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Abstract

Gold recovery from artificial seawater was studied in the present work. Two synthetic
materials composed of silica gel joint to a strong chelating agent were used as reducing
agents to induce gold colloid nanoparticles formation: ethylene diamine tetraacetic acid
and diethylene triamine pentaacetic acid, together with brown seaweed Sargassum
muticum. The mechanism and ideal conditions involving gold recovery from artificial
seawater were investigated. The results showed that there is no pH effect within the
range of 2-6. Moreover, the presence of other metals like Co, Ni, and Cr(VI) did not
interfere the gold sorption/reduction reactions. Only thiourea showed significant
regeneration percentages of the materials saturated with metallic gold. The absence of
complete gold appearance in the effluent during column experiments could indicate that
the sorption capacity of the materials was saturated, but not their reduction power. The
shape of the obtained curves during the kinetic experiments revealed several stages
occurring during the gold recovery from artificial seawater. Potentiometric titrations,
FTIR, and SEM analysis provided decisive evidence supporting the proposed
mechanism. A novel plausible three-step mechanism was suggested for the gold
recovery from artificial seawater based on the experimental evidence. In a first stage,
the adsorption of the anion species AuCl, occurred. Following, the reduction of AuCl,
to Au(0), and the later oxidation of the metallic gold formed to the unstable AuCl,’
arose. Finally, during the last stage metallic gold redisolution is not further favored, and

probably only the reduction of the chloro-gold complexes to metallic gold occurred.
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nanoparticle.
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1. INTRODUCTION

Gold is a noble metal that has a high economic value, even more nowadays, due to its
consideration as safe deposit in the times of economic recession. It also has several
industrial and medical applications. The gold recovery from electronic waste, geological
samples, ores or solution has been extensively studied during the last decades (Kavakli
et al., 2006; Nilanjana, 2010; Syed, 2012).

To overcome the aggregation and stability problems that usually affect the metal
nanoparticles in solution, normally a solid matrix to immobilize and reduce gold ions is
employed. One of the most used methods to recover gold from solution consists of its
reduction over the surface of an appropriate material, (Castro et al., 2011; Johnston and
Lucas, 2011; Mata et al., 2009) or in the bulk of the solution, employing an extract
obtained from materials of biological origin (Dubey et al., 2010; Montes et al., 2011).
Moreover, some synthetic materials, including, silica or EDTA, also showed good
complexation-reduction capabilities for gold ion (Choma et al., 2011; Sreeprasad and
Pradeep, 2011).

These methods possess metal reduction ability, which leads to gold nanoparticles
formation. The obtained gold nanoparticles show noticeable change in different physical
and chemical properties such as electrical, catalytical, optical, etc. with respect to
metallic gold. This also increases the inherent value of this study because of the
multiple uses of gold nanoparticles in medicine, chemistry, biology, or material science
(Guo and Wang, 2007; Saha et al., 2012).

To the best of our knowledge, there are no publications concerning gold recovery from
seawater but a few patents (Layton and Mueller, 1981). Only several attempts have been
carried out to recover gold from seawater since long time ago, but the huge troubles to

approach it make these efforts useless, at least so far.
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Gold is normally present in seawater in very low concentrations. An approximate
average concentration value is in the order of ppt (Falkner and Edmond, 1990; Koide et
al., 1988). More than 70% of the Earth’s surface is covered by seawater, which
represents 97% of the global water resources (2% is snow and glaciers and less than 1%
fresh water), so the total quantity of gold is immense. Its recovery from seawater is not
a simple task and presents a lot of difficulties and challenges. Firstly, the concentration
of gold in seawater is very low, which implies that tones of seawater must be moved in
order to recover a small amount of this precious metal. Secondly, the measurement of
these very low concentrations in a not simple matrix solution with accuracy is difficult.
Because of the facts exposed above, the gold recovery from artificial seawater (ASW)
spiked with this precious metal is studied in this work. The gold concentration in this
artificial seawater solution is in the order of ppm. In this way, we can ensure accurate
measurements for gold and deepen the understanding of the mechanism and factors that
could affect the process.

Ethylene diamine tetraacetic acid (EDTA) and diethylene triamine pentaacetic acid
(DTPA) are widely used sequestering agents for metal having several industrial
applications (R&mo and Sillanpad, 2001; Ramo et al., 2000; Sillanpaa, 1996; Sillanpaa
et al., 1995; Sillanpaa and Pirkanniemi, 2001; Sillanpaa and Sihvonen, 1997). The
synthetic materials composed of silica gel joint to these strong chelating agents used in
this work, namely EDSG and DTSG, were prepared before and tested with success for
the elimination of different metals from solution (Repo et al., 2009). Here, the recovery
of gold from artificial seawater is studied in continuous (columns) and discontinuous
(batch) experiments. The efficiency of these materials for gold removal by nanoparticle
formation was determined analyzing the influence of multiple factors such as the effect

of pH, dose of material, contact time, or the presence of other metals (Co, Ni and Cr).
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Co and Ni were selected because they were studied in a previous work using EDSG and
DTSG materials (Repo et al., 2009). In that paper, it was demonstrated that Ni*? and
Co*? are removed from solution due to due to columbic forces. On the contrary, Cr(VI)
was selected because is presented in solution as negative specie, like Au, and it is
normally removed from solution by a coupled sorption-reduction mechanism.

