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Abstract: Sodium silicate is one of the main depressants against calcite and fluorite in the scheelite
flotation industry. In the first part of this article, the authors acidified sodium silicate (AWG) with three
acids (sulfuric, oxalic and hydrochloric) to improve its performance. Results showed that acidified water
glass outperforms alkaline water glass in terms of selectivity: it increases mainly the grade by further
depressing silicates and calcium-bearing minerals. In most cases, AWG requires lower dosages to do so.
The effect of acidified water glass is evaluated through Mineral Liberation Analysis (MLA), froth
analysis, Raman and Nuclear Magnetic Resonance (NMR) spectroscopy in order to hypothesize its
mechanism. MLA shows that AWG affects silicates and sulfides more intensely than semi-soluble salt-
type minerals. Froth observations indicate other species in solution associated to the acid having an
impact on the flotation results. Raman spectroscopy and NMR measurements indicate that the solution
undergoes deep depolymerization when water glass is acidified. Lower molecular weight silica species,
specifically Si-O monomers such as SiO(OH)s- will be responsible for the depression of the gangue
minerals and are the drivers of the selectivity of AWG, more than orthosilicic acid. Depolymerization is
more or less effective depending on the mass ratio of the acid to water glass and depending on the acid.
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1. Introduction

Sodium silicate is one of the main depressants for calcite, fluorite and silicates in the scheelite flotation
industry. In the first part of this article, based on literature, we acidified sodium silicate with three acids
(sulfuric, oxalic and hydrochloric) to improve its performance. Indeed, acidified water glass (AWG) is
supposed to have a stronger depressing effect on gangue at lower dosages than alkaline water glass
(Fuerstenau et al., 1968; Yang et al., 2016).

Part I showed that acidified water glass outperforms alkaline water glass in terms of selectivity
(Kupka et al., 2020a): it increases mainly the grade by further depressing silicates and calcium-bearing
minerals. In most cases, it requires lower dosages to do so. The type of acid is not relevant as all three
acids show an increased selectivity but best results were obtained for oxalic acid and hydrochloric acid
in the investigated system. The dosage of acid and its mass ratio to sodium silicate are crucial parameters
for the preparation of acidified water glass with the greatest impact on flotation.

In this second part of our article, the behavior of acidified water glass (AWG) is investigated in order
to determine which species in solution are responsible for its higher performance and where is the
depressant truly impactful, either in the pulp or in the froth or both. Its effect is evaluated through
Mineral Liberation Analysis (MLA), froth analysis, Raman and Nuclear Magnetic Resonance (NMR)
spectroscopy. For the first time, a review of relevant silica chemistry and adsorption studies together
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with an analysis of the silica species in solution taking into account other potential species allow the
building of a comprehensive hypothesis for the mechanism of acidified water glass.

2. Material and methods

Based on the results presented in the first part of this article, seven of the batch flotation tests are selected
for this investigation: WG_500 as a point of comparison to sodium silicate, SA51_500, SA51_350,
OA51_500, OA51_350, HCI31_350 and HCI31_500 as the best performing tests for each acid. The
protocols of the selected tests are found in Table 1.

Table 1. Protocols of the tests selected for this article

Test Regulators (g/t) Acid (g/t) Collector (g/t)  Frother (g/t)
number pH Sodium Sc.)(.:lium Ratio Acid: Hydrthloric Sodium oleate  Flotanol 7197
carbonate  silicate Water glass acid
WG_500 9 100 500
SA51.350 9 100 350 1:5 70 200 20
SA51 500 9 100 500 1:5 100 200 20
OA51.350 9 100 350 1:5 70 200 20
0OA51.500 9 100 500 1:5 100 200 20
HCI31.350 9 100 350 1:3 117 200 20
HCI31.500 9 100 500 1:3 167 200 20

2.1. Preparation of acidified water glass

Acidified water glass was produced using analytical grade of sodium metasilicate nonahydrate
(Na20551.9H,0) with a modulus of 1:1 from Aldrich Chemistry mixed with three different acids: sulfuric
acid (H2SOy), oxalic acid (C2H204) and hydrochloric acid (HCI) from Carl Roth. Sodium silicate comes
as a powder. It is prepared as a solution of 4.76 % (w/w) which is the dissolution limit of this specific
powder. Additionally, a sodium silicate solution is most stable in concentrations in the range of 2 % to
5 % according to Bulatovic (2007). The oxalic acid solution was prepared at the same mass concentration
while hydrochloric acid and sulphuric acid were prepared at 1 mol/l. Sodium silicate is mixed with the
acid and stirred on a magnetic stirrer for 30 min at ambient lab temperature (21°C). The solutions of
AWG were always directly transferred to the flotation cell without any downtime to increase the
reproducibility and the comparability of the tests.

2.2. Froth analysis

The ore used for batch flotation tests contains 0.51 % scheelite, 1.70 % calcite, 0.28 % apatite by mass and
various silicates (quartz, micas, plagioclases and hornblende). Details of the flotation protocol can be
found in Part I (Kupka et al., 2020a). The three points on the diagrams are the cumulative concentrates
taken a t = (1, 3, 7) min. During each batch flotation test, pictures of the side of the transparent flotation
cell are taken at 2 s intervals with a MoticCam camera with 3Mpx resolution. The pictures are then
processed with Image]® in order to extract the froth and the bubble information as described in Schach
et al. (2017). Statistical analyses of the data are conducted with RStudio®.

