not be presenteirréhl systems.



3.3.1. Chloride Systems

The optimised geometries of different gold chloro-hydroxycssewith silica monomers, along with
interaction energies in gas and COSMO models, are showigire 2. Si(OH) is the dominant
monomer across pH 2-10, where all five different gold chloydroxy species could be stable. At
very high pH, the silica monomer is deprotonated as presenkegure 1, however Au(OH)is also
reduced to metallic gold. Also, pH values less than 2 or greébain 9, where protonation and
deprotonation of Si(OH)occur respectively, are out of the experimental raageshave not been

considered for simulation.

The form of gold chloro-hydroxy speciaslow pH (0-3.5) is Au(Cl)’ The adsorption of this form
by a neutral silica monomer (also representing an unathagéace) is significantly less likely. For
the completely chlorinated form of the species, thg paksible interaction is Au-Cl- -HO-Si, which
seems to be repulsive as it results in a positive meegg of interaction in COSMO (10.7 kcal- mol
1. To determine the role of surrounding media in thig@mtion, the free energy of adsorption in the
gas phase was also calculated (Figure 2). This reactishgistly favourable in the gas phase,
however it still shows the lowest tendency towards ictera compared with the other species
studied The low adsorption energy between gold chloride (A)@nd the deprotonated form of
silica cluster (Si(OH) suggests a low gold uptake by the quartz surface, which comsrade
experimental data [7], where all of the silicates evatliagepecially quartz and pyrophyllite, showed
strong adsorption at pH 2-2.5. This pH is very close tozt#te charge point of silica and on the
verge of protonation/deprotonation, so the existence of prewnsilica sites, represented in
simulations by the protonated form of the silica monoB8i€®H)(OH,)", is likely. Therefore, for
this monomer the interaction of the protonated silicaanmar with AuCl” was also considered. As
expected, a much higher interaction energy results flese two oppositg-charged ions, -92.8
kcal-mot* in gas and 1.7 kcal-mblin COSMO media. The optimised geometry for the
Si(OH)(OH,)"...AuCls interaction is presented in Figuse along with a plot of the interaction
energy for this reaction. It has to be noted that m ¢bmputational modelling conducted by
Wojtaszek] the same silica surface properties wersidened for all species, whereas in reality
silanol groups change protonation state as a functiopHpfwhich can result in differences in

sorption behaviour as presented here.



4.02

4.23

-15 —e— COSMO

Interaction energy (kcal-mol-)

—&— Gas
_20 L

O ClL@Oo ¢:H @:Si @A
Figure 2. Optimised geometries of gold chloro-hydroxy speciesagtieg wth Si(OH), in COSMO
and interaction energies in both gas and COSMO. The vatkessnpanying each data point show

the Au-Si distance in A. In the molecular graphiaghtigreen is Cl, red is O, white is H, orange is

Si, and dark yellow is Au.

The dechlorination of gold chloro-hydroxy species makes theraiction significantly less
unfavourable. However, the interaction energy is stilltpasfor the next two species, AWDH)
(pH 3.5-5.5) and AuG{OH), (pH 5.5-7.5). The free energy decreases by about 4 kc&limthe
first stage of dechlorination, and a further 6 kcal-hialthe second dechlorination to Au@H),".
This result indicates that the ADH...OH-Si interaction is attractive, in contrast with Ali-..OH-
Si. The hydrogen bonding between the H atom of one melemod the OH group of the other

molecule results in an attractive force betweenwwerholecules.
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4.70

Interaction energy (kcal-mol-)

-100 -~
O Cl @O0 (:H @:S @A
Figure 3. Optimised geometries of AugClOH), interacting with Si(OHYOH)," for n = 0 and
Si(OH), for n = 1-4 in COSMO, and interaction energies in bothagasCOSMOThe values on each

data point show the Au-Si distance in A.

Increasing the OH content further, AUCI(QH(pH 7.5-9) yields a minimum in interaction energy.
This species is the only one studied which has a favouiatdeaction with the neutral silica
monomer. However, it is interesting that further reptaent of Cl with OH groups at pH 9-14 does
not increase the strength of the iaigion, but rather shifts the reaction to be slightly untaable,
very similar to AuCJ(OH),". This result is in agreement with both the experinieamd theoretical
results of Wojtaszem?g], who reported the highestrautégn of the mesoporous silica surface with
this AuCI(OH) form of the gold chloro-hydroxy complex. The optimum it froduction of gold-
containing silica-supportedaalysts has also been found to be arounB [25]. The ienguatial
observation of the amount of gold uptake by quartz at pH EF&BSO reveals significant adsorption
of the AuCI(OH} species (0.08-09 pmol.m?). However, the reduced adsorption for the case of