In addition, the brown seaweed Sargassum muticum was also tested under the best gold
recovery conditions obtained with the synthetic materials. Dead macroalgae show high
affinity for metal cations due to their high content in polysaccharides with acid
functional groups (Herrero et al., 2011; Lodeiro et al., 2010). In brown algae, the cell
wall is mainly comprised of alginates which usually constitute about 20-40% of the
total dry weight, in addition to fucoidans (Davis et al., 2003). Moreover, biomass also
possesses several groups, like hydroxyl or amine, with a great reduction capability, not
only for precious metals but for contaminants like Cr(VI) (L6opez-Garcia et al., 2010).

2. EXPERIMENTAL SECTION

The metal solutions used in the experiments were prepared using the following salts:
HAuUCI,;-3H,0, CrO3, Co(NO3),:6H,0, and Ni(NO3),-:6H,0 (Sigma-Aldrich). It is worth
to mention that these salt solutions were dissolved in artificial seawater (ASW) which
was prepared following the recipe of Millero (Millero, 1986): NaCl (0.4117 mol/Kg),
KCI (0.0102 mol/Kg), CaCl, (0.0104 mol/Kg), MgCl, (0.0532 mol/Kg), and Na,SO4
(0.0282 mol/Kg).

During batch experiments, the materials were put into contact with the metal solutions
by magnetic agitation. Redox potential (Ereqox) and pH were measured using a redox
electrode (Thermo AD100) and a combined glass electrode (WTW pH-electrode SenTix

81meter), respectively.
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Samples were taken periodically and measured for metal concentration as described
below. The measurements of the samples were performed at least by triplicate. All the
experiments were done at least two times and the results show the medium values
obtained.

Materials

The chelating agents, EDTA and DTPA, were used to functionalize silica gel
(LiChroPrep® Merck in powder form: diameter: 63-200 um, surface area: 540 m%/g)
and to prepare the synthetic materials used in this work. The procedure to obtain these
materials, namely EDSG and DTSG, was described by Repo et al. (Repo et al., 2009;
Repo et al., 2011).

Fresh samples of brown marine alga Sargassum muticum were collected from the coast
of A Coruiia (NW Spain). The samples were washed first with running and then
deionized water. Dried samples (oven-dried at 60 °C overnight) were crushed with an
analytical mill (IKA A 10) and sieved to a size range of 0.5-1 mm. After being sieved,
the biomass was protonated in 0.1 M HNO3; (10 g of biomass/L) for 4 hours at room
temperature, washed with deionized water, filtered, and dried overnight at 60 °C
(Figueira et al., 2000).

Metal analysis

The samples were analyzed by an inductively coupled plasma optical atomic emission
spectrometer (ICP-OES), model iCAP 6300 (Thermo Electron Corporation, USA).
After filtering (0.45 pm acetate filter) and diluting with 2% HNO3;, the metal
concentration in solution was measured at the following wavelengths: 242.7-267.5 nm
for Au, 228.6 nm for Co, and 231.6 nm for Ni. The minimum detectable concentrations
for Au, Cr, Co, and Ni ions by this equipment were 1.0, 1.1, 0.4, and 0.8 ug/L,

respectively.
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The metal removal percentages were calculated from the expression:

e C-Ci
Removal Y= N = 1010 (1)

where C; is the initial metal concentration and Cs is the final metal concentration.

Effect of dosage

10 mL of gold solution (0.25 mM) was added to different essay tubes containing 1, 5,
10, 20, and 40 mg of EDSG and DTSG. Gold concentration in solution was measured
after 27 and 161 hours of contact time.

Effect of pH

10 mL of Au solutions (0.5 mM) was placed in different essay tubes containing 40 mg
of EDSG, DTSG, or protonated Sargassum muticum. The solution pH was adjusted to
values between 2 and 6 using HNO3; or NaOH (Merck). Gold concentration in solution
was measured after 24 and 168 hours of contact time.

Kinetic studies

The experiments were carried out in sealed glass cells. 400 mg of the materials (EDSG,
DTSG, or protonated S. muticum) were added to 100 mL of Au solution (0.05, 0.25, and
0.5 mM).

Regeneration studies

Regeneration studies were carried out using thiourea 0.5 M in HCI 1 M as desorbing
agent. The materials, EDSG and DTSG, were previously saturated with Au in
experiments conducted at fixed pH (3.0) and metal concentration (0.5 mM). When
equilibrium was achieved, the solution was filtered and the material was dried in an
oven at 60 °C overnight. This material was placed in essay tubes together with the
regeneration agent (4 g/L) during 24 and 120 hours.

Effect of metal competition



O©CoO~NOOTA~AWNE

The competition effect of Cr, Ni, and Co ions over gold recovery was tested through
batch sorption experiments carried out using 40 mg of DTSG. The material was
contacted with 10 mL of gold solutions (0.5 mM) and the competitor metal ion at three
different initial concentrations (0.05, 0.5, and 5.0 mM) during 96 hours.

Column studies

The experiments were carried out in plastic columns with 10-cm length and 0.5-cm
internal diameter filled with different quantities of EDSG (0.05, 0.1, and 0.2 g). A 0.005
mM Au solution was fed through the column in down-flow mode using a Watson
Marlow peristaltic pump. This solution was prepared from a gold standard solution (Au
in HNOg, Sigma-Aldrich) of 1000 mg/L dissolved in artificial seawater. Two different
flow rates were tested: 1 and 5 mL/min. The operation of the column was stopped when
the gold concentration in the effluent remained constant.

