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CaCO3 deposits in reverse osmosis:
Part II – Simulation model for hydrochemical 
predictions of reverse osmosis retentates and 
scaling propensity

Reverse osmosis (RO) technology is used in a wide variety of water treatment processes. In the brewing  
industry, mainly for the production of brewing and process water. The design and resulting efficiency of  
RO plants depends on hydro chemical predictions of the retentate flow. In order to avoid deposits in the  
membrane system, saturation limits of sparingly soluble salts are of decisive importance when selecting the 
maximum achievable fresh water yield. For the frequently present calcium carbonate (CaCO3), predictive  
indices of calcite saturation such as the Langelier saturation index (LSI) are widely used. However, due to 
simplifications of the water chemistry, the prediction quality must be critically questioned. In this context, we 
present a new simulation model for predicting RO retentate water chemistry. The calculations are performed 
in the freely available hydrochemical simulation software PHREEQC. Using a validation data set from German 
standard methods (DIN) for the determination of calcite saturations, a good agreement could be achieved  
with our calculation basis in PHREEQC software. The simplified description of LSI values from the ASTM  
International Standard and software from a membrane manufacturer provided greatly increased calcite  
saturations in comparison. In addition to the consideration of calcite saturation, we were able to extend  
our prediction of RO retentates to the saturations of further CaCO3 polymorphs as the monohydrate (MCC)  
and in the amorphous form (ACC). This allows us to reveal, for example, a metastable range of CaCO3  
supersaturation as a function of the raw water recovery rate. Previously difficult-to-explain scaling behaviour 
of RO systems at high calcite supersaturation could be explained using this approach. The prediction of  
the retentate pH value and thus the membrane rejection of carbon in the membrane system showed good 
agreement with full scale data when simulating constant CO2 concentration independent of fresh water yield. 
Today, the hydrochemical design of reverse osmosis systems is usually based on unpublished calculation 
methods of membrane manufacturers, chemical suppliers and the ASTM guidelines. With our simulation  
approach, these predictions can be critically evaluated and comprehensive RO design calculations can be 
modularly coupled with our interface open simulation model in PHREEQC.
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1	 Introduction

In part I [1] of this publication series, the possibilities and reasons 
for describing calcite saturation in RO systems were presented in 
detail. In this publication, the findings from Part I are transferred 
to calculation results from our simulation approach, which has 
already been partly presented. The main motivation for the present 
work lies in the balancing act that must be ensured for a resource-

saving and cost-effective operation of reverse osmosis plants. On 
the one hand, the yield and operational safety should meet the 
highest demands, on the other hand, a reduced use of chemicals 
is preferable. Thereby, the precipitation and stabilization of spar-
ingly soluble salts in the membrane system is of particular interest. 
Correct prediction of saturation of the most frequent precipitate 
CaCO3 is of great importance for this purpose. Today, the Langelier 
Saturation Index LSI is frequently applied. It is mainly determined 
according to a calculation method from the ASTM international 
standards [2–9] as an extension of the original description accord-
ing to Langelier [10]. In addition, manufacturers or distributors of 
membranes and chemicals offer their own software to predict the 
concentrated RO retentate in terms of salt saturation [11]. The 
chemical changes of the water during the reverse osmosis process 
are thus represented and ultimately serve the plant design. Further 
methods for the determination of CaCO3 saturation and therefore 
probability of the blockage of CaCO3 scaling were reviewed in part 
I [1]. The basis for an accurate calculation of the hydro chemistry 
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and especially carbonate chemistry is the correct prediction of 
the carbon rejection in the membrane system and therefore the 
pH value of the retentate stream. This relationship is of particular 
interest, since CaCO3 saturation is strongly dependent on the pH 
value and the corresponding CO3

-2 concentration. Various methods 
for pH prediction of RO retentates have already been explored 
in the literature. Previously, a strong influence on the design and 
the required chemical input could be demonstrated and that the 
CaCO3 saturation and thus the precipitation risk is often overes-
timated [12, 13]. Our approach is to quantitatively demonstrate 
these uncertainties associated with the conventional saturation 
description of the LSI and to provide an easy-to-use alternative 
with our simulation model. Furthermore, this open interface and 
freely available model in the simulation software PHRREQC [14] 
is intended to enable the coupling to further scientific work, e.g. 
in the field of multiphysics simulations. In order to make the con-
ventional LSI or S&DSI data comparable with our approach, our 
method was developed in such a way that the CaCO3 saturation 
is also expressed in pH values [1]. For this purpose, the current 
standard procedures for describing CaCO3 saturation according 
to the ASTM International and the Deutsche Industrie Norm (DIN) 
are first compared with our model in the following. Subsequently, 
full scale RO data are used to interpret our model in terms of pH 
prediction and finally the onset of CaCO3 scaling. Like the LSI, our 
model is also based on the description of CaCO3 saturations. The 
correct calculation of this parameter is crucial for a correct predic-
tion of CaCO3 precipitation and scaling. However, there are further 
additional influences that make an accurate prediction of the actual 
onset of CaCO3 scaling impossible so far. Some of these influences 
are discussed at the end of this article as well as in the literature 
[15]. The following publication, part III, therefore addresses the 
early detection of scaling and presents experimental results using 

an optical polymer sensor in a reverse osmosis system that could 
help monitor and understand the complex scaling phenomena.

2	 Materials and Methods

This work focuses on predictive calculations for the water chem-
istry of RO retentates. First the prediction of CaCO3 saturation 
is considered in a simulative part and then the calculations are 
transferred to reanalysed data of a full-scale RO system. The 
basic description of CaCO3 saturation and in particular of calcite 
saturation is done in this work by means of the ΔpH value, which 
is determined according to the following Equation 1. It is based on 
the actual or predicted pH-value of the water to be evaluated and 
the pH-value in the equilibrium state of CaCO3, pHS. When apply-
ing this approach to calcite as the most stable CaCO3 polymorph, 
Equation 1 leads to the widely applied LSI [1].

  

                                                                                            (Eq. 1)

2.1	 Calculation methods for calcite saturation and 
structure of comparative analyses

As shown in the figure 1, the basis of the first part of this work are 
calculations based on 10 raw water samples of a DIN validation 
data set (Table 1, see page 56) on the prediction of calcite satura-
tion [16]. The results of the DIN are compared with our calculation 
approach and the international standard ASTM. For the prediction 
of RO retentates, the DIN does not provide a method or valida-
tion data. Therefore, in a second step, our prediction approach is 
compared only with the ASTM [9] which was developed specifically 

Fig. 1	 Utilization of the raw water samples from the DIN data set for comparison and validation of different calculation methods for the 
determination of calcite saturation and LSI values
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for this prediction purpose. Here, different approaches to describe 
CO2 degassing (and therefore carbon rejection or passage) are 
investigated using two different sub-models. As no substantial gas 
rejection of RO membranes is to be expected [3] the degassing 
of CO2 from the feed stream is a reasonable approach with sub-
model 1. Sub-model 2 follows the ASTM method by assuming a 
constant CO2 concentration in the retentate stream, independent 
of raw water recovery rate.

The calcite saturations determined according to ASTM are based 
on the application of the formulas and graphical interpolations as 
named in the ASTM publications. The calcite saturations calculated 
according to the DIN method are reported for in the validation 
data set in the form of the pH and pHS values. Our simulation 
model and therefore calcite saturations are calculated with the 
freely available hydrochemical simulation software PHREEQC 
as described below.

