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Abstract

Raw material extraction from geothermal brines often comprises concentrating and cooling steps,
which increases the risk of silica scaling formation. However, existing silica removal strategies do not
consider the impact on raw material extraction. In this study, the applicability and element-selectivity
of three silica removal techniques (seed-induced, lime and caustic precipitation) were tested in batch
experiments using synthetic and natural brine samples. Increasing the pH-value to 10.5 and the Ca/Si
ratio > 1.25 was found to mitigate silica scaling effectively via formation of calcium-silicate-hydrate
phases. The developed silica removal process does not affect the raw materials and is therefore
suitable for brine mining purposes.

Keywords: silica scaling mitigation, lithium, brine mining, C-S-H phases, mineral extraction, selective
silica removal

1. Introduction

Geothermal brines may attain high silica concentrations during fluid-rock interaction at high
temperatures (Fournier and Rowe, 1966; Henley, 1983; ller, 1979). The brines are thus assumed to be
in equilibrium with silica under reservoir conditions. Cooling and brine concentrating processes
involved in geothermal power plant operation cause the saturation index (Sl) of silica to increase to S|
2 0 and hence precipitation may commence. In flash-steam geothermal power plants with operational
temperatures > 200 °C brine concentration occurs due to the steam-phase separation. The resulting
increase of the silica concentration in the residual brine may lead to scaling problems, depending on
initial silica concentration and the fraction of steam-phase separation (e.g. Setiawan et al., 2019). In
binary geothermal power plants, commonly operating at temperatures of 120 °C< T < 200 °C, cooling-
induced silica oversaturation of the brine may occur in the reinjection pipeline.

Recently, geothermal brines moved into focus as a new source for several raw materials such as Li
(Bourcier et al., 2005). However, the concentration of the raw materials in brines is relatively low
compared to conventional deposits (Kesler et al., 2012; Schmidt, 2017). Therefore, concentration of
the brines as a pre-treatment process may be required to increase the effectiveness of raw material
extraction (Ryu et al., 2016). Thus brines with relatively low ion-concentrations (Tassi et al., 2010) may
become economically viable resources. However, power plant operations as well as raw material
extraction processes increase the risk of silica scaling significantly.

Silica removal prior to cooling or enrichment of the brine can therefore be crucial for both geothermal
power plant operation and brine mining. For economic, environmental and sustainability reasons silica
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precipitates should not contain environmentally harmful elements or substances as they must be
either disposed or re-used as a product. Furthermore, the silica precipitates should not contain
elements of economic interest, as they are the target of a later stage mineral extraction process. This
concerns especially for Li, Zn, Cs, Rb, and trace elements like B, Ag, and Au (Bourcier et al., 2005;
Maimoni, 1982; Neupane and Wendt, 2017). Moreover, highly pure silica and silicates are valuable raw
materials themselves ( Johnston et al., 2019, Lee et al., 2018, Mathieux et al., 2017). There are various
approaches to extract silica from geothermal brines (e.g. Bourcier et al., 2001, 2006; Finster et al.,
2015; Lin et al., 2002, 2003; Mroczek et al., 2015), which are limited to low saline brines. For highly
saline brines, there is a lack of information about commercial silica extraction.

This study is associated with the German-Chilean BrineMine project? funded by the Federal Ministry
of Education and Research (BMBF). The project aims to develop a system for sustainable raw material
and drinking water production from thermal waters in Chile. The developed methods shall derive
alternative mining concepts to the conventional mineral extraction as in the Salars of the Atacama
Desert, which are associated with high environmental impact. Therefore, this study consists of two
parts: The first part comprises lab experiments with synthetic brines inspired by the composition of
the waters in the El Tatio geothermal field in northern Chile. The main focus is to develop a silica
removal strategy that does not affect the raw materials, especially the lithium concentrations. In the
second part we apply the developed processes on a natural, complex brine from a thermal spring in
Baden-Baden (e.g. Stober, 2002), close to the Eastern Main Boundary Fault of the Upper Rhine Graben
(Grimmer et al., 2017). The main focus is also on silica removal and conservation of Li concentrations
in the brine, whereas a minor focus is on the behavior of trace elements.

2. Materials and Methods

This study aims to develop a selective silica removal strategy to enable raw material extraction from
geothermal brines. Therefore, different silica scaling mitigation techniques were tested using synthetic
and natural brine samples to identify the most effective silica removal process. A special focus is on
their impact on raw materials and trace elements.

2.1 Review of silica scale mitigation techniques

Generally, scaling mitigation techniques are distinguished into inhibition and precipitation methods.
The use of synthetic inhibitors for silica scaling mitigation has turned out to be ineffective due to the
amorphous structure of the silica scales (Gallup, 2002; Gallup and Barcelon, 2005; Milne et al., 2014;
Neofotistou and Demadis, 2004). The most promising inhibition method is the pH adjustment to retard
the polymerization and aggregation of silica (Bourcier et al., 2005; Finster et al., 2015; Gallup, 2002,
2011; Kiyota and Uchiyama, 2011; Rothbaum et al., 1979; Sigfusson and Gunnarsson, 2011). In the
framework of mineral extraction further cooling or concentration processes are required that may
increase the SI>>0 (Gunnarsson and Arndrsson, 2005). In this case, even the pH adjustment will not
prevent silica precipitation.

