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Introduction
Depletion of fossil fuels has driven efforts to find other sources of renewable energy. 
Located in the Ring of Fire, Indonesia has approximately 28.91 GW of geothermal 
energy potential, but less than 5% of these resources have been utilized thus far 
(Pambudi 2018). The Indonesian government plans to improve the utilization of 
geothermal power plants; unfortunately, as demonstrated in Fig.  1, it can be seen 
that electricity generation from geothermal power plants in Indonesia has thus far 
increased only incrementally. The utilization of energy generation is dependent 
upon the quality of the geothermal fluid; such fluid is not always suitable for existing 
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technologies. In case of acidic geothermal fluid, the fluid may contain high concen-
tration of dissolved minerals leading to the formation of scales as seen in Fig.  2 as 
occurred in Dieng’s geothermal power plant which frequently causes disruption of 
electric generation. Silica scaling especially becomes a serious problem in a geother-
mal power plant which applies binary cycle system. In case of wet geothermal fluid, 
the brine from separator might contain high concentration of silica in an oversatu-
rated condition (Haklidir and Balaban 2019). Without any intervention of scaling pre-
vention, the silica in the brine tends to form scales on the surfaces of downstream 
equipment (Haklidir and Haklidir 2017).

Dissolved silica in the brine is in the form of silicic acid monomers. Due to tempera-
ture and pH changes, the monomeric silica may precipitate to form particles that even-
tually leads to formation of scales. In some cases, the scales cause disruption of brine 
circulation as a heat carrier. The formation of scales can also disturb brine re-injection 
process to the reservoir. The power plant generation even needs to stop its operation 
due to a severe scaling formation. The scale is commonly very difficult to remove and 
can damage equipment over prolonged period operation leading to an increase in overall 
operating costs of geothermal power plant (Durham and Walton 1999).

Fig. 1 Geothermal power plant generation in Indonesia: past, present and future

Fig. 2 Clogged pipe at Dieng Geothermal Power Plant despite using acidification to prevent silica scaling 
(Pambudi et al. 2015)
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A great deal of research has been conducted to address the silica scaling problem, 
with little success. Milne et  al. (2014) compared several processes for overcoming 
silica deposition and discussed their advantages and disadvantages. The approach 
most often used to mitigate silica deposition utilizes the principle of silica solubility 
as a function of pH, leading to the addition of acids at various points (Klein 1995). 
Okamoto et  al. (2010) explored a continuous system using columns with packed 
quartz sand material as a separation medium for dissolved minerals, which yielded 
a decrease in Si concentration of 50 ppm at a temperature below 350 °C. To control 
silica precipitation, Kashpura and Potapov (2000) used coagulants to accelerate it, 
studying the rate of silica precipitation and calculating that the polymerization rate 
constant of silicic acid was about 0.485/h between 120 and 150  °C. Jarvenin (2008) 
explained the difference between precipitation and crystallization which is more 
likely related to the rate of the process and the size of the resulting solid particles. The 
precipitation process can be divided into two paths according to Mersmann (2001) 
namely primary nucleation and secondary nucleation which is differentiated by the 
nuclei existence in the solution.

Sugita et al. (2000) introduced different kind of seeds, i.e., silica gel, geothermal col-
loidal silica and scale-originated seeds to control precipitation of silica in geothermal 
brines. They found that silica gel and colloidal silica can accelerate silica precipitation 
and decrease silica concentration in geothermal brine from 500 to 340 ppm. The seeds 
provided extensive surfaces for monomeric silica in the brine to precipitate. In their 
other works (Sugita et al. 1998, 2003), it was shown that the use of seeds can enhance 
precipitation rate. However, the works have not yet described the mechanism of pre-
cipitation including the particle growth on the seeds. Understanding the mechanisms of 
seed growth and their kinetics could greatly improve the mitigation of silica scaling in 
the geothermal power plant.