2.2	 Detailed description of our calculation model, 
	 simulation software PHREEQC and its parameteri- 
	 zation

Our model applied in the present study is calculated with the 
software PHREEQC version 3.6.4. It is provided free of charge 
by the United States Geological Survey. In the current version 13 
different databases are integrated, which serve different purposes. 
Variations lie in the thermodynamic principles that are used for 
the calculation. In particular, this concerns the type and number 
of defined chemical species, the temperature correction of the 
equilibrium constants and the correction of the reactive concen-
tration fractions by applying different activity coefficient models. 
For the calculations carried out in this study, the default database 
preeqc.dat was used. Activity coefficients are calculated using 
the extended Debye-Hückel Theory. This theory is valid up to an 
ionic strength 100 mmoL/L [17] and thus encompasses the ionic 
strengths encountered in this work. The presented model can also 
be suitable for higher salinity waters and higher recovery rates 
(ionic strength > 100 mmoL/L) by an appropriate variation of the 
database. For example, the calculation of the activity coefficients 
can be performed using the basic principles of Pitzer et al. [18]. For 

this purpose, e.g. the database pitzer.dat can be chosen. However, 
the chemical species represented in the database should first be 
harmonized with the constituents of the respective water analysis. 
Especially for CaCO

3 important ion-pair and complexation reac-
tions are missing in the pitzer.dat database. The selection of a 
suitable database should always be done carefully and the proper 
selection has recently been described in the literature [19]. In the 
simulations we performed, important species of the calcium and 
carbonate chemistry are included in the phreeqc.dat database, as 
they are also listed in the DIN. In addition to the dissociation reac-
tions of carbonate, sulphates and phosphates as well as dissolved 
ion-pair bonds and complexation reactions are particularly worth 
mentioning (e.g.: CaCO3

0, CaSO40, MgCO3
0, Ca(OH)+, Mg(OH)+, 

etc.). The temperature dependence of the applied equilibrium 
constants is determined with empirical data sets, if available. 
Otherwise, these corrections are calculated using the Van’t Hoff 
equation and reaction enthalpies, all listed in the applied database. 
These applied physicochemical calculations are largely similar to 
the approaches in the DIN [20], in which the calculations for the 
chemistry of calcium carbonate are presented transparently. The 
calculations with PHREEQC are not limited to CaCO3, and thus, 
for example, suitable for the calculation of the supersaturation of 
other potential scalants, e.g. sulphates and phosphates such as 
the widespread salt precipitation, e.g. BaSO4, SrSO4 or various 
apatites. An important feature of the PHREEQC software is the 
possibility of iterative calculation of equilibrium reactions under 
inclusion of defined CO2 contents. Thus, a calculation of CO2 
degassing in membrane processes with simultaneous calculation 
of increasing raw water salinity becomes possible. Due to the 
carbonate chemistry, variations in the CO2 concentration lead to 
a shift in the pH value. Such effects are widely known in reverse 
osmosis applications [12]. The pH and especially the related CO3

-

2 concentration is essential for the calculation and prediction of 
CaCO3 formation. Our model is divided into two sub-models, as 
shown in figure 1 and outlined in more detail in figure 2. Both ap-
proaches are based on rather simple assumptions of a complete 
and recovery-independent CO2 removal or a constant CO2 content 
from the raw water inlet to the retentate outlet. The quality of the 
CO2 simulation can be evaluated by pH measurements on real 
membrane processes and is represented basically via the reac-

Table 1	 Validation water samples from the German Industry Standard methods DIN 38404-10 for the computation of calcite saturation  
	 and subsequent comparative analyses of the different calculation methods

Water sample

Paramter Unit 1 2 3 4 5 6 7 8 9 10

Calcium mmol/L 1.40 0.75 3.50 0.15 1.40 0.78 1.30 1.00 2.65 1.00

Magnesium mmol/L 0.23 0.10 0.70 0.05 0.25 0.10 0.25 0.25 0.20 0.18

Sodium mmol/L 0.30 0.40 2.30 0.30 0.40 0.45 1.60 0.20 0.30 0.20

Potassium mmol/L 0.05 0.10 0.30 0.10 0.07 0.05 0.15 0.06 0.06 0.05

Carbon (DIC) mmol/L 2.74 1.63 6.72 1.38 2.66 1.58 1.16 2.09 4.67 2.06

Chloride mmol/L 0.25 0.30 2.70 0.34 0.55 0.28 0.85 0.35 0.75 0.10

Nitrate mmol/L 0.15 0.03 0.50 0.18 0.20 0.00 0.10 0.05 0.05 0.05

Sulfate mmol/L 0.38 0.15 1.20 0.05 0.25 0.15 1.40 0.20 0.55 0.25

Phosphate mmol/L 0.00 0.00 0.00 0.00 0.07 0.07 0.00 0.03 0.00 0.03

Temperature °C 10.0 15.0 10.0 10.0 10.0 15.0 12.0 10.0 15.0 61.0

pH – 7.34 7.80 7.00 5.60 7.37 7.86 7.59 7.47 7.30 7.30
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Fig. 2	 Main part of our simulation model for predicting the CaCO3 saturation and water chemistry of reverse osmosis retentates. Left: 
Structure of the simulation model. Right: Related PHREEQC code for the exemplary calculation of the water chemistry to the 
evaluated full-scale RO data. The two different sub-models, for describing CO2 permeation through the membrane are expressed 
by the two different calcite saturations as ΔpHPHR,CO2-feed and ΔpHPHR,CO2-const values as main results.

tion pathway shown in Equation 2. All results are based on the 
consideration of chemical equilibria as calculated in PHREEQC. 
Changes in CO2 concentration depending on the fresh water recov-
ery thus have an influence on the H+ concentration and therefore 
the pH value. In this way, a validation and possible adjustment of 

the assumption on CO2 concentration can be carried out on the 
basis of pH measurement in real RO processes.

                                                                                            (Eq. 2)

feed water analysis input

retentate with enhanced salt and 
carbon concentration

simulation of the concentration through the membrane:
assuming 100% salt rejection of the membrane

SOLUTION 1 feed_water_input
pH 7.31; temp 12.2; units mg/L
Ca 120; Mg 19; Na 5.6; K 1.4
Cl 25; N(5) 30 as NO3-; S(6) 27 as SO4-2
alkalinity 372 as HCO3-
END
#Output: e.g. CO2 concentration of feed water

USE SOLUTION 1 pure_water_extraction
REACTION; H2O -1.0; 43.298 moles
SAVE solution 11
END
#Phreeq calculates a solution as 1 kg water 
containing 55.51 moles pure H20. For example,    
a feed water recovery of 78% results in 43.298 
moles H20 to be withdrawn.

#sub-model 1:
USE SOLUTION 11 extraction_of_CO2_feed 
REACTION; CO2 -7.239e-04
SAVE solution 111
END
#value derived from feed water CO2 SOLUTION 1 as 
CO2[mol/kg]

#sub-model 2:
USE SOLUTION 11 CO2_adjusted_to_feed_water_level 
EQUILIBRIUM_PHASES; Fix_CO2 -3.1403
SAVE solution 111
END
#value derived from feed water CO2 SOLUTION 1 
log(-CO2[mol/kg]) -> log(-7.239e-04)=-3.1403

#Output: predicted pH value of the retentate
#Output: saturation S and SI values for defined 

CaCO3 polymorphs (Calcite, MCC, ACC)

USE solution 111 set_equilibrium_calcite
EQUILIBRIUM_PHASES; Calcite 0.0 ;END

USE solution 111 set_equilibrium_monohydrate
EQUILIBRIUM_PHASES; MCC 0.0 ;END

USE solution 111 set_equilibrium_amorphous
EQUILIBRIUM_PHASES; ACC 0.0 ;END

#Output: pH values at CaCO3 saturation of       
specific polymorph pHS

#Final calculations: pH(predicted) – pHS = ΔpH

-

+
-

+

-

+
-

+

-

+

-
+

-+ -+- + - + - +-+

retentate to be evaluated with 
respect to CaCO3 incl. pH value

-+ -+- + - + - +-+

simulation of membrane degassing 
→ reduction of inorganic carbon 

(DIC) by CO2 extraction

sub-model 1: 
CO2 content of the feed 

water analysis is 
withdrawn

sub-model 2: 
iterative adjustment of 
CO2 in the retentate to 
the CO2 content of the 

feed water ⇨ CO2=const.

