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a  b  s  t  r  a  c  t

The  interactions  of  diisobutyl  dithiophosphinate  with  bare  (un-activated)  and  lead-activated  sphalerite
were  studied  both  experimentally  and through  DFT  simulations.  Sphalerite  activated  by  lead  in  acidic
and  alkaline  conditions  showed  considerably  greater  affinity  for diisobutyl  dithiophosphinate  adsorption
than  bare  sphalerite.  Experimental  observations  supported  by DFT  simulations  concur  in  that  attachment
of  the  solvated  collector  to the  activated  sphalerite  surface  is  through  adsorbed  lead  cations  or  lead
hydroxides  where  as for the  bare  sphalerite,  the  collector  was  most  stable  in  its  solvated  state  and  not
as  an  adsorbed  specie.  Accounting  for  solvation  effects  by  including  a  swarm  of water  molecules  in DFT
erophine  collector
ead  activation
phalerite
lotation
FT  simulation
olvent and pH effects

simulations  was  necessary  to  infer  plausible  surface  interactions  between  collector,  solvent,  and  bare  or
lead-activated  sphalerite.  The  experimental  data  and  DFT  simulations  indicate,  affinity  of  the  collector
toward  surface-adsorbed  lead  species  was  predicted  to  form  stable  covalent  bonds  between  collector
sulfur  atoms  and  lead.

©  2016  Elsevier  B.V.  All  rights  reserved.
PS

. Introduction

Contamination of sulfide ores with lead is known to cause major
roblems in froth flotation processes [1–5]. For instance, inad-
ertent flotation of Pb2+-contaminated sphalerite is a perennial
hallenge encountered during the flotation of complex galena-
phalerite ores. Lead contaminants could be sourced from recycled
aters in the plant, from reagents such as lead acetates used during
ineral treatment and processing, or merely liberated from lead-

ontaining sulphide minerals such as galena [6,7]. Thiol collectors
uch as xanthates used for flotation of sulfide ores are known to
dsorb directly on the galena surface unlike un-activated sphalerite
hich is known for its lack of affinity toward xanthate adsorption

8]. This could have led to a perfect textbook process to effortlessly
eparate galena from sphalerite in a flotation column. However, the
resence of lead cations in the flotation pulp could be at the origin of

 sphalerite lead-activation mechanism which would prompt col-
ector adsorption on sphalerite, its flotation and consequently the

resence of zinc impurities in the lead concentrate. Contamination
f sphalerite by lead cations is documented in the literature to occur
uring different stages including mining, grinding and/or flotation

∗ Corresponding author.
E-mail address: faical.larachi@gch.ulaval.ca (F. Larachi).

ttp://dx.doi.org/10.1016/j.apsusc.2016.01.213
169-4332/© 2016 Elsevier B.V. All rights reserved.
and under wide ranges of pH from weakly acidic to alkaline media
[6].

The mechanisms offered to explain sphalerite activation by lead,
whether in acidic or alkaline conditions, are subject to consider-
able discrepancies in the literature. Following the paths for copper
activation of sphalerite whereby copper cations replace zinc in
the sphalerite lattice [9,10], an analogous exchange between lead
cations at acidic pH and lattice zinc cations in sphalerite has been
reported by several authors [11,12]. However, the possibility of
exchange between lead cations and lattice zinc was  rejected by
Morey et al. [2] who compared cyclic voltammograms of lead-
activated sphalerite and copper-activated sphalerite at pH 4.5.
Voltammograms of Cu-activated sphalerite featured no reduction
peak for copper species during the initial reduction step (cathodic
sweep) supporting the depiction of adsorbed copper cation being
incorporated into the ZnS lattice to form partially covalent sul-
fide species. Conversely, the reduction of Pb-activated sphalerite
gave rise to a current peak at a voltage compatible with that
observed from the reduction of Pb2+ adsorbed on a graphite sur-
face immersed in a lead nitrate solution. Therefore, Morey et al.
[2] concluded that, contrarily to the case of copper-activated spha-

lerite, the adsorption of Pb2+ on sphalerite precludes its further
conversion into covalent lead sulfide species.

The lead-activation mechanism of sphalerite at pH >8 involves
precipitation and adsorption of lead hydroxide species. According

dx.doi.org/10.1016/j.apsusc.2016.01.213
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2016.01.213&domain=pdf
mailto:faical.larachi@gch.ulaval.ca
dx.doi.org/10.1016/j.apsusc.2016.01.213
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o Ralston et al. [13], a slow zinc to lead surface substitution takes
lace subsequently between Pb(OH)2 and ZnS yielding Zn(OH)2
recipitates on the sphalerite surface. However, no unanimity was
eached in the literature regarding this latter substitution. Even if
recipitation of lead hydroxide multilayers over the sphalerite sur-
ace was reported by Trahar et al. [12] in alkaline conditions, there
as no evidence for surface exchanges between lead and lattice

inc. These authors concluded that sphalerite activation by lead at
lkaline pH could only be due to the formation of lead hydroxide
ntities on the sphalerite surface.

Adsorbed lead cations and hydroxides on sphalerite surface
re believed to be the active sites for the attachment of collec-
ors. Formation of lead-ethyl xanthate chemical bonding in weakly
cidic conditions was observed by Popov et al. [14] while studying
nfrared reflection spectra of lead-activated sphalerite in contact

ith potassium ethyl xanthate (KEX). Vucinic et al. [7] reported
hat adsorbed Pb2+ at pH 7 to 9.5 had a strong activation effect on
he floatability of natural sphalerite and hypothesized formation of
hemical bonding between lead and ethyl xanthate (EX) anions. The
onjectured path consisted of an ion exchange between EX anions
nd OH− groups adsorbed on the surface of adsorbed lead cations
Sph-Pb-OH) leading to the chemical adsorption of an ethyl xan-
hate monolayer (Sph-Pb-EX) on the surface of sphalerite. However,
nteractions of the collector with surface-exchanged lead cation
with sphalerite lattice zinc) were not excluded by Vucinic et al. [7]
ven though Trahar et al. [12] vouched for exclusive interactions
etween lead hydroxides and ethyl xanthate collector.

The goal of the present study is to investigate the interaction
f diisobutyl dithiophosphinate collector with the lead activated
phalerite in acidic and alkaline media using experiments and
ensity functional theory (DFT). Dialkyl dithiophosphinates are
onconventional collectors recommended in the flotation of sul-
hide ores containing copper, lead and precious metals from
yrite-rich minerals [15]. The low selectivity toward iron sulfides,
uch as pyrite, is thought to be the main advantage of these col-
ectors over more conventional thiol-type collectors such as alkyl
anthates [16]. The interaction mechanism of diisobutyl dithio-
hosphinate collector (also known by its brand name as aerophine
418) with un-activated pyrite [17,18] and galena [19] as well
s copper-activated pyrite [17] has been investigated through
yclic voltammetry and surface analysis techniques to expose
he chemical nature of the interaction between collector and the

ineral’s surface. However, the interaction of diisobutyl dithio-
hosphinate with lead-activated sphalerite in weakly acidic and
lkaline pH is not well known in the literature and therefore
his study constitutes an opportunity for generating new knowl-
dge about this system. In addition, Although DFT is widely used
n engineering to study the interaction, adsorption and reaction
f different reagents in gas [20–22] and aqueous phase [23–26]
ith different nanoparticles, clusters and surfaces, the impact of
resence of explicit water molecules as solvent in the adsorption
echanism, orientation and surface coverage in aqueous phase is

eglected [23–26]. The presence of explicit water molecules in the
imulation may  lead to the considerable electron density shifting
f the surface and reagent through the formation of different cova-
ent and hydrogen bonding between the surface/reagent and water

olecules which could alter the adsorption mechanism and energy.
lthough some efforts and computational expenses have been
ade to investigate the effect of solvent on the adsorption of the

eagent on the surface, the numbers of explicit solvent molecules
onsidered in the simulations have been too low to represent a real
ystem [27,28]. Consequently, in this study we also try to address

he importance of considering water molecules in the DFT simula-
ions and we show how the DFT simulation could be in accordance
ith the experimental trends if we count on the presence of explicit
ater molecules in the simulations. In order to realize this study,
e Science 367 (2016) 459–472

the  simulations have been performed in the presence of up to ninety
water molecules in the slabs to simulate the existence of several
layers of the solvents on the surface.

