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together with the component salts which form the final deposit on 
the POF surface. Based on Gibbs free energy, the supersatura-
tion, i.e. saturation indices greater than 0, represent a measure 
of the driving force of precipitation [6]. After the experiments, the 
POFs are dried, and pictures are taken of the POF surfaces with 
a light microscope.

2.5	 Experimental RO-setup

The experiments to investigate the effects of scaling in an RO-
filtration system are carried out in a crossflow filtration setup with a 
spacer-filled channel. A schematic diagram of the pilot-RO-system 
is provided in figure 3. The crossflow conditions are representa-
tive for spiral wound membrane modules [21]. Before the scaling 
experiments started, the hydraulics of the cell are validated by 
comparing the expected pressure drop and measured values 
with calculations according to Schock and Miquel (1987) [20]. By 
a variation of the cross-flow velocity, the pressure drop could be 
measured and compared to the theory [20].

For this study, thin film composite membranes (Type: DOW XLE) 
with a size of 95 cm x 3.4 cm ~ 300 cm2 are used. The storage of 
the low-pressure membranes takes place in 4 % Na2S2O3 at 20 °C 
until the experiment starts. 

For all crystallisation experiments, syn-
thetic water containing NaHCO3 and 
CaCl2 is mixed in an 80 l feed vessel. The 
concentrations and CaCO3 saturations 
are shown in associated sections 3.2 and 
3.3. The test solutions are prepared newly 
for each experiment and kept almost 
constant at 20 °C (± 1 °C) by cooling. 
The test solution is fed via a Novados H1 
pump through the feed-sensor module 
(pH, conductivity, temperature, flow rate) 
in the flat membrane module. 

In the feed channel above the membrane and under the feed spacer 
three POFs are diagonally installed along and between two fibres 
of the feed spacer. The pH value, the conductivity, and the flow rate 
of the permeate and retentate are measured continuously. Table 2 
lists the sensor types used in the RO-pilot plant.

All sensor data is collected and stored by a Siemens S7 SPS in 
time intervals of 1-second. The retentate flow is automatically kept 
constant by a motorised needle valve and the flow rate sensor in 
the retentate, so that the crossflow velocity stays 10 cm/s during 
the tests. Such flow velocity and resulting Reynolds number are 
found in retentate side membrane modules in practice [8]. The 
feed pressure is automatically kept constant at 12 bar by coupling 
the pressure sensor in the feed and a frequency converter for the 
feed pressure pump. Further parameters are shown in table 3. 
They are determined in a reference experiment with 2000 ppm 
NaCl feed solution.

During the experiments, the supersaturation of the different poly-
morphs of CaCO

3 is reached by adjusting the concentration (reject 
permeate) or by dosing sodium hydroxide in the feed vessel to the 
solution containing Ca2+ and dissolved carbon. The experimental 
protocol and its results are presented in the following chapter. 

Table 2	 Sensor types in the RO-pilot plant

measurand place sensor type

flow rate retentate Endress und Hauser Promass 
A 300/8A3B01 DN 01

flow rate permeate Natec NU-140

conductivity feed, retentate Jesco-LF-110 (0-20mS/cm)

conductivity permeate Jesco-LF-110 (0-1mS/cm)

pH feed, retentate, permeate Hamilton Polylite-Plus-H-Arc-120

temperature feed, permeate PT-100- Jesco-LF-110

pressure feed, retentate, permeate Wika-A-10

differential pressure feed-channel Endress und Hauser Typ PMD75

Fig. 3	 Schematic diagram and photo of the RO pilot plant, involving a crossflow membrane flat module with POF sensors 
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3	 Experimental Setups and Results

The series of experiments are splitted into three parts. Firstly, 
POFs are immersed in the supersaturated salt solutions. In the 
second part an experimental protocol is discussed in which the 
supersaturation of all CaCO3-polymorphs in the RO-pilot plant is 
reached by continuous dosing NaOH to the feed-solution. The third 
experimental protocol is devoted to a constant feed concentration 
in analogy to the literature [14] in order to apply conditions that are 
as relevant to industrial practice as possible.

