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ABSTRACT 

 

Silica scaling is an operational issue in geothermal energy production. In this work, a static bottle test 

methodology was developed to assist in identification of silicate inhibitors, demonstrating 80-90% 

inhibition performance, for application in low-enthalpy geothermal systems. To identify effective 

products for the control of amorphous and magnesium silicate scaling, the inhibition mechanisms and 

inhibition efficiency (IE) of two sulphonated polymer-based scale inhibitors, denoted A5 and SI B, 

were studied.  This was performed for a brine containing [Mg]initial = 120ppm and [Si]initial = 1880ppm 

at 95ºC and pH8.5. The impact of adding 500ppmmix calcium was subsequently assessed. 

In the absence of calcium, a minimum inhibitor concentration (MIC) of ~50ppm for SI B and ~100ppm 

for A5 were required to control amorphous and magnesium silicate scale effectively at ~60-90% IE. 

In the system containing calcium, although two approaches were used to adjust the pH of the brine to 

8.5, to reduce the tendency for Ca(OH)2 precipitation, and thereby improve scale inhibitor 

effectiveness, it was found that neither SI B nor A5 prevented precipitation of silicate-based scale. 

To identify the inhibition mechanisms, two complementary methods were compared to track SI 

consumption. The first measured sulphur content, unique to the structure of SI B and A5, using 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). The second employed a 

matrix-matching Hyamine technique, targeting the functional groups along the polymer backbone to 

detect the inhibitor directly. 
 

1. INTRODUCTION 

 

In recent years, global energy demand has risen significantly, driven by rapid population growth and 

expanding industrial activity. While fossil fuels currently supply much of this demand, growing 

awareness of their environmental impacts has highlighted the urgent need for cleaner, renewable 

alternatives, such as geothermal, solar, wind, and hydro energy (Li et al., 2023; Shah et al., 2024). 

Among these renewable alternatives, geothermal energy is a cost-effective and technically proven one, 

which offers a promising path toward a cleaner and more resilient future (Solano-Olivares et al., 2024). 

Its remarkable potential as a sustainable energy source has captivated researchers and industry 

professionals. Sustainability, weather independence, stability, operationally reliability, and 
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environmentally friendly characteristics distinguish this energy source from other clean sources 

(Hassani & Zheng, 2024; Ouerghi et al., 2024). 

Despite its many advantages, geothermal energy faces a significant challenge: scaling. A geothermal 

brine is a complex mixture of dissolved minerals and gases, and at high temperatures, it can lead to the 

formation of mineral deposits, commonly referred to as scaling. Scaling occurs when the concentration 

of certain salts exceeds their equilibrium solubility, causing them to precipitate. This process is driven 

by changes in Gibbs free energy, which leads to a supersaturated solution moving towards equilibrium 

through the formation of solid phases. Scaling can severely impact operations, leading to the plugging 

of wells and pipelines, and ultimately causing production curtailments in geothermal power plants  

(Hassani & Zheng, 2025; Isık et al., 2023). 

Calcium carbonate, calcium silicate, magnesium silicate and amorphous silica scale are the major 

constituents in geothermal fluids, while calcium sulphate, barium sulphate, calcium oxalate, strontium 

sulphate, and colloidal iron oxides are seen in some sites (Finster et al., 2015; Heřmanská et al., 2019). 

Silica scaling is a problem that can occur in medium and high enthalpy geothermal fields. In 

hydrothermal fields, silica occurs in different forms at different depths. These are generally in the form 

of amorphous silica, chalcedony, cristobalite, and quartz. Quartz is the most stable form of silica with 

the lowest solubility among these forms. The solubility of amorphous silica in geothermal waters 

decreases with temperature and creates a scale problem in regions where steam separation and cooling 

occur. Therefore, transmission lines, heat exchangers, reinjection wells, and in some cases, production 

wells in geothermal power plants are the riskiest equipment in terms of amorphous silica scaling  

(Pambudi, 2015; Petkowski et al., 2020). 