Milne et al. (2014) provide an overview of the state-of-the-art techniques for silica removal.
Techniques like electrocoagulation and ion exchange can be excluded in this study due to high
investment costs. Table 1 provides an overview of the most promising silica removal techniques. The
lime precipitation method is by far the most common method and has shown good applicability in
geothermal settings (Table 1). The use of metal salt addition techniques is not desired since the metal
ions remain in solution and can affect potential raw material extraction processes and - depending on
the used metal - may be a raw or economically interesting material itself and hence the use of metal
cations is neither economic nor ecologic reasonable (Milne et al., 2014). The lime, the caustic, and the
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seed-induced precipitation processes are considered as most promising, because required materials
are widely distributed and easily accessible. For the lime precipitation method (Borrmann and
Johnston, 2017; Cairns et al., 2006) and the silica seeding method (Setiawan et al., 2019) analyses of
the chemical composition of the precipitates exist, but the behavior of lithium and other raw material
were not considered. The analysis of the precipitates with a focus on lithium behavior is therefore
emphasized in this study.

Table 1. Overview of the most common silica removal techniques.

Method Additive Reference
Seed-induced precipitation Silica seeds Setiawan et al. (2019), Sugita et al. (1999; 2003)
Lime precipitation Ca(OH), Badruk and Matsunaga (2001), Borrmann et al. (2009),

Borrmann and Johnston (2017), Kato et al. (2003),
Putera et al. (2018), Rothbaum and Anderton (1975),
Vitolo and Cialdella (1994)

Caustic precipitation NaOH Gallup et al. (2003)
Metal salt addition Zn Zeng et al. (2007)
Al Sugita et al. (1999), Yokoyama et al. (1989)
Fe Gallup et al. (2003), Renew and Hansen (2017)
Mg Lin et al. (2003), Morita et al. (2017)
Cu Gallup et al. (2003)

2.2 Brine synthesis
A synthetic, trace-element-free brine was used to study the effectiveness of various silica removal
techniques and their impact on the lithium concentration in solution. A complex natural brine was used
to validate the applicability of a selected silica removal process with a special focus on the behavior of
trace elements.

2.2.1 Synthetic brine

Silica removal experiments were conducted with a synthetic brine for comparability and
reproducibility. The composition of the brine was synthesized based on the chemical composition of
the El Tatio geothermal waters, Northern Chile (Chapter 1, Table 2, Ellis and Mahon, 1977, Giggenbach,
1978, Tassi et al., 2010). Hereby, only the main and redox-insensitive anions and cations were used for
the synthesis of the synthetic brine. Experimental conditions as well as silica concentration were
adapted to simulate the cooled thermal fluid (cooled down from ~210°C) of a geothermal power plant
considered for reinjection with a temperature of 70 °C, leading to a supersaturation regarding silica.

For synthesis, both a salt solution and a silica solution were prepared separately to avoid unintended
immediate precipitation during dissolution of the components. The salt solution contains NaCl (Merck
EMSURE, assay 99.5 %), KCl (Merck EMSURE, assay 99.5 %), Na,SO4 (Merck EMSURE, assay 99 %), LiOH
(Merck EMSURE, assay 98 %), and CaCl, (VWR Chemicals, assay 94 %), dissolved in double-distilled
water. The pH was adjusted to pH 6.7 using HCI (Merck Supelco, 37 %). The silica solution was prepared
by mixing double distilled water with silica (Merck, extra pure) and NaOH (Merck EMSURE, assay 99 %)
to obtain a solution with pH > 12. For complete dissolution we performed magnetic stirring with c. 500
rpm at 70 °C in an oven for more than 12 hours. Before mixing the solutions, the pH of the silica
(+NaOH) solution was adjusted to pH 6.7 using HCI. The quantity of added salts was adjusted to yield
the concentrations shown in Table 2 after mixing. HDPE vessels were used during the whole synthesis
process to exclude contamination by amorphous silica from glass containers. For each experiment, the
synthetic silica solution was freshly prepared to exclude polymerization effects that may occur with
time.



2.2.2 Adapted natural brine
For the experiments using a natural thermal fluid, the Baden-Baden brine ("Fettquelle", FQ) was
selected due to its public accessibility. The Na-Cl-rich brine contains a TDS of 2.9 g/L (Sanjuan et al.,
2016) and 131 mg/L SiO, (Table 5). As the SiO, concentration deviates from deep geothermal fluids
from URG (Sanjuan et al. 2016), the natural brine was modified before the experiments (Table 2). The
concentration was increased twice by evaporation. Additionally, the concentration of Li was raised to
about 100 mg/L by addition of LiCl (Sigma Aldrich, assay 99 %) and the concentration of Cs was raised
to 10 mg/L by addition of CsCl (Merck Suprapur, assay 99.5 %) to be in the range of geothermal fluids
of the URG and also enable a detectability in the precipitates. Both elements are of economic value
and therefore of particular interest.

Table 2. Chemical composition of the El Tatio well T5 brine (Giggenbach, 1978), the synthetic brine, the Baden-Baden
Fettquelle (FQ) thermal spring (Sanjuan et al., 2016) and the adapted natural brine (twice the concentration of the natural
FQ brine). For the synthetic brine and the adapted natural brine mean values and standard deviations of ion concentrations
are given.

