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Background
Temperature and pressure changes during production of geothermal fluids can lead 
to oversaturation of dissolved minerals and thus to mineral precipitation. Scaling can 
severely damage geothermal installations or decrease the injectivity of the reservoir 
(Gallup 2009; Regenspurg et al. 2010; Tomaszewska and Pająk 2012; Wanner et al. 2017; 
Boch et al. 2017). Over many years, scale inhibitors have been applied to overcome this 
problem. Such inhibitors have been developed for application in oil field production, 
water heating facilities, industrial waste water disposal, and circulating cooling systems, 
effectively preventing the formation of mineral scales such as calcite or barite (Amro 
2005; Graham et al. 2003; Collins et al. 2004; Sullivan et al. 1996; Choi et al. 2002). How-
ever, when applied in geothermal installations, the effectivity of these commonly used 
inhibitors can decrease considerably due to the special physico-chemical conditions of 
geothermal fluids such as high pressure, high temperature, high salinity or content of 
corrosive or scale-forming chemicals. These conditions have to be taken into account 
when the efficiency of scaling inhibitors for geothermal application is tested. Further-
more, established scaling inhibitors based on phosphates or phosphonates are known 
to have toxic effects on aquatic organisms or cause eutrophication problems (Hasson 
et al. 2011; Lattemann and Höpner 2008). Based on their chemical composition, some 
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inhibitors are expected to be persistent or even cumulative in the reservoir. Environ-
mental concerns of the governmental authorities are increasing and enforce the usage of 
“green” inhibitors that are non-toxic and biodegradable (Chaussemier et al. 2015; Popov 
et al. 2016). New scaling inhibitors meeting these requirements were lately tested with 
regard to their inhibitory efficiency (Reddy and Hoch 2001; Baraka-Lokmane et al. 2008; 
Kavitha et al. 2011; Choi et al. 2002) but scarcely at elevated temperatures such as occur-
ring in geothermal fluids (Topçu et al. 2017; Ketrane et al. 2009).

Before investigating the effectivity of a potentially scaling-inhibiting substance, its 
compatibility to the geothermal fluid needs to be tested. Most scaling inhibitors are 
water-soluble polymers that can be diluted in water at any desired ratio. In geothermal 
fluids of high salinity, however, the solubility of these polymers can be compromised. A 
diluting test in the geothermal fluid (natural or artificial with comparable ionic strength) 
will determine the compatibility of the inhibitor to the fluid.

A variety of analytical methods can be applied in order to evaluate inhibitor efficiency 
by measuring changes in the physico-chemical properties of the fluid during the scal-
ing process. In laboratory scale, two kinds of tests are used with different set-ups. The 
most widely used jar or bottle test is carried out in a reactor at static conditions. The 
test set-up is easily assembled by using a container where a fluid batch is mixed with 
the inhibitor and monitored until the equilibrium is reached (static batch test). In static 
batch tests, the extent of scaling can be quantified by measuring the change of a broad 
variety of measurable fluid properties such as the pH value, the electrical conductivity, 
the concentration of certain ions, or the amount of solid precipitation. Depending on the 
reaction conditions and the used sensors, these parameters can be monitored on-line 
during the experiment or measured off-line after termination of the experiment. The 
static batch test is mostly carried out under ambient conditions or moderately elevated 
temperatures at atmospheric pressure. These conditions resemble those of water heating 
facilities, industrial waste water disposal, and circulating cooling systems. However, for 
geothermal purposes, the inhibitor will encounter reservoir conditions, which are char-
acterized by high pressure and high temperature (HPHT). Particularly, the temperature 
influences the performance of inhibitors since mineral saturation and most of the rel-
evant chemical equilibria are strongly temperature-dependent. The inhibitory effect of 
geothermal scaling inhibitors therefore has to be determined under HPHT conditions 
(Sorbie and Laing 2004; Inches et al. 2007) and reactors as well as analytical sensors are 
needed that allow measurement under these extreme conditions.