2. Experimental and computational methodologies

2.1. Materials

Sphalerite ore sample, provided by Ward’s National Science, was
sieved to remove particles coarser than 150 �m and finer than
90 �m.  The elemental composition of the sample was obtained
using atomic absorption spectrometry (AAS) showing the presence
of Zn, S, Fe and Cu with the respective concentrations of 58 wt%,
31 wt%, 0.28 wt%  and 0.07 mg/kg. The X-ray diffraction analysis of
the sphalerite ore also revealed the presence of sphalerite, pyrite
and silica with the respective proportions of 90 wt%, 4.7 wt% and
5.3 wt% calculated via the results of elemental analysis [29]. Prior
to experiments, the oxide films on the sphalerite surface were
removed by acid leach with HCl solution at pH = 2.

Distilled water was  used for all the collector adsorption and
flotation experiments. The reagents used in this study, lead nitrate,
diisobutyl dithiophosphinate (aerophine 3418A, Cytec Canada),
sodium hydroxide (97%, VWR  international) and hydrochloric acid
(Laboratoire Mat) were all with certified analytical grade.

2.2.  Testing setup

Although  the activity of diisobutyl dithiophosphinate for
adsorption on the surface of different bare sulfide minerals such as
pyrite, chalcopyrite and sphalerite as well as copper activated ores
has been studied experimentally [30–32], no experimental work on
its interaction with lead-activated sphalerite was found in the lit-
erature. Consequently, the affinity of this collector for adsorption
on bare and lead-activated sphalerite in acidic (pH 4) and alka-
line (pH 10) conditions was  studied experimentally. A schematic
of the experimental setup prepared to investigate the adsorption
of diisobutyl dithiophosphinate and different lead species on the
sphalerite surface is shown in Fig. 1. Lead nitrate solutions (150 mL
at 1 mM at pH 4 and 10) were recirculated in a closed loop for ca.
30 min  through a fixed-bed reactor containing 4 g of sieved spha-
lerite powder to allow lead species adsorption/precipitation on
sphalerite. After this step, 70 mL  of diisobutyl dithiophosphinate
solution was passed through the sphalerite bed in a closed loop
manner and the collector residual concentration was  monitored
using UV/Vis spectrophotometer. The decline of collector concen-
tration in the solution demonstrated the activity of lead-activated
sphalerite for diisobutyl dithiophosphinate adsorption. For the sake
of comparison, the activity of unactivated sphalerite for the adsorp-
tion of diisobutyl dithiophosphinate was also investigated using the
same setup.

As  adsorption of both activation agent and collector on the
sphalerite surface could influence its flotation recovery, micro-
flotation tests were also performed to study the effects on
sphalerite recovery resulting from collector adsorption and/or
adsorption/precipitation of lead cation and hydroxide. The micro-
flotation cell consisted of a cylindrical column 30 cm high and
1.7 cm inner diameter (Figure S1, supporting information). Prior
to each experiment, 3 g of bare or pretreated sphalerite samples
were loaded on the top of a fritted quartz disk (pore size <2 �m)
acting as a gas distributor for the micro-flotation cell. Then 80 mL of
diisobutyl dithiophosphinate solution (pH of 4 and 10) was added

to the column where the particles were stirred using a magnetic
stirrer placed atop of the porous disk. The flotation tests were
started upon sparging, 37 mL/min of air, and the addition of 0.05 mL
methyl isobutylcarbinol frother. The experiments were performed
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Fig. 1. Experimental setup used to study the activity of bare and Pb-activated sphalerite at alkaline and acidic pH for diisobutyl dithiophosphinate adsorption kinetics. 1.
Fixed-bed reactor, 2. computer-controlled Cary WinUV software, 3. Cary 300 UV–visible spectrophotometer, 4. magnetic stirring plate, 5. magnetic stirrer, 6. activator/collector
s
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olutions, 7. pH-meter electrode, 8. peristaltic pump.

or 15 min  and the concentrates were recovered by skimming the
roth in the top bounder. The concentrates were subsequently
ashed, dried and weighted for quantifying the recovery of floated

amples.

.3. Surface analysis

To  investigate the chemical state of different components on the
urface of the samples recovered from the flotation experiments,
-ray photoelectron spectroscopy (XPS) analysis was performed
n three different samples. The samples consisting of diisobutyl
ithiophosphinate adsorbed activated sphalerite at alkaline pH (S1)
nd acidic pH (S2) and diisobutyl dithiophosphinate adsorbed bare
phalerite (S3) at alkaline pH. X-ray photoelectron spectra were
cquired on an AXIS ULTRA spectrometer (Kratos Analytical) using
l monochromatic X-ray source operated at 300 W.  Survey scans
nd high-resolution spectra for C 1s, O 1s, Zn2p, Zn-Auger, Pb4f and
2p were acquired using hybrid-mode lenses with 1 eV nominal
esolutions (160 eV pass energy) and 0.1 eV (20–40 eV pass energy),
espectively. Electrostatic charge appearing on the electrically insu-
ating samples under X-ray irradiation was also neutralized with
he integrated very low energy electron flood gun, the parameters
f which are set to optimize energy resolution and counting rate.

.4.  Computational assumptions

Spin  unrestricted DFT calculations were carried out for the
otal energy calculations and corresponding structure optimiza-
ion to find the most stable geometries using DMol3 package
mplemented in Materials Studio 7.0. DMol3 applies numeri-
al functions on an atom-centered grid as its atomic basis and
tomic basis functions are attained by solving the DFT equations
or every individual atom leading to rather accurate calculations.
he Perdew–Burke–Ernzerhof generalized-gradient approxima-
ion (PBE) was used to approximate the exchange-correlation
nergy.  The core electrons were treated using DFT semi-core Pseu-
opots and the double numerical plus d-function (DND) basis set
as used to develop the electronic eigenstates with an orbital
ut-off radius of 4.4 Å. The self-consistent field (SCF) convergence
as fixed to 10−5 and the convergence criteria set for the energy,
aximum force and maximum displacement were 2·10−5 Ha,

·10−3 Ha/Å and 5·10−3 Å, respectively.
Prior to the surface adsorption simulations, the sphalerite unit
cell was optimized using DFT. The calculated sphalerite unit cell
dimension was  5.47 Å which is only 1.1% larger than the experi-
mental unit cell of sphalerite (5.41 Å). The optimized sphalerite unit
cell was  later used to cleave the (110) sphalerite plane which is its
perfect cleavage plane and has been used as the principle sphalerite
cleavage plane by different researchers for surface simulations
[33–36]. The sphalerite surface was  then modeled using (3 × 2) ZnS
(110) surface supercell with 6 atomic layers slab and 30 Å vacuum
spacing which resulted in a periodic cell of 16.4 × 15.4 × 39.6 Å.
The vacuum spacing was  large enough to prevent interactions
between image slabs. It is known that the sphalerite (110) sur-
face undergoes considerable relaxation and reconstruction from
the bulk termination [37–39]. Consequently, in all the simula-
tions, the first 4 atomic layers were allowed to relax while the
position of the atoms in the fifth and sixth layers was  fixed to
represent the bulk atoms of sphalerite. The interactions between
collector, activation agents and water solvent with the sphalerite
surface were simulated for a periodic cell of 16.4 × 15.4 × 39.6 Å.
Different configurations for the adsorption of collector and acti-
vator on the sphalerite surface were studied in terms of species
(molecules, ions) relaxation on different surface adsorption sites
and most stable configurations. In the absence of solvent, the
adsorption energy of collector or/and activation agent on sphalerite
was calculated as Eads = E[slab+reag] − E[slab] − E[reag] where E[slab+reag]
represents the total energy after reagent adsorption on the surface,
E[slab] is the energy of relaxed bare slab and E[reag] is the energy
of reagent molecule/ion. The calculated values for the adsorption
energy of collector and activator on the sphalerite surface in the
absence of solvent are tabulated and can be found in Table 1. Neg-
ative adsorption energy is indicative of exothermic adsorption and
strong interaction of the collector/activator on the sphalerite sur-
face. In the presence of solvent, first we obtained the total energy
of the system consisting of the surface and the solvated reagent
positioned far enough from the surface to prevent its adsorption.
Then the solvated reagent was placed close to the surface in dif-
ferent configurations and the total system’s energy was  computed
after adsorption on the solvated surface. The difference between

the total energies whereby the reagent is adsorbed on the surface
and where it is not adsorbed on the surface was obtained. Negative
energy differences are an indication of favorable reagent adsorption
on the surface in the solvated medium. A summary of the calculated
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Table  1
Calculated adsorption energies of miscellaneous species (water, diisobutyl dithio-
phosphinate, Pb2+ and Pb(OH)2) on un-activated and (Pb2+/Pb(OH)2) activated
sphalerite  in the absence of solvent.