In geothermal systems, the change in temperature and pH are the most notable parameters that affect 

their scaling systems (Jarrahian et al., 2025). Generally, brines with a low and moderate temperature 

(<150°C) end up with the formation of calcium carbonate whilst high-temperature ones with high Total 

Dissolved Solid (TDS) content yield siliceous scales (Buscarlet et al., 2016; Khasani et al., 2021). An 

increase in system pH causes major cations in geothermal fluids such as Fe2+, Mg2+, and Ca2+ to 

precipitate as hydroxides. Additionally, elevated pH levels, combined with the presence of these metal 

ions, promote silica polymerization. Metal hydroxides can interact with polymerized silica to form 

metal silicate compounds, which are highly insoluble and difficult to remove. These compounds 

typically exist in amorphous, oligomeric forms, resembling colloidal silica in structure (Gören et al., 

2021). 

There is an increased need to understand the scaling system and to mitigate it. Generally, the 

elimination of silica deposition before it is formed is one of the frequently used methods. However, 

silica polymerization has not been completely understood yet because every geothermal fluid has 

unique characteristics due to different environmental conditions such as salinity, temperature, and 

water-rock interactions. Installation of an inhibitor system is the most effective and practical solution 

to prevent scaling problems and production loss, if the optimum inhibitor dosages are determined and 

applied effectively in geothermal systems. There are a wide variety of inhibitor products available on 

the market, however selection is dependent on the problems encountered. Scale inhibitor application 

is carried out to prevent the calcite, silica, stibnite, and other possible scale formations, and they are 

picked up according to the reservoir temperatures of geothermal wells (Morita et al., 2021; Mpelwa & 

Tang, 2019; Olajire, 2015). 
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From a performance standpoint, if scale inhibitors could function as nucleation inhibitors, these 

prevent the formation of scaling minerals by forming water-soluble complexes with specific ions in 

the brine. These inhibitors are particularly effective against colloidal particles by interfering with both 

homogeneous and heterogeneous nucleation processes. In contrast, crystal growth inhibitors work by 

adsorbing onto the surface of growing crystals and binding on active growth sites. This interaction 

hinders crystal development, distorts crystal morphology, and ultimately reduces crystal stability (Abib 

et al., 2018; Anderson et al., 2011; Scott et al., 2024).  

From the perspective of chemical structure and functional mechanism, scale inhibitors are primarily 

classified into two main types: phosphonates and polymers (Khormali et al., 2023; Liu et al., 2022; Shi 

et al., 2022). Polymer type inhibitors are generally preferred when the reservoir temperature exceeds 

210°C, as these inhibitors demonstrate greater stability at higher temperatures in geothermal reservoirs 

(Haklidir & Haklidir, 2017). Various polymeric macromolecules have been used as silicate-based scale 

inhibitors in geothermal systems, and commercially, there is a wide range of scale inhibitors in the 

market (Çiftçi et al., 2020; Gill, 2011). However, the vital point is to test and choose the most 

applicable one for the field according to the physical conditions (pH, temperature, pressure, etc.) and 

chemical composition of the field. Research shows that a suitable inhibitor to inhibit the silica-based 

deposit, especially colloidal silica and magnesium silicate and any other scale that acts as a nuclei, in 

silicate precipitation, such as calcium carbonate and calcium sulfate, are polymer species with M.Wt.< 

10,000 Da and contain carboxylic acid and sulfonic acid groups (Amjad & Zuhl, 2010; Matoorian & 

Malaieri, 2022). 

As the synthesis of artificial geothermal deposits in the laboratory, under specific conditions, is a more 

practical and economical way to perform scale inhibitor performance tests, in this work, a static bottle 

test methodology was developed to assist in identification of efficient silicate inhibitors (IE% ~80-

90%), applicable in low-enthalpy geothermal systems. To identify effective products for the control of 

silicate scaling, the inhibition mechanisms and inhibition efficiency (IE) of two sulphonated polymer-

based scale inhibitors, denoted A5 and SI B, were studied.  This was performed for a brine containing 

[Mg]initial = 120ppm and [Si] initial = 1880ppm at 95ºC, pH8.5 and their active concentration range 20-

200ppm. Further research examined the inhibition performance and mechanism of scale inhibitor B 

and A5 in the presence of [Ca]mix = 500ppm at 95ºC and pH8.5. To evaluate the inhibition mechanism, 

two methods were compared, one measuring the concentration of sulphur (S) by ICP-OES, and two, 

using a matrix-matching Hyamine technique, to enable A5 and SI B to be assayed as a polymer product. 