2.3. Mineral Liberation Analysis (MLA)

Representative sample powders were prepared as A-side grain mounts (Heinig et al., 2015) and carbon
coated with a Leica EM MED 020. MLA is a FEI Quanta 650F scanning electron microscope equipped
with two Bruker Quantax X-Flash 5030 EDX detectors and ThermoFisher/FEI's MLA Suite 3.1.4 for
automated data acquisition (Fandrich et al., 2007). XBSE measurements were conducted at the
Helmbholtz Institute Freiberg at an accelerating voltage of 25 kV and a probe current of 10 nA. The data
were processed using the programming language R following the methodology presented in Kupka et
al. (2020Db).



799 Physicochem. Probl. Miner. Process., 56(5), 2020, 797-817

The minerals of the ore have been regrouped into representative groups to simplify the processing
of automated mineralogy data and based on common flotation properties (Table 2). This grouping was
established based on the results from Kupka et al. (2020b).

Table 2. Mineralogical composition of the ore (the main mineral constituting the group is underlined)

Average feed in %

Groups Minerals

(w/w)

Phyllosilicates Biotite, muscovite, serpentine 7.86
Quartz 15.20

Scheelite 0.51

Semi-soluble salt-
. Ankerite, apatite, calcite, fluorite 1.99
type minerals
Augite, ingtonite, hornblende, epidote, orthoclase,
Silicates ugite, cummingtoni e. orn e.n e. epidote, orthoclase 73.03
plagioclase, titanite
Sulfides Arsenopyrite, bi.smuthi.nite, chalcoPyrite, mol?fbdenite, 134
pentlandite, pyrite, pyrrhotite, sphalerite
Trace Hematite, ilmenite, rutile, zircon 0.05

The flotation rate constant k for scheelite was calculated based on the classical first order kinetics
equation (Sutherland, 1948). It was plotted using a gaussian kernel density estimate, whose description
and methodology can be found in Schach et al. (2019) and Hoang et al. (2019).

2.4. Raman spectroscopy

Raman spectra were collected with a DXR SmartRaman (Thermo Fisher Sientific Inc.) with 532 nm laser
excitation operating at a power of 10 mW and using a 1800 gr/mm grating and a 25 um aperture
resulting in a 1.6 cm1 to 2 cm? spectral resolution. The spectral range was 40 cm™ to 1800 cm™ and the
exposure time was 5 s with 50 accumulations (measurement time around 4 min). Measurements were
taken every five minutes over a total reaction time of 30 min. All spectra were baseline corrected and
were therefore limited to a range of 40 to 1550 cm.

2.5. Nuclear Magnetic Resonance

NMR spectra were measured with an Agilent DD2-600 NMR spectrometer equipped with an Agilent
One probe operating at 599.80 MHz and 119.16 MHz for Proton and Silicium-29, respectively. Spectra
were collected with standard Agilent pulse programs. The samples were prepared in 5 mm quartz tubes
with a coaxial insert containing toluene-d6 for frequency locking and shimming and TMS as internal
standard. Sample solutions were measured directly after preparation. Silicium-29 spectra were
averaged over 8192 scans with a recovery delay of 10 s resulting in 24 h of measuring time. All spectra
were processed with 10 Hz line broadening, were background corrected for amorphous silica species of
probe parts and line fitted and the resulting spectra are subsequently evaluated.

3. Interaction of acidified water glass with different mineral groups

Five of the batch flotation tests were selected for Mineral Liberation Analysis: WG_500, SA51_500,
OA51_350, OA51_500 and HCI31_500. The cumulative recovery of scheelite presented in Fig. 1a proves
that the presence of acidified water glass does in general favour the flotation of scheelite. Fig. 1b shows
that AWG improves the selectivity of the flotation, even though the process in general remains
unselective when it comes to semi-soluble salt-type minerals. The tests with oxalic acid show that the
dosage of the acid might be crucial to its impact on semi-soluble salt-type minerals, a potential
explanation for which is given in 5.7.

Regarding other gangue minerals, such as the sulfides and the silicates, acidifying the water glass
greatly improves selectivity as compared to alkaline water glass (Fig. 2). AWG affects silicates and
sulfides more intensely than semi-soluble salt-type minerals. Higher selectivity is achieved with
hydrochloric and sulfuric acid.
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Fig. 1. Scheelite recovery a) depending on the flotation time and b) against the recovery of the semi-soluble salt-
type minerals (at flotation times 1, 3 and 7 min)
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Fig. 2. Scheelite recovery against a) the sulfide recovery and b) silicates recovery (at flotation times 1, 3 and 7min)

In the feed, ~97.7% of the scheelite surface is more than 80% liberated. Therefore, surface liberation
does not play a major role in this specific flotation system. However, Fig. 3 shows a contrasted image
when using kernel density estimates and calculating the expected flotation rate constant of scheelite
depending on its size and its degree of surface liberation. Coarser more liberated scheelite particles float
faster while the distribution of the scheelite particles displays a lot of fines, which would point at some
overgrinding before the flotation tests. Fig. 3d and Fig. 3e indicates a faster flotation of the scheelite fines
with a higher dosage of the depressant. By depressing other minerals and thus inducing higher amounts
of available collector, AWG allows middlings and locked particles of scheelite to be collected at a faster
rate, especially for hydrochloric acid and sulfuric acid. Said particles do not float as fast in the case of
oxalic acid. In general, hydrochloric acid slows down the flotation of scheelite while sulfuric acid
accelerates it and oxalic acid is somewhere in between.