In contrast to the static batch test, the tube blocking test is carried out under 
dynamic conditions by pumping continuously freshly mixed fluid through a tube 
(Bazin et  al. 2005) where HPHT conditions can be adjusted. Quantification of the 
precipitation is realized by measuring the differential pressure over the tube. Both 
tests enable the quantification of the inhibitory effect by measuring the scaling related 
change of a physical or chemical quantity over a certain time. The inhibitor effec-
tivity can be transformed into an efficiency by relating it to the amount of inhibi-
tor necessary for the effect. Ranking of scaling inhibitors is realized by comparing 
the minimum inhibitor concentration (MIC), which is defined as the concentration 
of inhibitor required to obtain an inhibitory effect of predefined extent (Graham et al. 
2006). Applying a given test procedure, the lower the MIC for a scaling inhibitor, the 
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higher is the inhibition performance. However, different and sometimes contradic-
tory ranking orders of scaling inhibitors were obtained when different effectivity test 
methods were applied (Bazin et al. 2005; Popov et al. 2016).

Due to high temperatures in geothermal fluids above ground as well as in the reser-
voir, scaling inhibitors might also be subject to thermal decomposition. Thermal sta-
bility of scaling inhibitors plays a crucial role in geothermal applications. It has to be 
guaranteed over a certain timeframe until the inhibitor-containing fluid in the reser-
voir has distributed away from the injection bore hole far enough that the fluid comes 
close to the reservoir equilibrium and failing of the inhibitory capability does not lead 
to scaling and injectivity reduction any more. However, since the chemical behaviour 
of inhibitors in the reservoir over long time periods is mostly unknown, a delayed 
degradation of the inhibitors is intended to avoid their persistence or accumulation in 
the reservoir. Besides non-toxicity, this is a characteristic feature of “green” inhibitors 
(Chaussemier et al. 2015).

In this study, we investigated calcite inhibitors based on polycarboxylates with 
regard to their potential for geothermal application. These inhibitors were originally 
developed for preventing calcite scaling in industrial wastewater. Belonging to the 
antiscalant class of polyelectrolytes, polycarboxylates (see Fig.  1) are postulated to 
deploy the “threshold mechanism”. In contrast to complexation that disables the metal 
ions from forming crystals at all, the polyelectrolytes are postulated to adhere to the 
surface of microcrystals and occupy the active centres of crystal growth (see Fig. 2, 
Cooper et al. 1979; Reddy and Hoch 2001; Ketrane et al. 2009). The microcrystals are 
prevented from further growing and do not precipitate. However, by the formation 
of calcite microcrystals, the concentration of calcite in solution is reduced until it is 
undersaturated. Threshold inhibitors are of economic interest since they can be used 
in under-stoichiometric quantities in contrast to complexing reagents.

Following a compatibility test for highly saline fluids on three different inhibitors, a 
static batch test system was established and evaluated applying one inhibitor to a syn-
thetic substitute of a calcium-rich geothermal fluid. Several analytical methods were 
tested and their potential to quantify the inhibitory effect evaluated. The MIC of the 
tested inhibitor was determined at HPHT conditions and compared with the MIC at 
ambient conditions. The intention of these experiments was to ascertain the differ-
ence in MIC under HPHT conditions from ambient conditions. The thermal stability 
of the inhibitor was investigated by conducting a long-term experiment under HPHT 
conditions.

Fig. 1  Partial deprotonation of a polycarboxylic acid to form a polyelectrolyte, red: electric charge carrying 
carboxylate groups
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Methods
A stainless steel laboratory autoclave (250  mL reaction chamber with Teflon inser-
tion) equipped with a heater/stirrer and temperature control unit (Berghof GmbH, 
Eningen, Germany) was applied as batch reactor for the inhibitor effectivity meas-
urements. HPHT probes such as a temperature sensor, an antimony solid phase pH 
electrode, a four-electrode electrical conductivity sensor (both sensors Kurt Schwabe 
Institut, Meinsberg, Germany) and a sonic velocity sensor (LiquiSonic, SensoTech 
GmbH, Magdeburg, Germany) were applied. All electrodes were designed to fit 
into the autoclave and to enable measurements under conditions up to a pressure of 
150 bar and a temperature of 125–200 °C, respectively. A schematic of the equipped 
autoclave is shown in Fig. 3.