Another study confirmed that the precipitation process could be accelerated by the 
presence of seeds as found by Tai et al. (2005). The formation of nuclei occurs due to the 
reaction of silica monomers to form dimers. This reaction requires hydroxyl ions as a 
catalyst (Brown 2011). Introduction of seeds is a method to overcome induction phase 
and formation of nuclei whose duration is much longer compared to the time consumed 
for the growth. Addition of the seeds into the solution results in a higher concentration 
gap between monomers in the solution and the seeds that leads to higher rate of pre-
cipitation. The higher concentration difference at the boundary layer between the seed 
surface and the solution would increase driving reaction forces as specified by the con-
vective mass transfer equation. This principle has also been used in sugar crystallization 
processes.

The present work investigated the effect of seed addition into geothermal brine on the 
precipitation process. A mathematical model was proposed to represent silica precipi-
tation from liquid bulk onto solid surfaces of the seed, which would accommodate the 
unique distinctions between the geothermal wells worldwide. The study also outlined 
the dimensionless variable correlation to estimate mass transfer. The contributions of 
both the model and the generalization of the mass transfer coefficient serve to improve 
the efficiency of designing systems to mitigate silica precipitation (Zlokarnik 2006).
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Materials and methods
Materials

Geothermal brine was collected from the geothermal well in Unit 3A–3B at Dieng’s geo-
thermal power plant, Central Java, Indonesia with composition presented at Table 1. What-
man 41 filter paper was used to separate liquid and solid phases. Some chemicals which 
are silica standard solution  (SiCl4, analytical grade), silica gel with particle size of 70–230 
mesh as silica seed (analytical grade), ammonium heptamolybdate ((NH4)6Mo7O24·4H2O, 
analytical grade), hydrochloric acid (HCl, analytical grade), and sodium hydroxide (chemi-
cal grade) were supplied by Merck, while sulfuric acid  (H2SO4, pro-analysis grade) was sup-
plied by Panreac.

Silica precipitation

Two hundred mL of geothermal brine with a monomeric silica concentration of 
6.96 × 10−3 mol/L was collected from the Dieng plant Unit 3A–3B, and hydrochloric acid 
was added to lower the pH to 2.5 to prevent precipitation of the silica. The brine was then 
poured into a 250-mL beaker glass, placed on a hot magnetic stirrer plate, and up to 0.4 
grams of silica gel seeds were added to the solution. Sodium hydroxide was added to adjust 
the pH to 7, 8 or 9, and the temperature was set at 25, 40 or 80 °C to investigate pH and 
temperature effects. To investigate the effect of turbulence on the precipitation, stirring 
speed was varied at 300, 450 and 800 rpm at a constant pH of 7 and temperature of 40 °C.

Analysis of monomeric silica concentration

Samples of 1 mL were taken during the precipitation process at 0, 15, 30, 45, 60 and 90 min 
and filtered through Whatman 41 filter paper at a pore size of 20 to 25 μm. The sample was 
diluted with distilled water to 20 mL, and 0.205 mL ammonium heptamolybdate 100 g/L 
was added along with 0.205 mL  H2SO4 1.5 M. The solution was stirred for 5 min and then 
stabilized for 5 min. The absorbance of the solution was measured using a Vernier Spectro-
Vis Plus Spectrophotometer with Logger  Pro® 3 software at a wavelength of 400 ± 10 nm.

Particle size analysis of solid particles

Particle size distribution of the initial silica seeds was measured using an LA-950 laser-scat-
tering particle size distribution analyzer (Horiba Ltd.) with the method described by Petrus 
et al. (2011). Information from this measurement was used for modeling the mass transfer 
coefficient. The surface area of the seeds referred to silica gel properties was 510 m2/kg. The 
size of precipitated particles was determined from images of scanning electron microscopy 
(SEM) that was also to describe precipitation phenomena.

Data analysis

The mass balance of monomeric silica concentration that experiences precipitation in the 
brine is calculated as shown in Eq.  1. As suggested by Sugita et  al. (2003), total surface 
area per volume (A) of silica seed insignificantly changes during precipitation because the 
amount of silica to precipitate is relatively small. Therefore, the value of A can be assumed 
constant and equal to its initial surface area of Ao.

(1)
d(CA.V )

dt
= −kc · A · (CA − CAi)V
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where dCA
dt

 is the rate of silica precipitation in mol/L/s; kc is the mass transfer coefficient 
in cm/s; CA is the monomeric silica concentration within time in mol/L; CAi is the pre-
equilibrium monomeric silica concentration in mol/L; V is the total volume of solution 
in L; and Ao is the surface area of initial seed in  cm2.