ΔpHPHR,CO2-feed ΔpHPHR,CO2-const

simulation of chemical equilibria 
with respect to CaCO3 polymorphs

-
+

+- - +-+-+ -+

retentate into CaCO3-equilibrium
(as Calcite, MCC or ACC)

calculation of ΔpH values 
equivalent to the LSI



July / August 2022 (Vol. 75)          58

Yearbook 2006
The scientifi c organ
of the Weihenstephan Scientifi c Centre of the TU Munich
of the Versuchs- und Lehranstalt für Brauerei in Berlin (VLB)
of the Scientifi c Station for Breweries in Munich

of the Veritas laboratory in Zurich

of Doemens wba – Technikum GmbH in Graefelfi ng/Munich www.brauwissenschaft.de

BrewingScience
Monatsschrift für Brauwissenschaft

Other than for the carbon, the remaining ion composition in the 
retentate is based on the assumption of 100 % salt rejection as 
shown in fi gure 2. Due to the almost 100 % salt rejection of com-
mon membranes, this inaccuracy is negligible [21] and will also 
be neglected in the following for reasons of comparability with the 
ASTM method. For further application of our simulation approach 
beyond this work, element- or salt-specifi c rejection rates can be 
integrated according to the shown pattern of CO2 removal in sub-
model 1 as shown in fi gure 2.

2.3 Reanalysed full-scale RO data on CaCO3 scaling:
 Set-up and experimental procedure

Following the calculations with the DIN data set, the calculation of 
the LSI according to ASTM and our simulation model are transferred 
to data obtained with a full-scale reverse osmosis plant, as shown 
in fi gure 3 [13]. In this study, an antiscalant-free operation of RO 
plants was investigated at high calcite supersaturation. Up to an LSI 
of 1.7 the plant could be operated without any antiscalant efforts 
until CaCO3 scaling could be indicated. In the following we use the 
extensive raw data of [13] for a reanalysis of the performance data 
in terms of an early scaling indication. Subsequently, the validity of 
the obtained LSI values and our calculation method for predicting 
CaCO3 scaling are evaluated. The RO plant was equipped with 
twelve 8’’ low-pressure reverse osmosis membrane modules in 
four pressure vessels, as shown in fi gure 3. The fi rst two pressure 
vessels were run parallel to maintain recommended fl ow rates, re-
sulting in three permeate stages. For a comprehensive evaluation 
of the membrane performance and thus the CaCO3 scaling condi-

tion, conductivity, pressure and fl ow rate were measured before 
and after every stage. In addition to a temperature measurement, 
the pH value was also recorded redundantly in the retentate. By 
gradually increasing the raw water yield from 60 and 73 %, the 
onset of CaCO3 precipitation was investigated. TMH20A-400 mem-
brane modules from TORAY Industries were used with a nominal 
membrane area of 37.30 m2 per element resulting in about 450 
m² membrane surface area. Contrary to common practice [22] 
or recommendations from the design software TORAY DS2 no 
acid or other antiscalant was dosed to prevent CaCO3 precipita-
tion and membrane scaling. As is common in the industry, the 
operation of the plant was controlled to a constant permeate fl ow. 
Compliant with the membrane manufacturer’s specifi cations, a 
permeate fl ow of 10 m³/h was achieved. The resulting feed fl ow 
was between 13.7 and 16.6 m³/h with a retentate fl ow of 6.6 to 3.7 
m³/h depending on the raw water recovery rate. The concentration 
polarisation factor at the retentate outlet β could thus be kept low 
and ranged from 1.10 to 1.17 with LSI values from 1.28 to 1.70, 
all calculated using the manufacturer’s design software TORAY 
DS2 version 2.0.1.58. The composition of the raw water used is 
shown in table 2. The feed water was at a constant conductivity 
level between 660 and 670 µS/cm with daily fl uctuations in the 
range of 3 % around the mean value. An ultrafi ltration unit was 
installed prior to the RO system to avoid input of particulate and 
fouling forming substances. Since the DIN methods do not provide 
a calculation procedure for the concentration of water by reverse 
osmosis, only the international standard ASTM and our simulation 
model are applied to this database.

3 Results

 The results are divided into two sections. Firstly, the evaluation 
of different calculation methods based on the waters of the DIN 
dataset. This is followed by the transfer of the simulative evaluation 
of the real data obtained with the full-scale RO plant.

3.1 Calculation results based on the DIN validation
 dataset

In the following, the simulation results based on the DIN data set 
are presented. For this purpose, results of the different calculation 
methods are compared as shown in fi gure 1. First, we consider the 
calculated CaCO3 saturation according to the different calculation 
methods for untreated raw water. On this basis, the predicted water 
chemistry of simulated RO retentates is then examined.

Fi g. 3 Reanalysed full scale reverse osmosis system with twelve 8’’ low-pressure membrane modules for the investigation of CaCO3 
scaling without inhibition. The feed water recovery was varied in the range of 60 to 73 % [13]

Ta ble 2 Feed water composition for reanalysing full-scale reverse 
 osmosis data

Paramter Unit Value

Calcium mmol/L 2.99

Magnesium mmol/L 0.78

Sodium mmol/L 0.24

Potassium mmol/L 0.04

Hydrogen carbonate mmol/L 6.10

Chloride mmol/L 0.71

Nitrate mmol/L 0.48

Sulfate mmol/L 0.28

Temperature °C 12.2

pH – 7.31 

Retentate
3.7 - 6.6 m³/h

Permeate 
10 m³/h const.Feed

13.7 -
16.6 m³/h
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3.1.1 Calcite saturations based on DIN water samples – com-
parison of calculation methods DIN, ASTM and PHREEQC

Table 3 shows the main input and results for the determination of 
calcite saturations based on the ASTM, DIN and our simulation 
approach with PHREEQC on the DIN water samples. The absence 
of membrane-based removal of water and degassing shortens our 
model from figure 2 by the corresponding steps. Corresponding 
steps were also omitted when using the ASTM method. The various 
calculated saturation pH values in the calcite equilibrium pHs can 
therefore be subtracted with the pH value of the raw water analysis, 
as shown in table 1, to represent the calcite saturation in pH units 
as ΔpH (or LSI). This calculated pH difference would have to be 
overcome to establish equilibrium of the aqueous phase and the 
solid phase of calcite. Positive ΔpH values mean an oversaturation 
with calcite. Precipitation is therefore to be expected. However, 
since kinetic inhibition must be taken into account, this value could 
be widely exceeded without precipitation. This effect could be de-
scribed with equilibria of different crystalline forms of CaCO3. For 
this purpose, the monohydrate MCC and the amorphous form ACC 
should be further considered besides calcite [23]. Since DIN and 
ASTM only work with calcite saturation, the following comparisons 
will only discuss the determined saturations to this crystal form. 
Table 3 shows the calcite saturations as ΔpH using to the different 
calculation methods as shown in figure 1. The widely mentioned 
saturation index SI is only given to complete common data for 
saturation analysis. As shown in table 3 all given waters in the 
DIN dataset do not tend to precipitate calcite with the exception of 
water sample 9. Sample number 9 is supersaturated according to 
PHREEQC and DIN with 0.07 and 0.08 pH units, whereas ASTM 
shows an undersaturation with 0.06 pH units. Water sample 10 
is almost in perfect equilibrium according to DIN and our calcula-
tions in PHREEQC. 