An entrainment factor EF for a mineral of size class i can be calculated for the gangue minerals based
on the equation of Yianatos and Contreras (2010), which is the ratio of R the recovery of the free gangue
particles and R, the water recovery. For entrainment calculations, particles considered liberated have
over 95 % free surface. Fig. 4 and Fig. 5 display the entrainment of quartz, phyllosilicates and silicates
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Fig. 3. Flotation rate constant of scheelite k depending on its degree of surface liberation and its size (calculated as
the log of the equivalent circle diameter and converted back to pm for the diagrams)
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Fig. 4. Entrainment of a) quartz and b) phyllosilicates

(sulfide entrainment was not calculated as sulfides are receptive to fatty acid collectors). The
comparatively high entrainment of other silicates can be explained by a small part of true flotation of
the calcium-bearing silicates, which has been observed in other works (Foucaud et al., 2019a; Kupka et
al., 2020b). Entrainment of silicates in general is reduced, with AWG-SA and AWG-HCl having a larger
impact than AWG-OA. True flotation of silicates is lowered but a reduction of true entrainment would
be linked to froth characteristics being affected.

4. Influence of acidified water glass on froth characteristics

Flotation performance is heavily affected by phenomena in the froth zone and thus the froth
characteristics, which impacts both the mineral and the water recoveries and therefore entrainment
(Hoang et al., (Hoang et al., 2018; Neethling and Brito-Parada, 2018). Fig. 6presents the 30 s median froth
and for better comparison Fig. 7 the corresponding 60 s normalized averages.
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Fig. 7. 60 s average a) froth height and b) bubble diameter in the froth normalized to their respective averages

In terms of froth height, the tendency is the same for all the tests: as expected, they all decrease with
flotation time. SA51_500 and OA51_350 have almost an identical evolution to WG_500, OA51_500 and



803 Physicochem. Probl. Miner. Process., 56(5), 2020, 797-817

HCI31_500 are very similar to it while HCI31_350 and SA51_350 are similar only to each other as their
decrease is not as intense and is flatter in comparison with the other tests. Looking at the normalized
bubble diameters, the results are different: only three tests display the expect trend of bubble coarsening
of flotation time, WG_500, SA51_350 and OA51_350, to the point that they are almost identical.
SA51_500 and OA51_500 are similar in that the bubble diameter decreases over time before increasing
at the same point in time. Hydrochloric tests display a much flatter trend, whereby the bubble diameter
for HCI31_350 slightly decreases.

Fig. 8 presents the average bubble diameter at the bottom half of the froth and the corresponding
ratio of the top to bottom diameters as a proxy for bubble coalescence. The first is an indirect estimation
of the bubble size in the pulp. On one hand, as these are batch flotation tests, it is expected that the
bubble size in the pulp would increase steadily with the decreasing frother concentration over flotation
time. This can be observed for SA51_350 and OA51_350 which are identical to WG_500. All other tests
however display a different trend: SA51_500 and OA51_500 show a much more chaotic but less intense
increase in the bottom bubble diameter while hydrochloric tests are either flat or decreasing. On the
other hand, tests with AWG usually display a higher bubble coalescence than the other tests, the highest
being HCI31_500 where clearly a very high dosage of hydrochloric acid has an important impact on the
bubble size. SA51_350 is also relatively flat but follows WG_500"s trend as does OA51_350. HCI31_350
is the only test that shows a clear increase in bubble coalescence over time.
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Fig. 8. a) 60 s average of the bubbles normalized to their average in the bottom half of the froth and b) Bubble
coalescence against flotation time as the ratio of the bubble diameter of the top half of the froth divided by the
bubble diameter of the bottom half of the froth normalized to their averages

Overall, the impact of acidified water glass might not appear directly on the froth height but
definitely affects bubble sizes. SA51_350 and OA51_350 display almost identical trends to WG_500 and
are also the tests that performed closest to alkaline water glass in terms of tungsten grade and recovery
(see Part I). As a consequence, adding a little bit of oxalic or sulfuric acid to sodium silicate induces the
necessary amount of required species in solution to have the same impact on the bubble size, amongst
others. A higher dosage of these acids lead to a smaller bubble size in the pulp and a higher bubble
coalescence than with simple water glass. Finally, the addition of hydrochloric acid already in a small
quantity induces a smaller bubble size in the pulp over time, which could mean that the progressive
depletion of hydrochloric acid in the pulp is associated to a destabilisation of the film of the bubbles. A
higher dosage of hydrochloric acid has a drastic result: the bubble size in the pulp is among the smallest
and is the most stable of all tests, inducing a very high bubble coalescence over time. An explanation
for these differences is provided in 5.7.

5. Mechanism of acidified water glass

5.1. Polymerization of silica

To understand the mechanism behind the effects of acidified water glass, it is necessary to identify the
type of silica species forming in solution, their level of polymerization and their amount. Indeed, silica
species are supposed to be responsible for the depression of the gangue minerals.
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Silica species in solution are noted Q» depending on their degree of polymerization, whereby Q is
the silicon atom and n (from 0 to 4) is the number of bridging oxygen atoms (Vidal et al., 2016).
Polymerization is understood here in its broader sense and can be defined as a “mutual condensation of
Si(OH) to give molecularly coherent units of increasing size” (Iler, 1979). Structures of the Q species are
summarized in Table 3 (Sjoberg, 1996).

Table 3. Structure of silica species depending on the polymerization degree

Notation Structure
Qo Monomeric silicates
Q! Dimeric silicates and end chain groups
Q2 Middle groups in chains or cycles
Qs Chain branching sites
Q4 Three-dimensionally crossed linked groups

Polymerization of silica cannot occur without orthosilicic acid (Si(OH)s, QO species). Equations 1 to 7
describe said polymerization at different pH values (compiled from Balinski (2019), Belton et al. (2012),
Iler (1979), Zuhl and Amjad (2013) and Weres et al. (1980)).