The amount of precipitated silica can then be calculated by developing a material 
balance in the solid phase, as shown below.

where Vp is the seed particle volume in  cm3; dp is the average particle diameter in cm; Cp 
is the silica seed concentration in mol/L; ρs is the silica seed density in kg/L; and M is the 
molecular weight of silica seed, which was 60.08 g/mol. Hence, the value of the surface 
area in Eq. 6 could be substituted by the overall surface area of the seeds (Ao), and Eq. 2 
was added into Eq. 7 to replace the concentration of silica in the liquid phase:

where d(dp)
dt  is the particle growth rate.

The rate of precipitation of monomeric silica in geothermal brine is determined 
by the gap between its concentration in bulk and brine saturation. In this work, a 
pseudo-equilibrium concentration (CAi) was applied to verify the mass transfer coef-
ficient with seed addition (Fleming and Crerar 1982). CAi is defined as the silica con-
centration in brine near the equilibrium concentration in which the polymerization 
rate significantly decreases. Peck (1979) defines the term CAi as the silicic acid solubil-
ity on the silica surface exaggerated with absorbed silicic acid chemically. Silica is rap-
idly absorbed by solid silica as more random solid silica is formed, at 6 ppm for quartz 
and 115 ppm for amorphous compounds at 25 °C. This previous work was conducted 
to check the relationship between the degree of chemisorbed on the silica surface and 
the variation of solubility. The coverage is being controlled at saturation condition 
when driving force existed, CA > CAi. Furthermore, the value of CAi can be obtained 

(2)
dCA

dt
= −kc · Ao · (CA − CAi)

(3)−
d(CA · V )

dt
=

d
(

Cp · Vp

)

dt

(4)Vp =
π

6
ḋ3p

(5)Cp =
ρs

M

(6)−
d(CA · V )

dt
= Cp

π

2
d2p

d

dt
(dp)

(7)V (kc · Ao · (CA − CAi)) =
ρs

2 ·M
Ao

d

dt
(dp)

(8)
d
(

dp
)

dt
= 2

M

ρs
V (kc · (CA − CAi))
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from the experimental data and explained by Bohlmann et  al. (1980), (Weres et  al. 
1981), per van’t Hoff ’s equation.

As described previously that the value of CAi can be obtained from experimental work, 
this work also performed the same method to minimize the error of modeling calcu-
lation. The value of CAi of the research can be shown in Table 2 which was calculated 
from final concentration of the experiment results multiplied by 1.01 (near equilibrium 
monomeric silica concentration). We assumed that the final concentration is the equilib-
rium monomeric silica concentration. To decrease the value of an unknown variable, the 
value of CAi is important to be determined. Moreover, the unknown value of CAi in Eq. 2 
would be multiplied by kc which could not give parameter range of kc.

Equations  2 and 8 can be solved simultaneously using  Matlab® software to yield a 
value for kc. Furthermore, the value of kc can also be expressed in a dimensionless vari-
able correlation as follows:

where Sh is the dimensionless Sherwood number; Re is the dimensionless Reynold num-
ber; Sc is the dimensionless Schmidt number; DAB is the diffusivity of A in solvent B in 
 cm2/s, ρ is the fluid density in g/cm3; μ is the viscosity in g/cm s; v is the agitation speed 
in m/s; and v̄ is the kinematic viscosity in  cm2/s. If the value of Re is more than 25, the 2 
in Eq. 9 becomes negligible compared to the others, as written in Eq. 13.

