MPEMMEAHN PAOOBU
OB30OPHbIE CTATbMU
REVIEW PAPERS

DEPOSITION OF SILICA IN
HYDROMETALLURGICAL PROCESSES

Srecko R. Stopi¢?, Bernd G. Friedrich®
RWTH Aachen University, IME Process Metallurgy and Metal
Recycling, Aachen, Federal Republic of Germany
@ e-mail: sstopic@ime-aachen.de, corresponding author,
ORCID iD: “http://orcid.org/0000-0002-1752-5378,
® e-mail: bfriedrich@ime-aachen.de,
ORCID iD: http://orcid.org/0000-0002-2934-2034

DOI: 10.5937/vojtehg68-21152; https://doi.org/10.5937/vojtehg68-21152

FIELD: Chemical Technology
ARTICLE TYPE: Review Article
ARTICLE LANGUAGE: English

Summary:

Introduction/purpose: Dissolution of nonferrous metals from oxidic ores
such as laterite, high silicon bauxite and eudialyte during acidic treatment
was connected with silica gel formation.

Methods: Familiarity with behavior of silica in hydrometallugical processes
such as dissolution at atmospheric and high pressure, precipitation,
neutralization and filtration is most important for the recovery of metals
from water solution.

Results:. Gel formation was avoided using dry digestion and a carbonation
process of olivine under high pressure in an autoclave.

Conclusion: Fine silica was prepared from olivine in water solution at
175°C and 120 bar for 4 hours in an autoclave using some additives such
as sodium bicarbonate and oxalic acid.

Key words: silicon, hydrometallurgy, gel, silica.

Introduction

Nanosilica has sparked strong interest in hydrometallurgy.
Controlling silica deposition during hydrometallurgical processes has high
significance for metal recovery.
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During acid pressure leaching of ores containing silicates, pregnant
liquor becames saturated with silica. Nanosilica has caused strong
interest among researchers due to its interesting properties for
biomedical and catalytic applications. Its synthesis can be realized by
using geo-resources like olivin, nickeliferous laterites, bauxite or other
high silica containing minerals. In all cases, common acidic leaching
leads to gel formation which hinders an efficient synthesis process. This
literature review aims at an alternative method avoiding this effect by
disclosing the controlling mechanisms. The hypothesis presented is
based on the preliminary experimental results accidentally obtained by
the carbonation treatment of olivin minerals in the frame of a carbon
capture sequestration (CCS) research results.

Silica gel formation

The treatment of silicate based ores with different acids under
atmospheric pressure leads to the formation of silica gel and breaking of
a leaching process. Silica gel represents an amorphous and porous form
of silicon dioxide consisting of an irregular tridimensional framework of
alternating silicon and oxygen atoms with nanometer-scale pores
(Zulfigar et al, 2016, pp.91-96). The dissolution of silicon from quartz or
amorphous silica involves hydrolysis in the access of water to form
monosilicic acid (as shown in Eq. 1). The supersaturation of Si(OH), is
required for polymerization (Queneau et al, 1983). The formed precipitate
represents polymerized silica in the form of a colloid, a precipitate or a
gel, as shown in Figure 1.

SiO; (s) + 2 H;0 = Si(OH)4 (aq) (1)

Figure 1 — Formation of silica gel
Puc. 1 - NeneobpasosaHue u3 duokcuda KpeMHuUsl
Cnuka 1 — ®opmuparbe 2ena 00 cunuyujym-ouokcuoda
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Similarly, high Si content in aluminium laterites makes these
resources untreatable with acid leaching routes again due to the
formation of silica gel. Alkan et al (2019, pp.266-272) studied the effects
when such materials are exposed to sulfuric acid at room temperature.
An empirical dry digestion-leaching model was proposed for each starting
material in a comparative manner in order to prevent the formation of
silica gel using sulfuric acid. As shown in Figure 2, avoiding gel formation
is possible using hydrogen peroxide during acidic leaching. Nevertheless,
despite this positive result, no nanosilica was formed.
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Figure 2 — Silica gel formation mechanism and precipitation (Alkan et al, 2019, pp.266-
272)
Puc. 2 — MexaHu3m 2eneobpasosaHusi uz Ouokcuda KpeMHUs U ebidernieHue ocadka
(Alkan et al, 2019, pp.266-272)
Cnuka 2 — MexaHu3am ¢hopmuparsa 2ena 00 cunuyujym-ouokcuda u npeyunumauyuja
(Alkan et al, 2019, pp.266-272)

Eudialyte is a further example due to its good solubility in acid as it
contains more than 50% of silica. The treatment of eudialyte leads again
to strong silica gel formation during a treatment with some acids (Ma et
al, 2019, pp.2-13). Ma et al (2018, p.267) studied neural network
modeling for the optimization of the extraction process by dry digestion
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avoiding the formation of silica gel in the presence of hydrochloric acid,
but again without nanosilica presence, as shown in Figure 3.