For the silicate system of 60ppm Mg and 940ppm Si, MIC of ~50ppm for SI B and ~100ppm for A5 

were required to control amorphous and magnesium silicate scale effectively at ~60-90% IE. Although 

two different approaches were employed to adjust the pH of the brine in the system containing 500 

ppm calcium, with the aim of reducing Ca(OH)₂ precipitation and enhancing scale inhibitor 

performance, both SIs failed to prevent the formation of silicate-based scale. 

2. EXPERIMENTAL METHODS 

 

2.1 Material 

 

Silicon brine (SB) containing 1880ppm of silicon ion (Si4+) was prepared by dissolving 14.2 grams of 

sodium metasilicate pentahydrate (Na2SiO3.5H2O) (Sigma Aldrich, ≥95.0% (T)) in 1L of distilled 

water (DW). The magnesium brine (MB) was prepared by adding 1.003 grams of magnesium chloride 



hexahydrate salt (MgCl2.6H2O) (Merck) in 1L of DW to produce an initial concentration of 120ppm 

magnesium ions (Mg2+). A 1L brine containing 120ppm magnesium ion (Mg2+) and 1000ppm of 

calcium ion (Ca2+) was prepared by dissolving 1.003 grams of magnesium chloride hexahydrate salt 

(MgCl2.6H2O) and 5.466 grams of calcium chloride hexahydrate salt (CaCl2.6H2O) (Merck) in DW. 

The prepared brine solutions were filtered using 0.45μm filter paper. A quenching solution of 1% 

EDTA/NaOH was prepared by mixing 10g of EDTA (Ethylene diamine tetra acetic acid disodium salt 

dihydrate) (VWR) with 10g sodium hydroxide (VWR) and the solution was made up to 1L using 

distilled water. In addition to MB, SB, Mg:Ca brine and quench solution, the scale inhibitor (SI) A5 

and SI B stock solutions (10,000ppm active) were prepared in 250ml magnesium brine and 250ml 

Mg:Ca brine by adding 5.56 and 12.5 grams of A5 and SI B, respectively. A5 is a low molecular weight 

and water-soluble polymer that contains 2-acrylamido-2-methylpropane sulfonic acid (AMPS/ATBS), 

acrylic, maleic and another non-ionic monomer (but not the allyloxy benzene sulfonate monomer). SI 

B is a sulphonated acrylic co-polymer with molecular weight of ~7200. 
 

2.2 Inhibition Efficiency Test Procedure 

 

SI stock solutions were diluted further in MB or Mg:Ca brine to generate the x2 higher concentrated 

solutions initially required to allow for the final [SI] in the 50:50 mixed brine. Once generated, these 

300ml individual MB or Mg:Ca brine including SI solutions, were added to their respective 300ml SB 

and shaken vigorously. Their pH was adjusted to the required pH8.5 using 10% HCl. For the system 

containing Ca ion, another pH adjusting approach was also taken with the assumption of suppressing 

Ca(OH)2 precipitation at the high initial mixing pH of ≥12 and boosting the scale inhibitors efficiency. 

SB pH was initially adjusted to 8.5 before mixing it with Mg:Ca brine including SI. Then, after mixing 

the brines, pH was adjusted again to 8.5. At this stage, the large 600ml volume of pH-adjusted mixed 

brine was split into 6x100ml aliquots into 250ml labelled HDPE bottles. At each sampling time 

interval, the sample bottles were removed from the oven, a 10ml sample withdrawn via a syringe was 

filtered using a 0.2µm nylon filter and collected in a labelled test tube. A volume of this filtered sample 

was diluted appropriately in 1% EDTA/NaOH solution and analysed for Si, Mg, Ca and S ions by ICP-

OES. For the Mg, Si and Ca analysis, it was a x10 dilution - 1ml of the filtered tests was pipetted into 

labelled test tubes including 9ml of 1% EDTA/NaOH. For the S analysis, it was a x2 dilution - 5ml of 

the remaining filtered tests was pipetted into labelled test tubes containing 5ml of 1% EDTA/NaOH. 