The calcite saturation (ΔpH values) of the different calculation 
methods listed in table 3 are shown in figure 4 as deviations with 
respect to the ΔpHDIN used as the validation baseline. It is notice-
able that our calculation results with PHREEQC are almost identi-
cal to those of the DIN validation data set. There is a maximum 
deviation of 0.02 pH units between the predicted calcite saturations 
applying these two methods. However, the ASTM method mostly 
underestimates the calcite saturation by 0.13 to 0.32 pH units. 
Water sample 4 is an exception in the data set, as it is a relatively 

Table 3	 Water Samples from the German Industry Standard Methods (DIN). The given saturation pH values pHs were derived from the 
	 DIN data set, calculations after ASTM and the PHREEQC model. Based on these values the calcite saturation was expressed as 
	 ΔpH

Paramter 
water samples

1 2 3 4 5 6 7 8 9 10

pH value of raw water 7.34 7.80 7.00 5.60 7.37 7.86 7.59 7.47 7.30 7.30

saturation Index  PHREEQC: SIPHR – 0.39 – 0.27 – 0.10 – 4.15 – 0.37 – 0.22 – 0.54 – 0.49 0.11 0.01

saturation pH acc. to DIN: pHS,DIN 7.66 8.05 7.08 7.77 7.67 8.06 8.09 7.88 7.23 7.31

saturation pH acc. to ASTM: pHS,ASTM 7.98 8.30 7.28 9.98 7.98 8.28 8.32 8.21 7.36 7.25

saturation pH acc. to PHREEQC: pHS,PHR 7.65 8.04 7.07 7.76 7.66 8.05 8.08 7.87 7.22 7.29

calcite saturation as ΔpHDIN – 0.32 – 0.25 – 0.08 – 2.17 – 0.30 – 0.20 – 0.50 – 0.41 0.07 – 0.01

calcite saturation as ΔpHASTM – 0.64 – 0.50 – 0.28 – 4.38 – 0.61 – 0.42 – 0.73 – 0.74 – 0.06 0.05

calcite saturation as ΔpHPHR – 0.31 – 0.25 – 0.07 – 2.17 – 0.29 – 0.19 – 0.49 – 0.41 0.08 0.01

Fig. 4	 Comparison of the calculation results for calcite satura-
tion expressed as ΔpH from DIN in comparison to ASTM 
and PHREEQC. The values after the DIN method form the 
baseline. Deviations of the calculation method according 
to ASTM and PHREEQC are presented in pH units

soft and acidic water. According to the ASTM, the calcite satura-
tion is even estimated to be 2.2 pH units lower than according to 
DIN and PHREEQC. Water sample 10 is again an exception with 
a high temperature of 61 °C. According to ASTM, a slightly higher 
calcite saturation is to be expected here.

3.1.2	Calcite saturations for simulated RO retentates (ASTM 
and our sub-models in PHREEQC)

In table 4 we present the results for the prediction of the reverse 
osmosis retentates applied on the 10 DIN water samples. The 
feed water recovery and therefore pure water extraction was set 
to a practical yet sometimes challenging [24] 85 % recovery rate. 
The calculated calcite saturations according to the ASTM method 
are compared to our two sub-models for CO2 degassing through 
the membrane. Table 4 shows the absolute calcite saturations as 
∆pH, the predicted pH values of the retentate and the associated, 
calculated pH values in calcite equilibrium pHS. With the exception 
of the soft and acid water no. 4, all waters are distinctly supersatu-
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rated after the extraction of 85 % water. According to the ASTM, 
the 9 remaining retentates would have to be acidified between 
1.50 and 2.55 pH units to achieve at least calcite equilibrium and 
to prevent scaling in the RO system. A comparison of the different 
calculation methods for predicting calcite saturation is shown in 
figure 5. As baseline the ASTM results are used for presentation 
of the deviation to our two sub-models. According to the ASTM, 
the saturation is usually much higher than according to our simula-
tions. The soft water no. 4 is estimated to be 1.0 to 1.8 pH units 
less undersaturated according to our sub-models. The remaining 
largest differences from the ASTM method are for water samples 
1, 3, 5, 9 and 10. In these cases, the ASTM overestimates the 
calcite saturation by 0.4 to 1.3 pH units. As can be seen in table 4 
these large deviations of predicted calcite saturations are mainly 
due to highly deviating saturation pH values pHS with differences 
of 0.1 to 1.0 pH units between the ASTM method and our simula-

tion results with PHREEQC. As already shown above in figure 4, 
this is an indication of an inadequate chemical description of the 
saturation in the ASTM probably due to the simplifications of the 
physicochemical principles. Compared to the raw water calcula-
tions in figure 4, figure 5 shows predominantly larger discrepancies 
between the ASTM and our model calculated in PHREEQC. This 
is probably due to the enhanced salt concentration by the factor 
6.66 at 85% recovery rate. Moreover, the deviations of the pre-
dicted calcite saturation between our two sub-models indicates the 
importance of an accurate description of the CO

2 extraction and 
therefore predicted pH values as listed in table 4. Especially for 
the relatively soft waters 2, 4 and 6 the predicted pH values differ 
greatly by 0.5 to 1.4 units between our two sub-models. Therefore, 
an appropriate model on CO2 extraction and thus pH prediction 
is crucial for the design of an operationally safe, i.e. precipitation-
free RO process. Both ASTM and our sub-model 2 are based on 
the assumption of a constant CO2 concentration from raw water 
to retentate. Table 4 shows this analogy with a better agreement 
of ASTM and our sub-model 2 concerning the predicted pH values 
with constant CO2 concentration. Only after a reverse osmosis plant 
had been brought into operation it is possible to supplement the 
theoretical pH value consideration with measured values. In this 
paper, the comparison of the pH prediction with the real pH data is 
discussed below. Most important form figure 5 is the fact, that the 
ASTM prediction mostly shows high overestimation of the calcite 
saturation as ΔpH in the range of 0.4 to 1.0 pH units compared to 
our simulations. In combination with the validation from figure 4 
the limited calculation background applied in the ASTM should be 
critically questioned.

3.2	 Reanalysis of data from a full-scale RO scaling 
	 experiment and simulative prediction

In the following, we combine the prediction of water chemistry 
of RO retentates with data obtained at the full-scale RO plant. 
An important validation of the applicability of our hydro chemical 
simulation is done by testing the pH prediction. 

3.2.1 Reanalysis of plant performance data

Figure 6 gives an overview of the experiment with pH values 
and typical performance indicators. As described above, the pH 

Fig. 5	 Results for the prediction of RO retentates using the 10 
DIN waters simulating 85 % feed water recovery. Shown 
here are the deviations of the calculated calcite saturations 
according to our two sub-models and the international 
standard ASTM. The calcite saturation ΔpHASTM forms the 
baseline. The absolute calcite saturations are shown in 
table 4

Table 4	 Results for the prediction of RO retentates using the 10 DIN waters simulating 85 % feed water recovery. The waters are calculated 
	 after the ASTM method and our two sub-models for CO2 degasification as shown in figure 5

paramter 
water sample

1 2 3 4 5 6 7 8 9 10

pH predicted: pHASTM,CO2-const 8.12 8.23 7.81 6.30 8.12 8.23 8.22 8.22 8.10 8.10

pH predicted: pHPHR,CO2-feed 8.00 8.06 7.87 7.75 7.90 7.99 8.02 7.99 7.86 7.59

pH predicted: pHPHR,CO2-const 8.09 8.54 7.74 6.39 8.12 8.59 8.33 8.22 8.03 8.00

pH at saturation: pHS,ASTM,CO2-const 6.38 6.72 5.67 8.38 6.38 6.69 6.72 6.61 5.77 5.55

pH at saturation: pHS,PHR,CO2-feed 6.63 6.82 6.30 7.96 6.64 6.83 6.83 6.77 6.32 6.34

pH at saturation: pHS,PHR,CO2-const 6.76 7.00 6.40 7.52 6.78 7.04 7.00 6.92 6.44 6.52

calcite saturation as ΔpHASTM,CO2-const 1.74 1.51 2.14 – 2.08 1.74 1.54 1.50 1.61 2.33 2.55

calcite saturation as ΔpHPHR,CO2-feed 1.37 1.24 1.57 – 0.21 1.27 1.16 1.19 1.22 1.55 1.24