2Si(OH)s = Si(OH)s* + SiO(OH)s+ H.O 1)
Si(OH)s* + SiO(OH)5- = SixO(OH)e )
Below pH 2, changes are expected to take hours:

Si(OH)4 + H* = Si(OH)s* + HO 3)
Si(OH)s*+ Si(OH)s = Si,O(OH)e+ H* 4)
Above pH 2, changes are faster:
Si(OH)4 + OH- = SiO(OH);0- + HO )
SiO(OH)s- + Si(OH)s = Si2O(OH)s + OH- (6)
Atall pH:
SixO(OH)s + Si(OH)4 = SisO2(OH)s + HxO ()

Further polymerization will involve the Q3 species formed to condense into ring structures which
turn into larger molecules by addition of monomers, so into oligomers which condense into particles.
Above pH 7, these changes are instant and take seconds or minutes. The degree of polymerization of
sodium silicate is dependent on its modulus, e.g. the SiO, to Na,O ratio. As a consequence, the higher
the ratio, the higher the polymerization (Mishra, 1982). The sodium metasilicate nonahydrate used in
this study has a ratio of 1:1 and is expected to yield a relatively low amount of polymerized species.

When put in solution, alkaline water glass produces silicic acid Si(OH)sat pH below 9.4, SiO(OH)s-
above pH 9.4 and SiO,(OH),> above pH 12.6 (Deng et al., 2019; Feng et al., 2015; Tian et al., 2019).
Martins and Amarante (2012) and Wilhelm and Kind (2015) state that adding sulfuric acid yields the
following reaction:

NaxSiOs + H2O + HxSO4 = Si(OH)s + NazSOq 8)
We would generalize the reaction for all acids as follows:
NaySiO; + H;O* + H* = Si(OH)4 + 2Na* )

As a consequence, adding acid should saturate the solution with orthosilicic acid and therefore
increase its polymerizing ability. This is probably why Berlinskii and Klyueva (1972) and Yongxin and
Changgen (1983) claim that AWG has higher polymerizing ability than alkaline water glass. It is
necessary to identify if highly polymerized silica species or low molecular weight silica species are
responsible for the depression of the minerals and how these species vary depending on the acid type,
amongst other parameters.

5.2. Rate of polymerization

The rate of polymerization is indicated by the amount of time required to build up a gel. A description
of the appearance of different solutions of acidified water glass at different mass ratios can be found in
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Table 4 with photographic examples in Fig. 9 It indicates how important the mass ratio of the acid to
sodium silicate can be: for example, all three types of acidified water glass build up a gel over time but
at very different mass ratios and at different speeds. Oxalic acid is the only acid leading to the build-up
of crystals and its gel tends to be heterogeneous while the gel of hydrochloric and sulfuric acid is
homogeneous. The crystals are in insufficient number to be analyzed so there is no certainty that they
are silica-related. The rate of polymerization is extremely fast for sulfuric acid (less than an hour),
moderately paced for oxalic acid (a few hours) and very slow for hydrochloric acid (weeks).

Table 4. Description of the solutions of acidified water glass at different mass ratios at a constant temperature of
21°C (coloration means a color change from transparent to creamy white)

Acid Mass ratio 1h 3h 6h 24h 1 week 4 weeks 10 weeks
1:1
3:1
. 4:5 Coloration  Gelling
Hydro?hlorlc 4.75:1 Coloration  Gelling
acid -

5:1 Particles

5.25:1 Particles
5.5:1 Particles
1:1 Crystals

2.5:1 Coloration  Gelling

2.75:1 Coloration  Gelling

Oxalic acid 3:1 Coloration  Gelling

3.25:1 Coloration  Gelling

3.5:1 Coloration  Gelling
5:1 Particles
1:1

2.5:1

2.75:1 Gelling

Sulfuric acid 3:1 Coloration Gelling

3.25:1 Gelling

3.5:1 Particles
5:1 Particles

5.3. Solution pH

The sodium silicate concentration in solution as well as its pH value determines the type of complexes
formed in solution prior to their adsorption onto mineral surfaces (Yang et al., 2008). The pH of acidified
water glass depends on the mass ratio of sodium silicate to the acid and the acid type. Therefore, the
pH of the solutions at mass ratios of water glass to acid of 1:1, 3:1 and 5:1 was measured at different
time intervals (Fig. 10) to determine if there are any observable reactions and how fast they would
stabilize. The pH is stable for most solutions, indicating that outside of silica polymerization or
depolymerisation (which is pH neutral), there are no side reactions. Sulfuric acid at 3:1 is an exception,
where the origin of the increase in pH is unclear.

Orthosilicic acid condensates at different rates depending on the pH of the solution as mentioned
before (Fig. 11). Based on Table 4, Fig. 10 and Fig. 11, acidified water glass at a mass ratio of 5:1 should
produce a stable sol whereas at 3:1 and 1:1 aggregation can be observed. The reaction is catalyzed
differently depending on the acid: for hydrochloric acid, H* is the main catalyzer while for sulfuric and
oxalic acids, OH- is the main catalyzer. The rate of condensation is also different for the three acids, with
oxalic and sulfuric acid leading to the highest rates while condensation through hydrochloric acid will
remain low, which corresponds well to the previous observations.