Characterization of the materials

Potentiometric titrations

The potentiometric titrations were carried out in a thermostated double-walled beaker
under a N, stream. The ionic strength of the solutions was fixed to 0.05 M using NaNO3
as supporting electrolyte. 0.25 g of EDSG and DTSG were added to 25 mL of NaNO;
containing 20 mL of NaOH 0.05 M (in order to ensure that all the groups were
deprotonated). After the solution achieved equilibrium (16-20 hours), the titration was
started adding a standardized HCI 0.05 M solution step by step using the Microlab 500
series equipment. The procedures that followed the titrations and glass electrode
calibrations are described in greater detail elsewhere (Rey-Castro et al., 2004; Rey-
Castro et al., 2003).

FTIR analysis
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FTIR spectroscopy was used for the qualitative identification of the chemical groups
present in the materials. In these experiments, EDSG, DTSG, and S. muticum were used
before and after the kinetic studies (initial gold concentration of 0.5 mM). Moreover,
the materials saturated with Au, Cr, Ni, and Co, as described in the Effect of metal
competition section, were also tested. The samples were examined within the range
350-4000 cm™' using a Bruker Vertex 70 spectrophotometer equipped with a Speac
Golden Gate ATR (attenuated total reflection) device. This technique allowed the
analysis of the samples (fine powder) directly without KBr grinding.

SEM analysis

Surface morphology of the adsorbents was characterized by scanning electron
microscope (SEM) analysis, recorded on a JEOL JSM 6400 SEM equipped with an
Oxford Inca Energy 200 system for Energy Dispersive X-ray Spectroscopy (EDS). The
examinations were carried out at different magnifications (from 45 to 6000x) at a 20 kV
acceleration voltage. These analyses were carried out over the same materials used for
FTIR.

3. RESULTS AND DISCUSSION

Effect of dosage

Different dosages of EDSG and DTSG materials were tested in order to determine the
optimal dose rate to be used during experiments. Table 1 shows the removal
percentages of gold from ASW solution at different times and doses of materials.

The percentages of gold removal close to 100 % were obtained using a dose greater than
0.5 g/L. An optimal dose of 4 g/L was chosen to carry out further experiments, but great
differences were not found between 2 and 4 g/L. The measured equilibrium pH values
were between 3.10-3.73.

Effect of pH
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The effect of pH over gold elimination from ASW solutions is showed in Figure S1.
When the contact time was long enough, percentages of gold removal around 100%
were achieved for all the materials in a pH range between 2 and 6. In the case of
protonated S. muticum, final equilibrium values for a pH greater than 4 were not
obtained. Initial pH values were fixed to values between 2 and 10, but the final
equilibrium values were never greater than 4, even when the solution pH was adjusted
several times during the experiments. The alga acts as a buffer in solution because of its
resistance against pH changes when acid or base was added to the solution. Initial pH
values between 4.5-10 lead to final pH values around 3.5-4.2 after several attempts to
obtain final pH values greater than 4 adding different amounts of NaOH. Probably, the
chemical groups present in this macroalga act as buffer stabilizing the pH of the
solution.

The reduction capacity of the materials is maintained within a large range of pH (from 2
to 4-6). The medium pH value for real seawater is between 7.5 and 8.4, so a preceding
acidification step is needed in order to apply this method for the recovery of gold
present in real seawater.

The effect of pH is normally associated with the ionization state of the functional
groups present in the materials and also to the metal speciation in the solution. The
predominant gold compounds found using the Hydra-Medusa program (Puigdomenech,
1999) for speciation calculations are AuCl,, AuCIl3OH", and Au(OH); (Figure S2). In
these calculations, the formation of the solid species Au(OH)s(s) was not considered
since evidence of its appearance was not found during the experiments.

The lack of pH dependence on gold removal observed in Figure S1 is related to the fact
that in the studied pH range, the amine and hydroxyl groups present in the materials are

protonated (see section 3.7.1). This favors the electrostatic interactions with the anionic

10
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chloro-gold complexes that are present in solution at pH values lower than 5. From this
pH, the presence of the neutral species Au(OH); starts to increase in ASW solution,
being predominant from pH 5.5. As Au(lll) is considered as a soft ion, the gold removal
from ASW at pH values above 5.5-6 could involve the formation of covalent bounds
between sulphur or nitrogen and the predominant neutral gold species, leading to
different mechanisms of reduction. Moreover, the interactions with the charged
carboxylate ions should also be considered, as previously described for mercury neutral
species removal by macroalga (Carro et al., 2010).

Kinetic studies

Kinetic studies were carried out in order to determine the necessary time to achieve
equilibrium. Figures 1, 2, and 3 show the gold concentration change with time in
artificial seawater after contact with EDSG, DTSG, and protonated S. muticum,
respectively.

The shape of these kinetic curves reveals several steps occurring during the gold
recovery in ASW. For the initial gold concentration of 0.5 mM, recovery percentages
around 95 % were obtained after 300, 380, and 1500 minutes for DTSG, EDSG, and
protonated S. muticum, respectively.