Configuration Adsorption energy (kJ/mol)

diisobutyl
dithiophosphinate
on un-activated
sphalerite

−380.0

Pb2+ on sphalerite −869.3
diisobutyl

dithiophosphinate
on Pb2+ activated
sphalerite

−655.9

Pb(OH)2 on sphalerite
(monolayer average
value)

−172.7

diisobutyl
dithiophosphinate

−307.0
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nergy differences due to the adsorption of different species on the
urface in the solvated medium is presented in Table 2.

.  Results and discussion

.1.  Kinetics of diisobutyl dithiophosphinate adsorption on bare
nd  activated sphalerite

Lead  activation of sphalerite was performed both at acidic and
lkaline pH. The presence of lead on the sphalerite surface after acti-
ation was confirmed through high-resolution XPS analysis. Lead
oncentration on the sphalerite surface treated at alkaline pH was
.4% on surface atom basis. This concentration was  significantly

ower at acidic pH, i.e., barely 1.1% of the sensed surface atoms.
he main lead species to form at pH 10 and 4 are, respectively,
b(OH)2 and Pb2+ [40]. The higher surface Pb concentration at pH 10
ould be due to the formation of a Pb(OH)2 multilayer on the spha-
erite surface. Coverage of non-porous sphalerite surface (surface
rea ca. 0.2 m2/g) by a lead hydroxide monolayer was  estimated
o correspond to a surface concentration equal 8 �mol/m2. This
ould be tantamount to an uptake of 0.2 mg  of lead out of a solu-

ion initially loaded with 30 mg.  Disappearance of turbidity after
ead precipitation and its residual concentration in dissolved form
alling below instrumental detection limits indicate that potentially

 Pb(OH)2 multilayer had formed on the surface of sphalerite parti-

les. The unlikelihood of lattice replacement of zinc atoms by lead
toms was verified under acidic conditions by metal content analy-
es of the residual solutions after activation. Zinc went undetected
n these solutions leading to the conclusion that the adsorption of

able 2
hange in total energy of the system due to adsorption of miscellaneous species
water,  diisobutyl dithiophosphinate, Pb2+) on un-activated and (Pb2+/Pb(OH)2) acti-
ated sphalerite in the presence of a solvating aqueous medium (positive values
ean  that total energy has increased).

Configuration Adsorption energy (kJ/mol)

Solvated diisobutyl
dithiophosphinate on
un-activated  sphalerite

+55.0

Solvated  Pb2+ on sphalerite −217.0
Solvated diisobutyl

dithiophosphinate on Pb2+

activated sphalerite

−196.9

Solvated  diisobutyl
dithiophosphinate on
Pb(OH)2 monolayer formed
on sphalerite

−182.1
Fig. 2. Kinetics of diisobutyl dithiophosphinate adsorption on bare and lead-
activated  sphalerite.

lead cations or hydroxides on the sphalerite surface is the main
contributor to Pb uptake.

Fig.  2 shows the kinetics of diisobutyl dithiophosphinate adsorp-
tion on the surface of bare and lead-activated sphalerite in acidic
and alkaline conditions. The adsorption of diisobutyl dithiophos-
phinate, on the non-activated sphalerite was minimal as indicated
by the limited, 4%, collector depletion from the solution after
attaining adsorption equilibrium. Adsorption of diisobutyl dithio-
phosphinate on un-activated sphalerite could be attributed to
the presence of lattice copper and iron impurities (see Section
2.1). Migration of copper impurities to the sphalerite surface,
prompted by the initial acid washing pre-treatment, is indeed
known to favor accretion of copper-containing deficient sulfide sur-
face species which constitute by themselves self-activation sites
[41]. Also, the presence of surface ferrous iron could activate the
sphalerite surface through formation of collector-ferric hydroxyl
complexes responsible for the minor adsorption of diisobutyl
dithiophosphinate on bare sphalerite [9]. Remarkably, the lead-
activated sphalerite exhibited much more pronounced affinity
toward adsorbing the diisobutyl dithiophosphinate; up to 20% and
40% at acidic and alkaline pH, respectively (Fig. 2). Collector deple-
tion from the solution was fast during the first 15 min  then reaching
equilibrium in almost 20 min. The higher adsorption of diisobutyl
dithiophosphinate on the sphalerite sample treated at alkaline con-
ditions could be due to higher amount of lead activation agents
adsorbed on the sphalerite samples. However, apart from this
study’s proof that surface adsorbed lead cations and hydroxides
develop an affinity for diisobutyl dithiophosphinate adsorption, no
further effort was  made to correlate the amount of adsorbed col-
lector with the concentration of surface adsorbed/precipitated lead
species.

As illustrated in Fig. 3, flotation tests have been carried out for
un-activated/collector-free sphalerite, for lead-activated sphalerite
and, for collector-adsorbed activated and un-activated sphalerite
samples at pH 4 and 10. Recovery of bare sphalerite at pH 10 after
15 min  of flotation amounted to ca. 67%. Such high recovery of bare
sphalerite is comparable to that reported at close pH conditions by
Hayes et al. [42], whom identified sulfur-rich and metal deficient
hydrophobic mineral surfaces as well as the presence of copper ions
in the sphalerite lattice as the main factors responsible for the high
sphalerite recovery. According to Finkelstein and Stewart [43], even
minute amounts of copper ions (as low as 0.04–.07 wt%) in the spha-
lerite lattice could have considerable effect on flotation recovery

since copper inclusions are able to introduce surface acceptor levels
into the zinc sulfide lattice [44]. Released electrons from oxida-
tion of S2− to elemental sulfur, be it via thermal agitation, could be
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ig. 3. Flotation recovery of bare and activated sphalerite (Sph) with and without
erophine  collector (A).

ransferred from the valence band to the acceptor level result-
ng into sulfur enriched sphalerite surface [44]. The presence of
.05 wt% of copper within our sphalerite samples could hence be a
eason for the high recovery of bare sphalerite. Likewise, oxidation
f matrix iron (0.28 wt%) within or at the surface of the sphalerite
ould favor the formation of surface elemental sulfur contribut-
ng to the rise hydrophobicity and thus recovery of sphalerite
9]. After adsorption of diisobutyl dithiophosphinate, un-activated
phalerite shows noticeably higher recovery as compared to the
otation test with the bare sphalerite sample, i.e., 77% versus 67%
Fig. 3).

Precipitation of Pb(OH)2 on sphalerite surface at pH 10 led to
n appreciable reduction of collector-less sphalerite recovery from
7% to 41% (Fig. 3). Such hydrophilic Pb(OH)2 precipitate masks,
hrough surface interactions with air bubbles, the native hydropho-
ic sphalerite surface sites. Reduction of collector-less sphalerite
ecovery due to nucleation and precipitation of lead hydroxides on
phalerite is in agreement with Rashchi et al. [6]. Adsorption of
iisobutyl dithiophosphinate on the lead-activated sphalerite both
t acidic and alkaline pH resulted in a considerably improved recov-
ry of sphalerite, respectively, 90% and 94%. It is worthy of mention
hat these recoveries are comparable to those of ethyl-xanthate
dsorbed lead-activated sphalerite reported by Trahar et al. [12] at
cidic and alkaline pH.