The pathways to silica formation from orthosilicic acid to sols or gels depends on the pH and the
presence of salts as presented in Fig. 12 and in concordance with Table 4. Indeed, solutions at a mass
ratio of 5:1 have a high pH, a low concentration of salts since there is little acid and result in a sol. This
sol turns into a suspension after several weeks due to the generation of large particles. Solutions at a
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mass ratio of 1:1 and 3:1 have a low pH and lead to the build up of a gel. Only sulfuric acid at 3:1 would,
from a pH point of view, be expected to end up in a sol, but the high concentration of sulphate anions
possibly affects the solution to the point of building the gel anyways.

bl B : 3

|

Fig. 9. Different solution appearances: a. transparent and cloudy solutions, b. crystals, c. particles,
d. heterogeneous gel, e. homogeneous gel
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Fig. 10. Evolution of pH depending on the reaction time between sodium silicate and the acid

5.4. Degree of polymerization

NMR measurements were conducted on solutions of acidified water glass at a mass ratio of 5:1 in order
to determine the degree of polymerization of the solution depending on the acid type (and thus on the
solution pH). 5:1 is the mass ratio at which oxalic and sulfuric acid perform best and it was maintained

A

4—
H*, OH"
catalyses 1 catalyses

Condensation rate

Aggregation

>
>

Stable sol

A

1 1 1 -

7 8 9 10

> ® 1:1-HCl (green), SA (blue), OA (orange)
A 3:1-HCl (green), SA (blue), OA (orange)
B 5:1-HCl (green), SA (blue), OA (orange)

Fig. 11. Condensation rate of silicic acid depending on pH (Cordes, 2006; Spinde, 2012) with the pH measured for
the different AWG (HCI = Hydrochloric acid, SA = Sulfuric acid, OA = Oxalic acid) at different mass ratios
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Fig. 12. Pathways to silica formation from orthosilicic acid to sols or gels depending on the pH and the salt
concentration (modified from Iler (1979))

at 5:1 for hydrochloric as well for comparison purposes. The degree of polymerization of silicic acid can
be assessed through its chemical shift (Table 5).

The processed NMR spectra are found in Fig. 13. All three acids generate QO to QQ® species, but
species are only quantifiable with oxalic acid. The peak area ratios normalized to the Q° peak are listed
in Table 6. The grade of polymerization is comparable for sulfuric and oxalic acid, with a similar
production of Q! and (Q? species, with a minor preference of oxalic acid to generate trimeric structures.
Hydrochloric acid, however, yields a high amount of trimeric species with a higher amount of 2, e.g.
it tends to polymerize more or at least faster than the other acids at this mass ratio. This leads to the
hypothesis that adding acid in the water glass solution prevents polymerization or leads to
depolymerisation depending on the mass ratio of the acid to sodium silicate, e.g. the pH of the solution.
Moreover, the fact that these measurements represent the average spectra of the 3 solutions over 24
hours proves that even with a long stirring time of the solution, only low molecular weight species are
expected.

Table 5. Ranges of the chemical shift of 295i at different degrees of polymerization (compiled by Spinde (2012))

Structure Notation Chemical shift (ppm)
Monomer Qo -70.0 to -72.0
Dimer Qt -77.5 to -80.7
Cyclic trimer Q2 -80.0 to -82.3
Trimer Q2 -88.0 to -90.5
Branched oligomer Q3 -92.6 to -98.2
Network oligomer Q -108.0 to -110.0

Table 6. Peak area ratios normalized to the Q peak (level of polymerization of the species increasing from left to

right)
Acid Qo Q! Q2 Q2 Qs
Sulfuric 1 0.56 0.12 0.80
Oxalic 1 0.60 0.24 0.73 0.42

Hydrochloric 1 0.64 0.62 0.93
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Fig. 13. 2951 NMR spectra of 5:1 acidified water glass solutions with from top to bottom: Fitted spectrum with peak
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fitted peaks (blue), residual of fitting (red)

5.5. Identification of the species

Based on Fig. 10, Fig. 11 and the NMR results, it is possible that the type of acid is irrelevant but that the
solution pH resulting from the mixing of sodium silicate with the acid is the most crucial parameter for
the subsequent flotation. Therefore, it is necessary to look at the species in solution to identify possible
differences linked to the acid type and to determine if a lower degree of polymerization is indeed the
advantage of AWG over WG.

To identify the species present in solution, Raman spectra of solutions at mass ratios of water glass
toacid of 1:1, 3:1 and 5:1 were measured every 5 min for 30 min (the reaction time used for batch flotation
tests) and compared to the Raman spectra of the individual reagents. The averaged spectra can be found
in Annex 1. Silicate species bands were identified based on the studies from Vidal et al. (2016) and
Halasz et al. (2007), sulfuric acid species bands were assigned based on Cox et al. (1981) and oxalic acid
species based on Saksena (1940). In general, silica species do not scatter well and are therefore not easily
detected by Raman spectroscopy. All Raman spectra were collected under identical conditions and
allow qualitative comparison.

First, from the acid type point of view, pure oxalic acid related bands show that the C-C stretching
vibration at 844 cm! disappears in solutions of 3:1 and 5:1 and is partially gone and/or shifted at 1:1.
Carboxylic acid is most likely completely dissociated in the 3:1 and 5:1 solutions and consumed by a
reaction (condensation and/or depolymerisation). For sulfuric acid, HSOy4 related bands at 595, 896,
1053 and 1210 cm disappear completely in 3:1 and 5:1 solutions while the SO42- band at 981 cm™?
increases intensely, showing that the proton is indeed consumed by a reaction.

Second, in the case of silica species, Q0 species are identifiable for all acids, while Q! species can only
be assigned for oxalic acid, Q2 species for hydrochloric acid, Q* and Q¢ species for all three acids. The
corresponding band assignments for the silica species are presented in Table 7.