Parameter Unit ElTatioT5 Synthetic brine  Baden-Baden FQ  Adapted
natural brine
pH - 6.7 6.7+£0.1 7.82 8.0x0.1
Temperature °C 212 691 61 70.2+0.3
TDS mg/L 11,813 10,725 + 280.8 2900 n.d.
Li* mg/L 32 32+0.15 8.0 95.02+1.53
Na* mg/L 3760 3686 + 162 827 1815+ 71.05
K* mg/L 519 518+2.4 86.7 169.07 £ 6.43
Cs* mg/L  13.1 n.a. 0.7 10
Ca* mg/L 219 215+ 10.7 122 174.35+4.32
Mg* mg/L  n.d. n.a. 3.96 7.78£0.17
SiO, mg/L 343 343 £0.6 131 290.56 +3.48
cr mg/L 6690 6136 + 280 1480 n.d.
S04~ mg/L 34 345+0.7 140 n.d.

n.d. not determined
n.a. not added

2.3 Additives
Four different additives were used for the silica removal experiments (Fig. 1): Silica seeds (Merck, extra
pure), Ca(OH), (Merck EMSURE, assay 96 %), CaCl, (VWR Chemicals, assay 94 %), and NaOH (Merck
EMSURE, assay 99 %). Silica seeds and Ca(OH), proved to be effective for the removal of silica according
to literature (Chapter 2.1, Table 1). CaCl, and NaOH are chosen to identify respective effects of Ca-ions
and pH separately. The following experiments were conducted using synthetic brine:

e Addition of silica seeds to the synthetic solution with a 10x higher concentration of the silica
seeds to the SiO, content in solution. The brine was synthesized without Ca to eliminate a
possible impact on the removal mechanism.

e (Ca(OH), was added with a special focus on the impact of the molar calcium-to-silicon-ratio
(Ca/Si ratio). Note that addition of Ca(OH), affects the Ca/Si ratio and the pH at the same time.

e To study the sole impact of the pH value, different concentrations and amounts of NaOH were
used to adjust the pH. The Ca/Si ratio was set to 2.0 by addition of CaCl,.

e The sole impact of the Ca/Si ratio was studied by adjusting the ratio with different amount of
CaCly. In this case, the pH was fixed at 10.5 by addition of NaOH.



Out of the four additives, the most effective one is chosen to validate the batch experiments using an
adapted natural brine.
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Fig. 1. Experimental scheme from synthesis of a synthetic brine to analysis. The different additives are marked bold. The fluid
analysis (ICP-OES results) show a time series of a 120 minutes reaction time interval for each experiment, whereas the
precipitate analysis is performed solely for the precipitates after the reaction time interval. Ca/Si is the (initial) molar calcium-
to-silicon-ratio.

2.4 Experimental setup

The experimental setup is similar for the experiments using synthetic brine and for the experiments
using adapted natural brine. The precipitation experiments were carried out at 70 °C in an oven under
magnetic stirring at 500 rpm in 1L-HDPE vessels. About 600 mL of the brines (Chapter 2.2) were used
for each experiment. Solution samples were taken before adding the seeding material (Fig. 1) and after
the addition selectively in a 120 minutes time interval. The fluid samples were taken according to the
following procedure. 1 mL of the solution was filtered through a syringe using a cellulose acetate filter
(0.45 um) to remove solids. By diluting the aliquot 1:100 with double distilled water further reactions
were prevented. Temperature and pH of the solution were measured during sampling. After 120
minutes of reaction time, the brine was filtered using a vacuum pump and a 0.45 um cellulose acetate
filter. The precipitates were collected and dried overnight in the oven at 70 °C. The fluid samples were
measured focusing on the cations using an ICP-OES (Varian 715-ES). The uncertainty was determined
from the deviations of the standard solutions. The analyses of the dried precipitates were performed
with XRD (Bruker D8), SEM (Tescan Vega), and EDS (Inca X Act). Additionally, the precipitates of the
experiments with natural brine are washed with double distilled water and collected by centrifugation
(6000 rpm, 30 minutes). This step is performed to remove potential salt crust layers which may have
formed during the drying process. The precipitates are dissolved using a HNO3-HF-HCIO4-acid mixture
and measured with an ICAP-RQ Thermo Fischer ICP-MS.

3. Results

3.1 Removal experiments using synthetic brine
23 experiments were carried out following the experimental scheme shown in Table 1. Selected results
are presented in this section to emphasize the trend observed in the experiments. Detailed results are
listed in Table 4. A special focus is on the silica removal effectiveness and the conservation of the Li
concentration.



The results of the precipitation experiments depicting on the SiO; and the Li concentration are shown
in Fig. 2. These experiments contribute to assess and to compare the methods (Chapter 2). Fig. 2A
compares the residual SiO; concentrations, while Fig. 2B displays the Li concentration. Addition of
Ca(OH), and NaOH caused an effective reduction of the silica concentration while the Li concentration
has remained constant. In contrast, the addition of silica seeds as well as the addition of CaCl, did not
show a significant reduction of the residual SiO, concentration. Furthermore, the Li concentration was
reduced by 19 % in the silica seeding experiment.
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Fig. 2. Comparison of the residual SiO, (A) and Li (B) concentration after precipitation experiments with Ca(OH),, CaCl,, silica
seeds, and NaOH (Exs. 16, 2, 1, 23, Table 4). For the CaCl, and NaOH experiments, not each time step has been sampled. The
error bars represent the percentage error of the ICP-OES analysis and are calculated by the deviation from the standard
solution. The errors are unique for each experimental trial and each cation.