Eudialyte concentrate

Y
Stage | < HCL(31%) —»| Acid digestion

\
Treated concentrate

Y

Stage I < — . .
» Solid Residue —l Washing

\j
\j Y
REE enriched solution - Washing solution  Solid Residue

Figure 3 — Avoiding silica gel formation using the dry digestion process for the eudialyte
treatment (Ma et al, 2018, p.267)

Puc. 3 - lpedomepauwieHue eeneobpasosaHusi U3 Ouokcuda KpeMHUS 80 8peMs
«Cyxoz20» pacmeopeHusi npu obpabomke agduanuma (Ma et al, 2018, p.267)
Cnuka 3 — U3beeasare hopmupara eena 00 cunuyujym-oukcuda mokom ,cysoe”
pacmeaparba y mpemuparby eyduanuma (Ma et al, 2018, p.267)

In a method by Olerud (1998) for manufacturing silica, the leaching
of natural silicates (Olivin) is performed with hydrochloric acid or other
mineral acids at 110°C, followed by draining, drying and possibly grinding
up of the residue of the product obtained (US Patent 5,780,005), as
shown in Fig. 4.

In order to obtain spherical silica with a controlled particle size and
surface characteristics, a mineral (Mg,SiO4) was used with the highest
possible degree of purity. The product is colloidal amorphous silica in the
form of a gel. The silica gel is separated from the liquid by pressure
filters, washed clean of acid remains, dried and ground. The extraction of
silica gel and magnesium compounds from olivine is proposed by
Hansen and Zander (2011) who used sulphuric acid in a thermal
treatment at temperature between 150 and 400°C (European Patent EP
1373 139 B1) for 4 to 12 hours.
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Figure 4 — Acidic method for the synthesis of silica (Olerud, 1998)
Puc. 4 — KucniomHbili memod dnsi cuhme3a duokcuda kpemHusi (Olerud, 1998)
Cnuka 4 — CuHme3a cunuyujym-Ouokcuda memodom pacmeapar-a OfiuguUHa KUCETUHOM
(Olerud, 1998)

Current synthesis methods for nanosilica

Development of ceramic nanoparticles such as silica, alumina and
titania with improved properties has been studied with much success in
several areas such as synthesis and surface science (Hansen & Zander,
2011), (Stopic et al, 2013, pp.3633-3635). Advancement in
nanotechnology has led to the production of nanosized silica which has
been widely used as a filler in a catalysis and glass industry. Silica
particles extracted from natural resources contain metal impurities and
are not favorable for advanced scientific and industrial applications.

The sol-gel process is widely applied to produce silica, glass, and
ceramic materials due to its ability to form pure and homogenous
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products at mild conditions. The process involves hydrolysis and
condensation of metal alkoxides (Si(OR),) such as tetraethylorthosilicate
(TEOS, Si(OC,Hs),) or inorganic salts such as sodium silicate (Na,SiO3)
in the presence of a mineral acid (e.g., HCI) or a base (e.g., NH3) as a
catalyst (Rahman & Padavettan, 2012, pp.1-15). The synthesis of
spherical hollow silica particles from the sodium silicate solution with
boric acid or urea as an additive was carried out by the ultrasonic spray
pyrolysis method. This work dealt with the effect of four parameters
(concentration of boric acid and urea, feed rate of a reactant, reaction
temperature, and time) on the particle size and the standard deviation.
As a result, the mean particle size and the standard deviation decreased
with increasing of all parameters except urea (Kim et al, 2005, pp.193-
198). Ratanathavorn et al (2018, pp.1-5) studied the silica nanoparticles
synthesis by the ultrasonic spray pyrolysis (USP) technique using
tetraethylorthosilicate (TEOS) as a precursor in order to produce a
fixative material for cream perfume fomulation. The results showed that
the synthesis temperature of 500 °C provided the smallest size of silica
nanoparticles, about 106 nm. The particle size decreased from 347 nm to
106 nm when the synthesis temperature increased from 300 °C to 500
°C.