When the initial gold concentration was 0.5 mM, a removal percentage around 65% was
observed in the first minutes for DTSG and 50% for the other materials. Next, an
increase in the metal concentration was observed up to 40 minutes with a gold removal
percentage of 34 % for DTSG, and until 120 minutes with a removal percentage of 40%
for EDSG and the algae. The last step consists of a diminution of gold concentration up
to values around 100% of metal recovery.

When the initial gold concentration is lower than 0.5 mM, the first step of the kinetic

mentioned above is missed. After the first gold removal, an increase can be observed in

11
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this metal concentration during 60 minutes (DTSG) or 540 minutes (EDSG). Then, as
for the higher initial gold concentration, a classical diminution in Au concentration was
observed until it totally disappears from ASW solution.

This unusual Kinetic behavior is probably due to the dissolution of some metallic gold
formed after the AuCl, reduction during the first steps of the kinetic (Marsden and
House, 2006). This process is known to be favored in high concentrated chloride
solutions, like the ASW used in this work, with a chloride concentration of 0.51 M. In
fact, when gold was recovered from aqueous solution, classical kinetic curves were
obtained (not shown here, work under preparation).

Three different stages can be observed during the kinetic studies in ASW:

In the first stage, the adsorption of the AuCl, occurs, producing the observed gold
concentration diminution in the ASW. This step was not detected when the gold initial
concentration was lower than 0.5 mM because of the faster kinetic of adsorption.

During the second stage, an increase in the gold concentration was observed. The
reduction of AuCl, to Au(0) and the later oxidation of the metallic gold formed to the
unstable AuCl," occurred during this step. This species, which appears as a secondary
intermediate, can be oxidized to AuCl,, bind to some site in the materials or stay in
solution. Then, it is possible that some gold was released back into the solution,
producing the observed increase in the metal concentration. The confirmation of the
beginning of the reduction was also achieved by the observation of a color change from
yellow to dark brown in the surface of the materials at the end of this stage (100, 50,
and 75 minutes for Au 0.5 mM removal using EDSG, DTSG, and S. muticum,

respectively).

12
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The third stage represents the classical kinetic curve decay. In this case, metallic gold
redisolution is not further favored, and probably only the reduction of AuCl, to Au(0),
the most thermodynamically favorable process, takes place.

The insets of the Figures 1, 2, and 3 show the variations of pH and redox potential
during the kinetics of HAuCl, 0.5 mM. The tendency of these curves is very similar to
the obtained for the change in gold concentration. Three stages were also observed
coinciding with those described above. During the adsorption of the chloro-gold
complex, the pH diminished and the redox potential increased. The opposite tendency
was observed for the pH in the second stage, while the redox potential remained almost
constant when elemental gold was oxidized to AuCl,". This is in concordance with the
mechanism proposed (see section 4). Finally, during the last step, a decrease of the pH
and redox potential in ASW was found, according to the global reduction reaction for
AuCly.

Regeneration studies

0.04 g of EDSG and DTSG, previously saturated with Au, were put into contact with 10
mL of thiourea 0.5 M containing HCI 1M. This desorbing agent was able to recover 73
and 78% of Au, previously retained in EDSG, after 24 and 120 hours of contact time,
respectively. In the case of DTSG, the percentages of gold recovery were 73 and 82%
for the same time periods. In acidic solution, the SC(NH,), compound is able to
complex the metallic gold deposited on the surface of the materials and form the
cationic species AU[SC(NH,).]." which was dissolved in solution.

Significant desorption percentages were not obtained using other compounds such as
HCI or NaOH. This is in concordance with the fact that the ion-exchange mechanism
does not play a substantial role in the gold recovery process.

Effect of metal competition

13
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Figures 4 and 5 show the effect of the presence of Ni, Co, and Cr(VI) at the initial
concentrations of 0.05, 0.5, and 5 mM on gold recovery (0.5 mM) in artificial seawater
using DTSG.

The pH values in solution varied between 2.6 and 3.2, depending on the metal
concentrations. Contact time was 48 hours, and a dose of material of 4 g/L was used.

It seems that there is no effect over Au recovery due to the presence of these metals in
artificial seawater solution. Gold removal percentages around 100 % were always
attained, indicating that Cr(\V1), Co and, Ni do not interfere the gold sorption/reduction
reactions.

Speciation studies demonstrated that Co appears in gold-ASW solution mainly as
cationic species: 50-55 % Co*?, 20-25 % CoCl", and around 20 % CoSO4. In the case of
Ni, the species distribution is the following: 45 % NiCl,, 10% NiSOs, 25 % NiCl*, and
20 % Ni*% A previous study demonstrated that in aqueous solutions Ni and Co are
adsorbed on the surface of EDSG and DTSG due to columbic forces between the
positive charges of these metals (present in solution as Ni*? and Co*?) and the negative
charge of the groups present in the materials (Repo et al., 2009). In this case, not only
positive species are present, and the interactions with EDSG and DTSG can also be
associated to neutral species. The results for Co and Ni removal in the presence of Au
0.5 mM in ASW are similar to the ones obtained before in the absence of gold and in
aqueous solution (not identical conditions). Thus, it can be concluded that neither gold
nor the high ionic strength due to ASW ions content affects significantly the Co and Ni
elimination.