In addition, various filtered sample volumes up to 5ml were used/diluted for Hyamine analysis. This 

static bottle test procedure is shown in Fig. 1 schematically. 

2.3 ICP-OES Spectroscopy 

 

These tests used an “ion reacted” approach (see below) so that the individual changes in magnesium, 

silicon and calcium concentrations are measured by ICP-OES. 

X ion reacted (ppm) = [X]0 – [X]f                                                                                             (1)                                                                                     

Where [X]0 and [X]f are the initial and final values of X where X = magnesium, silicon and calcium 

ions concentration, respectively. 
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Fig. 1: Brine mixing and pH adjustment procedure for silicate scale inhibition efficiency test and scale inhibitor 

consumption by ICP-OES. 

 

In fact, it is the remaining concentrations in solution after any silicate precipitation has occurred that 

is measured by ICP-OES however it is convenient to plot the amount of Mg, Si or Ca which has reacted 

i.e. the amount missing from solution that is in the precipitate. 

X ion reacted % = (X ion reacted (ppm)/[X]0) x 100                                                                          (2)                                                                                      

The inhibition efficiency of SI to inhibit the silicate scaling was calculated using Equation 3. 

    

                                                                                                                                                             (3) 

 

IE Mg %, IE Si % and IE Ca % are the inhibition efficiency percentages calculated using magnesium as 

the scaling ion using, silicon as the scaling ion and calcium as the scaling ion, respectively. 

For sulphur consumption, at each scale inhibitor concentration, the sulphur concentration in solution 

after any silicate precipitation is measured by ICP-OES. Then, the contribution of scale inhibitor in the 

inhibition procedure is specified by calculating the amount of consumed sulphur using this formula: 

Sulphur Consumed (ppm) = [S]Control Solution – [S]ICP                                                      (4)              

Where [S]Control Solution and [S]ICP are the Sulphur concentrations in control solution and measured value 

by ICP-OES, respectively.  

Here is the formula to calculate percentage of consumed Sulphur: 

Sulphur Consumed % = (1 – ([S]ICP /[S]Control Solution)) x 100                                                               (5) 

 

CO = Concentration of silicon (or other cations) originally in solution (i.e. t=0). 

CI = Concentration of silicon (or other cations) at sampling. 

CB = Concentration of silicon (or other cations) in the blank solution (no inhibitor). 

(t) = Sampling time. 
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2.4 Matrixed Matched Hyamine Procedure 

 

For the Hyamine analysis, initial inhibitor stock solutions (1000ppm) were prepared in their 

appropriate matrices. The SI stocks/samples were then diluted down to 100ppm. From the 100ppm 

solutions, considering the dilution factors, 5ml standards, in test-tubes, were prepared as well as at 

repeat concentrations, 0, 2, 5 and 8 ppm. Depending on the dilution factor for each sample 

concentration (x2 for blank and 20ppm, x10 for 50ppm, x20 for 100ppm and x40 for 200ppm), the 

required volume was taken out of the remaining 10ml filtered test solution (6ml of the filtered test 

solution was already used for Si, Mg, Ca and sulphur ions analysis by ICP-OES) and pipetted into an 

appropriate volume of 1% EDTA/NaOH to prepare 5ml solutions at the appropriate dilution factor. 

Then, 1ml of 5% sodium citrate and 1ml of 0.5% Hyamine 1622 solution was added to each standard, 

control and test solution. A time interval of 1 minute for the addition of sodium citrate and Hyamine 

to the next test-tube was given. The samples were then left for 40 minutes. After 40 minutes, at their 

1minute intervals, the absorbance values were measured. The recorded test solution absorbance values 

were then inputted into the appropriate previously constructed matrix matched calibration graph to 

determine their scale inhibitor concentrations. Fig.2 explains this procedure schematically.  

 
Fig. 2: Procedure for scale inhibitor consumption by matrix matched Hyamine technique. 