Ultra-small hollow silica nanoparticles were synthesized using the
prepared amorphous calcium carbonate (ACC) particles as a template.
The ACC particles were firstly prepared by the carbonation method,
where the procedure was conducted in the methanol solvent to form
Ca(OCHs;), layers on ACC particles. The methanol concentration effect
on the morphology of ACC particles was also investigated (Nakashima et
al, 2018, pp.904-908). ACC particles were prepared by the carbonation
method via bubbling CO, gas into calcium ions dispersing in the
methanol solution. The effect of the methanol concentration on the
CaCO; formation was investigated. The pH of the ACC preparation was
studied in a range of 9.4 and 10. After that, ultra-small HSNPs were
synthesized using the prepared ACC particles in the one-pot process.
The results suggested that the synthesis of HSNPs using ultra-small
ACC particles via the one-pot process is one of the most effective
methods to produce ultra-small HSNPs regarding energy and cost
savings.

Carbonation of silicate minerals in water solution

For such a mineral carbonation process, all common silicate
minerals like forsterite (Mg.SiO,), antigorite (Mg;Si,O5(OH);) and
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wollastonite (CaSiO3;) and their overall reaction rates are suitable for
carbonation. The related reactions are given in Equations (2—4):

Mg2SiOy(s) + 2 CO,(g) + 2 HO(l) =
= 2 MgCOs3(s) + HsSiO4(aq) + 89 kd/mol (2)

MgsSi2Os(OH)a(s) + 3 CO2(g) + 2 HO(1) =
= 3 MgCOs3(s) + 2 HsSiOy4(aq) + 64 kd/mol (3)

CaSiOs(s) + COx(g) + 2 H,O(l) =
= CaCOs(s) + HsSiO4(aq) + 90 kJ/mol (4)

Stopic et al (2018, p.993) have shown the reaction path of direct
forsterite carbonation for a synthesis of magnesium carbonate in
aqueous solution without any deeper consideration of the formed silica
particles as shown in Equations (5-7), but in the presence of additives:
sodium bicarbonate, oxalic acid, and ascorbic acid (as shown in
Equations (7-8). Although olivine is a mixed crystalline material (Mg,
Fe),SiO4, for simplicity, olivine consists only of Mg,SiO4, namely
forsterite. First, gaseous carbon dioxide dissolves in aqueous solution.
Simultaneously, forsterite is dissolved in aqueous solution (Equation (5))
forming aqueous silicic acid, then it precipitates as amorphous silica
(Equation (6)) which is a by-product, and lastly, magnesium ions and
carbonate form magnesite as shown in Equation (7):

Mg.SiOu(s) + 4 H'(aq) —™M&%% 5 2 Mg*(aq) + HiSiOs(aq) (5)

HsSiOs(aq) —=% 5 SiOy(s) + 2 H,0 (1) (6)
Mg®*(aq) + CO% (ag) —™% 5 MgCO4(s) (7)

This positive effect of additives may be due to "reaction-driven
cracking" in the presence of NaHCO;, formation of etch pits, and/or other
processes that continually renew the reactive surface area of Mg,SiO,.

NaHCO; (aq) — Na* + H* + CO3* (8)

The addition of oxalic acid leads to the formation of Mg-ions in the
solution, which react with carbonate ions forming magnesium carbonate.
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Mg,SiO4 + 2 H,C,0, — 2Mg?* + C,04%” + HySiO, (9)

The determination of the process parameters such as temperature,
pressure and pH for maximum overall conversion rates is elementary.
Direct CO; sequestration at high pressure with olivine as a feedstock has
already been performed in numerous studies at different temperatures
and pressures with or without the use of additives such as carboxylic acid
and sodium hydroxide. It is reported that optimal reaction conditions are
in the temperature range of 150-185 °C and in the pressure range of
135-150 bar (Rahmani et al, 2014, pp.5953-5958). Additives are
reported to have a positive influence on the carbonation rate, but without
a study in detail. Optimal addition of additives is reported by (Béarat et al,
2006, pp.4802-4808) in studies about the mechanism that limits aqueous
olivine carbonation reactivity under the optimum sequestration reaction
conditions observed as follows: 1 M NaCl + 0.64 M NaHCOs;, at 185 °C
and P (CO;) about 135 bar. A reaction limiting silica-rich passivating
layer forms on the feedstock grains, slowing down carbonate formation
and raising process costs.

Eikeland et al (2015, pp.5258-5264) reported that NaCl does not
have significant influence on the carbonation rate, but, in the absence of
NaCl, the conversion rate amounted to more than 90% using a NaHCO;
concentration of 0.5 M. Ideally, the solid phases exist as pure phases
without growing together. In reality, different observations are made on
the behavior of solid phases. Daval et al (2011, pp.193-209) reported
about a high influence of amorphous silica layer formation on the
dissolution rate of olivine at 90 °C and at elevated pressure of carbon
dioxide. This passivating layer, as shown in Fig. 5, may be either built up
from non-stoichiometric dissolution, precipitation of amorphous silica on
forsterite particles or from a combination of both.