Fig. 3 shows the usage of Ca(OH); as precipitation agent (Fig. 3A) and the addition of silica seeds (Fig.
3B) in more detail. After the addition of Ca(OH), the pH raised immediately from initial 6.7 to 10.5 +
0.1. The temperature remained constant at 69 °C. The molar Ca/Si ratio was raised from an initial Ca/Si
ratio of 0.95 to 2.36 after the addition of 590 mg Ca(OH), per liter. The SiO, concentration was reduced
below the saturation concentration of 230 mg/L (reference at 70 °C and pH 6.7, PHREEQC LLNL
database) within minutes and maintained constantly below 20 mg/L. Within 120 minutes, about 96 %
of the initial silica concentration was removed, whereby 68 % was removed within the first 5 minutes
and 94 % within 30 minutes after the addition of Ca(OH),. The concentrations of Li, K, and Na were not
affected by the addition of the precipitation agent. The Ca concentration was raised due to the addition
of Ca(OH),, but the theoretical maximum concentration of 539 mg/L Ca, which would comprise the
initial plus the added Ca, was not reached. Fig. 3B shows the results of the addition of silica seeds. In
contrast to the precipitation experiment with Ca(OH),, the SiO, concentration could not be reduced
below the saturation concentration of 230 mg/L. Furthermore, the Li concentration decreases about
19 % to 25.93 mg/L, the K concentration decreases about 17 % to 444 mg/L and the Na concentration
is reduced by 17 % to 3139 mg/L (Table 4). Therefore, the silica seeding method did not prove to be
effective in terms of effective and selective silica removal.
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Fig. 3. ICP-OES results of the precipitation experiments with Ca(OH); (A) and silica seeds (B) (Exs. 16, 1, Table 4). Samples were
taken over a time of 120 minutes after addition of the additive. Note that the Na concentration is shown on the 2" y-axis.
The error bars represent the percentage error of the ICP-OES analysis and are calculated by the deviation from the standard
solution. The errors are unique for each experimental trial and each cation.

Fig. 4 shows the SEM images and the EDS spectra of the precipitates from the different experiments
(Exs. 1, 16, 23, Table 4). The precipitates from the experiments with Ca(OH), and NaOH (Fig. 4A & C)
have, according to the EDS spectra, Si and Ca as the main components. In accordance with the XRD
analysis patterns, the precipitates can be classified as calcium-silicate-hydrates (C-S-H). The C-S-H
phases have porous structures as reported in the literature (Borrmann and Johnston, 2017; Cairns et
al., 2006). The EDS spectra for the precipitate resulting from the addition of NaOH (Fig. 4C) possess
higher Na, K, and Cl concentrations compared to the EDS spectra of the precipitate adding Ca(OH);
(Fig. 4A). Furthermore, the precipitates have a more solid morphology than the porous flakes resulting
from the Ca(OH), treatment. This indicates coverage of the C-S-H with salts. In accordance with the
XRD analysis patterns, halite and sylvite are expected. Furthermore, the XRD patterns reveal the
presence of calcite in the precipitates resulting from the Ca(OH); and the NaOH treatment. Calcite as
carbonate can not be analyzed with EDS spectra due to the coverage of the samples with carbon.
Furthermore, calcite was not visible in the SEM imaging, which indicates a microcrystalline structure.

The silica seeds (Fig. 4B) could be analyzed with SEM and EDS, but due to the amorphous structure, no
XRD analysis could be performed. The silica seeds do not show a difference between the recovered
and the initial morphology.
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Fig. 4. SEM and EDS spectra of the precipitates. After the Ca(OH); (A) and the NaOH (C) treatment, C-S-H is observed as
precipitate in form of small, porous flakes, whereas in the silica seeding experiments (B) the output products look similar to
silica seed input.

3.2 Process validation using adapted natural brine
The methods developed in this study were tested with synthetic brines in batch experiments to analyze
the driving forces behind silica precipitation. The general applicability for complex brines was



examined by further experiments with an adapted natural thermal brine from the Baden-Baden spring
(Chapter 2.2). Besides the silica removal, the focus of this experiment series was on the incorporation
of trace elements in the precipitates that could not be investigated using a synthetic, trace-element-
free fluid. The experiments shall determine a possible impact of trace elements on the removal
mechanism and the selectivity of the precipitation mechanism. The previously described batch
experiments with Ca(OH), as additive have shown the highest removal effectiveness (Fig. 2). Therefore,
this method was selected to treat the Baden-Baden brine. For verification, three different but similar
samples of the natural brine from FQ were prepared by evaporative concentration. The different
samples are denoted as Bad 1, Bad 2, and Bad 3.

Fig. 5 shows the ICP-OES results of the fluid phase of the Ca(OH), precipitation experiments. Three
similar trials were performed following the experimental setup described in Chapter 2. Detailed results
can be found in Table 5. Fig. 5A shows the evolution of the SiO, concentration within the 120 minutes
reaction time interval in the fluid phase. For all samples tested, the decrease of the SiO, concentration
occurs immediately after the addition of the Ca(OH).. Li (Fig. 5B), as well as Na (Fig. 5D), remain
unaffected, whereas Mg is reduced below the detection limit during the experiment (Fig. 5C). Sr and
Rb show a slight decrease (Fig. 5C). The precipitates consist in the majority of calcite and C-S-H phases
as measured in the XRD. SEM and EDS identify the presence of Ca and Si (Fig. 6). Due to the low initial
concentration of Mg, it was not detected in the EDS or SEM. Clear identification of the incorporation
process of trace elements and hence the purity of the product can be derived from the analysis of
precipitates using ICP-MS. The results are shown in Fig. 7. Mn and Sr show the highest incorporation
in the precipitates with concentrations of 170-600 ppm and 450-600 ppm respectively. However, the
incorporation of trace elements accounts only for a lesser amount (<0.25 %, Table 6).
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Fig. 5. ICP-OES results of the precipitation experiments with the thermal water from Baden-Baden. FQ shows the initial
contents before concentrating the fluid. The precipitation was achieved by addition of Ca(OH), and NaOH to raise the pH over
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10.5. Note the different y,-axis scaling at B and D. C only shows the results of Bad 1. Mg was below detection limit after 30
minutes (C).