 

3. RESULTS AND DISCUSSIONS 

 

3.1 SI B Inhibition Efficiency and Mechanism for Silicate System of 60Mg:940Si at 95oC and 

pH8.5, 20-200ppm SI B Active Concentration 

 

The ions reacted (%) were plotted in Fig. 3. The results indicate that SI B exhibits an inhibitory effect, 

as a lower amount of Si and Mg ions reacted when ≥50ppm of SI B was present. Over a 3-day reaction 

period, at SI B concentrations of ≥50ppm, less than 20% of the Si and Mg ions reacted. In contrast, 

non-inhibited samples showed a significantly higher reactivity, with ~80-100% of the ions reacting 

consistently across all time intervals.  
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Fig. 4 shows Mg and Si inhibition efficiencies. 50-200ppm SI B demonstrates good Si IE % at all time 

intervals of 2hrs, 22hrs and 3 days with 80-90% Si IE. Hence, 50-200ppm SI B was effective at 

inhibiting amorphous silicate scale. The lower 20ppm SI B concentration showed performance only at 

2hrs although it was ~80% IE. The Mg IE showed a similar pattern to the Si IE at all time intervals 

and all SI B concentrations tested. [SI B] >50ppm, showed ~80-90% IE for all residence times with 

20ppm managing 82% IE, only at 2hrs, and no IE for other residence times.  
 

 

Fig. 3: Ions reacted (%) for 60Mg:940Si at 95ºC, pH8.5 and 20-200ppm SI B. 

 

  

Fig. 4: Si and Mg IE% for 60Mg:940Si at 95ºC, pH8.5 and 20-200ppm SI B. 

 

The SI B remaining in solution (%) and Mg and Si IE % are shown in Fig. 5. For SI B concentrations 

≥50ppm, there was very little SI B sulphur consumption (less than 10%) over 3 days reaction time. 

Results obtained from the Hyamine method confirm this observation. The most significant reduction 

in polymer level in solution related to 20ppm SI B. This was ~80% decline, over 3 days reaction time. 

This corresponded to 20ppm SI B being able to only maintain inhibition efficiency performance up to 

2hrs. At ≥50ppm, the polymer consumption followed a similar pattern and fluctuated between 40% 

and 60% polymer remaining in solution after 2hrs. The differences between these two analytical 

methods, used to determine the scale inhibitor consumption profiles, indicated a more detailed 

investigation was required. The further investigation showed that the decline in SI inhibitor 

concentrations was more accurate and precise using the Hyamine analysis, as this was assaying a larger 

0

20

40

60

80

100

120

Blank 20ppm SIB 50ppm  SIB 100ppm  SIB 200ppm  SIB

Io
n
 R

ea
ct

ed
 (

%
)

Si Mg Silicate System

Mg 2 hr Si 2 hr Mg 22 hr Si 22 hr Mg 3 days Si 3 days

82
86 85 86

0

83
80

85

0

80
86 87

0

20

40

60

80

100

20ppm 50ppm 100ppm 200ppm

In
h
ib

it
io

n
 E

ff
ic

ie
n
c
y
 

[SI], active ppm

Magnesium Silicate Inhibition Efficiencies

2hr 22hr 3day

86
90 88 86

0

87 85
90

0

83 83 86

0

20

40

60

80

100

20ppm 50ppm 100ppm 200ppm

In
h
ib

it
io

n
 E

ff
ic

ie
n
c
y

[SI], active ppm

Amorphous Silicate Inhibition Efficiencies

2hr 22hr 3day



proportion of functional groups attached to the polymer product. In comparison, the intensity of the 

sulphur signals via ICP-OES analysis, although accurate and precise, were not significant enough to 

determine the very small changes in sulphur concentration that were occurring for the higher SI 

concentrations (≥50ppm) when they were being less consumed in the inhibition process. 

The inhibition efficiency and consumption results are evidence that at ≥50ppm the SI B operates 

initially through assisting in the dispersion of crystal embryos. Once crystallization has occurred, the 

inhibitor becomes very effective at retarding crystal growth (Graham et al., 2003). 

 

    

 

Fig. 5: SI B IE%, Sulphur and Polymer Consumption for 60Mg:940Si at 95ºC, pH8.5 and 20-200ppm SI B. 