Table 7. Silica species band assignments depending on the solutions

Water Hydrochloric acid Oxalic acid Sulfuric acid
Band Assignment

glass 1:1 3:1 5:1 1:1 3:1 5:1 1:1 3:1 5:1
633.0  QO:Si-O monomers X X X X X X X X X
777.5 QO: SiOy4- X X X X X X X X X X
900.0 Qt X X X
920.0 Q2 X X X
1025.8 Qs X X X X
1068.2 Q3 X X X X X
1115.0 Q3/Q! X X X
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The average Raman intensity for each species is presented in Fig. 14. The intensity values have been
recalculated based on the water glass concentration to take into account that each solution had a
different silica concentration at t = 0 min. This allows directly comparing the band intensities of the
mixtures with pure water glass.

Q0 species are produced in higher or equivalent amounts to water glass, especially for oxalic and
hydrochloric acid. 3:1 tests with sulfuric acid and oxalic acid display a lot less orthosilicic acid. This is
expected from the condensation rate shown in figure 11 because these two solutions have pH values
closer to pH 7 and therefore a higher condensation rate compared to the other samples. These two tests
also underperformed in froth flotation. Q! species are only observable with oxalic acid and at higher
mass ratios, but in much higher amounts than in pure water glass. Q? species are observed with
hydrochloric acid at lower mass ratios in equivalent amounts to pure water glass. Q3 species are best
observable with oxalic acid, which was expected from the NMR measurements. Sulfuric acid is the only
acid that clearly leads to the formation of Q% / (* species.

Fig. 15 shows the evolution of the band intensity ratio of the QU silica species in the mixtures to the
QYsilica species in pure water glass based on the reaction time. The production of QQ° species is relatively
stable in 3:1 and 5:1 solutions, which correlates well with the NMR measurements and also indicates
that the reaction reaches its equilibrium almost instantly. In 1:1 solutions, said production decreases
more or less intensely depending on the acid, indicating a slower reaction. The ratio could not be
calculated for sulfuric acid at 1:1 mass ratio due to an overlapping band of sulfuric acid related bands
hiding the Q0 band.

As a reminder, flotation tests with sulfuric and oxalic acid at a mass ratio of 5:1 performed better
than the mass ratio of 3:1. 5:1 and 3:1 sulfuric acid mixtures lead to a higher production of Si-O
monomers. 5:1 oxalic acid mixtures lead to a higher production of all QO species while 3:1 only showed
Si-O monomers. In the case of hydrochloric acid, the tests at 3:1 performed better than 5:1. Both 3:1 and
5:1 mixtures lead to a higher production of Si-O monomers but not of orthosilicic acid.

Overall, the Raman observations corroborate the NMR measurements and confirm that mixing
sodium silicate with an acid leads to a higher production of low molecular weight species. They also
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Fig. 14. Average Raman band intensity of the silica species for all the mass ratios recalculated based on the
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correlate well with the pH of the solutions and the related literature: a pH between 4 and 10 corresponds
toa high condensation rate of orthosilicic acid while a pH outside these ranges leads to depolymerisa
tion of the water glass solution. Iler (1979) and Zhou and Lu (1992) had already asserted this hypothesis.
The depolymerisation and the high production of lower molecular weight silica species is actually
beneficial to flotation. On a side note, 1:1 hydrochloric acid mixtures have a high performance potential
based on the high production of QO species but the solution would need to be used right away as the
reaction is very unstable.

Overall, the Raman observations corroborate the NMR measurements and confirm that mixing
sodium silicate with an acid leads to a higher production of low molecular weight species. They also
correlate well with the pH of the solutions and the related literature: a pH between 4 and 10 corresponds
toa high condensation rate of orthosilicic acid while a pH outside these ranges leads to depolymerisa
tion of the water glass solution. Iler (1979) and Zhou and Lu (1992) had already asserted this hypothesis.
The depolymerisation and the high production of lower molecular weight silica species is actually
beneficial to flotation. On a side note, 1:1 hydrochloric acid mixtures have a high performance potential
based on the high production of QO species but the solution would need to be used right away as the
reaction is very unstable

5.6. Hypothesis on the mechanism

In literature, water glass is assumed to precipitate on the surface of calcium minerals as nearly insoluble
calcium silicate through SiO(OH)s (Marinakis and Shergold, 1985) or through colloidal silica
(Fuerstenau et al., 1968; Martins and Amarante, 2012), preventing collector adsorption. Colloidal silica
consists normally in colloidal silicon dioxide and is so used in our article but the aforementioned authors
do not state what species they define as “colloidal silica”.

Many authors that worked with acidified water glass have used different techniques to demonstrate
a greater absorption of AWG on the gangue mineral than on the valuable mineral (Table 8). In general,
they showed that the zeta potential of the gangue mineral (mostly calcite) would become more negative
while the zeta potential of the valuable mineral would remain relatively constant. In this study, MLA
data confirm the direct interaction of AWG with minerals.