(9)Sh = 2+ a(Re)b(Sc)c

(10)Sh =
kcdp

DAB

(11)Re =
ρvdp

µ

(12)Sc =
v̄

DAB

Table 1 Chemical composition and parameters of geothermal brine from the geothermal 
well (Unit 3A–3B) at Dieng geothermal power plant

pH = 6.56; Conductivity = 36,100 umho/cm

Na 7120 ppm

K 2200 ppm

Ca 401 ppm

Mg 0.319 ppm

Li 39.3 ppm

Fe 0.115 ppm

B 305 ppm

Al < 0.05 ppm

As 30.60 ppm

Cl 13,600 ppm

F 2.12 ppm

SO4 2.65 ppm

NH3 34.10 ppm

SiO2 418.36 ppm



Page 7 of 16Setiawan et al. Geotherm Energy            (2019) 7:22 

Since the seed particles are relatively small, they can move freely following the flow of 
the surrounding fluid. Therefore, the power of Schmidt number in Eq. 13 can be assumed 
to be 1/3 (Fogler 1999). The value of DAB can be calculated using Wilke–Chang’s equa-
tion described by Fogler (1999).

Results and discussion
Temperature and pH are important factors which affect silica solubility in a solution. The 
solubility of silica depends on the type of silica formed, which is largely influenced by the 
acidity of the solution. For example, quartz has a solubility limit of 6 mg/L at 25 °C, but 
at 84 °C the solubility increases fourfold to 26 mg/L. Amorphous silica is less sensitive to 
temperature changes; solubility is 115 mg/L at 25 °C and increases to 370 mg/L at 100 °C 
(Dove et al. 2008). The solubility of silica has been so well studied that the solubility and 
dissociation constants are well known as a function of temperature. It is, therefore, pos-
sible to model solubility at a range of pH over a range of temperatures (Melchior and 
Bassett 1989). While increased temperature also increases the solubility affecting the 
kinetics of polymerization to a higher rate. This phenomenon leads at times to an appar-
ent decrease in solubility over short periods (Sheikholeslami et al. 2002).

Our experimental results show that the addition of seeds in the solution will decrease 
the silica concentration as seen in Fig. 3 for all pH and temperature variations. Hypo-
thetically, the silica from the liquid phase was shifted into the solid phase by the pres-
ence of seeds. Furthermore, as described in Eq. 6, the decrease of silica concentration 
would enlarge the seeds particle size. It is also proved by the conformity of concentra-
tion data and model fitting as seen in Fig. 3. The silica concentration in Fig. 3 tends to 
decrease sharply at the beginning (0–1800 s) and then become smooth afterward. The 
concentration difference on the film layer as described on Fick’s law takes control in the 
mass transfer process with a constant mass transfer coefficient. Therefore, a larger dif-
ference in silica concentration at an early process would enhance the mass transfer from 
the liquid into the solid phase and become slower for longer precipitation time.

(13)
kcdp

DAB

= a

(

ρvdp

µ

)b( v̄

DAB

)c

(14)ln

(

kcdp

DAB

)

= b · ln

(

ρvdp

µ

)

+

(

1

3
ln

(

v̄

DAB

)

+ ln (a)

)

(15)y = b · x + A

Table 2 CAi at various pH and temperature values

pH CAi × 103 mol/L

25 °C 40 °C 80 °C

7 2.995 2.977 4.359

8 3.231 3.240 5.449

9 3.614 4.275 5.746



Page 8 of 16Setiawan et al. Geotherm Energy            (2019) 7:22 

Compared to results from Sugita et  al. (1998), the decreasing rate of monomeric 
silica by adding silica seed has the same tendency with the recent study. However fur-
ther explanation on the phenomenon responsible for the decrease of silica concentra-
tion in the brine was not described in Sugita et al. (1998). Actually, Sugita et al. (2000) 

Fig. 3 Silica concentration data and model at various pH and temperatures; a pH 7 at various temperatures, 
b pH 8 at various temperatures and c pH 9 at various temperatures
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had already proposed the kinetics of silica precipitation but could not give a clear 
explanation on the equation obtained. This study further explained the derivation of 
the formula and provided a solution for the implementation of calculated kc value 
through dimensionless variable which can be used in scale-up process.

The silica saturation index (SSI) at Table 3 was used to compare processes with and 
without seed addition. Seed addition could eventually decrease the SSI on the precip-
itation process compared to that without seed addition. Although SSI values of seed 
addition are still above 1.2 in general, the value of SSI could be beneficial for deciding 
the further process parameter of silica mitigation. It seems that the higher the tem-
perature and pH, the less of the SSI value. The highest depreciation of SSI value is at 
the condition of pH 7 and 40 °C temperature. This condition was further used to opti-
mize the agitation speed and find the dimensionless variable correlation.