On the contrary, Cr(VI) appears in gold-ASW solution as an anionic species (HCrOy).
For the highest initial Cr(\VI) concentration, speciation calculations also found a

percentage of 23 % of Cr,O;2. In this case, it is expected that the mechanism for the

14
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removal of this species is similar to the proposed for the gold anion complex.
Nevertheless, there is no effect over gold removal, as stated before (Figure 5). The fact
that gold was preferentially eliminated by DTSG can be justified based on the higher
redox potential value for the gold reduction reaction, making this process more
favorable.

Column studies

Columns studies were carried out using different quantities of EDSG (0.05, 0.1, and 0.2
g) at two flow rates: 1 and 5 mL/min (Figure 6).

The initial gold concentration was 0.005 mM prepared from gold ICP standard in ASW.
As shown in Figure 6, in all experiments, gold appeared in the effluent solution in the
very beginning, so classical breakthrough curves were not obtained. As it was shown
above, the elevated ionic strength of the artificial seawater makes the
adsorption/reduction of gold a slow process. The screening of the electrostatic charge in
the materials due to the presence of high quantities of light metals (Na, Ca, K, and Mg),
and also the steric impediments associated, inhibiting the approximation of Au to the
reduction groups are slowing down the process. Then, the retention time inside the
columns is not long enough to provide an adequate contact time for the complete gold
removal to occur.

Using a fixed flow rate of 5 mL/min and varying the mass of EDSG inside the column,
the gold concentration in the outlet decreased after 5 minutes in the following order:
0.0043, 0.0037, and 0.0035 mM for 0.05, 0.1, and 0.2 g of EDSG, respectively. As
expected, the mass of the gold recovered from the ASW solution until the experiments
were stopped increased with the mass of EDSG: 0.0065, 0.34, and 0.61 mg of Au for

0.05, 0.1, and 0.2 g of EDSG.

15
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When the flow rate was diminished to 1 mL/min, the retention time inside the column
increased. As a consequence, the quantities of gold retained in the material were
considerably improved: 1.0, 1.1, and 2.3 mg of Au for 0.05, 0.1, and 0.2 g of EDSG. In
a similar manner, the gold concentration found in the effluent after 5 minutes was lower
with respect to the values found at a flow rate of 5 mL/min: 0.0024, 0.0022, and 0.002
mM for 0.05, 0.1, and 0.2 g of EDSG.

Speciation studies demonstrated that Au(l) is present in ASW as AuCIOH". In this case,
adsorption of this gold complex followed by its direct reduction to metallic gold is
expected.

An additional confirmation of the reduction of gold was obtained from these column
experiments. At the lowest flow rate, when there was more contact time between the
solution and the material, the gold concentration in the effluent remained constant
attaining less than 20 % of its initial concentration. This is an indication that not only
the AuCIOH" adsorption in the EDSG sites but also gold reduction occurred. The
absence of complete metal appearance in the effluent could indicate that the sorption

capacity of EDSG is saturated, but not its reduction power.

Characterization of the materials

Potentiometric titrations

The chemical groups present in these materials play a key role in the gold recovery from
solution. The potentiometric titration studies allow the quantifying and identifying of
these groups.

After several previous tests, the titrations of EDSG and DTSG were carried out in the
following way: the material was added to 25 mL of NaNOj containing 5-20 mL of

NaOH (in order to ensure that all the groups were deprotonated). Then, the solution was

16
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allowed to achieve equilibrium (16-20 hours), before starting to titrate adding HCI step
by step. When one of these experiments was finished, the inverse titration was also
carried out. So, a new titration using NaOH was done over the same material previously
titrated with HCI.

No hysteric behavior was detected between the direct and inverse titration (identical
titration curves using acid or base as titrants over the same material, graph not shown),
indicating the absence of hidden groups.

The titrations were carried out adding acid. Thus, before the start, the material was
deprotonated, and the added acid was bounded step by step to the groups. We ensured
the achievement of equilibrium between the material and basic solution, leaving them
enough time to contact before starting the titration. The materials are not stable at very
basic pH, so when we leave them in solution for a long time, they lose their structural
properties. It seems that the acid groups are more accessible for protons operating in this
way.

Using simple models like Katchalsky’s equation (Katchalsky et al., 1954),
potentiometric curves of a polyacid can be described considering the presence of only
one type of chemical groups. However, if we consider that more than one type of acid
groups is present in the materials, a different model has to be applied.

The proton dissociation of an acid group in the materials can be represented by the
following reaction:

A = A+ H* ()

The conditional dissociation constant for equation 2, Ky, can be defined as:

[A7][4+]

Ke =T (3)

17
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From this equation, defining [Aw:] as the total number of acid groups: the sum of
protonated, [AH], and ionized groups, [AT], it is easy to obtain the following expression

used to describe the potentiometric curves:

- oov g, v
212 52 i

where h; is the amount of specific acid groups (mol/L). The value for the ionized acid

groups [A;] was calculated from the balance of electroneutrality:

i[ﬂ_] _ ([H +] + ll(\l'";__-m:.a.'-' [J'l,l'.::[lf?h'] — Ve [H {.'ID [ ) [L".-_. + Vi + i'lrl."in:-e-'_.'.'.')

n (LFJ + I-'lllululn_-l + i'll-ll.li I:-E".-'.'.'j [H+] I'III'-'I

where Vinaon IS the volume of base added before the titration started (mL), Vo is the
initial volume of the neutral electrolyte addition (mL), and Ky, is the ionic product of
water.