3.1	 Experimental protocol – POF in highly supersatu- 
	 rated salt solutions

The first experimental protocol is a setup for POFs placed in su-
persaturated water solutions. The aim is to prove that different salt 
deposits on POF’s surfaces cause a drop of light transmission. Is 
this hypothesis hold, the transmission drop means the detection 
of salt deposits via polymer optical fibre sensors.

Therefore, the POFs are tested in calcium carbonate, calcium 
sulphate, barium sulphate and strontium sulphate solutions. These 
are common deposits on RO-membrane surfaces. All solutions 
are supersaturated, see table 1. Figure 4 shows the course of the 
transmission for the sulphate solutions together with photos of the 

POF surfaces taken after the experiments, that is reached when 
a quasi-steady state of τ is reached.

The photos clearly show the crystals on the POF surfaces. The 
crystals have different morphologies such as the characteristic 
needles from gypsum. As the experiment progresses, the light 
transmission τ via the sensor fibres decreases. For all three sul-
phate salts τ drops in the first phase of the experiment. Later τ 
approaches an almost constant level.

In the present sulphate experiments, the saturation indices increase 
from CaSO4 to SrSO4 and finally to BaSO4 (see Table 1). The precipi-
tation kinetics determined with the POF also show this relationship 
with the fastest transmission decline in the BaSO4 experiments. 
Note also that the slightly supersaturated CaSO4 solution show a 
relatively slow transmission decline over several hours.

The following experiments show the detection of CaCO3-crystals 
in water bath of the salt solutions. Also, the influence of antiscal-
ant (AS) MT 4000 on the crystallisation and in particular on the 
development of transmission decline is shown. As a reference 
measurement for CaCO3 precipitation, the development of the pH 
value is also monitored. 

In all experiments CaCO3-scaling is indicated by decreasing pH 
values as well as decreasing transmittance values of the POFs. 
Trigonal calcite deposits are visible on the fibre surfaces in the 
photos. With increasing concentration of the AS, the transmission 
decreases less. Furthermore, the increasing AS concentration 
delays the transmission loss. 

The weaker decrease in transmission indicates decreasing crystal-
lisation. 10 mg/L AS cause a delay of 2 – 5 minutes of the strong 
transmission drop at the beginning of the experiment. For the AS 
experiments, the photos show less but larger crystals. Commonly, 
AS impacts the free surface of crystal clusters, thereby retarding 
the formation rate and growth rates of crystallisation [18]. 

We conclude that, all salt precipitations (CaSO4, BaSO4, SrSO4 
and CaCO3) cause a strong transmission loss via the POFs with a 

Table 3	 RO Parameter measured in a reference experiment with 
	 2000 ppm NaCl-feed-solution

RO-parameter Formula symbol Magnitude

flux JW 55 L m-2

recovery r 30 %

temperature T 20 °C ± 1 °C

concentration factor CF 1.45

Reynolds number Re 140

Schmidts number Sc 800

Sherwoods number Sh 2.5

concentration polarisation β 1.1

Fig. 4	 Upper part: Transmission data from the POFs immersed in the sulphate solutions. From left to right: Calcium sulphate, strontium 
sulphate and barium sulphate. Lower Part: Photos of the POFs after the experiments with respective salt crystals on their surfaces. 
V1, V2, V3 describe the triplicate 
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sensor zone. In combination with the AS, the transmission behaviour 
is changed and slowed down. These experiments proof that POFs 
can be a universal sensing element for precipitation detection of 
salts relevant in reverse osmosis technology.

3.2	 Experimental protocol – membrane cell – super- 
	 saturating CaCO3 via pH adjustment 

In this section we start the experiments with undersaturated solu-
tions for all CaCO3-polymorphs. The experiments are designed 
so that undersaturation of all CaCO3-polymorphs in the solution 
is achieved by the dosage of HCl down to pH = 4.5. 

The experimental conditions, including the crossflow velocity v = 10 
cm/s and the feed pressure pfeed = 12 bar, are kept constant during 

Fig. 5	 Experimental data from POFs immersed in CaCO3-solutions. Top row: transmission data of POFs immersed in a pure CaCO3-solu-
tion, a solution with 1 mg/l antiscalant (AS) MT4000 and 10 mg/l. Middle row: Development of the pH values of the corresponding 
experiments. Bottom Row: Photos of the POFs after the experiments with the salt crystals on their surfaces

Fig. 6	 Time series from the experiment with CaCO3- supersaturating via pH adjustment. The initial pH value is adjusted with hydrochloric 
acid to 4.5. Then the supersaturation of the CaCO3-polymorphs is achieved by dosing 0.1M NaOH into the feed water. The vertical 
lines mark the first occurrence of supersaturation of the CaCO3-polymorphs in the feed and the retentate
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the whole experiment. The experiment is obtained in full-recycle 
mode. 