In the HPHT experiments, a calcium chloride solution was heated to 120  °C and a 
pressure of 10 bar was applied by loading nitrogen to the autoclave. The reaction was 
started by the addition of a NaHCO3 solution leading to final concentrations of Ca2+ 
and HCO3

− of 5  mmol/L. The concentration of 5  mmol was chosen because a simi-
lar concentration was found for hydrogen carbonate ions in fluids from geothermal 
power plants in Southern Germany (Molasse Basin, Wanner et  al. 2017) experiencing 
severe calcite scaling problems. The inhibitor was always added to the sodium bicarbo-
nate solution before the injection into the autoclave to avoid preliminary interactions 
between inhibitor and metal ions. An initial pH value between 9.48 and 10.12 was meas-
ured at HPHT conditions (see Table 1) and a high calcite oversaturation represented by 
a calculated saturation index of SI = 2.79 (at 120 °C and pH = 10) was reached. The com-
paratively high oversaturation of calcite ensures short reaction times of the precipitation 

Fig. 2  Illustration of scaling inhibition by the postulated threshold mechanism, green: CaCO3-microcrystals, 
red: carboxylate groups, black: polymer backbone
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experiments. The decrease in pH-value and electrical conductivity was monitored over a 
reaction time of 4 h.

The experiments at ambient conditions were carried out at normal pressure and 
30  °C. In order to reach a similar oversaturation compared to the HPHT experi-
ments, the starting pH-value was increased by the addition of 100  µL of NaOH 
solutions with a concentration of 1 mol/L. This addition lead to an increase in pH 
reaching initial pH values between 8.93 and 9.14 (calculated SI = 2.13 at 30  °C and 
pH = 9) and also marked the starting point of the precipitation experiments at ambi-
ent conditions. Saturation indices were calculated by using the program PHREEQC 
(phreeqc.dat data base). ΔpH-values were calculated by subtraction of the maximum 

Fig. 3  Schematic of the HPHT autoclave installation. 1—lead-in for gas loading/unloading and pressure 
release, 2—lead-in for thermocouple (temperature control), 3—lead-in for liquid injection, 4—HPHT probes, 
5—autoclave lid with threaded bores, 6—clamping, 7—stainless steel autoclave, 8—magnetic stirrer, 9—
heating/stirring control unit

Table 1  Experiments with their measured initial and final pH-values

Measurement 
conditions

Inhibitor 
concentration (ppm)

Initial pH-value Final pH-value ΔpH

HPHT 0 10.00 8.47 − 1.53

HPHT 10 10.12 9.21 − 0.91

HPHT 25 9.95 9.29 − 0.66

HPHT 50 10.10 9.57 − 0.53

HPHT 100 9.48 9.03 − 0.45

Ambient 0 8.96 7.73 − 1.23

Ambient 2 9.11 8.77 − 0.34

Ambient 5 8.93 8.82 − 0.11

Ambient 10 9.14 9.05 − 0.09
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pH value from the pH value at the end of the experiment. The MIC was determined 
as the concentration of inhibitor that was necessary to reduce the change in pH to 
at least half the value obtained without inhibitor within the 4-h reaction time (Zotz-
mann and Regenspurg 2015). The indication of concentrations in ppm refers to the 
volume ratio µL/L.

Thermal/hydrolytic stability was investigated in a long-term experiment of the 
scaling inhibitor diluted 1:1 with water in the laboratory autoclave (conditions: 
T = 150 °C, p = 10 bar). The experiment was carried out over 4 weeks and sampled 
after certain time intervals (1, 2, 7, 14, and 28 days). Samples were analysed by Fou-
rier Transform-infrared spectrometry (FTIR) and liquid chromatography.