According to Dong et al. (2018), the selectivity of AWG is due to the fact that calcite is positively
charged while scheelite is negatively charged. They identify the species adsorbing onto calcite as
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Table 8. Method use to show greater adsorption of AWG on the gangue mineral than on the valuable mineral

Method
Authors Zeta Adsorption
potential IR FTIR tesl?c
Deng et al. (2019) X
Zhou and Lu (1992) X

Tian et al. (2019) X

Liu et al. (2016) X
Feng et al. (2015) X X
Dong et al. (2018) X
Yang et al. (2016) X X

SiO2(OH)2% and SiO(OH)s;- through X-ray photoelectron spectrometry studies, which is also the
assumption of Martins and Amarante (2012), Marinakis and Shergold (1985) and of Deng et al. (2019).
Feng et al. (2015) considered Si(OH)4 to be the central species. Azizi and Larachi (2018), in a study on
alkaline sodium silicate, showed that SiO(OH)s interacts more strongly with calcium-mineral surfaces
than Si(OH); due to covalent bonding as opposed to hydrogen bonding. Complementary to this,
Foucaud et al. (2019b) demonstrated that the more polymerized dimer Si»O(OH)s physisorbs onto
fluorite but at a lower rate than the less polymerized forms. Marinakis and Shergold (1985) suggest the
following surface reactions:
Ca*surface + SIO(OH)? = Ca2*-SiO(OH)s (surface) (10)
CaOH2*gyrface + Si(OH)4 = Ca2*-OSiO(OH)3 (surface) + H20 11)
Based on the Raman spectroscopy results and NMR measurements and confirming literature
observations, it seems that by acidifying water glass e.g. adding a large amount of hydrogen cations,
the solution undergoes deep depolymerization, removing the highly condensed species. Zhou and Lu
(1992) suggested that silica depolymerisation yields low molecular weight silicate species such as
HsSi0y*, Si(OH)4, SIO(OH)s, Si2O(OH)eH*, SiO(OH)s or Si»O>(OH)s. We suggest the reactions would
be written as follows:

Sis0,(OH)s + HyO* = Si,O(OH)s + Si(OH), + H (12)
Si,O(OH)s + H30* = 2Si(OH), + H* (13)
Si0,(OH),> + H30* = SiO(OH)s + Hy0 (14)
SiO(OH)s- + H30* = Si(OH), + H,O (15)

Based on the Raman observations, we consider that Si-O monomers such as SiO(OH)s-are the lower
molecular weight species responsible for the depression of the gangue minerals as they interact more
strongly with the mineral surfaces than more polymerized species. This depolymerization will be more
or less effective depending on the mass ratio of the acid to water glass and depending on the acid, in
other words, depending on the induced pH: a too large pH value does not lead to this depolymerization
and prevents acidified water glass to perform as well as alkaline water glass. Ideally, the pH of the
solution would need to be lower than 4 or higher than 10.

Within the semi-soluble salt-type mineral group, their higher depression as compared to scheelite
would be linked to a higher affinity of the low molecular weight silica species to calcite and fluorite.
This is likely linked to the higher calcium surface site density and higher calcium surface activity of
these minerals (summarized in Kupka and Rudolph (2018)). Sodium silicate however has a very high
affinity to silicate minerals (Foucaud et al., 2019a) so it is not surprising that AWG is a better depressant
for silicates than for semi-soluble salt-type minerals.

5.7. Other species involved

The addition of acid in large quantities does not only generate species required for the depolymerization
of alkaline sodium silicate, it also generates ions not silica-related which could have a separate impact
on flotation.
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First, sodium carbonate is used in all the flotation tests presented in this study. The presence of
sodium carbonate has been demonstrated to enhance the depressing action of alkaline sodium silicate
on semi-soluble salt-type minerals through its carbonate ion COs;> (Foucaud et al, 2019a) by a
combination of calcium surface site density, calcium activity and surface carbonation (Kupka and
Rudolph, 2018). Additionally, silicates may be activated by calcium ions in the pulp, which sodium
carbonate prevents through pulp and surface precipitation while also hindering their activation through
its cation Na* (Martins and Amarante, 2012). This synergy is also expected to happen with acidified
water glass.

At pH values higher than 2.5 sulfuric acid is dissociated as SOs>-and H* ions while at pH lower than
1 it is partially dissociated as HSO4 and H* (Casas et al., 2000). Atademir et al. (1980) investigated the
use of sodium dodecyl sulfate (SDS) as a collector in scheelite flotation and demonstrated that SOs-
adsorbs onto scheelite at minority positive sites but displays a much higher adsorption onto calcite.
They however showed that these differences did not generate any contrast in the flotation of the mixed
minerals and that SDS could not be considered a collector in this case. Several studies involve mixing
sodium silicate with Fe(Il) or Al sulfates to improve flotation (Deng et al., 2018; Foucaud et al., 2019a;
Patil and Nayak, 1985; Tian et al., 2019). If the metallic cation does impact flotation, the sulfate anion is
not discussed. As a consequence, even though this anion certainly interacts with other species in
solution or may adsorb onto mineral surfaces, its impact on minerals can be considered either negligible
or nonexistent.

It is less simple in the case of oxalic acid. Oxalic acid has a known affinity to calcium-bearing minerals
and was demonstrated to depress titanaugite via chemisorption onto its surface by reaction with
calcium ions to form insoluble metal carboxylate complexes (Liu et al., 2015). It was also tested as a
depressant in scheelite flotation by Yin et al. (2015) where its impact was more limited. In general, oxalic
acid is the simplest dicarboxylic acid. In solution, it exists as an oxalate anion (C>O4%) at pH above 4, as
HCOy at pH values between 1 and 4 and below 1 as H2C>O,. The oxalate anion contains two carboxylate
anions (COQ.), which are known to bond their two oxygen atoms with two neighboring calcium atoms
on mineral surfaces, making them the main collecting mechanism of fatty acids, including sodium oleate
(Foucaud et al., 2018; Rao and Forssberg, 1991). Its impact could therefore be either positive, e.g. it helps
collect scheelite, or negative, e.g. it lowers the selectivity by collecting other semi-soluble salt-type
minerals. Results presented in Fig. 1 would suggest that both can happen: if the dosage of oxalic acid is
too high, it lowers process selectivity but if well dosed, oxalic acid helps collect scheelite.