The saturations values of all polymorphs were determined with 
the software PHREEQC. 

Each experimental protocol is run in triplicate. They are started 
with cleaning the RO-system using citric acid at pH = 3. Next, the 
rinsed membrane with feed-spacer, permeate-spacer and three 
POFs are installed in the membrane flat cell. Among the POFs, 
one fibre is a reference-fibre where the cladding is intact; hence 
no detection of deposits is possible by this fibre. The POFs with 
sensor zones were included on the feed side of the flat cell and 
the retentate side.

The experimental procedure includes first a conditioning phase 
for 12 h at experimental conditions but with desalinated tap water. 
After the conditioning phase, 2 mMol/l CaCl2; 3.5 mMol\/l NaHCO3 
and 3.2 mMol/l HCl are mixed in the feed vessel. Each salt is pre-
solved in 5 l desalinated water and then mixed in 80 l desalinated 
water. This procedure avoids homogenous crystallisation. The 
undersaturated CaCO3-solution is then pumped through the RO-
system for a period of 24 hours in complete recycling mode. Then 
the dosing of 10 ml/h 0.1 M NaOH is started at experimental time 
= 36 h until the pH value of 11 is reached as the end of the experi-
ment. During the entire experiment, photos are taken every 5 min 
with a resolution of 3088 x 2064 pixels. After the termination of 
the experiments (i.e. 144 h), the membranes and the POFs were 
dried and prepared for light- and scanning electron microscopy. 

The experimental data of one experiment are shown in figure 6. 
The two remaining experiments of the triplicate show similar results.

The total experimental duration is 144 h. The time series show 
the effects of crystallisation in the RO-plant until 96 h for closer 
visualisation of the most relevant period. The FCP value increased 
by about 300 % at the very end. The FCP serves a measure 
for hydraulic resistance along the membrane, and is therefore 
indicating a narrowing of the flow channel along the membrane 
at the constant volume flow rate. Note that the salt passage first 
decreases, and later increases. The early decrease is caused by 
the pH-dependent salt rejection of polyamide-RO-membranes 

[22]. The following increase indicates scaling. The salt passage 
increases by about 750 % throughout the whole experiment. The 
water permeability through the membrane is decreasing by about 
80 %. All these basic parameters indicate the CaCO

3-crystallisation 
and deposition in the RO-system. The conductivities in the feed 
and retentate remain almost constant until strong crystallisation 
occurs at time = 80 h.

Figure 6 also shows the time series of the calculated crystallisation 
rate which is shown in more detail in figure 7 (image processing 
see section 2.1).

Until 72 h no crystals on the membrane surface are detected. From 
82 h forward the crystal-ratio increases strongly. After 75 h a slight 
increase of the crystal ratio can be observed.

During this first increase the CaCO3- crystals are rather located in 
the lower left corner of the processed image. Due to the location 
of the first visible crystals, the CaCO3-crystals seem to be formed 
and grow in the flow shadows behind the feed-spacer (see Fig. 1). 
This indicates a higher concentration polarisation (CP) in flow-
shadowed regions on the membrane surface. CP often calculated 
as a mean value describing a whole membrane module. In fact, 
it is known that the flow conditions in spacer filled feed channels 
are widely inhomogeneous [24]. The local flow conditions influence 
the local CP directly [4].

Another effect illustrated in figure 7 is the plateau of the crystal-ratio 
as reached after the first detected crystals (t = 84 h). Even when 
the membrane surface is fully covered with CaCO3-crystals the 
crystal-ratio will never reach the value of 100 %. This discrepancy 
may be caused by inevitable approximation in image process-
ing when dealing with overlapping crystals. These overlapping 
crystals cause a backscattering of the transmitted light into the 
optical line “light source-membrane-camera”, so that the crystals 
appear no longer dark in the captured images and are no longer 
detectable. This effect can be proofed by SEM analysis as shown 
in figure 8. This picture illustrates the overlapping calcite crystals 
on the membrane surface. 