 

3.2 SI B Inhibition Efficiency and Mechanism for Silicate System of 60Mg:940Si:500ppmCa at 

95oC and pH8.5, 20-200ppm SI B Active Concentration 

 

As previously explained, two distinct approaches were employed to perform the SI B inhibition 

efficiency test for the silicate system of 60Mg:940Si:500Ca at 95ºC and pH8.5. It was believed that by 

preventing Ca(OH)2 precipitation that typically occurs at high pH, the efficiency of SI B in this system 

is affected positively. Fig. 6 presents the percentage of Si, Mg and Ca ions that reacted. When the pH 

of the mixed brine was adjusted to 8.5, for the non-inhibited solution, ~20% of the Ca ions reacted 

across all time intervals. However, the magnesium ion reacted, experienced a slight increase over time 

from 80% at 2hrs to more than 90% by 3 days reaction time. For the silicon ion reacted, the values 

remained almost constant over time at ~80%. Hence, greater ions reacted was observed for Mg when 

compared with Ca. This indicates silicates favour Mg ions when both Ca and Mg ions are present in a 

non-inhibiting solution. The silica backbone has a higher tendency to bridge with Mg than Ca which 

agrees with that reported, where commonly encountered cations affect solubility, in the order of Mg > 

Ca > Sr > Li > Na > K (Hauksson et al., 1995).  

The addition of SI B resulted in less than a 5% decrease in the value of Ca ions reacted. Even at 

concentrations as high as 200ppm, SI B did not significantly impact the reaction of Ca ions. For the 

magnesium ions, the percentage of ions that reacted increased from 80% to over 95% by 22hrs and 

remained at this level to 3 days, in the solutions containing 20-200ppm SI B. The reaction of Si ions 

remained steady at around 80% over time, across all inhibiting samples. These observed trends are like 

those recorded for the blank solution. The results clearly indicate that the addition of SI B to the system 

did not effectively control scale precipitation, and increasing its concentration provided no observable 

improvement. 

On the other hand, Fig. 6 shows the ions reacted percentage for the 60Mg:940Si:500Ca silicate system 

when pH of silicon brine was adjusted initially to 8.5 before mixing the brine. The most significant 
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change relates to the Mg ions reacted percentages. There was a drop of ~30% in the reacted Mg ions 

level at all time intervals for all sample solutions. However, Mg did keep its increasing trend over time 

from 2hrs to 3 days, as 50 to 80%, respectively. In addition to Mg, the Ca ions showed less reaction 

(by ~10% for some). However, the amount of reacted Si ions was not affected by the change in method 

for the brine pH-adjusting and its level remained at ~80% at all sampling times for non-inhibited and 

inhibited solutions. 

 

  

Fig. 6: Ion Reacted (%) for 60Mg:940Si:500Ca at 95ºC, pH8.5 and 20-200ppm SI B, Mixed Brine pH Adjusted vs. Silicon 

Brine pH Adjusted. 

 

The Si, Ca and Mg inhibition efficiencies at 2hrs, 22hrs and 3 days are shown in Fig. 7. It was observed 

that SI B is fully ineffective at preventing silicate-based scales even at its highest tested concentration 

of 200ppm. It appears the presence of 500ppm Ca ion in the silicate system of 60ppm Mg:940ppm Si 

makes the SI B inefficient at controlling calcium silicate, amorphous and magnesium silicate scale. 

Whilst in the absence of the Ca ion, as explained earlier, ~50ppm SI B was able to prevent amorphous 

and magnesium silicate scale. It seems that the effort to enhance the SI B inhibition performance 

through adjusting the pH of silicon brine before mixing the brines with the aim of avoiding Ca(OH)2 

precipitation did not work. Although, this approach decreased the amount of Ca and Mg ions reacted 

to some extent, showing that perhaps Ca(OH)2 is formed under the mixed brine pH adjustment 

conditions.  