4

Fig. 6. SEM and EDS spectra of the Baden-Baden precipitate after treatment with Ca(OH),. The small, porous flakes show a C-
S-H composition and have a similar morphology as the precipitates shown in Fig. 4.
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Fig. 7. Trace element content of the precipitates Bad 1, Bad 2 and Bad 3 analyzed with ICP-MS. Mn and Sr show the highest
incorporation in the precipitates with concentrations of 170-600 ppm (Mn) and 450-600 ppm (Sr). However, the total amount
of incorporated trace elements is summed up to less than 0.25 %.

4. Discussion

This study aims to develop a selective, element-specific silica removal process that does not affect the
raw material concentration in brines and is therefore suitable for brine mining purposes. Three
different existing silica removal techniques were tested focusing on their removal effectiveness and
their impact on raw materials.

4.1 Silica seeding
As indicated in the ICP-OES results (Fig. 3), the EDS and SEM analysis (Fig. 4B), the silica seeds did not
show significant incorporation of other elements despite silica itself. The reduction of the SiO;
concentration is achieved by interaction between silicic acid (H4SiO4) and the silica seed surface leading
to precipitation (Bremere et al., 2000; Sugita et al., 2000). The ability of amorphous silica seeds to
induce the nucleation and polymerization of silicic acid is already well known and is applied in some
geothermal power plants (Bremere et al., 2000; Setiawan et al., 2019; Sugita et al., 1999). The major
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disadvantage of the method can be observed in the experiments: The removal effectiveness of the
method is depending on the difference between the initial silica concentration and the saturation
concentration (Bremere et al., 2000; Sugita et al., 1999). Below the saturation concentration, no
further removal of SiO; occurs. Since brine concentrating would cause again supersaturation of silica,
it is not sufficient to reduce the concentration to saturation. For a concentration of raw materials in
the brine by a factor of 5 to 10 the silica content must be reduced to 1/5 to 1/10 of the saturation
concentration to avoid unwanted precipitation.

4.2 C-S-H formation

The precipitation mechanism for the experiments with Ca(OH),, NaOH and CaCl, + NaOH can be
identified as the formation of C-S-H phases (Fig. 4A & C). Two factors are crucial for the SiO; removal
via C-S-H-phases: alkaline pH-values and the availability of Ca. The interaction of both factors favors
the formation of C-S-H phases. The addition of Ca(OH); yields SiO, concentrations much below similar
experiments with NaOH (Fig. 2). Although both experiments were performed at the same pH of 10.5,
the Ca/Si ratio differs: for NaOH it was the initial Ca/Si ratio of 0.95 (Table 2), for the trial with Ca(OH),
addition the Ca/Si was raised to 2.36. Vice versa, the increase of the Ca/Si ratio with CaCl, did not show
similar results to the Ca(OH); experiments, even though the experiments with CaCl, were performed
at an identical Ca/Si ratio of 2.36. Unlike Ca(OH),, the addition of CaCl, did not increase the pH. As a
conclusion, it can be stated that for an effective removal of Si via C-S-H phases formation, an alkaline
pH value as well as a sufficiently high Ca/Si ratio need to be reached.

To examine the impact of the Ca/Si ratio on the removal effectiveness, experiments with different
Ca/Si ratios were analyzed at a constant pH value. The Ca/Si ratio was set by the addition of CaCl,
without affecting the pH (Fig. 1). The pH value of each experiment was fixed to 10.5 using NaOH. The
initial SiO, concentrations were 340 mg/L. Fig. 8 shows the residual SiO, and the residual Ca
concentration after 60 to 120 minutes of reaction time for different molar Ca/Si ratios. According to
Greenberg (1954), not all Ca in solution reacts with the SiO,, therefore molar Ca/Si ratios > 1 would
improve the effectiveness of the precipitation methods significantly. This behavior is confirmed by the
lab experiments (Fig. 8). Minimum residual SiO, concentrations are reached at a Ca/Si ratio > 1.25. At
higher ratios, no further significant decrease is observed. For applications in raw material extraction
and power plant operations, the residual Ca concentration also needs to be minimized to avoid e.g.
calcite scaling. Therefore, the optimal method vyields both, minimal residual SiO, and Ca
concentrations. As the residual Ca concentrations increase with higher initial molar Ca/Si ratios and
the residual SiO, concentration does not further significantly decrease, Ca/Si ratios between 1.25 and
1.5 are favorable.
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Fig. 8. Impact of the molar Ca/Si ratio on the removal of SiO, and the residual Ca concentration. The pH is set to 10.5 by
addition of NaOH (Exs. 7-16, 22, 23, Table 4).