In conclusion, the image analysis method can give a good im-
pression of the first visually detected CaCO3-crystals and of the 

Fig. 7	 Crystal-RatioTime series with raw images and binarized images. From left to right: no Scaling; light Scaling; progressed scaled 
Membrane
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incipient crystallisation. However, as the crystallisation proceeds, 
overlapping crystals make a correct calculation of crystallisation 
ratio impossible. A realistic view of the crystallisation on the mem-
brane surface can be obtained between the plateau, where the 
crystals overlap each other and the first crystals are detected; this 
holds for t = 75 h until t = 84 h in the experiment shown in figure 7.

In RO-plants, heterogeneous crystallisation is to be expected the 

predominate crystallisation pathway (undersaturation of ACC). A 
major challenge during the experiments is to reproduce heterogene-
ous crystal nucleation in the RO-pilot plant. There are two theories 
for the crystal formation in the literature. According to the theory of 
Karabelas et al. (2013) heterogeneous crystallisation takes place 
whenever calcite is supersaturated [14]. They proved their theory 
by SEM imaging of crystal nuclei formation on RO-membrane 
surfaces. Elfil et al. (2006) purpose a heterogeneous crystallisa-
tion as soon as monohydrated CaCO3 (MCC) is supersaturated 
[5]. MCC is the precursor for crystal nuclei formation. 

Our experiments, presented in this paper with initial undersaturated 
start, the theory of Elfil et al. (2006) seems more suitable since 
simultaneously to the saturation of MCC we observe an alteration 
in the salt passage and also the transmitted light through the POFs. 

The ΔpH in figure 6 indicates the difference in pH values between 
feed and retentate stream. It also changes with the supersatura-
tion of calcite in the feed solution. The pH value in the retentate 
increases in this time range by 0.2 compared to the pH value in 
the feed. Precipitation of CaCO3 leads to decreasing pH values 
and could therefore indicate precipitation in the membrane cell. 
This interpretation again is rather compatible to Karabelas theory 
(2013) [14].

Three parameters feed channel pressure drop, permeability, and 
the calculated image crystal-ratio are changing simultaneously to 
the supersaturation of amorphous CaCO3 (ACC). This indicates 

Fig. 8	 SEM picture of overlapping calcite crystals on the RO 
membrane surface. The picture is taken after an experi-
ment with increasing pH value

Fig. 9	 Time series of an experiment with calcite supersaturation in the retentate stream. The compaction phase of the membrane lasted 
up to 24 hours. Then the experiment is continued with almost constant saturation conditions where calcite is supersaturated. 
The pH value is adjusted to 6.8 with HCl at the beginning of the experiment. The vertical lines mark the first occurrence of super-
saturation of calcite in the feed and the retentate. MCC and ACC are undersaturated during the experiment
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the expected strong homogenous crystallisation in the RO-plant 
according to the theory of Elfil et al. (2006) [5]. With the saturation 
of ACC, the POF signal also reacts strongly with a rapid decrease 
of light transmission. The transmission loss at this point is much 
stronger as it is at the saturation point of MCC previously. 

In summary, the calculation for the CaCO3 saturation of different 
polymorphs (vertical lines in Fig. 6) are a good indicator of when 
precipitation on the membrane surface is to be expected. The POF 
sensor is sensitive to incipient crystallisation on the membrane 
surface. Incipient crystallisation is detected by the first transmis-
sion drops earlier than the common parameters permeability, FCP 
or even image analysis. The salt passage changes in time with 
the POF transmission drops. However, it is unclear whether this 
is due to scaling alone or to the pH-dependent behaviour of the 
salt passage.

Certainly, it is difficult to distinguish between primary or secondary 
crystallisation. The RO-pilot system is not designed and built ac-
cording to the principles of hygienic design. Therefore, incomplete 
cleaning of crystal residues is possible, which may lead to secondary 
crystallisation from the beginning of each experiment. However, 
the second and strong transmission loss of the POF sensors (ACC 
saturation in the feed water) indicates that the pH increases dur-
ing the experiment initially led to primary, heterogeneous crystal 
formation in the feed channel. Our saturation calculations on MCC 
and ACC saturation support this hypothesis.