The quantity of specific acid groups (h;) and the conditional equilibrium constants (Ku ;)
referring to NaNO3 0.05 M were obtained by fitting Equation 4 to every potentiometric
curve, considering the presence of one, two, or three functional groups (Figure S3 and
Table 2). The use of more than three acid groups was not taken into account due to the
possible overparametization in the model.

The pK values for EDTA obtained from bibliography (Smith et al., 2007) are 0, 1.5, 2.0,
and 2.69 (carboxylic acids); and 6.13 and 10.37 (amino groups). Similar values were
also proposed for DTPA: 0.1, 0.7, 1.6, 2.0, and 2.7 (carboxylic acids); and 4.28, 8.6, and
10.5 (amino groups). In the materials used, one of the carboxylic groups reacted with an
amino group obtained by silanization with the silica gel, obtaining the final EDSG or
DTSG materials that contain an amide group which was not initially present. The pK
value for this amide group is around 15, and it will be always protonated during the

titration experiments.

18
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The minimum pH value achieved during titration experiments was 2.5. Taking into
account the pK values showed above, almost all the carboxylic groups were not
protonated during titration, so they cannot be quantified.

As can be seen in Figure S3, the consideration of only one acid group in Equation 4 was
not able to describe both titration curves. However, it is difficult to choose between the
models with two or three groups based on the goodness of fit, as both describe the
potentiometric curves accurately. Moreover, the loss of the structural properties of the
materials at basic pH could produce the break of some bounds and generate the
appearance of some groups initially present in the precursors of the EDSG and DTSG
materials.

If the presence of only two main groups is considered in the case of EDSG, the amount
of the functionalities obtained is 2.2 and 0.34 mmol/g (Table 2). These groups can be
attributed to amino groups (pKp= 10.04 and 4.9, respectively), but hydroxyl entities,
coming from the degradation of the material, can also be included in h;.

In a similar way, the consideration of the presence of three groups in DTSG provides
the number of functionalities showed in Table 2. The pKy values obtained; 10.23, 7.6,
and 4.52 correlate well with the ones indicated above for the three amino groups in
DTPA. As before, the high amount of h; groups probably indicates the inclusion of
hydroxyl functionalities.

The titration of the algae S. muticum was carried out in a previous work (Lodeiro et al.,
2008). It demonstrated the presence of two main acid functionalities: carboxyl groups
(h;=1.78 mmol/g, pKn= 3.41) and hydroxyl groups (h;= 1.33 mmol/g, pKy= 10.2).
FTIR analysis

The quantitative characterization of materials of heterogeneous nature using FTIR

technique is a very difficult task. In most of the cases, only semi-qualitative analysis of

19



O©CoO~NOOTA~AWNE

the groups present in the surface of the materials can be obtained. Nevertheless, this
technique is useful to provide confirmation about the presence or absence of certain
chemical groups.

In Figure S4, the FTIR analysis for DTSG before and after some experiments in ASW is
shown, together with the spectra for EDSG after the regeneration study.

As expected, Figure S4 shows the main vibrational bands present in SiO, spectra
(Hamelmann et al., 2005) : 441-450 cm™ (Si-O out of plane deformation), 793 cm™ (Si-
O bending), and 1056-1063 cm™ (Si-O-Si stretching and/or C-N stretching of aliphatic
amines and/or C-O stretching of alcohols).

The obtained spectra for EDSG (not shown) are almost identical to the obtained for
DTSG. Moreover, after the Au reduction, the FTIR spectra did not significantly change,
even when Co or Ni were also present. This can be due to the relatively small effect of
the gold presence with respect to the great occurrence of other groups, the modification
of which was not observed even for initial Au concentrations as high as 2.5 mM (not
shown). Nevertheless, when Cr(VI) was also presented in solution and when thiourea
was used to remove the gold attached to the EDSG surface, some changes occurred in
the structure of these materials as FTIR spectra reveal. Three new bands arose at 697
cm™ (probably due to Si-H and/or N-H wagging), at 2923 cm™ (-CH stretching of
hydrocarbon chains), and at 3200-3345 cm™ (stretching of —OH and/or -NH groups).
The presence of these bands probably suggests the loss of the functionalization degree
of the surface amino groups. In addition, more differences between these materials can
be found in the region of the spectra from 1250 to 1800 cm™ (inset of Figure S4).

In this region, amide 1, 11, and 111 bands normally arise (Nakamoto, 2009). The peaks at
1604-1635-1638 cm™ can be ascribed to the carbonyl stretching vibrations of the

primary amide group introduced after silica gel modification. Moreover, the weak bands
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at 1400 cm™ (DTSG and DTSG+AU), 1451-1493 cm™* (DTSG+AuU+Cr), and 1396-1460
cm™ (EDSG+thiourea+HCI) arise from the out-of-phase combination of the NH in
plane bend and the CN stretching vibrations (amide 11).

However, these bands cannot be undoubtedly ascribed to those groups. It is also
possible that they correspond to the asymmetric and symmetric stretching of C=0 in
carboxyl groups, or even to a mixture of bands. In EDTA complexes, un-ionized and
un-coordinated COO stretching bands occur at 1700-1750 cm™, while the ionized and
coordinated occur at 1590-1650 cm™, depending on the nature of the complexed metal
(Nakamoto, 2009).