.2.  Surface analysis

Elemental  surface concentration from the XPS survey scans
s shown in Table 3 for different sphalerite samples recovered
fter flotation: (S1) after collector adsorption on lead-activated
phalerite at alkaline pH, (S2) after collector adsorption on lead-
ctivated sphalerite at acidic pH and (S3) after collection adsorption

n bare sphalerite. Table 4 summarizes the photoelectron binding
nergies and relative contributions for carbon, lead, sulfur, oxy-
en and zinc in floated sphalerite samples (S1), (S2) and (S3). XPS
nalysis revealed the presence on the surface of native lead over

able 3
pparent relative atomic percentages of various elements present in sphalerite sam-
les recovered after flotation (S1) after adsorption of diisobutyl dithiophosphinate
n  lead-activated sphalerite at alkaline pH (S2) after diisobutyl dithiophosphinate
dsorption  on lead-activated sphalerite at acidic pH and (S3) after diisobutyl dithio-
hosphinate adsorbed on bare sphalerite.

Sample Zn Cu O C S Si Mg Pb Fe

S1 11.9 0.72 38.8 23.2 11.8 1.9 1.0 8.4 2.1
S2 16.4 1.7 30.9 27.2 14.5 4.6 1.7 1.1 1.4
S3 13.6 1.0 41.7 20.5 11.0 7.3 2.2 0.56 2.1
e Science 367 (2016) 459–472 463

the un-activated sample (S3) albeit in trace amounts. However, in
agreement with the expected deposition of Pb(OH)2 on the spha-
lerite surface, areal Pb atom percentage after alkaline activation
exceeded by far that of (S2) and (S3) samples [12]. To gain insights
on the chemical state of lead surface species, high-resolution Pb 4f
core level spectra were also obtained and interference of Pb 4f and
Zn 3s spectra was  accounted for using a constrained curve fitting
procedure (Figure S2, supporting information). Also, Table 4 sum-
marizes the curve fitting results of the high resolution Pb 4f spectra
for the three samples in terms of binding energies and relative con-
tributions. The peak near 144 eV was  assigned to Pb 4f5/2 and the
location of Pb 4f7/2 was  obtained considering a doublet separation
of 4.86 eV with an intensity ratio of 1.33 for Pb 4f7/2/Pb 4f5/2. The
binding energy (BE) of Pb4f7/2 varied in a narrow range between
138.4 and 138.8 eV (Table 4). As lead sulfide gives rise to a lower
BE peak near 137.4 eV, there is no indication for the exchange of
lead with surface zinc and its integration during activation in the
sphalerite lattice [45,46]. Rather, the Pb 4f7/2 binding energies are
characteristic of lead oxides/hydroxides [47,48]. Also, exposure to
CO2 traces in air during flotation could also lead to the formation
of lead carbonates for which the Pb4f7/2 BE (138.6 eV) [49] is close
to the BE range for our samples.

Oxygen  contributed 30–40% of the surface elemental composi-
tion with a tendency of samples floated at alkaline pH to contain
higher surface oxygen than those at acidic pH.  For all three sam-
ples, the O 1s core-level spectra were fitted using 2 component
peaks (Figure S3, supporting information). The lower BE compo-
nent (530.6–531.1 eV) was  assigned to chemisorbed oxygen or to
hydroxyl groups at alkaline pH [50,51]. The contribution of this
peak for lead-activated sphalerite at alkaline pH was  considerably
prominent due to Pb(OH)2 precipitation. The O1s peak at higher
BE (532.1–532.3 eV) was added to account for adsorbed water,
and (frother) organic moieties and carbonate species on the spha-
lerite surface [50,52]. The presence of carbonate contamination was
coherent with analysis of the high-resolution C 1s spectra of the 3
samples which were fitted using 3 components (Table 4 and Fig-
ure S4 in supporting information). The BE peak near 288–289 eV,
especially prominent for sphalerite activated at alkaline pH, was
attributed to surface adsorbed carbonates originating from the
accelerated hydration of atmospheric CO2 during the activation and
flotation steps [45]. Finally, the aliphatic carbon signature char-
acteristic of adsorbed diisobutyl dithiophosphinate contributed to
inflate the peak contribution near 285 eV for S1–S3 samples.

For  the sulfur chemical sate, the spectra were fitted using 1.18 eV
doublet separations with 1:2 S 2p1/2 to S 2p3/2 intensity ratio. The
binding energies for S 2p1/2 and S 2p3/2 components are reported in
Table 4 and Figure S5 (supporting information) for the three sam-
ples. For each sample, two  distinct S 2p1/2 and S 2p3/2 doublets
were necessary to reconstruct the measured S 2p core-level spec-
tra. The S 2p3/2 component with BE in the range 161.2–161.8 eV
was attributed to S2− in sphalerite [53–56] while the second S 2p3/2
component with BE near 162.3–162.7 eV was reminiscent of S2

2−

species [53–58]. The presence of S2
2− vouches for the formation of

sulfur–sulfur bonding on the sphalerite surface and suggests pre-
sumably sulfur enrichment due to oxidation [53]. The presence of
iron impurities on the sphalerite surface could also favor forma-
tion of FeS2 on the sphalerite surface. Nonetheless, the small excess
noted on the abundances of S2

2− form between lead-activated (S1
and S2) and non-activated (S3) sphalerite samples cannot be used
as evidence for lead-promoted sphalerite surface oxidation.

3.3.  DFT simulations
The  following simulation aspects were developed in the sec-
tions below. First, the structures of diisobutyl dithiophosphinate
were optimized with and without solvent. Relaxation of the cleaved
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Table  4
Photoelectron binding energies and relative contributions for carbon, lead, sulfur, oxygen and zinc in sphalerite samples recovered after flotation (S1) after adsorption of
diisobutyl dithiophosphinate on lead-activated sphalerite at alkaline pH (S2) after diisobutyl dithiophosphinate adsorption on lead-activated sphalerite at acidic pH and (S3)
after  diisobutyl dithiophosphinate adsorbed on bare sphalerite.

Sample C 1s Pb 4f S 2p O 1s Zn 2p

S1 C 1s 285 eV (66.8%) Pb 4f7/2 138.4 eV (27.3%) S 2p3/2 161.6 eV (40.5%) O 1s 531.1 eV (53.7%) 1021.5 (100%)
C 1s 286.2 eV (15.4%) Pb 4f5/2 143.3 eV (20.5%) S 2p1/2 162.8 eV (20.2%) O 1s 532.1 eV (46.3%)
C1  s 289.0 eV (17.8%) Zn 3s 139.9 eV (52.2%) S 2p3/2 162.6 eV (26.2%)

S  2p1/2 163.8 eV (13.1%)

S2 C 1s 285 eV (80.1%) Pb 4f7/2 138.4 eV (4.2%) S 2p3/2 161.6 eV (42.4%) O 1s 531.1 eV (12.7%) 1021.5 (100%)
C 1s 286.2 eV (16.9%) Pb 4f5/2 143.2 eV (3.1%) S 2p1/2 162.8 eV (21.2%) O 1s 532.2 eV (87.3%)
C  1s 287.9 eV (3.0%) Zn 3s 139.9 eV (92.7%) S 2p3/2 162.4 eV (24.3%)

S  2p1/2 163.6 eV (12.1%)

S3 C 1s 285 eV (85.8%) Pb 4f7/2 138.8 eV (2.2%) S 2p3/2 161.7 eV (43.7%) O 1s 530.6 eV (10.8%) 1021.6 (100%)
S
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C 1s 286.6 eV (9.2%) Pb 4f5/2 143.6 eV (1.6%) 

C  1s 288.7 eV (5.0%) Zn 3s 139.9 eV (96.2%) 

110) sphalerite surface and reorganization of its surface atoms
as then discussed. In two subsequent sections, the strength of

dsorption on bare sphalerite of water molecules and of collector
nions was simulated as a prelude to a section fully devoted to the
echanism of lead activated sphalerite for collector adsorption.

he unlikelihood of substitution between adsorbed lead cations
nd lattice zinc atoms during lead activation of sphalerite was
reated through DFT. Then, mechanisms of sphalerite activation
ia adsorption of solvated and non-solvated lead cations, i.e., lead
pecies prevailing in acidic conditions; followed by adsorption of
olvated collectors on adsorbed lead cation were discussed. The
hole simulation part was completed by DFT predicted scenario

f the adsorption of lead hydroxides, i.e., lead species prevailing in
lkaline solutions, on the sphalerite surface and their potential role
or the attachment of collectors.