For FTIR, an attenuated total reflection system was used (ATR-FTIR, Tensor 27, 
Bruker GmbH, Bremen, Germany) that was equipped with a HPHT measuring cell. 
The temperature of the measuring cell was regulated with a water thermostat. IR 
spectra at elevated temperatures were recorded after the thermostat showed a con-
stant temperature over 1 min. During a measurement, 32 scans were taken in a spec-
tral range from 3400 to 600 cm−1 and with a resolution of 4 cm−1.

Measurements of the molecular weight distribution of the polymeric inhibitors 
were realized with size exclusion liquid chromatography and organic carbon detec-
tion (LC-OCD, see Huber et al. 2011 and Huber and Frimmel 1996). For the chro-
matography, a phosphate buffer (pH 6.85) was used as mobile phase with a flow of 
1.1 mL/min. The sample passed a 0.45 µm membrane syringe filter before entering 
the chromatographic column (250 mm × 20 mm, TSK HW 50S, Toso, Japan). After 
chromatographic separation, the organic compound fractions were characterized by 
UV detection and quantification by IR detection of released CO2 after UV photo-
oxidation in a thin-film reactor.

Solid samples (precipitates) were analysed by scanning electron microscopy (SEM) 
after gold vaporization at a beam current acceleration of 20  kV with an adjusted 
maximum aperture of 120 μm.

The applied calcite scale inhibitors were aqueous solutions of polycarboxylates 
consisting of polyacrylates with an addition of amino acids (Niederrhein Chemie 
GmbH, Kevelaer, Germany). The exact composition of the inhibitors is confidential. 
Three different inhibitors varying in pH-value and the content of polycarboxylate 
were subjected to compatibility tests. One inhibitor that was compatible with saline 
fluids was chosen for effectivity measurements. This inhibitor (NC48.1) consisted of 
an aqueous solution with a content of polycarboxylates of > 30% and a pH-value of 7.

Results and discussion
Inhibitor compatibility

The compatibility of the inhibitors with geothermal fluids of high salinity was 
checked by adding them to NaCl solutions of different ionic strength according to 
the natural fluids that can be found in low enthalpy reservoirs. All inhibitors showed 
compatibility with solutions of concentrations of 0.1, 2, and 5 mol/L NaCl. Only one 
inhibitor showed flocculation in the solution with the highest salinity and was there-
fore incompatible with geothermal fluids of high salinity.
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Inhibitor effectivity

The challenge of measuring effectivities of scaling inhibitors under HPHT conditions is 
to find a suitable method of monitoring the change of a physico-chemical value dur-
ing precipitation. Several analytical methods were investigated in order to evaluate their 
potential to detect scaling inhibition. The ATR-FTIR allows measurements at HPHT 
conditions. However, IR measurements of the inhibitors in water and in solutions of 
BaCl2 and Na2SO4 showed no interpretable differences in the vibration bands. Further-
more, in order to detect the inhibitors vibration bands, the IR measurements had to be 
carried out at a much higher concentration of inhibitor than expected in practical effec-
tivity tests.

The precipitation of minerals from a solution changes the ion concentration and thus 
the sonic velocity and the electrical conductivity within the solution. The change of these 
physical quantities during scaling was investigated by applying an ultrasound probe and 
an electric conductivity probe in precipitation experiments. Only a very slight depend-
ence of the sonic velocity from changes in ion concentrations could be determined 
that would make the monitoring of precipitation processes in geothermal dimensions 
impractical. In contrast, its dependence on temperature changes is much higher and 
would require a constancy of temperature during the experiments that is very difficult 
to achieve. On the other hand, the change in electrical conductivity could be measured 
during precipitation experiments applying an HPHT conductivity sensor. However, a 
slight but distinct decrease in electrical conductivity was observed only in fluids of low 
salinity. Highly saline fluids maintain their high electrical conductivity during scaling 
processes. Therefore, measurements of the electrical conductivity are not suitable to 
monitor scaling processes in geothermal brines.