Figure S5 shows the FTIR spectra for the protonated algae S. muticum before and after
gold retention in ASW. Only a small difference in the position of the band at 621-630
cm™ was observed after the gold reduction by protonated S. muticum.

There are some bands in common with respect to the one shown in Figure S5 that arise
at 3290 cm™, 2923, and 1031cm™. A new weak band at 818 cm™ was assigned to the
S=0 bond from sulfonate group, normally present in seaweed.

As stated before, the bands from 1250 to 1800 cm™ could correspond to different amide
stretching vibrations and/or to symmetric-asymmetric stretching of carboxyl groups. In
brown seaweed, typical bands for stretching of O—C-O vibration arise around 1600-
1650 (asymmetric) and 1400-1450 (symmetric) cm™ (Lodeiro et al., 2006; Lodeiro et
al., 2008; Sheng et al., 2004). Then, the bands showed in Figure S5, 1621-1630 and
1452 cm™, can also be assigned to the presence of these groups with minor
contributions from amide groups. Nevertheless, the band at 1452 cm™ probably arose
from stretching vibrations of amide Il groups, as mentioned above (Chen and Yang,
2006).

SEM analysis
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SEM analysis provides information about the surface microstructure of the materials.
Moreover, it allows having an idea about the ions presented, their size or chemical state,
which is important to deduce the mechanism for gold recovery. Back-scattered electron
images were obtained at different resolutions. Using this technique, the intensity of the
signal increases with the atomic number of the elements; so species like Au appear
highlighted in the SEM images.

Figure S6 shows the SEM analysis for the EDSG, DTSG, and S. muticum materials
after kinetic studies for the reduction of Au 0.5 mM. As an example, the RX map for
EDSG and the algae is shown, together with the chemical analysis for DTSG, all with a
magnification of 8000x.

Figure S6 clearly shows the presence of Au over the surface of the materials. The
brilliant particles in the SEM images correspond to Au as the RX map confirms. In the
map pictures, where the position and identification of the different elements present is
shown, it is clearly stated that the main components in EDSG are C, Si, and O, as
expected. The presence of Na and Cl, the main ions in ASW, was also evidenced. The
Figure S6b showed the qualitative analysis of the elements found in the corresponding
SEM image. The percentage of Au found is clearly highlighted after the main
components are present in DTSG material.

The particle distribution shown in the SEM pictures reveals the presence of gold with
different morphologies and sizes (Figures S6 and 7).

Most of the gold particles have spherical or amorphous shapes ranging from 100 to 500
nm or even higher in some particle aggregations. Nevertheless, when gold was attached
over the EDSG or DTSG surface, also particles with hexagonal or triangular forms

(300-1500 nm side) can be found, together with nanowires with the width of around 50-
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250 nm. Probably, the spherical particles act as seeds over which the deposition of gold
occurs.

SEM images were also obtained for Cr(\VI1) and Co competition in gold retention over
DTSG surface. As expected, the EDS analysis of the images reveals the presence of
these metals. Figure 7 shows an example of the Cr (5mM) and Au (0.5 mM)
competition, in which the main elements present in the ASW were found (Figure S7)
together with Au (0.61 % atomic) and Cr (0.15 % atomic).

All these particles are really stable. After being stored for several months in plastic
recipients they did not undergo degradation, preserving their physical and chemical
properties.

SEM images obtained after the regeneration experiments with thiourea and DTSG (120
hours of contact time) showed no presence of Au particles over the surface of the
materials (pictures not shown).

It is worth mentioning that using this SEM under the mentioned conditions it is difficult
to detect particles whose diameter is less than 40 nm.

4. CONCLUSIONS

Based on the results showed above it can be concluded that the gold removal from
artificial seawater is mainly an adsorption coupled reduction mechanism. The following
steps in the mechanism are proposed:

1. Adsorption of the anion species AuCl,, present in artificial seawater solution with a
pH lower than 4, due to the formation of an ion pair with the protonated amino and
hydroxyl groups present on the surface of the materials.

This was confirmed by the lack of pH dependence found in the experiments, which

implies that the groups involved in gold attraction are protonated in the pH interval
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studied. Additional confirmation arises from the absence of the color change on the
surface of the materials during the first stage of the kinetic experiments.

2. Reduction of the AuCl,; to AuCl,", probably due to the dissolution of some metallic
gold favored by the high chloride concentration in solution (Marsden and House, 2006),
according to the following reactions:

AuCls + 36~ & Aulg) + 100 EY = 41002 K
—(E3AuCl + 307 & 3Aulz) + 60070 B = =115V
2Au(s) + 2007 + Aucl] — 3AuCl] B =48] —E) = +2156 1

The formed AuCl, species is not stable in solution and can be oxidized further to
Au(ll:

Aucly + 200 & AuCl; + Ze~

The increase in the gold concentration detected during the second stage in Kinetic
experiments provides an additional confirmation for the equations proposed above. Here
it is stated that some chloro-gold complex previously adsorbed or some metallic gold
return to the solution in the form of unstable AuCl, species. Moreover, at the end of the
second Kinetic stage, the material started to change the color from white-brown to
purple-black, indicating the formation of gold nanoparticles.