These results suggest that the formation of amorphous silica layers
plays an important role in controlling the rate of olivine dissolution by
passivating the surface of olivine, an effect that has yet to be quantified
and incorporated into standard reactive-transport codes. Queneau et al
(1983) reported that the solubility of silica is sensitive to the pH level in
alkaline solution, but relatively insensitive to pH in acid solution. Certain
inorganic metallic impurities, particularly aluminium, can sharply reduce
the rate of dissolution of silica. Unfortunately, these silica collectors are
not effective in the pH range bellow 3 of concern to leaching of laterites
with sulfuric acid. Therefore, a carbonation process of olivine in water
solution at 175°C offers a possibility to avoid gel formation.
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Figure 5 — The formation of the silica passivating layer
Puc. 5 — Obpa3sosaHue criosi duokcuda KpeMHus, briokupyroujeeo kapboHam MagHUsI
Criuka 5 — ®opmuparse croja cunuyujymouokcudom, Koju briokupa MagHe3ujym-
kapboHam

Stopic et al (2019, p.708) used Steinsvik olivine from Norway with a
chemical analysis in (wt %): 48.7 SiO,, 41.7 MgO, 7.8 Fe,O3; 1.2 NiO, 0.
5 AlLO3, 0.4 Cr,0;, 0.2 Ca0, 0.1 ZnO) for the absorption of gaseous
carbon dioxide. The treatment of olivine was performed using the
operations such as milling, sieving, carbonation in an autoclave, filtration,
and a chemical analysis of solid and liquid samples shown in Figure 6.

The carbonation tests were carried out in the 1500 mL autoclave
from Buchi Kiloclave Type 3E, at 175 °C with 117 bar pure grade CO2 in
the presence and the absence of additives such as sodium bicarbonate,
oxalic acid, and ascorbic acid in duration of 2—4 h. Sample amount
ranging from 100 to 300 g was added to the 1000 mL solution with a
mixing rate of 600 revolutions per minute in different experiments. After
the reaction, the liquid had very low content of metal cations and was
analyzed via the ICP OES analysis. The characterization of the solid
products was restricted to the XRD analysis and XRF analyses.
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Figure 6 — Carbonation process of olivine and sampling
Puc. 6 — lNpouecc kapboHu3zayuu onusuHa u oméop rnpob
Cnuka 6 — lNpouec ancopnyuje yarbeH-Ouokcuda u y3umarse rpoba

The presence of magnesite and silica was confirmed using the SEM
analysis of the solid product, as shown in Figure 7.

10 pm
ML

Figure 7 — SEM analysis of the initial olivine sample after carbonation.
Puc. 7 — COM CkaHupyrowiasi 31eKmpoHHasi MUKpPOCKOMUs1 UCXOOHO20 0bpa3ya onusuHa
rocne kapboHu3ayuu
Cnuka 7 — CkaHupajyha enekmpoHcKa MUKPOCKOINCKa Criuka 0/lu8UHa HaKoH arcopryuje
yarbeH-0uokcuda

As illustrated by Figure 7, the SEM-analysis confirmed that very
small particles of SiO, and magnesite are formed as rhombohedrons or
hexagonal prisms at the surface of partially carbonated magnesium
silicate. The challenge of future work is the separation of the formed
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silica particles from the product and the determination of the ratio of the
formed silica.

Conclusion

The acidic leaching of lateritic ores, high silicon bauxite, and
eudialyte leads to the formation of silica gel which hinders the leaching
process in order to recover nonferrous metals and rare earth elements.
Adding sodium fluoride and using dry digestion offer a possibility to
prevent gel formation. The second possibility is the carbonation of olivine
in water solution under high pressure in an autoclave in the presence of
additives such as hydrogen becarbonate, oxalic acid, and ascorbic acid
at 175°C. The formed silica particles are between 200 and 500 nm and
have a spherical form. The influence of the parameters such as
temperatture and pressure, pH-Value and concentration of additives has
high importance in cotrolling the synthesis of nanosilica particles.
Furthermore, the best parameter combinations will be studied in future
work in order to offer an experimental design for the synthesis of silica
particles.
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OTNOXEHWE KPEMHUA B TMAPOMETAITYPIMYECKNX
MPOLIECCAX