During the precipitation of calcite, carbonate ions are removed from the solution and 
the carbonic acid–carbonate equilibrium (Eq. 1) is imbalanced. To reinstate the chemi-
cal equilibrium, carbonate ions are generated by the dissociation of carbonic acid which 
also releases protons to the solution (according to Eq. 2).

The calcite scaling therefore can be quantified by measuring the decrease in pH-
value (Zhang et al. 2012; Sousa et al. 2016). The measurement of the pH-values was 
realized by applying a HPHT solid phase pH-sensor. The experiments with their 
measured initial and final (after 4  h reaction time) pH-values are summarized in 
Table 1. The extent of precipitation after reaching the equilibrium is represented by 
the difference in pH (ΔpH). HPHT experiments were carried out with 0, 10, 25, 50, 
and 100 ppm inhibitor. The decrease of the pH value due to calcite precipitation was 
highest when no inhibitor was added (ΔpH = – 1.53). The value of ΔpH increased with 
increasing concentration of inhibitor indicating that calcite precipitation was indeed 
inhibited. However, a ΔpH of − 0.45 at an inhibitor concentration of 100 ppm showed 
that the inhibition was always incomplete. Within the HPHT series, the MIC was 
determined as 25 ppm (Zotzmann and Regenspurg 2015). It became evident that very 

(1)H2CO3 + 2 H2O ⇄ HCO
−

3
+ H3O

+
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.
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high concentrations of the investigated inhibitor are required to achieve an inhibitory 
effect. The percentage effectivity at the highest tested dosage of 100 ppm is 70%. The 
considerable decrease of the pH-value at inhibitor concentrations even higher than 
25 ppm indicates an incomplete inhibition of calcite scaling. After the experiments, 
precipitations could be observed that are potentially damaging for geothermal instal-
lations. The inhibitor effectivity tests at ambient conditions were carried out applying 
inhibitor concentrations of 0, 2, 5, and 10 ppm, whereas the MIC was determined as 
2 ppm (Zotzmann and Regenspurg 2015). At an inhibitor concentration of 10 ppm, 
no precipitations could be observed. Apparently, under ambient conditions, the effi-
ciency of the inhibitor is excellent being lower by more than one order of magnitude 
compared to the HPHT experiments. This difference confirms the dependence of the 
inhibitory effect from the p,T-conditions and the necessity to determine MIC values 
under HPHT conditions, when comparing the efficiency of scale inhibitors intended 
for geothermal application. Figure 4 shows the dependence of ΔpH from the inhibitor 
concentration.

The effectivity of scaling inhibition can also be analysed after termination of the 
precipitation experiments by measuring the remaining concentration of the ions in 
solution after the precipitation was filtered off or by weighing the washed and dried 
solids after filtration. However, these off-line methods bear the disadvantage of repre-
senting measurements after the reaction mixture was allowed to reach ambient p,T-
conditions. Besides the different conditions during the reaction and the analysis, also 
reaction quenching and necessary sample preparation steps potentially influence the 
analytical results.

The precipitations from the HPHT experiments were investigated by SEM. A 
dependence can be seen of shape and size of the calcite crystals from the concentra-
tion of the inhibitor. Figure  5 shows SEM pictures from the calcite scales in 3270-
fold magnification. With increasing concentration of inhibitor the size of the calcite 
crystals decreases. Furthermore, the cubic shape of the crystals deteriorates showing 
more and more defects on edges and corners with increasing inhibitor concentration. 
This result supports the assumption that the inhibition mechanism is based on the 

Fig. 4  Decrease of pH (ΔpH) during precipitation in dependence of the inhibitor concentration in a HPHT 
experiments and b experiments at ambient conditions (from Zotzmann and Regenspurg 2015). The red 
line marks the ΔpH of half the value obtained without inhibitor so that the first data point above that line 
represents the MIC
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threshold effect. The inhibitor molecules deactivate growth centres on the microcrys-
tals in solution as well as on the surface of the precipitated calcite crystals that leads 
to a perturbation and finally to an inhibition of the crystal growth.