In addition, the pH 7 and 40  °C temperature could be the optimum condition to 
mitigate silica scaling in geothermal plants before the cold re-injection system is con-
ducted. The re-injection of geothermal brine usually occurs at the SSI value around 
1.0–1.2 (Gallup and Hirtz 2010). The higher SSI value would not be recommended in 
the process of cold re-injection system. Meanwhile, one of the most common meth-
ods employed for mitigating silica deposits in geothermal brine-handling systems 
is hot brine injection at or near amorphous silica saturation (Henley 1983). The hot 
brine injection could be detrimental to the process of heat utilization from geother-
mal because hot brine still contains much energy. The cold re-injection system with 
silica mitigation is chosen because it can be used in the binary system to harvest the 
energy. Silica saturation index (SSI) was calculated from the final monomeric silica 
concentration in this work divided by the silica saturated concentration, CAS, derived 
from Eikenberg (1990) study.

Figure 4 shows that the decrease of monomeric silica concentration in brine is faster at 
higher stirring speeds, as higher turbulence in the fluid results in a lower mass transfer 
resistance for the precipitation of monomeric silica onto particle surfaces. This condi-
tion will eventually increase the mass transfer coefficient (kc). The polymerization pro-
cess appeared stable after 5400 s, as shown by the similarities among final concentration 
data on various stirring velocities. The identical final concentration of monomer silica in 
Fig. 4 is caused by similar applied pH and temperature conditions. Specific pH and tem-
perature affect the solubility of silica monomer in the solution.

Differences in geothermal well properties are a constraining factor in the utilization 
of geothermal energy. An appropriate method of analysis would allow the correlation of 
certain variables. This is urgently needed due to the complexity and differences in brine 

Table 3 Silica Saturation Index (SSI) with and without seed addition

pH Silica saturation index (SSI)

With seed Without seed

25 °C 40 °C 80 °C 25 °C 40 °C 80 °C

7 1.52 1.17 0.93 2.06 1.60 1.22

8 1.64 1.26 1.14 2.18 1.70 1.22

9 1.61 1.36 0.78 1.92 1.38 0.91
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composition within a geothermal well. The addition of a dimensionless variable in this 
study permits the correlation of several variables used to describe the process. Agitation 
speed was varied to generalize the kc value and analyze the dimensionless correlation in 
Eq. 13. The value of kc at different stirring velocities is listed in Table 4. The range of kc 
seems remarkable because of the 95% confidence interval obtained.

The kc value can be used to evaluate the dimensionless correlation as stated in 
Eqs. 12 and 13. Calculation results using the dimensionless number are also presented 
in Table 5. The value of DAB for the given polymerization conditions was found to be 
4.1440.10−5 cm2/s. Agitation speed variation was conducted at 40 °C and pH 7. As seen 
in Table 4, the kc value at 300 rpm agitation is 0.3526 cm/s which leads to a precipitation 
rate of 2.2 mg/day. This value is slightly higher compared to that reported for silica pre-
cipitation on stainless steel surface pipe which was 1.96 mg/day (van den Heuvel et al. 
2018).

In Table  5, it appears that the Reynolds number is in the range of the transition 
regime (10–1000). This area is the appropriate region to evaluate the value of kc 
because of the ideal mass transfer resistance. The mass transfer resistance would be 

Fig. 4 Silica concentration data and model at various agitation speed at pH 7 and 40 °C

Table 4 Mass transfer coefficient as a function of agitation speed

Agitation speed(rpm) kc (cm/s)

300 0.3526 ± 0.0049

450 0.4378 ± 0.0073

800 0.5924 ± 0.0142

Table 5 Calculations of the values of a and b in the dimensionless correlation

Agitation speed 
(rpm)

Re Sc Sh y = ln (Sh) x = ln (Re)

300 256.25 185.77 152.6242 5.0280 5.5462

450 384.35 185.7 189.5302 5.2445 5.9516

800 683.3202 185.7688 256.4719 5.5470 6.5270
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too large in the laminar regime and too small at the turbulent regime. The system 
affects the film layer formed between the liquid and solid phase which controls the 
entire silica mitigation process. Figure 5 produces the linearization of equation which 
could be derived to calculate the value of a and b as in Eq. 15. The resulting dimen-
sionless correlation from this work is expressed in Eq. 16.