.3.1.  Optimized structure of solvated collector
The molecular structure of collector plays an important role

n its interaction with the surface of activated or un-activated
phalerite. Thus, the structures of diisobutyl dithiophosphinate
ere optimized through DFT simulations for different headspace

nvironments. In absence of a solvation medium, the collector opti-
ized structure (phosphorous atom bonded to two  sulfur atoms

nd two isobutyl groups) is shown in Fig. 4a where the sulfur-
hosphorous bond lengths are 2.017 and 2.020 Å, respectively. The
lectron from the negatively charged diisobutyl dithiophosphinate
nion can be shared with the mineral surface through a covalent
ond where valence electron transfer to the surface takes place
rom the collector highest occupied molecular orbital (HOMO). The
omposition of diisobutyl dithiophosphinate HOMO, illustrated in
ig. 4b, shows that the transferrable charge is located around the
ulfur and phosphorous atoms. The 3px and 3pz atomic orbitals
f the two sulfur atoms have the most significant contribution to
he collector HOMO with less considerable impact of phosphorous
rbitals. Thus, the highest contribution to the collector covalent
onding with the mineral surface stems from its two sulfur atoms.

In the flotation process, diisobutyl dithiophosphinate is sur-
ounded by water molecules which could influence its properties.
herefore, the effect of solvation on the electrical and geometri-
al properties of the collector was investigated through DFT by
he relaxation of ninety water molecules around diisobutyl dithio-
hosphinate and the optimization of the solvated anion. The large
ize of diisobutyl dithiophosphinate anion due to the presence
f two isobutyl groups necessitated implementation of ninety

ater molecules in the simulations to guarantee complete solva-

ion of the collector in the slab. In addition, the number of water
olecules around the collector anion was large enough so that

ddition of extra solvent molecules did not alter its properties after
 2p1/2 162.8 eV (21.8%) O 1s 532.3 eV (89.2%)
 2p3/2 162.3 eV (23.0%)
 2p1/2 163.4 eV (11.5%)

optimization. However, the excessive number of atoms involved
in the simulations were computationally intensive so that water-
collector assemblage was  first optimized using classical force
field-based simulation techniques. In this regard, the geometry of
diisobutyl dithiophosphinate anion surrounded by ninety water
molecules was optimized in the Forcite module of Materials Stu-
dio 7.0 using COMPASS as force field while the non-bond van der
Waals and electrostatic interactions were set as atom-based sum-
mation method with a cut-of-radius equal 15.5 Å. The resultant
optimized structure was then optimized using DFT resulting in a
substantially reduced convergence time. The optimized structure
of solvated diisobutyl dithiophosphinate along with the arrange-
ments of water molecules around the collector anion is shown
in Fig. 4c. The water molecules, while surrounding the collector,
interact through hydrogen bonding with the sulfur atoms on the
collector polar head. Though sulfur atoms are often weak hydrogen
bond acceptors [59,60], each sulfur atom of the diisobutyl dithio-
phosphinate anion is seen to make up to three bonds with the
hydrogen atoms of the surrounding solvent molecules. The hydro-
gen bond length between water molecules and sulfur atoms varies
between 2.15 and 2.41 Å with an average length of 2.30 Å. Such
interactions with solvent molecules led to changes in the collector
electrical and geometrical properties. The electrons being shared
through hydrogen bond contributed to reduce the negative charges
around the sulfur atoms. The Mulliken atomic charge distribution of
solvated diisobutyl dithiophosphinate showed slightly lower neg-
ative charges around sulfur atoms (average charge −0.77) than
in the absence of water molecules (average charge −0.81). Such
reduction forecasts a lowered electron donating ability in aque-
ous solution of diisobutyl dithiophosphinate. Also, reduction of the
Van der Waals repulsive forces between the two sulfur atoms in
the diisobutyl dithiophosphinate polar head leads to a reduced
S P S angle: 115.88◦ in solvated form versus 121.39◦ in the absence
of water molecules. Likewise, reduction of S P S angle led to an
increase of isobutyl-P-isobutyl angle from 101.27◦ in vacuum to
104.926◦ for solvated collector. Furthermore, formation of hydro-
gen bond with water molecules tended to reduce the P S bond
strength. As a result, the average S P bond length increased from
2.02 Å in vacuum to 2.05 Å under collector solvation.

3.3.2. Relaxation of (110) sphalerite surface
The DFT calculated surface energy of (110) surface is 0.37 J/m2

which is about 42% lower than that of the unrelaxed (110) spha-
lerite surface. In the ideal sphalerite structure implemented in our

electronic simulations, the (110) surface has the lowest surface
energy and therefore is believed, owing to its highest stability, to
be the most representative one for actual sphalerite mineral. The
DFT simulation also indicated that the planar surface of sphalerite
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ig. 4. DFT-optimized structure of non-solvated diisobutyl dithiophosphinate (a),
ate (b), DFT-optimized structure of diisobutyl dithiophosphinate solvated in the

nterpretation of the references to color in this figure legend, the reader is referred 

110) undergoes notable relaxation leading to parallel or normal
isplacements of Zn and S surface atoms with respect to their initial
ositions in uppermost layer (Fig. 5a and b). Displacements normal
o (110) surface are more pronounced than those parallel to it and
esult in surface atoms to move outwardly by 0.13 Å and inwardly
y 0.40 Å, respectively, for sulfur and zinc (Fig. 5c). These values
re in close agreement with those estimated by Harmer et al. [39]

rom medium-energy ion scattering and XPS and by Duke et al. [37]
rom low-energy electron diffraction: 0.08 Å for S and −0.51 Å for
n atoms in the first sphalerite (110) layer.

ig. 5. Schematic of a six-layer (110) sphalerite slab after cleavage (a), sphalerite slab aft
c), (S ≡ Yellow and Zn ≡ Blue). (For interpretation of the references to color in this figure 
st occupied molecular orbital (HOMO) of non-solvated diisobutyl dithiophosphi-
nce of 90 water molecules (c), (S ≡ Yellow, P ≡ Purple, C ≡ Gray, H ≡ White). (For

 web  version of the article.)

3.3.3.  Adsorption of water on (110) sphalerite surface
Various initial positions for adsorption of water molecules on

(110) sphalerite surface were considered leading in all cases to the
same water adsorption configuration. The adsorption configura-
tion of one single water molecule, shown in Fig. 6a, corresponds
to the formation of a covalent bond between water O and sur-
face Zn with 2.24 Å bond length, ∼47◦ tilt angle, and a computed

adsorption energy of −93.5 kJ/mol. A larger water surface cover-
age was also simulated through the relaxation of 12 and 2 × 12
water molecules on the surface of a sphalerite 3 × 2 supercell with

er relaxation (b), displacements of interfacial-layer Zn and S atoms after relaxation
legend, the reader is referred to the web version of the article.)
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Fig. 6. Adsorption on (110) sphalerite (3 × 2 super

ifferent combinations of initial positions. Consisting of 12 sur-
ace zinc atoms as electropositive adsorption centers, the supercell
llowed adsorption of up to 12 water molecules. The most sta-
le configuration arrived at by DFT simulation is shown in Fig. 6b
here only 10 out of 12 H2O molecules interacted with the sur-

ace through their oxygen atoms. The remaining molecules were
eft to adsorb on the surface through formation of hydrogen bonds
2.3 Å average length) with the covalently unsaturated surface
ulfur atoms. The computed adsorption energy in the most sta-
le configuration, −95.6 kJ/mol, was slightly lower than that for
ne single water molecule adsorbed on the surface. Flocking an
ncreased number of water molecules near the surface is expected
o reduce the average adsorption energy on account of augmented
an der Waals repulsion forces. On the contrary, in addition to non-
ovalently surface bonded H2O molecules, formation of hydrogen
onds with surface sulfur atoms was also observed in the case of
ovalently bonded water molecules resulting in decreased water

dsorption energy. The sphalerite supercell area, ca. 252.8 Å2, has
he potential to adsorb a water monolayer of more than twelve

olecules (cross-section 7–8 Å2/molecule) owing to many possi-
le hydrogen bonds with the surface sulfur atoms. Hence, the most

ig. 7. Most stable adsorption configurations of diisobutyl dithiophosphinate on sphalerit
n  same row (a), two  unsaturated surface zinc atoms located in two different rows (b).
rface of 1 (a), 12 (b) and 24 water molecule(s) (c).