calcite saturation as ΔpHPHR,CO2-const 1.33 1.54 1.33 – 1.13 1.34 1.55 1.33 1.31 1.59 1.49
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measurement at the RO plant was carried out redundantly and 
permanently in the retentate outlet. The evaluation period was set 
over 56 days during the stepwise increase of the raw water yield up 
to a major loss of plant performance. The analysed performance 
indicators are fresh water recovery, salt passage and water per-
meability. After 25 days at 60 % recovery, the yield was stepwise 
increased to 65, 70, 73 and finally 72 % until the termination of the 
experiment due to a severe performance loss. This is represented 
by a decreasing membrane permeability of stage 3 from day 50 
onwards. The pH values follow each recovery increase stepwise 
towards higher values, which is an important observation for the 
choice of a proper CO2 extraction model. Salt passage and perme-
ability show fluctuations that can be attributed to short interrup-
tions in the operation of the RO plant. Moreover, daily fluctuations 
become visible. After day 50 salt passage and permeability also 
decrease that indicates membrane blockage and scaling. The 
measured pH value serves as a central parameter in the hydro 
chemical description and is subsequently used to validate our water 
predictive calculations. A closer look at the quality of the measured 
pH value is therefore necessary. Both pH measurements in figure 
6 show a drift towards elevated values from the initial calibration 
at day 0. The absolute pH values are therefore associated with 
an uncertainty. Since the pH values of 60 and 70 % recovery are 
used in the following for the validation of our prediction approach, 
an estimation of the values at the recovery increase at day 39 is 
particular important. The pH electrode 1 shows a mean drift slope 
of 0.015 pH units per 10 days until day 39. Thus, a total of 0.06 pH 
units by day 39 could be due to electrode drift caused by interfer-
ing factors. Generally, pH measurements are subject to numerous 
disturbance variables even in the laboratory environment [25]. In 
general, the pH1 measurement shows more stable values than 
pH2 and is used in the following discussion with the knowledge of 
the mentioned uncertainty. Independent of any electrode drift, it is 
therefore particularly important to consider the trend of stepwise 

increasing pH values with increasing recovery. By combining the 
two recovery steps from 60 to 70 %, the pH value jumps in total by 
0.10 pH units measured at both electrodes. Also, when recovery 
is increased to 73 %, another pH step of 0.05 is visible at both 
electrodes.

A closer examination of the last days of operation of the reverse 
osmosis system can be seen in figure 7 (see page 62). It is obvi-
ous that the salt passage through the membrane decreases from 
day 50 on until increasing values occur at day 52. The observation 
of the salt passage serves as a common scaling indicator and 
increasing values are to be expected by a local increase of the 
salt concentration at the membrane. Here however, in relation to 
the range of variation of the salt passage, this course is relatively 
difficult to interpret. The pH measurements in figure 7 show a 
continuous decrease from day 49 onwards. From day 50, there 
is an almost linear decrease to the end with a slope of – 0.5 and 
– 0.4 pH units per 10 days for pH1 and pH2. The permeability of 
the membranes in stage 3 shows a decrease from day 51. Com-
pared to the constant permeability in stage 2, a deterioration of the 
membrane performance in stage 3 is therefore clear. In addition 
to the data in figure 6, the meaningful pressure drop in the feed 
channel via stage 3 could only be extracted from the raw data from 
day 50 onwards. From day 51 an increasing pressure drop can be 
observed. Accordingly, the flow resistance in the feed channel in 
stage 3 increases until the end of the experiment. The deteriora-
tions of the performance data in figure 6 (salt passage, permeability 
and pressure drop) indicate increasing scaling in stage 3. The 
decreasing pH values also indicate a deposition, more precisely 
a deposition of CaCO

3. By an approximation of the measured pH 
values to the lower saturation pHS value, which prevails in calcite 
equilibrium, this behaviour can be explained. At the given recovery of 
73 – 72 %, the pHS,PHR,CO2-const is about 6.5. The sharp decrease from 
day 49 with pH = 7.8-7.9 is explained by an increasing approach 

Fig. 6	 Reanalysed performance data of the full-scale reverse osmosis plant for the scaling experiment over 56 days. The data was ob-
tained with a stepwise increase in raw water recovery rate at constant permeate flow without antiscalant efforts

pH1
pH2

stage 3
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increasing pressure drop. When comparing the pH value and 
the depicted membrane performance data, it is noticeable that 
the performance of the membrane only deteriorates from day 51 
onwards. However, the water chemistry already changes from day 
49, which is visible by the pH drop. From the literature it is known 
that the mentioned performance data can show membrane scaling 
only with a certain delay [15]. The pH development is shown here 
as an early indicator for CaCO3 precipitation. However, the exact 
location of the start of crystallization in the membrane system 
cannot be determined with the pH measurement. In combination 
with the constant permeability in stage 2 and the drop in stage 3, 
scaling can thus be narrowed down to the last stage, i.e. the last 
three membrane modules. The crystallization mechanism is unclear 
at this point. Thus, homogeneous CaCO3 precipitation in the bulk 
followed by fi ltrative effect due to the feed spacer could also lead 
to performance degradation and changes in water chemistry. How-
ever, a heterogeneous crystallization mechanism is more likely to 
be considered with the cautious increase in recovery rate carried 
out here. The expectable crystallisation zones [1] are discussed 
in more detail below and support this assumption. The location 
of highest concentration and scaling probability is expected in 
the last module at the retentate outlet. It is known that deposits 
must be expected, especially in the vicinity of the central pipe 
of membrane modules. Thus, for heterogeneous crystallization, 
energetically advantageous surfaces are given with the active 
membrane layer (polyamide) as well as the polypropylene fi bres 
of the feed spacer. In addition, fi ne particles could be washed in 
with the feed water and such surfaces also promote heterogeneous 
crystallization. Due to the ultrafi ltration unit prior to the RO system 
a substantial occurrence of particles is unlikely. Therefore, most 
likely is an initiation of the crystallisation right at the membrane 
surface. The average concentration polarization towards the end 
of the experiment is calculated to be 1.17 times higher than in the 
bulk [13], which favours precipitation directly on the membrane but 
also the adjoining surfaces of the spacer fi bres. Subsequent to the 
experimental run analysed here, the plant was exposed to acidic 
CIP (cleaning in place) cleaning at pH 2 to rinse out the carbon-
ate deposits. In contrast to the initial experimental run analysed 
above, stable plant operation without CaCO

3 scaling could not be 
achieved in the subsequent experiments, even down to minimum 
runnable yield of 60 %. From the literature it is known that typical 
acidic CIP procedures can be incomplete with CaCO3 deposits 
remaining in membrane systems. In comparative tests with and 
without the use of antiscalants, poor CaCO3 scaling removal was 
observed, especially when no antiscalants were used [26] as in 
this case. The remaining CaCO3 deposits enables a secondary 
crystallisation pathway as explained in [1].