Equations 9 and 13 provide a correlation of kc as Re and Sc number functions. The 
value of b in these equations (Eqs. 9 and 13) was around 0.53, which is suitable for 
small particles measuring 0.52 (Perry et  al. 1997). Results show that effluent dis-
charges are in the transition region, as shown in the Reynolds number in Table 5, con-
firming that the dimensionless correlation produced is valid for use in the transition 
zone (10–1000).

A morphology analysis using SEM was conducted to analyze the effects of the pre-
cipitation process on the seeds. Figure 6 shows the liquid phase silica attached to the 
solid phase as seen in the seed image taken after the precipitation process. Our results 
demonstrated that the precipitated mass was less than that estimated by Sugita et al. 
(2000). Precipitation of silica without seeds addition is also shown in Fig. 6c, showing 
that the silica formed had a smoother surface and lacked attached contaminants as 
compared to silica formed with seed addition.

From Fig.  6, we could not observe the dimension change during precipitation 
process either with or without seed addition. Thus, PSA analysis was conducted to 
show differences on silica precipitation with or without seed addition. Figure 7 and 
Table  6 clearly describe the difference between the two processes. It is clearly seen 
that diameter distribution of precipitated silica with seed addition has a narrow band. 
The diameter distribution without silica seed addition has a broader band and larger 

(16)
kcdp

DAB

= 1.2989Re0.5507Sc0.3333

Fig. 5 Regression linear of dimensionless variable to calculate values for a and b 
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diameter which is undesirable for further silica mitigation process. The broader diam-
eter distribution makes the equipment design become more complicated. Further-
more, the volume-based mean diameter from Table 6 shows that silica seed addition 
gives larger diameter compared to the process without silica seed addition. The addi-
tion of silica seeds eventually will contribute to the silica mitigation process.

To conclude, the addition of seeds shows promise for addressing high silica concen-
trations at geothermal power plants. A flow diagram process (FDP) (Fig. 8) is hereby 
proposed to mitigate silica scaling and was designed to optimize a sustainable process 

Fig. 6 SEM image of silica gel with various zoom: a initial seed and b after the precipitation process with 
adding seeds at pH 8 and temperature 25 °C, c after the precipitation without adding seeds at pH 8 and 
temperature 25 °C, all process conducted at 800 rpm agitation rate
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at the geothermal power plant by implementing heat integration and silica mitiga-
tion. The heat integration in this proposed system uses working fluid, commonly an 
organic compound, to harvest and utilize more energy from the geothermal fluid. 
Silica mitigation produces more silica seeds and other silica-derived products. This 
method could render a more optimal and sustainable utilization of geothermal power. 
This approach would then emphasize the current trend to utilize energy from geo-
thermal brine or condensate in a binary system while also resulting in an easier water 
re-injection (Skog 2019).

Conclusion
The addition of seeds significantly decreased the amount of silica in the liquid phase 
compared to no seed addition. Precipitation is dominated by mass transfer from the 
liquid phase into the solid phase, and our method was validated through the suitabil-
ity of silica concentration data and model fit. We found that silica approached equilib-
rium concentration between 1200 and 1800 s. The higher the stirring velocity, the higher 
the mass transfer (also precipitation rate) coefficient. Temperature and pH also affect 

Fig. 7 Particle size analyzer results of silica mitigation process at 800 rpm, pH 8 and 25 °C

Table 6 Volume-based mean diameter of silica precipitation process

Without seed diameter (mm) With seed diameter (mm)

5 min 10 min 30 min 5 min 10 min 30 min

4.30 4.30 3.82 5.42 5.61 5.15
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equilibrium concentration by influencing the force of the silica mass transfer process 
from liquid to solid phases. This research found the optimal parameters to be pH 7, 
40 °C, and agitation speed of 800 rpm. The value of kc can be derived from the dimen-
sionless correlation equation shown below.

kcdp

DAB

= 1.4242Re0.529Sc0.3333
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Abbreviations
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