stable adsorption configuration with 24 water molecules consisted
of up to 18 molecules adsorbed as a first monolayer. In this latter,
10 were adsorbed through covalent bonds between H2O oxygen
atoms and surface zinc atoms while the rest were adsorbed via for-
mation of hydrogen bonds with sulfur atoms (Fig. 6c). The extra
water molecules roofed the first monolayer by allowing hydrogen
bonds with its adsorbed water molecules.

3.3.4. Attachment of solvated collector on (110) sphalerite surface
Two main adsorption configurations for diisobutyl dithiophos-

phinate on bare sphalerite surface are distinguishable as shown
in Fig. 7a and b. In the most stable configuration (Fig. 7a), the
collector adsorbed on the sphalerite surface through two  cova-
lent bonds between its sulfur atoms and two unsaturated adjacent
surface zinc atoms located in the same row. The corresponding
adsorption energy ranged between −370 and −380 kJ/mol depend-
ing on the rotation angle of the terminal methyl groups of the

isobutyl branches around the S P bonds. The average length of
S Zn covalent bond in this adsorption configuration is 2.38 Å. This
is slightly higher than the S Zn bond length of sphalerite crys-
talline structure (2.35 Å) and indicates the chemical bonding nature

e surface in absence of solvent: two unsaturated adjacent surface zinc atoms located
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Fig. 8. Adsorption of solvated diisobutyl dithiophosphinate on sphalerite sur

f the interaction between collector and sphalerite surface. In the
econd most stable configuration (Fig. 7b), the collector estab-
ished two covalent bonds with two unsaturated surface zinc atoms
ocated in two different rows and distant by 5.4 Å. The correspond-
ng adsorption energy, in the range −293 to −301 kJ/mol, was
igher than when the collector involved two same-row adjacent
inc atoms only distant by 3.9 Å. Looser S Zn bond lengths and
ower stability adsorbed collector resulted due to a larger Zn–Zn
istance. The S P S angle of adsorbed diisobutyl dithiophosphi-
ate in first configuration (Fig. 7a) was 119◦. This angle is close
o equilibrium S P S angle of free diisobutyl dithiophosphinate
115.9◦) unlike the lesser stability second configuration (Fig. 7b)
or which the S P S angle was 126◦. The adsorption energy of
iisobutyl dithiophosphinate on un-activated sphalerite (110) sur-
ace is considerably lower than that reported by Liu et al. [34] for
he adsorption of ethyl xanthate on a similar substrate which was
87.63 kJ/mol. Ethyl xanthate interacts indeed in a direction nor-
al to sphalerite (110) surface by forming a covalent bond between

he collector S atom and a surface zinc atom. However, bidentate
dsorption of diisobutyl dithiophosphinate on un-activated spha-
erite was always more favorable than monodentate adsorption.
nalysis of the Mulliken charge density of diisobutyl dithiophos-
hinate and ethyl xanthate revealed that electron density around
he sulfur atoms for the former slightly exceeded that around those
f the latter collector portending stronger interaction of diisobutyl
ithiophosphinate with surface zinc atoms.

The adsorption of solvated collector on the un-activated spha-
erite was also studied through the relaxation of diisobutyl
ithiophosphinate surrounded by 90 water molecules. The solvated
ollector was initialized at different locations on the sphalerite
urface. The collector adsorption configuration with lowest total
nergy after relaxation is shown in Fig. 8a. However, the system’s
nergy comprising surface adsorbed diisobutyl dithiophosphinate
as always higher than when the solvated collector was not

dsorbed on the sphalerite surface (Fig. 8b). Correspondingly, the
umber of water molecules adsorbed on the sphalerite surface
as lower for the former than for the latter. This is tantamount to

nergy expenditure for bond breakage of some weakly bonded sur-

ace water molecules to allow adsorption of the solvated diisobutyl
ithiophosphinate to occur. However, the energy released after
ollector adsorption was  lower than the energy for water desorp-
ion from the surface. Consequently, solvated collectors far from
most stable adsorbed configuration (a), non-adsorbed solvated collector (b).

the surface are always more stable than their configurations
with adsorbed solvated collectors (+55 kJ/mol energy difference
between adsorbed and non-adsorbed solvated collectors of Fig. 8a
and b). Such lack of adsorption of diisobutyl dithiophosphinate on
the surface of un-activated sphalerite was  also observed through
the experiments as detailed above (Fig. 2). This important finding
stresses out the necessity to account in the DFT simulations for
the presence of water molecules in order to arrive to meaning-
ful predictions. Matter-of-factly, ignoring the presence of solvating
molecules in the DFT simulations predicted energetically favorable
adsorbed collector (Fig. 7) which was contradicted through exper-
iments. Our results discourage the practice of ignoring solvation
effect in the interpretation of the adsorption energies estimated by
means of quantum mechanical simulations.

3.3.5. Surface and bulk exchange of lattice zinc cations with lead
cations

Average  exchange energy, Eex, for replacement of zinc with lead
cations is calculated as follows:

Eex =
E[slab+n Pb2+] + n E[Zn2+] − E[slab] − n E[Pb2+]

n
(1)

In  Eq. (1), n is the number of zinc cations replaced by lead cations,
E[slab+n Pb2+] is the total slab energy after substitution with n lead
cations, E[Zn2+] is the energy of a free zinc cation, E[slab] is the energy
of the relaxed slab before Pb replacement and E[Pb2+] is the energy
of a free lead cation. The energy of free zinc and lead cations were
obtained by first placing separately the lead and zinc atoms in a
cell having the same size as the cell used in sphalerite relaxation
calculations (16.4 × 15.4 × 39.6 Å) and then assigning +2 charge to
the cell while implementing the same DFT parameters and conver-
gence criteria used in all the DFT simulations.

The surface-exchanged lead cation after relaxation cannot but
emerge out of the sphalerite surface as replacement of a zinc cation
with a lead ion in the first layer leads to considerable deforma-
tion of the sphalerite surface (Figure S6a, supporting information).
The resulting surface deformation could be due to the larger Van
der Waals radius of lead (2.02 Å) in comparison to that of zinc

(1.39 Å). The Pb S bond length in the first sphalerite layer after
relaxation is 2.73 Å which largely exceeds the bond length of Zn S
(2.28 Å) in sphalerite. Such large Pb S bond length forced an out-
ward movement of lead cation which while protruding on top of
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Fig. 9. The two energetically favorable adsorption configurations o

he surface still remained part of the sphalerite lattice. However
ubstitution of one zinc cation with lead on the first sphalerite
ayer is unfavorable on account of the computed exchange energy
f +440 kJ/mol. Also, replacing all surface zinc cations with lead
ations (Figure S6b, supporting information) even resulted in a
arger average exchange energy of +518.4 kJ/mol. DFT simulation
f further replacements involving the 2nd (bulk) layer of spha-
erite was found to be even less energetically favorable (Figure
6c, supporting information). The considerable lattice distortions
he intrusion of Pb2+ might impose to the bulk structure confirm
he unlikelihood of lead cation diffusion to stabilize the sphalerite
tructure. Therefore, DFT simulations of the lead–sphalerite inter-
ctions clearly showed that direct exchange of lead with zinc on
he surface or in the bulk of sphalerite is not energetically favorable
nd that Pb cations are incompatible with the sphalerite crystalline
tructure. Furthermore, these simulations are in agreement with
he findings from our above described XPS results where no bind-
ng energy shift objectifying formation of PbS was observed from
he spectra of the lead-activated sphalerite.