Finally, a relationship between solution ionic strength and the bubble Sauter mean diameter in the
pulp has been derived by many authors, with the higher the ionic strength the smaller the diameter
(Michaux et al.,, 2018) even though high salt concentrations are required to significantly affect bubble
coalescence in the pulp (Castro et al., 2013). Craig (2004) established a combining rule of ion pairs that
inhibit coalescence in the pulp, whereby ions are classified as a or p and only pairs of the same class
have an impact on coalescence. lon pairs relevant to this study are presented in Table 9.

The water associated with the flotation tests related to this study was not analyzed however, the
presence of Na*, K*, Mg?* and Ca?* in the water is guaranteed. Ca?* is most likely the cation in the
highest concentrations. In 4, the impact of acidified water glass on the froth is described and shows that
hydrochloric tests had the most visible effect on froth-related parameters. Based on Craig (2004),
chlorine anions have many possibilities to combine with cations in the water to reduce bubble
coalescence and are the only ones to pair with Ca?*, the main cation. Hydrochloric tests were indeed the
ones involving the lowest inferred bubble diameter in the pulp and a very high dosage of hydrochloric
acid resulted in an unchanging bubble diameter over time. Based on these results, hydrochloric acid is
most likely heavily reducing bubble coalescence in the pulp. This would also explain why entrainment
is so limited (Fig. 4 and Fig. 5) and partially why the grade is so high but the recovery lower with
HCI31_500, as smaller bubbles have a smaller wake and a lower loading potential. This is the only
expected additional impact of chlorine.

In the case of sulfuric and oxalic acid, the effect is not as recognizable, even though high dosages of
these acids (e.g. OA51_500 and SA51_500) did show smaller bubbles sizes in the pulp than their lower
dosages or WG_500. This is likely to be because they have less potential pairs. In terms of froth-related
parameters, anions of the three acids might have other effects that cannot be identified without a
dedicated systematic study, which is not the purpose of this article.
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Table 9. Relevant ion pairs with an impact on bubble coalescence (Craig, 2004), a check indicates that the
combination does inhibit coalescence, a cross no effect observed and an empty cell refers to non-tested pairs or to
pairs that are not sufficiently soluble to reach the required concentration to affect coalescence

Cations H+ Nat K+ Mg2+ Ca2+
Anions Type g a a a a
OH- a X v v
Cl- a X v v v v
5042 a X v v
(COO),2- a X v

6. Conclusions

In this article, a hypothesis on the mechanism of acidified water glass is proposed. The impact of AWG
was studied through Mineral Liberation Analysis (MLA) and froth analysis of rougher lab flotation tests
as well as Raman and Nuclear Magnetic Resonance spectroscopy.

Based on MLA analyses, it becomes clear that acidified water glass can indeed depress semi-soluble
salt-type minerals and to a larger extent, sulfides and silicates. It also affects the entrainment of gangue
minerals by partially affecting the bubble coalescence in the pulp: with a higher dosage of acid, the
bubbles in the pulp tend to be smaller and bubble coalescence in the froth is higher than with alkaline
sodium silicate. Hydrochloric acid has the highest impact on the bubble coalescence in the pulp
compared to oxalic and sulfuric acid, where it is more limited. A small part of the performance of
acidified water glass is linked to its impact on the pulp bubbles itself.

Silicic acid Si(OH)y is the main silica species produced by alkaline water glass in solution at pH below
9.4, above pH 9.4, it is SIO(OH)3- and above pH 12.6 SiO2(OH),2. These species polymerize at different
rates depending on the solution. The rate of polymerization is extremely fast for sulfuric acid,
moderately paced for oxalic acid and very slow for hydrochloric acid. The reaction is catalyzed
differently depending on the acid: for hydrochloric acid, H* is the main catalyzer while for sulfuric and
oxalic acids, OH- is the main catalyzer.

Based on the Raman spectroscopy results and NMR measurements, the solution undergoes deep
depolymerization when water glass is acidified. It can be expected that lower molecular weight species,
specifically Si-O monomers such as SiO(OH)s;- will be responsible for the depression of the gangue
minerals and are the drivers of the selectivity of AWG, more than orthosilicic acid. This
depolymerization will be more or less effective depending on the induced pH of the solution, which is
determined by the mass ratio of the acid to water glass and depending on the acid. From that point of
view, the type of acid could be considered irrelevant whilst the pH of the mixture should be lower than
4 or higher than 10.

However, studying the other species generated in solution by the addition of acids leads to the
assumption that using just any type of acid with sodium silicate is not optimal. On one hand, oxalic acid
could be more recommended than other acids even though its use is delicate: too high a dosage lowers
process selectivity but if well dosed, oxalic acid helps collect scheelite, increasing recovery. On the other
hand, the correct dosing of hydrochloric acid can prevent bubble coalescence in the pulp, reducing
entrainment and increasing grade but limiting recovery. In the end, the choice of the acid is like every
other challenge in flotation: it is a question of compromise and priorities.
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Annex 1: Raman spectra

Raman spectra of the pure reagents (WG = water glass, SA = sulfuric acid, , OA = oxalic acid, HCI =
hydrochloric acid) as compared to the Raman spectra of the mixtures (11 = mass ratio of 1:1 of water
glass:acid, 31 = mass ratio of 3:1, 51 = mass ratio of 3:1). The concentration of the pure reagents is higher
and therefore yields higher peak intensities than for the mixtures.
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