The presented experimental results in this section do not allow 
a clear preference to either the theory of Karabelas et al. (2013) 
[14] or the theory of precursor role of MCC of Elfil et al. (2006) 
[5]. In order to produce heterogeneous scaling on the membrane 
with greater reliability, another experimental setup is performed 
in the RO-pilot plant.

3.3	 Experimental protocol – membrane cell – constant 
	 conductivities and pH values

In the third experimental protocol, presented in this section, the 
saturation is kept almost constant. This leads to a more realistic 
RO-setup. The functionality of the POF sensor can thus be examined 
for practice-orientated precipitate formation. Firstly, a compaction 
phase proceeded for 24 h. Secondly, the feed solution is mixed in 
the feed vessel. The feed solution consists of 11.8 mMol/l CaCl2 
and 6.5 mMol/l NaHCO3. The pH value is adjusted to 6.8 by HCl. 
The experimental protocol includes a discharge of permeate and 
retentate during the experiment. The whole experimental setup is 
as close as possible to that of Mitrouli and Karabelas et al. (2013, 
2016) [14, 15]. They propounded the theory that no induction time 
exists and CaCO3 precipitates immediately after supersaturation 
of calcite. Figure 9 presents our experimental results.

The calcite is supersaturated in the retentate since the beginning 
of the experiment after the compaction phase. Calcite saturation 
in the feed is reached at duration = 25 h due to a slight shift in pH 
value likely due to CO2 degassing from the ventilated circulation 
tank. The experimental data show the effect of light scaling in the 
RO-system. The permeability is slightly decreasing from 5 to 4.9 L 
h-1 bar-1 m-2, and the pressure drop in the feed channel is increasing 

slowly from 26.0 to 26.5 bar. The origin of these marginal trends, 
which stand out only slightly from the signal noise, cannot be clearly 
determined. The salt passage is decreasing by 15 %. This might 
be an effect of a post-compaction of the membrane during the 
experiment. The image analysis is the only parameter that shows 
that crystallisation is certainly taking place in the RO-system. 
From 29 h time forward, small crystals are detected by the image 
analysis. The level of crystallisation detected in the images is only 
1 %. This means that the crystal-ratio calculated by automatically 
image analysis is below the above-mentioned plateau level, where 
the overlapping crystals affect the image analysis. Regarding to 
the minimum detection level of 350 μm2 for each crystal the image 
analysis gives a realistic view of emerging CaCO3 crystals on the 
membrane surface.

The light transmission through the POFs is immediately decreas-
ing after dosing the salts in the feed vessel. As in section 3.2. the 
retentate fibre transmission is decreasing stronger than the feed 
fibre transmission. This can be explained by an earlier and stronger 
crystallisation on the retentate side of the membrane cell. Here, the 
salt concentration and thus the supersaturation is higher than in 
feed side of the cell. As shown in figure 9 scaling is detected earlier 
and more strongly by the POF sensors than any other parameter 
in the reverse osmosis system.

The SEM-picture in figure 10 illustrates the effect of POF on RO-
membrane surfaces. Clearly visible are the crystals formed near 
and beneath the POF. It appears as if the POF is partially embed-
ded in the crystals. Furthermore, the crystals are mainly growing 
near to the POF imprint on the membrane surface. This could be 
explained due to high local salt saturation, which is enhanced by 
a higher concentration polarisation in the flow shadows generated 
by the POFs. Hence, the crystals grow firstly in the area around 
the POFs and in consequence the functioning of the POF as an 
early scaling sensor seems positively influenced by this locally 
enhanced concentration polarization as it also appears at the feed 
spacer fibres along the membrane channel.

In addition, the SEM image (Fig. 10) shows a membrane surface 
not completely covered with crystals. As explained above, the im-

Fig. 10	 SEM Picture with a POF imprint from an experiment with 
constant conductivities and pH values
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age processing can therefore still detect 
single crystals. The time series given in 
figure 9 have not reached the plateau 
value of 10 %, which is known from the 
experiments described in 3.2.