.3.6. Adsorption of solvated collector on Pb2+-activated
phalerite

For a study of the adsorption of Pb2+ on (110) sphalerite surface
o reflect acidic conditions, the lead cations were located at five
ifferent initial positions: above surface S atoms, bridges between

 same-row or 2 adjacent-row S atoms, hollows between sulfur
nd zinc atoms. As shown in Fig. 9, there are only two possible
ptimal configurations of Pb2+ adsorption on sphalerite surface. In
he most stable configuration (Fig. 9a), lead cations adsorb while
ridging 2 same-row unsaturated surface S atoms via two  strong
ovalent bonds. Furthermore, the same Pb2+ ions are involved in
eak covalent bond with saturated surface sulfur located in the

econd layer while sharing simultaneously electron density with
 surface Zn cation (Fig. 9a). The adsorption energy of Pb2+ on the
phalerite surface in the most stable configuration is −869.3 kJ/mol
nd represents formation of strong covalent bonds between Pb2+

nd sphalerite surface. A second adsorption configuration, though
ith a higher adsorption energy (−837 kJ/mol), is possible as shown

n Fig. 9b where Pb2+ adsorbs through two covalent bonds with two
nsaturated sulfur atoms located on two separate adjacent rows.
he small difference between the adsorption energy of both config-
rations suggests that covalent bonds between Pb2+ and saturated
ulfur or unsaturated surface zinc cations are weaker than those
f Pb2+ with two unsaturated same-row or adjacent-row surface
ulfur atoms.
Adsorption of diisobutyl dithiophosphinate on surface adsorbed
ead cation was then simulated by locating the collector at
ifferent positions on top of the two previously identified sta-
le adsorbed lead cations (Fig. 9). Only one stable adsorption
 cations on sphalerite surface: −869.3 kJ/mol (a), −837 kJ/mol (b).

configuration for diisobutyl dithiophosphinate adsorption on the
adsorbed lead cation was obtained. Collector adsorption on the
adsorbed lead cation occurs through formation of bidentate cova-
lent bonding between the collector sulfur atoms and lead cation
(Fig. 10a). This required breakage of one of the covalent bonds
between lead and surface sphalerite sulfur. The average bond
length of Saerophine Pb is 2.72 Å and is smaller than that of
Ssphalerite Pb (2.8 Å). Thus, the interaction between diisobutyl
dithiophosphinate and lead cation is stronger than that of lead and
sphalerite surface as confirmed from Mulliken charge calculations:
−0.78e around collector sulfur atoms, i.e., nearly thrice that around
the sphalerite surface sulfur atoms (−0.26e). The angle of S P S
of the diisobutyl dithiophosphinate molecule also decreases from
121.4◦ in equilibrium to 109.1◦ due to formation of bidentate bond
between sulfur atoms and surface adsorbed lead cation.

The  adsorption energy of diisobutyl dithiophosphinate on spha-
lerite surface can be estimated as:

Eads = E[slab+Pb2++Aerophine] − E[slab+Pb2+] − E[Aerophine] (2)

where  E[slab+Pb2++Aerophine] is the total energy after adsorption of
aerophine on the surface adsorbed lead cation, E[slab+Pb2+] is the
energy of the most stable configuration of adsorbed lead cation
on sphalerite surface and E[Aerophine] is the energy of optimized
diisobutyl  dithiophosphinate free anion.

The adsorption energy of diisobutyl dithiophosphinate on lead
cation was ca. −655.9 kJ/mol and vouches for the chemical nature of
the bonding between aerophine and surface adsorbed lead cation.
It is also almost twice the value obtained above for the adsorp-
tion of diisobutyl dithiophosphinate on the un-activated sphalerite
surface (−380 kJ/mol), Fig. 7.

The solvating effect of water molecules on the adsorption
of diisobutyl dithiophosphinate on Pb2+-activated sphalerite was
then studied by accounting for the presence of 90 H2O molecules in
the slab’s overhead. The most stable Pb2+ form was  the hydrate form
Pb(H2O)4

2+ (Figure S7, supporting information) where the bonds
between Pb2+ and water ligands are directed only toward part of
the cation coordination sphere forming a hemi-directed coordina-
tion. The bond length between Pb2+ and water O varies between
2.47 Å to 2.76 Å.

Adsorption of the thus simulated solvated Pb2+ over surface
of sphalerite was  then studied through relaxation of the solvated
cation on different surface locations. It can be seen from Figure S8
(supporting information) that adsorbed lead cation led to two  cova-
lent bonds with unsaturated surface S atoms similarly to the pattern

reported above in the case of solvent-free adsorption (Fig. 9). The
difference is more quantitative as the interaction of solvated lead
cation with sphalerite surface is weaker than for the non-solvated
cation reflecting in an average Pb Ssphalerite bond length of 2.93 Å
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Fig. 10. Adsorption of diisobutyl dithiophosphinate on a surface Pb2+ a

or the former as opposed to 2.8 Å for the latter. In addition, compar-
ng the total energy of the systems consisting of surface adsorbed
nd non-adsorbed solvated lead cations showed that the adsorp-
ion of solvated lead cation only decreases the total system energy
y −217 kJ/mol. However, as discussed earlier, the adsorption of
on-solvated lead cation on the sphalerite surface decreases the
otal energy by −869.3 kJ/mol, revealing that the adsorption of
ead cation on the sphalerite surface is less favored in a solvated

edium. The adsorption of solvated Pb2+ necessitated that the two
qua-ligands with the largest bond length (2.76 Å and 2.65 Å) were
o leave the coordination sphere of the solvated lead cation con-
ributing thus in lowering its adsorption strength. Even though
urface adsorbed solvated Pb2+ involved twice less solvent ligands
han free solvated Pb2+, adsorption of solvated lead cation was  ener-
etically favorable. The bond lengths between adsorbed Pb2+ and
xygen for the two remaining water ligands were 2.36 Å and 2.48 Å.

The interaction between adsorbed-solvated lead cation and sol-
ated diisobutyl dithiophosphinate is depicted in Fig. 10b. The
wo covalent bonds between the two sulfur atoms of the collec-
or and the surface adsorbed lead cation clearly show the finishing
eplacement of the two  remaining water ligands bonded to lead
ation. Furthermore, the lead cation sacrifices one of its covalent
onds with the surface sulfur atoms leading to the formation of

 monodentate covalent bond between adsorbed lead cation and
urface sulfur. Except the presence of water molecules, the adsorp-
ion configuration of the solvated diisobutyl dithiophosphinate on
urface-adsorbed lead cation was similar to that predicted for the
on-solvated collector (Fig. 10a). The decrease in total system’s
nergy due to adsorption of the solvated collector on surface-
dsorbed lead cation is −196.9 kJ/mol and pleads for an interaction
etween diisobutyl dithiophosphinate and the Pb2+ activated spha-

erite overly estimated in the absence of solvent (adsorption energy
f −655.9 kJ/mol). Finally, these DFT simulations confirm the affin-
ty of surface adsorbed lead cation for prompting adsorption of
olvated diisobutyl dithiophosphinate collector on Pb2+-activated
phalerite in agreement with the experimental results discussed
bove.