3. Reduction of the chloro-gold complexes to metallic gold. This corresponds with the
last stage in the kinetics where an exponential decay of gold concentration in solution
was observed. During this step, the oxidation of the hydroxyl and amino groups is more
intense, producing a continuous formation of reduced gold on the surface of the
materials. The following general reactions are proposed:

Auels + 3e™ = Auls) + 400

R—UHeR=0+HY+¢"
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RN~ — H + Hy0) & RN — O + 2H* + 20

During this step, a continuous color change was observed from purple-black to black,
more and more intense, confirming again the formation of gold nanoparticles. This was

also supported by the SEM studies.
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TABLES

Table 1. Gold removal percentage at different doses and times of EDSG and DTSG.

The initial gold concentration was 0.25 mM.

EDSG DTSG
Dose | 27h 161h | 27h  161h
g/L % % % %
0.1 457 464 | 453 397
0.5 671 976 | 899 983
1 913 995 | 971 9938
2 956 989 | 987 995
4 972 988 | 995  99.1
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Table 2. Adjustable parameters obtained from the fit of Equation 4 to the titration

curves of the selected materials. h is expressed in mmol/g. Errors are shown in brackets.

2 groups 3 groups
h1  pKui hy,  pKhz h1  pKui h,  pKuz |hs PKH3
2.20 10.04 |0.34 49 2.22 10.11 |0.21 7.2 10.20 4.0
EDSG
(0.05) (0.03) [(0.02) (0.4) [(0.02) (0.01) [(0.01) (0.1) |(0.01) (0.1)
re 0.995 0.9996
2.44 10.15 |0.30 5.4 2.50 10.23 |0.18 7.6 0.19 452
DTSG
(0.06) (0.02) |(0.01) (0.3) [(0.02) (0.01) ((0.01) (0.1) |(0.01) (0.05)
re 0.997 0.99990
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FIGURE CAPTIONS

Figure 1 Kinetic of EDSG for Au recovery from ASW at different initial metal
concentrations: 0.05 mM (squares) and 0.5 mM (circles). The inset represents the
evolution of pH and Eeqgox during the experiments (Au 0.5 mM)

Figure 2 Kinetic of DTSG for Au recovery from ASW at different initial metal
concentrations: Au 0.25 mM (diamonds) and 0.5 mM (circles). The inset represents the
evolution of pH and Eeqgox during the experiments (Au 0.5 mM)

Figure 3 Kinetic of protonated S. muticum for Au recovery from ASW at 0.5 mM
initial metal concentration. The inset represents the evolution of pH and Eeqox during
the experiments

Figure 4 a) Effect of the presence of Co at different initial concentrations over gold
recovery (0.5 mM). Dose 4 g/L. pH= 3.1, 3.2, and 2.6. b) Effect of the presence of Ni at
different initial concentrations over gold recovery (0.5 mM). Dose 4 g¢/L. pH= 3.1, 3.1,
and 2.6

Figure 5 Effect of the presence of Cr(VI) at different initial concentrations over gold
recovery (0.5 mM). Dose 4 g/L. pH=3.2, 3.1, and 2.7

Figure 6 Breakthrough curves for gold recovery in artificial seawater at different flow
rates: 5 mL/min (white symbols) and 1mL/min (grey symbols), and EDSG quantities:
0.05 (circles), 0.1 (squares), and 0.2 g (triangles)

Figure 7 SEM image of DTSG surface at a magnification of 10000x, after the
experiment of Cr(VI) 5mM and Au 0.5 mM competition. The arrows mark the brilliant

shapes representing gold particles.
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Figure S3. Potentiometric titrations of EDSG (circles) and DTSG (squares). The lines

represent the fit to Equation 4, taking into consideration one (dotted line), two (dashed

line), or three (solid line) functional groups.
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Figure S4. FTIR spectra for DTSG (black line), DTSG + Au 0.5 mM in ASW after 71

hours of contact (green line), DTSG + Au 0.5 mM + Cr(VI) in ASW after 96 hours of

contact (red line), and EDSG containing gold + thiourea + HCI 1M after 120 hours of

contact (grey dashed line).
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Figure S5. FTIR spectra for protonated S. muticum (black line) and S. muticum + Au

0.5 mM in ASW after 37 hours of contact (black dashed line).
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Figure S6. a) RX map of EDSG after contact (50 hours) with Au 0.5 mM in ASW. b)
Qualitative analysis of the elements present on the surface of DTSG after contact (71
hours) with Au 0.5 mM in ASW. ¢) RX map of S. muticum after contact (37 hours) with

Au 0.5 mM in ASW.
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Figure S7. Qualitative analysis of the elements present on the surface of DTSG after

the experiment of Cr(VI) 5mM and Au 0.5 mM competition in ASW.

S9



*Research Highlights

- Gold recovery from artificial seawater through nanoparticle formation

- No effect of pH or presence of other metal over gold recovery

- A plausible three-step mechanism was suggested for the adsorption-reduction
process

- Titrations, FTIR and SEM provided decisive evidence supporting the

mechanism



Graphical Abstract (for review)

GRAPHICAL ABSTRACT
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Gold nanoparticles formation in silica gel-DTPA material, after the recovery of Au from

artificial seawater. From left to right: total recovery of 0.05, 0.25, 0.5 and 2.5 mM Au

from artificial seawater.