Fig. 9 illustrates the impact of the pH on the residual SiO, concentration. The initial SiO, concentration
was 340 mg/L (Table 2, Table 4) for all experiments, which results in an initial Ca/Si ratio of 0.95. Fig. 9
clearly states that the removal of SiO; is independent of the precipitation method used. The decisive
factor is the increase of the pH to values > 10 for a more effective reduction of the SiO, concentration
underneath the silica saturation. Explications can be provided by the silica species distribution. At
pH > 10 the HsSiO4 species is exceeding the H4SiO4 species by far (Alexander et al., 1954; Eikenberg,
1990; ller, 1979). The HsSiO4 species favors the adsorption of divalent ions on the surface (Greenberg,
1956). The adsorbed Ca? ion enhances the interparticle bridging (ller, 1975, 1979; Maraghechi et al.,
2016) and consequently the formation of C-S-H precipitates. Phases, precipitation because of
oversaturation
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Fig. 9. Impact of the pH on the reduction of the SiO, concentration. Three different methods to raise the pH are shown (Exs.
3-7,16-21, 23, Table 4). They all prove to be effective at pH > 10, unaffected by the additive.
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For the understanding of the incorporation process in the natural brine experiments, the element
enrichment in the precipitates is calculated with respect to the concentration in the fluid (Fig. 10).
Monovalent elements (Li, Rb, Cs) are depleted in the precipitate in comparison to the fluid, while
divalent or higher valent elements are enriched in the precipitates. Hence, the incorporation of the
trace elements seems to be dependent on the valence of the ions. However, the incorporation of trace
elements is summed up to below 0.25 % (Fig. 7). The only element which is clearly affected by the
precipitation process is Mg. Mg could not be detected in ICP-MS analysis, because the measurement
setup was focused on the trace element detection. However, the decrease in the fluid samples (Fig. 5)
hints on the incorporation of Mg in the precipitation process resulting in the simultaneous formation
of M-S-H and C-S-H phases.
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Fig. 10. Enrichment factors of the trace elements. The enrichment factors are calculated by dividing the percentage of the
element in the solid phase by the percentage in the fluid. Enrichment factors greater than 1 indicate an accumulation of the
element in the solid phase, whereas factors minor 1 indicate an accumulation in the fluid phase.

Fig. 11 compares the removal effectiveness of our experimental setting with comparable results found
in literature. To ensure comparability with the laboratory experiments, only experiments with similar
SiO; and TDS concentrations and a comparable amount of additive used are taken into account (Table
3). Precipitation methods with Ca(OH),, Zn, and Al as additives appear to be most effective. The silica
seeding method in this study is less effective than the comparative methods described in the literature.
The deviation can be explained by the experimental setup: The experiments in the literature were
performed with a higher initial SiO, concentration and a lower temperature (Setiawan et al., 2019).
This leads to higher removal effectiveness, although the method is not able to reduce the SiO;
concentration below saturation. As indicated in literature, silica removal processes using Ca(OH), and
NaOH are highly effective. In comparison with the literature data, our batch experiments with Ca(OH),
show even a higher removal effectiveness. Furthermore, our results indicated that also the addition of
NaOH yields similar SiO, reduction rates, if the solution contains sufficient high Ca/Si ratios.
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Fig. 11. Comparison of the removed SiO; in the experiments with results found in literature for different precipitation
methods. Silica Seeds: Setiawan et al. (2019), Ex. 1 (Table 4), Ca(OH),: Badruk and Matsunaga (2001), Ex. 16 (Table 4), NaOH:
Gallup et al. (2003), Ex. 23 (Table 4), Zn: Zeng et al. (2007), Mg: Lin et al. (2003), Al: Yokoyama et al. (2002), Fe: Renew and
Hansen (2017), Cu: Gallup et al. (2003).

Table 3: Comparison of the SiO, removal effectiveness of different precipitation methods from literature data (mg/L, unless
otherwise noted).

Method Si0,  SiO; SiO; TDS Reference
initial residual removed (%)
Silica seeds 418 180 57 24,153 Setiawan et al. (2019)
Ca(OH); 400 60 85 5093 Badruk and Matsunaga (2001)
NaOH 600 210 65 15,455 Gallup et al. (2003)
Zn 140 27 81 2830 Zeng et al. (2007)
Mg 450 200 56 n.d. Lin et al. (2003)
Al 532 100 81 1688 Yokoyama et al. (2002)
Fe 240 84 65 4752 Renew and Hansen (2017)
Cu 600 440 27 15,455 Gallup et al. (2003)

n.d. not determined

5. Conclusions

Within this study, the removal of silica out of thermal brines was investigated. The aim was to minimize
the risk of silica scaling which extends the use of geothermal brines as a new source for raw materials.
Effective silica removal is achieved via formation of C-S-H phases. The precipitation occurs within
minutes and the residual silica concentration remains significantly below the saturation concentration
of SiO,. The reduction below the saturation concentration is reached in under 5 minutes and after 30
minutes after addition of the precipitation agent, the silica removal process is almost completed. For
integration of a silica removal processing unit in geothermal power plants fast reaction kinetics are
advantageous since it allows a plant design with short hydraulic residence times and as a consequence
lower investment costs and smaller space requirement. The developed removal process depends on
two major factors that need to be adapted to induce an effective and fast precipitation process:

1) The increase of the pH-value > 10 favors the formation of C-S-H phases. The mechanism is
hereby independent of the additives and trace elements.
2) Molar Ca/Si ratios > 1.25 lead to an effective removal of silica.

13



Further optimizations of the molar Ca/Si ratio need to be performed, to yield maximal silica removal
and simultaneously minimal residual calcium concentrations to prevent latter stage calcite scaling.
However, the experiments have shown that the silica removal process by formation of C-S-H phases is
element-specific. The concentration of Li, as a raw material of current economic interest, remains
constant in solution. Additional experiments performed with complex, natural brine confirm the
element-specific removal process, which mechanism is also not disturbed by the presence of additional
elements in the solution. In general, monovalent ions (Li, Rb, Cs) are not affected by the removal
mechanism, while higher valent ions can be incorporated in the precipitates, which is confirmed by
ICP-MS analysis of the precipitates. However, the incorporation of trace elements only accounts to a
lesser amount (<0.25 %). The precipitates show elevated incorporation of Mg that is quantitatively
removed from the solution. Mg, having the same valence as Ca, is presumably forming M-S-H-phases;
in analogy with the C-S-H-phases. Therefore, it is likely that sufficient high molar Mg/Si ratios can also
lead to effective removal of both Si and Mg.