.3.7. Adsorption of solvated collector on Pb(OH)2-activated
phalerite

Pb(OH)2 as a predominant lead species at alkaline pH is likely
o adsorb on sphalerite surfaces. As regards the computationally
ntensive simulations, these were restricted to analyze the forma-
ion of up to two lead hydroxide layers on the sphalerite surface.

o identify the most energetically favorable monolayer adsorp-
ion configuration of lead hydroxide, different adsorption locations
ere initially tested. The most stable adsorbed monolayer Pb(OH)2

onfiguration is shown in Fig. 11. Lead hydroxide monolayer is
ed on sphalerite surface: non-solvated system (a), solvated system (b).

formed through participation of lead and an oxygen from Pb(OH)2
to the formation of two  covalent bonds, respectively, with sur-
face S and Zn atoms. The bond lengths of Pb S and O Zn bonds
are 2.78 Å and 1.99 Å, respectively. The second oxygen from lead
hydroxide which did not participate to surface covalent bonding
was involved in hydrogen bonding with hydrogen of an adjacent
adsorbed lead hydroxide molecule. With a bond length of 1.74 Å,
formation of O H bonding between two  adjacent Pb(OH)2 con-
tributed to stabilize the lead hydroxide monolayer. Similarly, an
oxygen from Pb(OH)2 and a lead cation from an adjacent Pb(OH)2
were also shared as shown in the top view of Fig. 11b where
oxygen-bridging enabled connecting two lead cations to each other.
Furthermore, electron sharing between adjacent lead cations also
appeared to contribute in the stabilization of the adsorbed lead
hydroxide monolayer (Fig. 11b). This adsorption configuration was
far more stable than other simulated configurations which resulted
to the formation of stable monolayer of lead hydroxide consisting
of twelve Pb(OH)2 molecules. In order to obtain an average value
for the adsorption energy of a Pb(OH)2 molecule on the sphalerite
surface in this configuration, the following equation was used:

Eads = E[slab+Pb(OH)2] − E[slab] − 12 ∗ E[Pb(OH)2]

12
(3)

where  E[slab+Pb(OH)2] is the total energy after adsorption of a mono-
layer of Pb(OH)2, E[slab] is the energy of relaxed sphalerite surface
and E[Pb(OH)2] is the energy of optimized Pb(OH)2 free molecule.

Based on the above equation, the average adsorption energy per
lead hydroxide molecule bonded to the surface was  −172.7 kJ/mol.
On top of the above hydroxide monolayer, addition of extra Pb(OH)2
molecules led to the buildup of a second hydroxide layer. Formation
of a second hydroxide layer took place through interlayer covalent
Pb Pb and Pb O bonding in the respective ranges, [3.39–3.75 Å]
and  [2.31–2.63 Å]  (Figure S9, supporting information). The aver-
age adsorption energy per adsorbed lead hydroxide molecule
increased to about −132.2 kJ/mol. Here also, hydrogen bonding
helped stabilizing the bilayer forming on the sphalerite surface. The
most energetically favorable adsorption configuration of diisobutyl
dithiophosphinate on top of a saturated sphalerite surface with
Pb(OH)2 monolayer is shown in Fig. 12. As can be seen, the col-
lector adsorption took place through formation of covalent bonds
between the collector S atoms and the Pb cations of Pb(OH)2
monolayer. The adsorption energy for this configuration was  about
−307 kJ/mol and was  higher than the adsorption energy of the col-
lector on surface adsorbed lead cations (−655.9 kJ/mol), Fig. 10a.
Adsorption of diisobutyl dithiophosphinate on the Pb(OH)2
monolayer could be affected by the presence of water molecules
in the slab. The dominant mechanism for adsorption of one
water molecule on the deposited lead hydroxide monolayer was
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Fig. 11. The two energetically favorable adsorption configuration of lead

F
a

t
i
a
e

F
s

ig. 12. Adsorption configuration of diisobutyl dithiophosphinate on the Pb(OH)2

ctivated sphalerite.
hrough the physical adsorption and formation of hydrogen bond-
ng between water molecule and the hydroxide group of Pb(OH)2
s shown in Figure S10a (supporting information). The adsorption
nergy for one water molecule on a lead hydroxide monolayer

ig. 13. Diisobutyl dithiophosphinate adsorption on Pb(OH)2 activated sphalerite surfac
olvated  diisobutyl dithiophosphinate on the surface(a), solvated diisobutyl dithiophosph
 hydroxide on (110) sphalerite surface: side view (a), top view (b).

is  computed to be −71 kJ/mol. At higher surface water coverage,
the average decrease in total energy per each adsorbed water
molecule on the hydroxide monolayer is about −87.6 kJ/mol. Water
adsorption on the lead hydroxide monolayer through formation of
covalent bonding between O atom from H2O and lead cation from
hydroxides, was also observed at higher surface coverage (Figure
S10b, supporting information). This resulted into lower average
adsorption energy at higher coverage than for configurations where
one water molecule is adsorbed. The average adsorption energy
per water molecules on lead hydroxide was slightly higher than
that of bare sphalerite (−95.6 kJ/mol). The solvating effect of water
molecules on the adsorption of diisobutyl dithiophosphinate on
Pb(OH)2 activated sphalerite was studied considering the pres-
ence of 90 H2O molecules in the slab. The collector adsorption
configuration with lowest total energy after relaxation is shown
in Fig. 13a. The total system’s energy after collector adsorption on
Pb(OH)2 monolayer was  −182.1 kJ/mol lower than the configura-
tion with non-adsorbed collector (Fig. 13b) unveiling adsorption
of diisobutyl dithiophosphinate on the Pb(OH)2 activated surface
an energetically favorable. The adsorption configuration of the
solvated diisobutyl dithiophosphinate on surface deposited lead

hydroxide was similar to that predicted for the non-solvated col-
lector (Fig. 12). However, the calculated decrease in the total energy
due to the adsorption of the solvated collector is −182.1 kJ/mol
which is showing lower decrease than that of the non-solvated

e in the presence of water solvent: most stable configuration for the adsorption of
inate but non-adsorbed on the surface (b).
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iisobutyl dithiophosphinate (−307 kJ/mol). In conclusion, these
FT simulations confirm the affinity of surface adsorbed lead cation

or prompting adsorption of solvated diisobutyl dithiophosphinate
ollector on Pb(OH)2 activated sphalerite in agreement with the
xperimental results deliberated earlier.

. Conclusion

Lead activation of sphalerite and its interactions with diisobutyl
ithiophosphinate collectors in alkaline and acidic conditions were
ystematically investigated both experimentally and through den-
ity functional theory (DFT) simulations to help elucidating the
urface mechanisms arising during the inadvertent flotation of
phalerite. Adsorption of lead cations and lead hydroxides pro-
ided attractive sites for the collector attachment contrary to bare
phalerite which exhibited very low affinity toward the collector.
he adsorption kinetics of diisobutyl dithiophosphinate on lead-
ctivated sphalerite was quite rapid. Equilibrium was  reached after
0 min  while up to 40% of dissolved collector was  adsorbed lead-

ng to >90% of activated sphalerite to be floated in a micro flotation
olumn. Adsorbed collector and lead species on the sphalerite sur-
ace were objectified through the XPS analysis. No indications from
urface analysis were in support of zinc cation substitutions by lead
nd sphalerite activation was likely induced through formation of
urface adsorbed lead species. Unlikelihood of surface substitutions
f lattice zinc cations with lead due to the latter’s larger van der
aals radius and the significant lattice deformations exerted on

he sphalerite structure was also concluded from DFT simulations.
olvated and non-solvated lead cations, i.e., the dominant species
t acidic pH, were shown to adsorb on the sphalerite surface by
orming two covalent bonds with surface unsaturated sulfur atoms.
he adsorbed lead cation in return was able to attach diisobutyl
ithiophosphinate collector through the formation of two biden-
ate covalent bonds between the collector sulfur atoms and lead
ation. However, the adsorption energy of both solvated Pb2+

nd solvated collector were lower than when the effect of solva-
ion was ignored. Attachment of diisobutyl dithiophosphinate was
ccompanied with the removal of covalent bonds between water
olecules and adsorbed Pb2+ which was a phenomenon at the ori-

in of the reduced diisobutyl dithiophosphinate adsorption energy.
ead hydroxide deposition on sphalerite, i.e., occurring at alkaline
H, was shown to prompt formation of covalent bonding between

ead and oxygen atoms of Pb(OH)2, respectively, with surface sulfur
nd zinc atoms. Inception of hydrogen bonding among lead hydrox-
de molecules was shown to help stabilizing the deposited layer
n the surface. In a similar manner, interactions of the collector
ith surface lead hydroxides took place via covalent bonds arising

etween the sulfur head of diisobutyl dithiophosphinate and the
ead cations of Pb(OH)2.
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