Au(OH)4, where the highest amount of adsorption would be expectedt y&t explained.
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Thus, it is necessary to introduce another effect whielys a significant role determining the
interaction between these two molecules. It is pregabat the geometry of these two species,
specifically the square planar structure of gold chloro-hydspacies and the tetrahedral structure
of silica monomer, is of great importance. Wojtas [4t3fed that four interactions including
repulsive interactions of AGi...OH-Si groups, and attractive interactions of @tf...OH-Si, are
present where gold chloro-hydroxy species are interactifgsiénol groups. However, we believe
that due to geometry constraints (enforced by the originadibg of Si-OH in silanol groups and
Au-Cl or Au-OH in gold chloro-hydroxy species), not all oethgands are contributing to the
adsorption, and this is clear from the geometries@bitimised interacting complexes.

In AuCl,, the H atoms of two of the OH groups in the silica mosoare aligned with the ClI
ligands of the gold complex. In AugDOH), it seems that only one AQH...OH-Si interaction is
contributing to the reaction process, and all three didp@nds (repulsive) are not notably aligned or
repositioned in the presence of the other molecule.th®rnext two species, Auf{ODH), and
AuCI(OH)s, two ligands are contributing, with more effect in themer as there is less repulsive
force due to Cl groups. However, in the fully dechlorinataehf three OH groups are involved, in
the absence of Cl groups on the gold atom, and this residtame distortion of both molecules. In
the most stable geometry of Au(QH(Tables 1 and 2), the OH groups are all aligned. Howdwer, t
optimised geometry of Au(OH}SI(OH), (Figure 3) illustrates that the OH groups are significantly
re-arranged in interaction 'with the silica cluster to givgeametry close to conformer number 12 in
Table 3 of [15], which is about 1.4 kcal-idess stable than the most stable conformer of that
species. In all other gold chloro-hydroxy species, the optithgeometry in the presence of the silica
cluster is almost identical to the most stable forfnthe isolated structure. It is suggested that this
reorganisation of the original molecular geometries play important role in the lower adsorption

of gold on silicates at high pH values (9-14).

In conclusion, the interaction of the gold chloro-hydrespecies with Si(OH)is unfavourable,
except for AuCI(OHy which is slightly favourable. The trend in gold adsorptignsilicates as a
function of pH is dominated by Au-OH- - -OH-Si attractased Au-Cl - - -OH-Si repulsive
interactions. The respective geometries of the sqpkar gold chloro-hydroxy species and the
tetrahedral silica monomer limit the total number of dbating ligands, which contributes to the

maximum in the case of AuCI(OFl)
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3.3.2. Thiourea System

The interaction of gold thiourea cations with all threéecent type of silica monomers Si(OH)
SiIO(OHY and Si(OH)(OH,)" was investigated in both gas and COSMO phase. The optimised
geometries as well as interaction energies are presemt€igure 4. The optimised geometries

presented are based on COSMO models.

pH —
0-2 2-10 10-13

70

40

4.02
10 —_ 4.54

5.41

3.97

20 4
—+— COSMO

(kcal-mol-)

-50 T+

Interaction energy

80 +

p @0 UH ©:Si QAL :S® N
4 ES 4.61
Figure 4. Optimised geometries of gold thiourea species interacting aviterent silica monomers

in.COSMO, and interaction energies calculated in bothagdsCOSMO. The values on each data

point show the Au-Si distance in A.

The gold thiourea cations and aqueous silica monomers in Fgeh®w a strong interaction in
alkaline media, which correlates with experimental reﬁ. The adsorption tests in thiourea
media revealed a significant loss of gaidquartz-containing alkaline media (up to 0.1 pmd)m
while in acidic media the adsorption was negligible. Thisoissurprising as an attractive force was

expected between the opposite-charged ions present at pighehile the positive ions at lower pH
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result in a repulsive force. The interaction energadsulated by the DFT method also replicate the

experimental results at different pH values very well.

3.3.3. Thiosulphate System

Similar to gold thiourea, the interaction of gold thighdte with silica monomers including neutral
Si(OH),, deprotonated SiO(OHl)at higher pH and protonated Si(QH)H,)' at lower pH was
investigated in both gas and COSMO phase. The optimised gessrerivell as interaction energy
are presented in Figure 5. The optimised geometries a&¢d basCOSMO models.

pH —
0-2 2-10 10-13

“'%%%. ,zi% N

50 +

n
o
.