These findings demonstrate that in silica-rich brines the removal of silica by the formation of C/M-S-H-
phases is suitable for brine mining purposes. By reducing the SiO, concentration, the risk of silica
scaling during further treatment processes is negligible. This is a first important step towards
integrating mineral extraction in geothermal systems worldwide and thus enabling local raw material
production in Germany again.
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Appendix

Table 4. Overview of the experimental parameters and ICP-OES results of the experiments with synthetic produced water (mg/L, unless otherwise noted). The names of the experiments are used
to differ between different experimental parameters. The reference is linked to the Figures in which the results are shown. For further explanation, the reader is referred to Chapter 2.

Experiment Sample Method Reaction Temperature pH(-) Ca/Si SiO, Li Na Ca K Reference
number ID Time (°C) (molar)

(min)
1 Ex. 1.0 Si-Seeds 0 317,65 32.19 3818.89 3.65 536.10 Fig. 2, Fig. 3
1 Ex. 1.1 Si-Seeds 5 303.06 30.34 3641.59 5.02 516.49 Fig. 2, Fig. 3
1 Ex.1.2  Si-Seeds 10 290.76 30.01 3559.11 4.04  499.45  Fig. 2, Fig. 3
1 Ex. 1.3 Si-Seeds 20 295.82 30.25 3627.75 4.09 513.11 Fig. 2, Fig. 3
1 Ex. 1.4 Si-Seeds 30 286.02 29.78 3563.84 4.85 506.63 Fig. 2, Fig. 3
1 Ex. 1.5 Si-Seeds 60 268.30 27.15 3227.38 5.45 452.28 Fig. 2, Fig. 3
1 Ex. 1.6 Si-Seeds 90 276.13 27.62 3382.34 4.47 471.02 Fig. 2, Fig. 3
1 Ex.1.7  Si-Seeds 120 258.63 2593 3139.87 505 44438  Fig. 2, Fig. 3, Fig. 8, Fig.

11

2 Ex.2.0 CaCl, 0 69.9 6.7 0.95 321.65 30.11 3693.88 205.04 537.03 Fig. 2
2 Ex. 2.1 CaCl, 15 68.5 6.86 2 329.88 30.83 3768.89 515.36 555.93 Fig. 2
2 Ex. 2.2 CaCly 30 68.3 7.15 2 332.11 31.48 3832.11 521.70 567.77 Fig. 2
2 Ex.2.3  CaCl, 60 69.3 6.7 2 331.21 31.04 3821.46 520.78 563.69 Fig. 2
2 Ex. 2.4 CaCl, 120 70 6.45 2 329.38 30.29 3722.04 501.82 561.46 Fig. 2
3 Ex. 3 CaCl,+ NaOH 120 69.7 7.96 2 288.91 26.49 3277.49 369.81 491.92 Fig. 9
4 Ex. 4 CaCl,+ NaOH 120 69.5 8.97 2 330.28 30.74 3822.48 429.27 554.70 Fig. 9
5 Ex. 5 CaCl,+ NaOH 120 70.1 9.48 2 304.11 28.35 3619.62 398.01 510.76 Fig. 9
6 Ex. 6 CaCl,+ NaOH 120 70.3 10.02 2 262.43 28.99 3771.95 385.48 527.45 Fig. 9
7 Ex. 7 CaCl,+ NaOH 120 70.4 10.47 2 42.28 25.76 3389.37 226.72 460.91 Fig. 8, Fig. 9
8 Ex. 8 CaCl,+ NaOH 120 69.9 10.34 0.5 201.95 34.0 3974 53 567 Fig. 8
9 Ex. 9 CaCl,+ NaOH 120 69.5 10.46 0.8 80.65 34 4378 96 580 Fig. 8
10 Ex. 10 CaCl,+ NaOH 60 68.7 10.52 0.95 90.13 96.19 63.15 Fig. 8
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11 Ex.11  CaCl,+ NaOH 60 68.9 1057 1.25 36.17  99.79 89.69 Fig. 8