3.2.2 Evaluation of the quality of our two CO2-sub-models 
for predicting the retentate pH value

For further validation of our simulation model and a better un-
derstanding of the full-scale data, the experimental results are 
combined with the water chemistry calculations in the following. 
The experimental pH data can be used to validate the various 
calculation methods for carbon rejection. Figure 8 on the left 
shows the predicted pH values in the retentate according to our 
two sub-models and the ASTM method compared to the real data. 
For example, our sub-model 1, which calculates extraction of feed-

Fi g. 7 Detailed view on the reanalysed performance data of the 
last days of the scaling experiment with the full-scale 
reverse osmosis plant

of the water to the solid CaCO3-phase meaning calcite equilibrium. 
Due to an increasing CaCO3 precipitation it can be explained that 
the measured pH values tend more and more towards the lower 
saturation pHS. This behaviour is also clearly visible in the ever 

pH1
pH2

stage 3

Fig. 6
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water CO2 content independent of recovery rate, shows a predicted 
pHfeed-CO2

 = 8.04 at 60 % recovery, dropping to pHfeed-CO2
 = 7.85 at 

90 % recovery. In contrast, our sub-model 2, which calculates a 
constant CO2 content in the retentate independent of recovery rate, 
shows increasing pH values. Therefore, our sub-model 2 follows the 
measured pH data of the RO plant analysed in detail above. The 
ASTM method also shows good pH prediction quality compared 
to the measured data. Since CaCO3 precipitation was detected 
at a raw water yield above 70 % with a strong effect on pH, the 
measured pH data are plotted only up to 70 % in fi gure 8 on the 
left. It can be seen that our sub-model 1 including the degassing 
of the CO2 content from the feed water deviates relatively widely 
from the measured values. The pH predictions applying sub-model 
2 and ASTM are in good agreement with the measured pH values. 
It is very noticeable that the gradual increase in pH with increasing 
recovery rates, are well represented with ASTM and sub-model 2. 
According to these models, the CO2 content in the feed and thus 
in the retentate stream is assumed to be 31.5 mg/L according 
to PHREEQC and 28.2 mg/L according to ASTM. Based on our 
sub-model 1, the CO2 content would be strongly increased with 
increasing fresh water recovery. At a recovery rate of e.g. 90 % 
the predicted CO2 content is calculated to be 68.1 mg/L. This is 
due to the equilibration of the different carbon species (Equation 2) 
as the dissolved inorganic carbon (DIC) content increases during 
the concentrating process. It is therefore useful to consider the 
resulting CO2 removal via the membrane and therefore resulting 
DIC passage through the membrane. This relationship is shown 
in fi gure 8 on the right. A constant extraction of the CO2 content 
(sub-model 1) results in increasing passage of dissolved inorganic 
carbon. Salt rejection and therefore salt passage are commonly 
calculated by a division of permeate and feed concentration [3]. 
Using the example of the plant operation of the reanalysed data, 
this relationship can be explained as follows for sub-model 1: 
According to the plant operation mode “constant permeate fl ow” 

an increasing fresh water recovery results from a reduced feed 
fl ow. The total amount of CO2 that can be extracted decreases as 
a result, and the carbon concentration at constant permeate fl ow 
consequently decreases. The DIC passage therefore decreases 
with increasing yield in sub-model 1. For sub-model 2, an increas-
ing carbon passage can be seen in fi gure 8 on the right. The 
CO2 content can only be kept constant in this model if more and 
more CO2 is removed from the feed water with a simultaneous 
increase in the total carbon concentration due to an increasing 
fresh water recovery. At about 80 % recovery, the pH and thus 
the passage of carbon through the membrane is almost similar 
for both sub-models applied. Besides 80% recovery, the two sub 
models greatly differ in the amount of extracted carbon, resulting 
in widely different predicted pH values for the RO retentate. For 
recovery rates above 80 %, more CO2 than originally present in 
the feedwater must be extracted using the sub-model 2. This is 
only possible if regeneration of CO2 from the other carbon species 
present in the retentate solution takes place – mainly HCO3

- and 
CO3

-2. The literature confi rms the assumption of sub-model 2 that 
a constant CO2 content leads to a correct prediction of pH in the 
retentate [9]. In combination with the high pH prediction quality 
of sub-model 2, it can be concluded that the assumption of a 
constant CO2 content in the feed/retentate stream ensures a good 
representation of the real situation. Complete CO2 degassing of 
the original CO2 content as in sub-model 1 is not a tenable basis 
for an accurate simulation of the analysed RO system. According 
to our sub-model 2 an appropriate prediction above a degassing 
of the initial/feed CO2 content is governed a regeneration from 
other carbon species mainly due to the equilibrium of CO2, H2CO3, 
HCO3

- and CO3
-2. In the context of the real data considered here, 

our modelling approach could be validated with sub-model 2. 
This chapter shows that the prediction of a constant CO2 content 
(sub-model 2) is an appropriate assumption of reality and that 
there is a substantial DIC passage due to CO2 extraction through 

Fig . 8 Left: Predicted and measured pH values for the retentate of the full-scale reverse osmosis plant at varying feed recovery rates. 
Above 70 % recovery, no measured values are plotted as scaling and pH drop were indicated at the following recovery step with 
73 %. Right: Simulation results for CO2 extraction based on feed fl ow and below dissolved inorganic carbon (DIC) passage through 
the membrane according to our two sub-models
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the membrane. In particular, the behaviour at high recovery rates 
and other plant configurations, e.g. with partial recycling of the 
retentate stream, should be validated in further studies, since 
only limited recovery to about 70 % could be validated with the 
measured data from [13].

3.2.3 Prediction of calcite saturation for the full-scale plant 
(ASTM and sub-model 2)

In the following the calculated calcite saturations according to 
the ASTM and our model are discussed. Since the preceding 
pH-value based validation has shown that the calculations based 
on constant CO2 content leads to a high prediction quality, the 
following will be continued exclusively with the calculation bases 
from sub-model 2 and the ASTM. Sub-model 1 is excluded be-
cause of the poor prediction quality of retentate pH. The raw water 
used in the reanalysed full-scale experiment is a rather hard tap 
water, as shown in table 2. It should be noted that this raw water 
is already supersaturated with calcite regardless of the recovery 

rate and prediction method. Our model shows good agreement 
with the membrane manufacturer’s software “Toray DS2” with a 
supersaturation of ΔpHPHR and ΔpHDS2 = 0.19. The ASTM indicates 
a lower supersaturation of the raw water with ΔpHASTM = 0.08. As 
described by the ASTM, CaCO3 scaling is to be expected when 
the ΔpH is exceeded. Therefore, scaling is to be expected already 
without any concentrating efforts. Figure 9 shows on the left the 
predicted calcite saturations for the experimental run analysed 
above over 56 days. According to our sub-model 2, supersaturation 
is in the range of 0.9 to 1.9 pH units at a fresh water recovery rate 
from 60 to 90 %. According to the ASTM method, supersaturation 
is in the range of 1.2 to 2.9 pH units. As above in section 3.1.2 
the predicted calcite saturations differ widely between our model 
and the ASTM method. At 60 % recovery for example, a 0.3 pH 
unit increased calcite saturation must be expected according to 
ASTM. The difference between our model and the ASTM increases 
with increasing recovery. At 90 % yield, for example, the calcite 
saturation according to the ASTM is already increased by approx. 
1.1 pH units compared to our model. To avoid CaCO3 scaling it is 

Table 5	 Predicted and measured values at different feed water recovery rates for the large-scale reverse osmosis system. As the predic- 
	 tion of pH with sub-model 1 fails, the calcite saturations are only listed using a constant CO2 content according to ASTM and our 
	 sub-model 2. The saturation index calculated in PHREEQC is also given to complete data commonly used for saturation analysis

recovery rate

Paramter 0 % 60 % 70 % 80 % 85 % 90 %

pH measured pHreal 7.31 7.60 – 7.68 7.69 – 7.76 – – –

pH predicted ASTM pHASTM – 7.65 7.83 8.02 8.10 8.21

pH predicted sub model 1 pHPHR,CO2-feed – 8.04 8.00 7.94 7.91 7.85

pH predicted sub model 2 pHPHR,CO2-const – 7.67 7.78 7.93 8.03 8.17

saturation pH ASTM pHS,ASTM 7.23 6.46 6.21 5.87 5.63 5.28

saturation pH sub model 2 pHPHR,CO2-const 7.12 6.77 6.66 6.53 6.44 6.32

calcite saturation as ΔpHASTM 0.08 1.19 1.62 2.15 2.47 2.93

calcite saturation as ΔpHPHR,CO2-const 0.19 0.91 1.12 1.40 1.59 1.85

saturation Index SIPHR,CO2-const 0.27 1.29 1.60 2.01 2.29 2.67

         
Fig. 9	 Left: Predicted calcite saturation, expressed as ΔpH, for the RO retentate at various feed water recovery rates at the full-scale 