In conclusion, the comparison of our 
experiments with those of Karabelas 
et al. (2016) led to similar results [14]. 
After the triplicate, it can be stated that 
the supersaturation of calcite is sufficient 
for crystal growth on RO-membrane 
surfaces. This has been demonstrated 
using online sensors such as the POF 
sensors and image analysis, as well as 
the offline method through SEM analysis. 
The results show that supersaturation prediction of MCC is not 
necessarily the key factor for the critical formation of crystals. It 
cannot be finally determined whether this is due to an early primary 
crystal formation or due to crystal nuclei remaining in the RO-system 
after rinsing with citric acid, which cause secondary crystal growth.

4	 Conclusion

In this study, two new in-situ methods for the scaling detection in 
RO-modules are presented: 

1.	 An early detection of inorganic precipitations on the RO-
membrane surface and in vitro is possible by using polymer 
optical fibre (POF) sensors. This leads to a method by which 
crystallisation processes in RO-systems can be detected be-
fore the crystallisation itself impacts on the performance of the 
RO-filtration. It is proofed in two experimental designs (each 
executed in triplicate), that in the very moment when the POF 
first detects crystals the performance of the RO-system is not 
deteriorate. The membrane permeability (i.e. normalised water 
flux) and the salt rejection decrease later in the experiments. The 
feed-channel pressure drop does not increase or increases only 
many hours after the POFs already have detected the crystals 
on the membrane. The sensitivity of the POF sensor is proofed 
in an RO-flat membrane cell with CaCO3 and in water solutions 
with CaSO4, BaSO4, SrSO4 and CaCO3 in combinations with 
an antiscalant. 

2.	 The second in-situ monitoring method for crystallisation pro-
cesses in membrane flat modules is an image analysis method 
for the detection of the crystals and for the assessment of their 
sizes. Due to this method in combination with the transparent 
PMMA-membrane flat cell we were able to detect CaCO3-crystals 
with a covered membrane area of 350 μm2. The image analysis 
detects crystallisation processes earlier than the membrane 
performance begins to decrease. This is proved in the ex-
periments guided by the experimental setup of Karabelas and 
Mitrouli et al. (2020, 2013) [12][14]. The image analysis method 
is suitable to validate the presented POF sensors. The POFs 
can now also be used with spirally wound membrane modules 
where the image analysis method does not work.

The accompanying simulation methods (published in Part I and II) 
for calculating saturation by the pH value in the salt solution allows 
to predict precipitation in experiments. These simulation methods 
support the functionality of the POFs. The CaCO3 polymorphs 
calcite, MCC and ACC were simulated. By our experiments it could 
not be clarified beyond doubt whether MCC plays a precursor role 
as in the experiments of Elfil et al (2006) [5]. As has already been 
shown in the literature with laboratory-scale experiments [12][14], 
it is doubtful whether induction time or meta stability [5] play a role 
in CaCO3 crystal formation in such experimental set-ups.

5	 Outlook

This chapter gives an overview of integration concepts for the 
new POF sensor in industrial-scale RO systems [7]. On the one 
hand, it is possible to couple flat membrane cells with POF as a 
monitoring device to such full-scale systems. In addition, figure 11 
shows various possibilities for integrating POF into spiral-wound 
modules. Concepts a) and c) must be included during the produc-
tion of spiral wound modules. Replacing a spacer fibre by a POF 
has the advantage of avoiding additional flow shadows in the feed 
channel. This is desirable since the local concentration polarisation 
may be enhanced by additional fibres in the spacer net. 

Another strategy for integrating the POF sensor into conventional 
spiral-wound modules is shown with concept b). Here, a POF sen-
sor with a front-side mirror (e.g. gold coating) is inserted between 
two membrane sheets. A realistic approach is to use POF sensors 
to detect incipient crystal nuclei in the last spiral wound module 
where the salt concentrations reach the highest values. For the 
detection of biological fouling the approach of Vrouwenvelder et al. 
[24] seems more suitable. The highest nutrient loads and therefore 
biofouling is found in the membrane modules on the feed side. 
Therefore, a feed-side module should be equipped with a POF 
sensor for biofouling detection.
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a)
b) c)

Fig. 11	 Integration concept for polymer optical fibres in spiral wound RO-modules: a) POF is 
replacing a feed-spacer fibre, b) POF with a mirror on the fibre end, c) back and forth 
integrated POF in the feed-spacer [7]
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