Inhibitor Stability

The thermal and hydrolytic stability of the inhibitor needs to be investigated. It is 
expected that polymer-based scaling inhibitors will be subject to hydrolytic and ther-
mal degradation when exposed to HPHT conditions. The time frame of this degrada-
tion (and simultaneously the duration of the inhibition performance) is of particular 
interest for the application of environmental friendly inhibitors which are considered 
to be degradable. The desired lifetime of a degradable scaling inhibitor is stability over 
a few weeks or months and a complete degradation within 1 year. In two experiments 
at HPHT conditions, the short-term stability of polycarboxylate-based calcite scaling 
inhibitor was investigated. In a HPHT measuring cell of an ATR-FTIR spectrometer, a 
solution of the inhibitor was stepwise heated up to 95  °C. After each 10  °C step an IR 
spectrum was recorded but no band shifting detected. Within this short experiment, the 
inhibitor showed no instant degradation at elevated temperatures. In a 4-week experi-
ment under HPHT conditions, in a laboratory autoclave, the inhibitor solution was 
sampled in certain time intervals and investigated via IR measurements. No significant 
degradation of the inhibitor was detected by IR measurements of the long-term stabil-
ity experiment. However, a considerable discolouration of the solution indicated some 
degradation apparently being not detectable by the IR measurements. A size exclusion 
chromatography with organic-carbon detection was employed to monitor the molecular 
weight distribution of the polymeric inhibitor during the experiment (see Fig. 6). No dif-
ference was observed between the chromatograms after 14 days and 28 days of experi-
ment time so that the latter one is not shown.

The molecular weight distribution of the inhibitor at t = 0 showed several compo-
nents of different molecular weights. Components exhibiting a short retention time 
have a higher molecular weight than components with a long retention time. The two 

Fig. 6  Chromatograms from LC-OCD measurements indicating the molecular weight distribution of the 
scaling inhibitor during the long-term degradation experiment
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main components of the inhibitor were observed at retention times of 39 and 48.5 min, 
respectively. After 2 weeks, the second component completely degraded resulting in two 
new species with lower molecular weight exhibiting retention times of 51 and 54 min. It 
can be concluded that the inhibitor consisted of several components of different chemi-
cal composition. One of the main components of the inhibitor with the higher molecu-
lar weight is stable over 2 weeks at HPHT conditions while a second component with a 
lower molecular weight degrades over that time period.

Due to the long period over 2 weeks, however, this degradation can hardly be respon-
sible for the considerable decrease in inhibitor efficiency under HPHT conditions in our 
short-term experiments. Instead, mineral formation and the inhibition mechanism are 
strongly temperature-dependent and substantiate a changing inhibition efficiency at ele-
vated temperatures. For instance, the lower solubility of calcium carbonate at elevated 
temperatures has to be taken into account (Khormali et al. 2016).

Conclusion
With the sensor equipped autoclaves, a robust testing system was established being 
able to determine the efficiency of calcite scaling inhibitors under conditions prevail-
ing in geothermal reservoirs. The measurement of pH-values was proved to be a suit-
able method to detect calcite precipitation under HPHT conditions. Thus, evaluation 
and comparison of calcite scaling inhibitors for geothermal purposes in laboratory scale 
have been enabled. The results of the inhibition tests showed a decrease in the efficiency 
of the inhibitor at HPHT conditions compared with ambient conditions and thus dem-
onstrate the requirement of HPHT tests. While the tested inhibitor has a high inhibiting 
efficiency under ambient conditions, under HPHT conditions an MIC of 25  ppm was 
determined. As for geothermal applications, this is considered a very high concentration 
so that the tested inhibitor most likely will not be a candidate to be used economically in 
a geothermal system. It was furthermore shown that the inhibitor partially degrades at 
reservoir conditions over time. The delayed degradation of the inhibitor avoids its per-
sistence or accumulation in the reservoir.
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