Cpeuko P. Ctonny, koppecnoHaeHT, bepHd . Ppugpux

TexHunyeckun yHmepcuTeT ropoda AXeH,

MHCTUTYT MeTannyprm4yecknx npoLeccoB U PeLuKnMpoBaHus MeTarsos,
AxeH, ®epepaTtunBHas Pecnybnuka MepmaHus

PYBEPUKA TPHTW: 61.13.21 XuMmnyeckne npoLecchl
BWO CTATbW: o63opHas ctaTtbs
A3bIK CTATbW: aHrnuickuin

Pe3some:

BeedeHue/uenb: PacmeopeHue ugemHbIX Memario8 U3 OKCUOHbIX
pyl, makux Kak Jjilamepum, 60Kcum C 8bICOKUM CcOOepxaHUem
KpemHusi u 3e0uanum, 60 8peMsi KucromHol obpabomku 6binio
c8513aHO C¢ 0bpa3oeaHueM CuUKazess.

Memodbi:  OsHakomrnieHue ¢  rogedeHUEM  KpemHesema 8
eudpoMemariypaudeckux npoueccax, Mmakux Kak pacmeopeHue rpu
ammocghepHOM U 8bICOKOM OaesrieHuU, ocax0eHue, Helmpanusauus u
unbmpayusi, okasasocb 8ecbMa 8aXXHbIM MPU U38/eYeHUU Memarios
u3 800HO20 pacmeopa.

Pesynbmamei:  [lpedomspawieHue  2eneobpasosaHusi  cmaro
B803MOXHbIM 6r1a200apsi  UCMOMb308aHUD pacmeopa C 8bICOKOU
KOHUeHmpauueu kucsom («cyxol pacmeop») u abcopbyuu Ouokcuda
yenepoOda u3 osiugUHa rpu 8bICOKOM OasrieHUU 8 agmokriase.

Bbigodbl: MiseomoeneHue MerikoducrnepcHo20 ropowka KpemHelema
u3 onusuHa 8 800HOM pacmeope bbirno docmueHymo ripu 175 ° C u
120 6ap u 8 meyeHue 4 4Yacog 8 asmok/iage C UCMOMbL308aHUEM
0obasok, maKkux Kak bukapboHam Hampus U wjasernesas Kucsioma.
Kntouesble crioga: kpemHul, audpomemaniypaus, 2esfb, OUOKCUO
KpeMHUS.

TANNOXEHE CUNUUNIYM-ONOKCUNOA Y XMWOAPOMETANYPLUKAM
MPOUECUMA

Cpehko P. Ctonuh, ayTop 3a npenucky, bepHd I'. dpugpux
TexHnukn yHuBepauTeT y AxeHy, IHCTUTYT 3a npouecHy MeTanyprujy u
peuunknmpane MeTana, CasesHa Penybnvka Hemauka
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OBJIACT: xemujcke TexHonoruje
BPCTA YJTAHKA: npernegHu pag
JE3VK YJTAHKA: eHrnecku

Caxemak:

Yeod/cepxa: Pacmeapare 06ojeHUX Memarna u3 OKCUOHUX pyda, Kao
wmo cy namepumu, bokcumu ca eUCOKUM cadpxajeM cunuuyujyma u
eyluanum, KopuwhereMm KucesuHa rnogesaHo je ca cmeapareM 2ena 00
cunuyujym-ouokcuoa.

Memode: Cnu4yHocm ca noHawareMm  cunuyujym-ouokcuda y
XxulGpomemarsnypwkuMm rpoyecumMa, Kao WMo Cy pacmeapare pu
ammocehepCcKoM U 8UCOKOM MPUMUCKY, MarioXere, Heympasu3sauuja u
unmpupare, 00 6eflUKO2 je 3Hayaja 3a u3eradver-e Memarsna us3s
pacmeopa.

Pesynmamu: W3bezasare ¢hopmuparka 2ena omozyheHo  je
KopuwhermeM pacmeaparba 6€/IUKUM KOHUeHmpauujama KucesnuHa
(,Cy80 pacmeapar-e”) u ancopryujoM yerbeH-0uokcuda 00 onueuHa npu
8UCOKOM MPUMUCKY y aymokiiasy.

Sakrbyyak: lNpunpema ¢buHoe npaxa cunuyujym-ouokcuda u3 onuguHa y
800eHoM pacmeopy rnocmuaHymo je Ha 175°C u 120 6apa 3a 4 cama y
aymoknagy Kopuwhewem 0olamaka Kao wWmo Ccy Hampujym-
bukapboHam u oKcasiHa KucesuHa.

KmbyyHe pedu: cunuuujym, xudpomemariypauja, ees, Cuuyujym-
Ouokcud.
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