12 Ex.12  CaCl,+ NaOH 60 65.8 1053 1.5 23 95.75 198.17 Fig. 8

13 Ex. 13  CaCl,+ NaOH 60 67.9 1052 1.75 2091 95.62 252.92 Fig. 8

14 Ex.14  CaCl,+ NaOH 60 65.7 1052 2 264  111.73 340.63 Fig. 8

15 Ex.15  CaCl,+ NaOH 60 67.9 1049 3 66.11  94.01 658.69 Fig. 8

16 Ex. 16.0 Ca(OH), 0 69.5 6.7 0 314.26 29,48 3787,95 18571 551.78  Fig. 2,Fig. 3, Fig. 8

16 Ex. 16.1 Ca(OH), 5 68.9 10.46 2.36 111.90 31.05 394358 307.01 563.70  Fig. 3, Fig. 8

16 Ex. 16.2 Ca(OH), 10 67.8 10.36 2.36 91.81 31.08 397559 315.02 565.30  Fig. 3, Fig. 8

16 Ex. 16.3 Ca(OH), 15 68.1 10.45 2.36 71.87 31.31 3995.13 329.73 575.49  Fig. 3, Fig. 8

16 Ex. 16.4 Ca(OH), 20 68 10.44 2.36 53.77 3157 4008.48 324.68 575.48  Fig. 3, Fig. 8

16 Ex. 16.5 Ca(OH), 30 67.7 10.42 2.36 32.10 31.42 400158 326.10 572.31  Fig. 3, Fig. 8

16 Ex. 16.6 Ca(OH), 60 68.8 10.47 2.36 21.93 31.00 3971.89 316.99 572.35  Fig. 3, Fig. 8

16 Ex. 16.7 Ca(OH), 90 69.4 10.5  2.36 16.96 30.44 3861.12 308.19 552.18  Fig. 3, Fig. 8

16 Ex. 16.8 Ca(OH), 120 69.2 10.59 2.36 14.75 3045 3876.67 309.82 560.50  Fig. 3, Fig. 4, Fig. 8, Fig.
9Fig. 11

17 Ex.17  Ca(OH), 120 70.8 8.3 1 318.27 3226 3997.84 229.33 557.74  Fig.9

18 Ex.18  Ca(OH), 120 70.3 9.15 1.25 283.41 30.13 3771.99 257.48 530.20  Fig.9

19 Ex.19  Ca(OH), 120 71.2 9.7 15 275.16 31.10 3997.25 318.17 560.53  Fig.9

20 Ex.20  Ca(OH), 120 71.4 10.02 1.75 154.79 31.44 3968.33 312.97 552.68  Fig.9

21 Ex. 21 Ca(OH)Z 120 71.6 10.12 2 29.43 31.51 4006.27 298.07 562.08 Fig. 9

22 Ex.22  NaOH 120 69.6 105 0 329.05 30.54 4098.99 1 562.33  Fig. 8

23 Ex.23.0 NaOH 0 0.95 327.81 30.12 3860.50 2.35  540.30  Fig.2

23 Ex.23.1 NaOH 120 69.5 10.46 0.95 60.11 29.53 4039.48 66.57 543.04  Fig. 2, Fig. 9, Fig. 11

Table 5. ICP-OES results (mg/L, unless otherwise noted) and experimental parameters of the precipitation experiments using the Baden-Baden brine (Fettquelle “FQ”). For further explanation, the
reader is referred to Chapter 2.

Name Reaction Temperature pH (-) SiO2 Li Na Ca K Mg Rb Sr As Ba
Time (min)  (°C)

FQ 61 146.99 9.38 92.48 135.44 86.52 4.08 1.10 3.03 0.28 0.16

Bad 1 0 69.8 8.11 287.42 92.90 1717.68  168.48 160.14 7.55 2.59 6.39 0.44 0.32

Bad 1 2 71.4 9.44 215.66 101.28 2051.29  186.15 174.13 0.21 2.49 5.75 0.21 0.28
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Bad 1
Bad 1
Bad 1
Bad 1
Bad 2
Bad 2
Bad 2
Bad 2
Bad 2
Bad 2
Bad 3
Bad 3
Bad 3
Bad 3
Bad 3
Bad 3

15
30
60
120

16
40
60
126

15
30
59
114

72.1
69.4
70.2
69.9
70

70.1
70.2
70.2
69.6
69.4
70.9
71.2
69.5
68.8
67.9
73.2

10.85
10.93
10.87
10.89
7.9
11.34
11.44
11.39
11.4
11.26
7.97
11.36
11.41
11.38
11.37
11.32

45.06
24.96
17.17
16.43
288.84
36.60
10.40
6.61
12.98
6.92
295.42
18.15
9.20
12.88
5.83
6.89

100.38
99.61
100.25
101.13
95.69
97.49
97.09
90.29
95.00
93.30
96.47
97.03
94.45
94.16
96.51
98.02

2051.53
2033.93
2048.81
2072.44
1845.15
2129.40
2152.00
2101.62
2120.99
2060.75
1884.04
224.40

2198.45
2086.15
2227.50
2301.61

168.78
173.35
166.77
159.52
175.80
244.03
267.87
221.28
256.46
235.42
178.77
194.56
208.42
258.39
229.45
207.15

176.31
175.02
175.86
177.36
172.01
176.61
208.43
168.58
205.13
201.86
175.06
177.82
176.69
202.46
178.90
186.91

0.23
<0.1
<0.1
<0.1
7.83
<0.1
<0.1
<0.1
<0.1
<0.1
7.97
<0.1
<0.1
<0.1
<0.1
<0.1

2.43
2.26
2.21
2.32

5.57
5.41
5.39
5.33

0.19
0.16
0.09
0.11

0.25
0.25
0.25
0.25

Table 6. ICP-MS results of the precipitates. For FQ the water analysis of Sanjuan et al. (2016) is used. (ppm, unless otherwise noted).

Component FQ (ug/L)! Bad-1 Precipitate Bad-2 Precipitate  Bad-3 Precipitate
Li2 100,000 90.7 28.4 17.4
B 3600 126 118 113
Al 10.78 102 163 139
Ti n.d. 9.13 16.4 12.8
Vv n.d. 0.27 0.74 0.82
Cr <1 1.32 1.51 0.82
Mn 17.62 431 172 601
Fe 60 200 234 304
Co <0.5 0.06 0.1 0.08
Ni <1 1.16 1.6 1.63
cu? <1 224 1.99 5.5
Zn <5 136.2 12.1 11.1
As 352 344 335 329
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Rb
Sr
Y
Mo
Ag
Cd
Sb
Cs*
Ba
Tl
Pb
U

2880
7000
n.d.
n.d.
<0.1
<0.1
n.d.
10,000
238
n.d.
<0.5
0.66

12.4
613
1.04
0.03
1.97
0.05
1.24
74
87.3
3.03
0.49
0.15

2.83
450

1.86
0.01
6.02
0.07
3.01
15.8
78.8
5.05
0.52
0.18

555

1.44
0.02
6.31
0.06
1.84
9.82
76.6
4.2

0.89
0.2

! Twice the concentrations obtained by Sanjuan et al. (2016)

2 Addition of 84 mg/L Li by LiCl

3 Addition of 0.5 mg/L Cu by CuSQOy4 in Bad-1

4 Addition of 10 mg/L Cs by CsCl
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