The inefficient performance of SI B is shadowed by significant reductions in polymer levels recorded 

at the different SI B concentrations (Fig. 7). It showed a complete depletion over time. The values 

detected by Hyamine were approximately zero after 3 days. This trend was observed for both adopted 

approaches; mixed brine and silicon brine pH adjusted. This may be attributed to the entrapment of SI 

B within the scale structure, where it becomes incorporated into the scale matrix without effectively 

blocking active growth sites on the crystal surface. Although SI B is consumed during the process, it 

is ultimately immobilized within the scale and fails to inhibit the precipitation of silicate-based scale 

effectively. 
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Fig. 7: SI B IE% and Polymer Consumption for 60Mg:940Si:500Ca at 95ºC, pH8.5 and 20-200ppm SI B, Mixed Brine pH 

Adjusted vs. Silicon Brine pH Adjusted. 
 

3.3 A5 Inhibition Efficiency and Mechanism for Silicate System of 60Mg:940Si at 95oC, pH8.5 

and 20-200ppm SI Active Concentration  

 

The ions reacted (%) are presented in Fig. 8. Plotted data shows that at pH8.5, more than 80% of 

magnesium and silicon ions were found to react in the blank solution at 2hrs reaction time and this 

trend remained constant over the 3 days reaction time. Having 100-200ppm A5 present, prevented the 

ions from reacting by decreasing the amount of Si and Mg ions reacted to less than 40% reaction. By 

raising the concentration of A5 from 100ppm to 200ppm, no further significant improvement was 

observed against inhibiting the silicate and magnesium scale.  

The amorphous silicate and magnesium silicate inhibition efficiencies are shown in Fig. 9. A5 shows 

no inhibition efficiency at 20ppm and 50ppm with Si IE and Mg IE at zero % for 2hrs, 22hrs and 3 

days. At 100ppm and 200ppm concentrations, a Si IE around 80-90% was observed over the 3 days 

reaction time. However, it appears that A5 cannot control magnesium silicate scale to an acceptable 

level, even when its concentration is increased to 100ppm or 200ppm, as it shows lower inhibition 

efficiency performance, ~60-70%.  
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Fig. 8: Ion Reacted (%) for 60Mg:940Si at 95ºC, pH8.5 and 20-200ppm A5. 

 

  

Fig. 9: Si and Mg IE% for 60Mg:940Si at 95ºC, pH8.5 and 20-200ppm A5. 

 

A series of experiments to monitor the level of A5 in solution at various times during the inhibition 

efficiency tests were performed. As the Hyamine technique was selected as being the more robust 

method for determining the consumption of scale inhibitor, the A5 inhibitor consumption results 

obtained from polymer analysis by Hyamine and Mg and Si IE% are shown in Fig. 10. At 200ppm A5, 

the corresponding polymer analysis shows a decline to 20-25%. At 100ppm, this decline is ~40-50%.  

Similar to what was concluded for SI B in silicate system containing Si and Mg, when A5 sustains an 

efficiency of ~60% against magnesium silicate and ~60-80% against amorphous silicate, a smaller 

initial drop in its level is observed over 2hrs reaction time. Once crystallization begins, it effectively 

retarding crystals growth. 
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Fig. 10: A5 IE% and Polymer Consumption for 60Mg:940Si at 95ºC, pH8.5 and 20-200ppm A5. 
 

3.4 A5 Inhibition Efficiency and Mechanism for Silicate System of 60Mg:940Si:500Ca at 95oC, 

pH8.5 and 200ppm SI Active Concentration  

 

Due to poor inhibition performance of SI B, only 200ppm trialed for A5 in the system containing Ca 

until data found to be useful. For this purpose, some sets of tests were designed and performed. When 

the pH of the mixed brine was adjusted to 8.5, approximately 10% of Ca ions reacted in the non-

inhibited and 200ppm A5 solutions across all time intervals. In contrast, the percentage of Mg ions 

reacted increased from 80% to over 95% over time. The reaction of Si ions remained steady at around 

80% over time across all samples. These results clearly indicate that the addition of 200ppm A5 to the 

system did not effectively control scale precipitation. It is worth mentioning that nothing special 

happened in the system when the pH of silicon brine was adjusted initially to 8.5 before mixing brines. 

When this pH adjusting method was taken, a considerable change occurred in the level of Mg ions 

reacted. Similar to what was observed for SI B, there was a drop of ~20% in the reacted Mg ions level 

at all time intervals for all sample solutions. However, Ca and Si ions showed the same amount of 

reaction and were not affected by this method of brine pH-adjusting. 