=150 +

(kcal-mol-)

-250 —+

Interaction energy

-350 —+

—+—COSMO
—=—Gas

450 L @0 UH @:Si ¢ AL :S

3.95

Figure 5. Optimised geometries of thiosulphate species and diffesibca monomers in COSMO
and interaction energies in both gas and COSWH@.values on each data point show the Au-Si distance
in A

The gold thiosulphate species show surprisingly strong irttenacin the gas phase; the Gibbs

energy is strongly negative for all monomers exceptdéprotonated silica. We also observed an
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interesting effect in the gas phase reaction of depat¢dnSi(OH)O™ and gold thiosulphate. There is
a strong repulsion between these two species, which is effective at distances of more than 17
nm between the central ions of Si and Au in the two spelcieeg geometry optimisation. That is
where the optimisation was stopped here, and the SCFyeoktlge interaction was converging to
the sum of the individual moleculesgEonomert Eauts) @and thus the interaction energy tending to O
as presented in Figute

However, the effect of COSMO media results in much loweraction energy, but still favourable
for neutral Si(OH) and deprotonated Si(OKDH,)*. At alkaline pH, the repulsive forces between
similar ions, and the absence of any other positive ionsetdralise the surfaces, results in an
unfavourable interaction. However, this is not the caseidic pH, so gold loss due to adsorption by
silica monomers does not seem to be a problem in thioatd media. This is in agreement with the
experimental results in thiosulphate systembich showed almost no gold adsorption onto clays
and minimal adsorption onto framework silicates [26]. Someratien was observed for framework
silicates, especially in feldspar, but this was attributed teffieet ofcaions present in the aqueous

phase by dissolution of Al, Na, Ca and minor Fe from ¢feéspar minerals used

3.4. COMPARISON BETWEEN INTERACTION ENERGIES

Figure6 illustrates the complexes which are stadtl@ifferent pH ranges used in the experimental
studies presented .in previous W0[26], spanning the common pgegsamsed in practical
application (Table 4), along with interaction energiatulated from DFT modelling in COSMO
media. The redts obtained for gold preg-robbing by quartz (which has simiarging tendencies
to the silica monomer) in the different systems regabih ] are also depicted in Figueas a
function of pH for comparison. The correlation betwden experimental and theoretical results is
good. The strongest adsorption corresponds to alkaline ¢aicamd chloride systems, while the

weakest adsorption occurs in acidic thiourea systems

The comparison of theoretical and experimental resolisirms the good agreement between results
obtained by adsorption tests and calculated theoreticaineders based on optimised geometries in
the DFT method. It also reveals the capability of the D#&thod DNP basis set, PBE exchange-
correlation functionals, a 10 A orbital cut off withouepso-potentials or effective core potenbials
to predict adsorption behaviour of aqueous ions through the usepobpriately selected small

molecules to represent the surface chemistry and clséate when the COSMO model is used to
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represent the solvent contributiof@his implicit solvation model is computationally efficieand
can provide a reasonable description of the solventvimivacomparable with experimental results.

This is highly beneficial in obtaining a better understandinthefparameters controlling the preg-
robbing behaviour of silicates, which represents the #nstr application of this calculation

technique to the explanation of complex trends in gold hydtallurgy.

(z.wjowrl) zenb Aq ayejdn pjoo
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> .

[Si(OH).] [SI(OH).
125 au B Lo
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Figure 6. Gold and silica species identified in as stable undeeréifit pH conditions used in
experiments, and the interaction energies of diffesdita monomers with different gold ligands

based on experimental conditions.

4. CONCLUSIONS

The interaction energies of gold complexes with sikpecies based on theoretical studies are
compared with the extent of silica preg-robbing resultsrted@reviously. The interaction energies
computed using DFT and the COSMO model show satisfactory agneevitle the amount of gold

uptake per surface area of quartz.

The interaction of the gold chloro-hydroxy species wile tsilica monomer appeared to be

unfavourable, except for AuCI(Okl)which is slightly favourable. The results are in agragmath
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trends in gold preg-robbing by different silicates, especigrtz. The only controversy observed
was related to Au@lat pH 2.5-3, which indicated the dominant monomer is Sig@M),)"; the
refined calculation using this protonated form of silica lteduin satisfactory agreement with the

experimental results.

The interaction of gold thiourea and silica monomers shitvassthe adsorption is only effective at
pH > 10, where deprotonation of silica monomers results macéite electrostatic force between
opposite ions. The interaction of gold thiosulphate witita monomers at different pH values also
showed favourable reactions for neutral Si(@ahd deprotonated Si(OPH,)* monomers, while

at alkaline pH the reaction is disfavoured. As gold thiosailphs only stable at alkaline pH, gold

loss via preg-robbing by silicates does not seem to be a prabamnsulphate media.

The ability of DFT to compute the interactions of difiet gold complexes (including significant
relativistic effects) with other species of industriapomtance, has been demonstrated in this study.
This allows us to explain and control the chemical prasesshich result in loss of gold from

solution in hydrometallurgical extraction.
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Highlights

e Interactions of gold complexes with silicates describe®By simulation
e COSMO model enables reproduction of macroscopic experimesaidizal

e Provides a new theoretical description of silicate podgbing
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