plant. Due to the above validation, only results for sub-model 2 with constant CO2 content are shown here. Right: Shows the 
determined saturation pH values pHS according to the ASTM and our sub-model 2. The differences in the pHS values show the 
main reason for the large deviations of the predicted calcite saturations on the left side
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recommended to dose antiscalants or to reduce the supersatura-
tion, for example, by dosing acid [9]. According to the calculation 
result with the ASTM method, significantly higher concentrations 
of acid or other scaling inhibitors would have to be added to avoid 
CaCO3 scaling. The main reason for the widely differing satura-
tion results of ASTM und our model is shown in figure 9 on the 
right side with the determined saturation pH values pHS. As the 
calculation of the pH in calcite equilibrium pHS shows increasing 
deviations between ASTM and our model with increasing recovery. 
As shown in the basic Equation 1 for the pH-based description of 
calcite saturation ΔpH, the predicted pH value subtracted by the 
saturation pH value pHS. As discussed above and shown in table 5, 
there is a maximum deviation of about 0.1 in predicted pH values 
between our sub-model 2 and the ASTM. The large deviations of 
the saturation results (ΔpHASTM and ΔpHPHR,CO2-const) are therefore 
mainly due to the deviation in the calculated pHS values, as 
shown in figure 9 on the right. As discussed above, calculations 
with the DIN data also show comparatively large deviations for 
waters 3 and 9, which have a similar degree of hardness to the 
water in the full-scale test. As explained before, it is reasonable 
to assume that our model reflects the real situation better than 
the ASTM due to the comprehensive physicochemical approach 
and conformity with the comprehensive DIN method. Therefore, 
the method presented in the international standard ASTM could 
greatly overestimate calcite saturation. The results of the design 
software DS2 of the membrane manufacturer and antiscalant 
supplier TORAY Industries shows similar differences to our model. 
For example, the predicted calcite saturation as LSI or ΔpHDS2 
for 60 and 70 % recovery are close to the ASTM results with 1.3 
and 1.7 pH units versus 1.2 and 1.6 according to the ASTM. For 
example, at 60 and 85% recovery, the ASTM and DS2 software 
show increased calcite saturation compared to our sub-model 2 
of about 0.3/0.4 and 1.0/1.1 pH units, respectively. This overes-
timation of calcite saturation is in accordance with the literature, 
as it is known that calcite saturation has been overestimated by 
various membrane supplier design software [12].

Regardless of which method is used to calculate calcite saturation, 
a permanent supersaturation in the analysed full-scale experiment 
can be derived from table 5 and figure 9, left. Increasing super-
saturations, that is, positive ΔpH values, are expected to have an 
increasing tendency to form calcium carbonate precipitation. As 
analysed above and confirmed in [13], scaling could be indicated 
from a raw water yield of 73 %. Calcite was thus supersaturated 
by ΔpHPHR,CO2-const = 1.2 according to our validated sub-model 2. 
Even at the lowest recovery rate of 60 %, which was operated 3.5 
weeks without any signs of scaling, a strong supersaturation of 
ΔpHPHR,CO2-const = 0.9 was present. Therefore and due to different 
crystallisation zones of CaCO3 explained in [1], the use of calcite 
saturation for the prediction of CaCO3 precipitation propensity 
seems not suitable.

3.2.4 Determination of different crystallisation zones with a 
saturation prediction of CaCO3 polymorphs

As explained elsewhere [23, 27], the CaCO3 polymorphs calcite, 
MCC and ACC are crucial for the representation of different crys-
tallization zones of CaCO3 and a metastable region. Figure 10 
shows the respective saturations for the full-scale RO experiment 

analysed in this study. All saturations were calculated using the 
previously validated CO2/pH prediction with sub-model 2. Figure 
10 shows a permanent supersaturation of calcite as ΔpHPHR,CO2-const 
from 0.9 to 1.2 pH units according to our model and for comparison 
the ASTM/LSI values for as already discussed in chapter 3.2.3. 
The more soluble monohydrate MCC is only supersaturated from 
a feed water recovery of 62 %. Above this recovery rate, the zone 
of heterogeneous crystallization is reached. A slow and not always 
starting heterogeneous crystallization can be expected following 
the laboratory experiments of Elfil et al. [23, 27]. The amorphous 
CaCO3 ACC gets supersaturated at about 82 % recovery accord-
ing to our model. Above this level, a strong, spontaneous and 
reliably occurring crystallization must be expected – independent 
of energetically advantageous surfaces in the membrane system 
and fluid flow. The analysed full-scale plant was operated at 60% 
recovery for about 25 days. The MCC is slightly undersaturated at 
this yield and calcite is strongly supersaturated. In this saturation 
range, only crystal-induced CaCO3 crystallization can be expected. 
Since new membrane modules and generally new plant equipment 
was installed, residues of crystal precipitation can be excluded 
in this experimental phase and CaCO3 precipitation could not be 
expected. In the following 30 days of the experiment, the yield 
steps of 65, 70, 72 and 73 % were all run in the range of MCC 
supersaturation and ACC undersaturation. Thus, the RO system 
was operated in a zone where a slow, irregular and surface-

Fig. 10	 Simulation results applying our sub-model 2 for the deter-
mination of CaCO3 saturations as ΔpH of different poly-
morphs dependent on the recovery rate. The monohydrate 
and amorphous CaCO3 (MCC and ACC) are used besides 
calcite for the identification of crystallization zones and 
scaling propensity. The reanalysed full-scale experiment 
was thus mainly carried out in the zone of heterogeneous, 
irregularly occurring crystallization between 62 and 73 % 
recovery. At 73 % the detected start of CaCO3 precipita-
tion is marked. Here, the influence of the concentration 
polarization β on the saturation curve of ACC is illustrated 
as an example
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dependent heterogeneous crystallization has to be expected. 
Recovery rates at which strong and spontaneous precipitation of 
CaCO3 would be expected were therefore not run in the analysed 
experiment. Also when including the concentration polarisation β 
the ACC saturation was not reached at 73 % recovery. The effect 
of β is shown in figure 10 as an example for this relationship. At 
73 % recovery the concentration factor due to water extraction is 
about 3.7 which can be multiplied by β = 1.17, resulting in a total 
concertation factor of 4.3. Calculated back to the recovery rate, this 
concentration factor is reached at 77 % which leads to an increase 
of MCC saturation of 0.15 pH units right at the membrane surface. 
Continuing, ACC saturation was not reached at the maximum 
recovery rate. Therefore, a locally initiated, spontaneous nuclea-
tion cannot be expected. Similarly, at 60% recovery, the effect of 
β = 1.10 leads to a notional yield increase of about 4 %, resulting 
in a local increase in MCC saturation of about 0.10 pH units. 
The crystallization zone at 60 % yield is thus not clearly deline-
ated. Including β, it can be assumed that primary/heterogeneous 
crystallisation is already possible directly at the membrane at 60 
% recovery rate. Independent of the influence of concentration 
polarisation, it is clear from the high calcite supersaturation that 
possibly existing CaCO