The calculated Si, Ca and Mg inhibition efficiencies at 2hrs, 22hrs and 3 days indicate that 200ppm 

A5 is fully inefficient at preventing silicate-based scales. Mostly, this is due to presence of Ca ion in 

the system. In the lack of Ca ion, this system showed MIC ~100ppm A5 to prevent amorphous and 

magnesium silicate scale. Although A5 shows poor inhibition performance, the polymer depletion was 

~60% over time. This trend was almost the same for both taken pH approaches. For this system with 

SI B (Fig. 7), the reduction in the scale inhibitor level was much more considerable, almost twice if it 

is compared to that for A5. This may be attributed to the presence of sulphonate groups in these scale 

inhibitors’ molecular structure (Shaw et al., 2012). A developed ICP-OES analytical method was used 

to determine the sulphur content in SI B and A5, which was found to be approximately 2-2.5% and 4-

5%, respectively. Sulphonate groups are highly ionic and remain largely dissociated in solution, 

meaning they do not form strong bonds with divalent metal ions such as Ca2+ and Mg2+. Since SI B 

contains a lower concentration of sulphonate groups, it appears that higher Ca2+ and Mg2+ ions 

participate in bonding with it.  
 

To assess whether the calcium present in the brine renders SI B and A5 completely ineffective, 

additional experiments were conducted. The results confirm that, as expected, the presence of calcium 

ions in the silicate system causes both A5 and SI B to lose their ability to prevent scale formation. A 

likely explanation is that calcium forms complexes with the polymeric functional groups of SI B and 
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A5, promoting polymer cross-linking and altering surface charge, ultimately leading to inhibition 

failure. 

 

4. CONCLUSIONS 

 

A static bottle test methodology was developed to assist in identification of efficient silicate inhibitors 

(IE% ~80-90%), applicable in low-enthalpy geothermal systems. To identify effective products for the 

control of silicate scaling, the inhibition mechanism and inhibition efficiency (IE) of two sulphonated 

polymer-based scale inhibitors, denoted A5 and SI B, were studied. This was performed for a brine 

containing [Mg]initial = 120ppm and [Si] initial = 1880 ppm at 95ºC, pH 8.5 and SI active concentration 

range 20-200ppm. Further research was done to assess the impact of addition of [Ca] = 500ppm to the 

non-inhibited and inhibited silicate system. Two methods were applied to assess the inhibition 

mechanism of SIs, one by measuring the concentration of sulphur (S) contained within their structure, 

by ICP-OES, and the other by using a matrix-matching Hyamine technique, to enable them to be 

assayed as a polymer product.  

The outcomes of the research are as per following: 

• MIC of ~50ppm SI B and ~100ppm A5 give IE performance at 70-90% with 40-60% polymer 

left in solution. Possibly, both SI B and A5, initially, show crystal growth blocking mechanism 

which means they inhibit better at long residence times after an initial drop in scale inhibitor 

concentration. 

• When Ca is present, although two approaches were used to adjust the pH of the brine at 8.5 to 

reduce the tendency for Ca(OH)2 precipitation, and thereby improving scale inhibitor 

effectiveness, neither SI B nor A5 prevented precipitation of silicate-based scale.  

• In the presence of Ca, despite SI B and A5 inefficiency, significant reduction in polymer level 

recorded. For SI B, the values detected for polymer were approximately zero after 3 days. For 

A5, this decrease was half, at 40-60%. This trend may be attributed to SI entrapment within the 

scale structure, where it becomes incorporated into the scale matrix without effectively 

blocking active growth sites on the crystal surface. Although they are consumed during the 

process, it is ultimately immobilized within the scale and fails to inhibit the precipitation of 

silicate-based scale effectively. 

• To confirm whether calcium is responsible for the inefficiency of A5 and SI B, further research 

was conducted. Obtained results confirm that the Ca ion is the reason for A5 and SI B 

inefficiency at controlling silicate scaling. Possible suggestion is that Ca forms complexes with 

the SI B/A5 polymeric functional groups, leading to polymer cross-linking and surface charge 

changes that inactivate the SIs. 
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