3 crystals present cause precipitation/scal-
ing in this area. In chapter 3.2.1, the connection between CIP and 
an expected incomplete cleaning of crystal residues has already 
been explained. Therefore, it is expected that after one-time CaCO3 
scaling, the secondary crystallization mechanism prevails in RO 
systems. The repeated experiments in the range between 60 and 
70 % yield all led to immediate precipitation and can be explained 
by the explained by this energetically advantageous crystallisation 
mechanism compared to the initial experiment within the primary 
crystallization zone. The consideration of the crystallization zones 
is up to this point a strongly idealized consideration and therefore 
only a one-rationing of the propensity of CaCO3 scaling. In fact, 
in real applications, numerous and complex influences on scaling 
development must be expected [15]. The crystallisation zones 
in figure 10 refer to the laboratory boron environment and pure 

calcium carbonate systems [23, 27]. For natural waters, precipi-
tation is expected to be subject to various inhibitory effects. The 
presence of divalent cations as magnesium is known to inhibit 
calcite precipitation and alter the crystallisation mechanism [28, 
29]. In addition, organic acids such as fulvic acids and humic 
acids cannot be excluded in natural waters, which also have an 
inhibitory effect on the precipitation of calcium carbonate, even in 
the micro molar range [28]. Thus, the MCC and ACC saturation 
shown in figure 10 could be shifted towards higher concentrations 
by various inhibitory effects. The complex flow field in the narrow 
feed channel (approx. 0.7 – 1.2 mm height) with crossing spacer 
fibres can in turn cause locally elevated concentrations beyond 
the mean concentration polarisation β. Additionally, in the com-
mon operation of reverse osmosis systems, anti-scale agents are 
dosed, e.g. on the basis of phosphonates [13]. Such substances 
are intended to prevent e.g. the deposition of CaCO

3. However, 
when increasing the recovery rate of waters containing calcium 
and dissolved inorganic carbon, a limit is always reached at which 
CaCO3 precipitations occurs. With the strong, spontaneous, and 
repeatable detectable crystallization above ACC saturation known 
form the literature [27], an important upper limit for a successful 
CaCO3 stabilization could be given. The recommendation from 
Toray industries, for example, is not to exceed an LSI of 2.2 even 
when using antiscalants to avoid CaCO3 precipitation. As shown 
in figure 10, this LSI level is reached at about 80 % recovery. 
Incipient ACC supersaturation also occurs in this range at about 
82 % recovery. Further studies could investigate whether ACC 
saturation marks a limit at which conventional antiscalants can no 
longer fulfil their precipitation-preventing function. Most important 
in this section is the fact that the simple relationship of ∆pHCalcite 
> 0 is not a sufficient parameter for the determination of scaling 
propensity, since it is only meaningful in the presence of crystals 
on which secondary crystallization takes place. Otherwise, the 
primary pathway and therefore the CaCO3 polymorphism plays a 
decisive role for the formation of CaCO3 scaling. These interrela-
tionships can be represented with our presented simulation model.

Table 6	 Main results of this study comparing the ASTM, DIN and our simulation model for the prediction of calcite saturations of reverse 
	 osmosis retentates

results based on DIN validation data set results based on full-scale RO data
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•	 DIN an PHREEQC with high level of physicochemical description of calcite saturation in good agreement

•	 Full-scale data show high prediction quality with our sub-model 2 (PHRCO2-const) for pH/CO2 prediction

•	 Integration of polymorphism (MCC, ACC saturation) of CaCO3 successful and reasonable in terms of scaling behaviour of analysed full scale 
	 scaling experiment

➜	 Our sub-model 2 (PHRCO2-const) with the integration of CaCO3 polymorphism can serve as high quality prediction tool for RO retentate water  
	 chemistry and CaCO3 saturation resp. scaling propensity
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4	 Conclusion

With this study, a simulation basis was created and tested, which is 
suitable for the prediction of the water chemistry of RO retentates. 
The prediction of the calcite saturation was distinguished from the 
current standardization and extended to include the influence of 
the CaCO3 polymorphs MCC and ACC describing different crys-
tallization zones. Table 6 and the following text present the main 
findings of this study.

The calculated calcite saturations are based on comprehensive 
chemical principles using the hydro chemical software PHREEQC 
and are in good agreement with the DIN within the validation data 
set for raw waters supported. The ASTM standard uses simpler 
backgrounds for the determination of calcite saturation and devi-
ates from the well-founded calculations according to DIN and 
PHREEQC. The ASTM method indicates decreased saturations 
in the range of 0.2 to 0.3 pH units (LSI) for the raw waters of the 
DIN validation data set. Only for a particular soft and another 61 °C 
hot water of the DIN data set, this pattern is interrupted. DIN and 
PHREEQC remain in good agreement, the ASTM method shows 
results deviating by up to 2.2 pH units. 

For predicting the water chemistry of RO retentates, we tested two 
sub-models. Our sub-model 2, calculating a constant CO2 content 
independent of raw water yield, was found to be accurate based 
on data of a full-scale RO system. The appropriate pH predic-
tion of the retentate, indicating the carbon passage through the 
membrane, therefore provides a good description of the carbonate 
chemistry of RO retentates with our sub-model 2. Sub-model 1, 
which calculates the total removal of the raw water CO2 content, 
could not provide a good fit with the real data and is excluded in 
the following discussion. Sub-model 2 is thus consistent with the 
literature and recommendations of the ASTM international standard 
for the prediction of RO retentates. 

However, the ASTM results in increased saturation values in 
comparison to our sub-model 2 with simulative concentrated DIN 
water samples as well as with the retentate from the full-scale plant. 
In particular, the relatively hard waters 3 and 9 of the DIN data 
set and the hard water from the reanalysed full-scale data show 
large deviations of the calculated calcite saturations in the range 
of 0.8 – 0.9 pH units. This means a large difference in acceptable 
fresh water recovery for a save prevention of CaCO3 scaling. For 
example, according to our calcite model, the difference of 0.8 pH 
units would be covered by a jump from 60 to over 85 % recovery. 
Since the ASTM uses a simplified approach compared to DIN and 
our model, we have to assume an overestimated representation 
of the calcite saturation according to ASTM. The large deviation 
of the ASTM and our model occurs in the determination of the 
saturation pH value pHS. The predicted retentate pH values show 
only minor differences between the ASTM method and our model.

A major improvement in the prediction of CaCO3 scaling propensity 
is given in this work with the incorporation of saturation of CaCO3 
polymorphs besides calcite in our simulation model. Our calculations 
for MCC saturation can be interpreted according to the literature 
as a potential starting level of crystallization of CaCO3 in clean i.e. 
crystal-free environment. Our calculations for ACC saturation are 

then used to describe a hard limit above which spontaneous and 
strong crystallization can be expected. The conventional consid-
eration of the calcite saturation is only relevant if crystal surfaces 
for the energetically advantageous secondary crystallization are 
already present due to preceding crystal input or residues. Our 
analyses confirm the literature with scaling data from a full-scale 
RO plant, to the extent that calcite solubility alone, is not an ac-
curate parameter for predicting CaCO3 scaling. The polymorphism 
of CaCO3 should be given greater attention in this context. Our 
analyses also confirmed the literature in that an indication of CaCO3 
precipitation occurs in a clean and crystal free system after calcium 
carbonate monohydrate (MCC) saturation is exceeded.

According to our results, a critical recovery in terms of CaCO3 
precipitation in RO systems could be significantly higher than 
indicated on the basis of the international standard ASTM and 
membrane manufacturer software. The DIN and our simulation 
model are based on more extensive physicochemical backgrounds 
than the ASTM method to describe the CaCO3 saturation. For 
concentrated drinking waters from the DIN validation data set, it 
could be shown that the saturations for calcite are mostly much 
lower than described by the usual LSI. Based on the depiction 
of freshwater yield-dependent crystallization zones, it should be 
possible to derive ranges of different requirements for antiscalant 
dosages. Up to MCC saturation, crystal-free RO systems should 
be able to be operated completely without antiscalant. Above 
MCC saturation, a dosage is always required to reliably prevent 
precipitation. Systems in which precipitation has already occurred 
should be operated with antiscalant already from the saturation of 
calcite since CIP cleaning is not expected to completely clean off 
crystal residues. Beyond this work with the explained uncertain-
ties in the purely simulative description of the scaling propensity, 
the following Part III will deal with scaling detection in more detail. 
Here, for the first time, the integration and results with a polymer 
optic fibre sensor in a reverse osmosis system will be presented. 
Such sensor data extend the monitoring capability of RO systems 
and offer the possibility of sensitive and early monitoring of the 
actual onset of scaling and precipitation and could be used to better 
understand the complex scaling phenomena.
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