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CaCO, deposits in reverse osmosis: Part lll -
Incipient Scaling detection via polymer optical
fibre sensors. Comparison to hydrochemical
prediction and image analytical methods

Reverse Osmosis (RO) is a widely used technology for water treatment in the beverage industry to produce
brewing water, process water or tap water. The weak points of RO-membrane filtration are membrane degrada-
tion due to oxidative water constituents or membrane fouling in the difficult-to-clean, spacer-filled feed chan-
nel. The fouling can be distinguished into two main categories. The first one is caused by feed waters with

a high organic and microbial load. The second type of fouling is triggered by supersaturated salt solutions,
which leads to the precipitation of salts on the membrane surface. Both fouling types are destroying spiral
wound RO-modules if they are not detected in an early stage. This work presents and validates a new optical
online detection method via polymer optical fibres (POF) for inorganic fouling as CaCO,, CaSO,, BaSO,, SrSO,.
The new detection method is tested by three experimental set-ups and compared with common prediction

and detection methods such as saturation calculation, measurement of salt rejection, permeability, and the
pressure drop in the feed channel. In addition to conventional online analysis methods for detecting deposits
in reverse osmosis systems, this study presents an image analysis method that provides reliable evidence

of POF sensor operation. The POF sensor is able to detect incipient crystal formation during the RO process.
This gives this study the opportunity to discuss current crystallisation theories such as the induction time
theory and the role of monohydrated calcium carbonate (MCC) as a precursor in the formation of CaCO,

deposits.

Descriptors: reverse osmosis, scaling, polymer optical fibre sensors, image analysis, hydrochemical prediction, predictive maintenance

1 Introduction

With the widespread application of reverse osmosis (RO) to the
treatment of a great variety of waters, the topic of membrane scal-
ing became a subject of high research interest. In the 1980s, for
example, numerous publications already deal with the avoidance
of scaling on RO membrane modules [17]. Efficient RO operation
and the associated challenges related to mineral deposits in mem-
brane modules are drivers of a continued high level of research
interest [10]. The findings of experimental scaling research are
based on a great variety of methods for detecting crystals or their
effect on the membrane process. In a recent study, for example, it
is shown by transmission electron microscopy that CaCO, crystals
of a few nm in size can be found in cavities of the microstructured
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polyamide surface that serves as the active RO membrane layer
[19]. Research onthe structure of already advanced salt deposition
also provides important findings. For example, it has recently been
shown by evaluating membrane permeability and subsequent ex-
situ membrane analysis that an electromagnetic field (EMF) can
be used to cause a permeability-improving change in crystal or
scaling structure. The cleanability of the membrane surface could
also be improved by applying the EMF. Energy dispersive X-ray
spectroscopy (EDX) and scanning electron microscope (SEM)
are used to analyse the scaling structure [11]. In another study
it could be shown that a permeability decrease of the membrane
depends more on the growth orientation of the crystals than on
the deposited crystal salt amount [25]. A characterization of the
scaling and crystal structure could be carried out by membrane
removal and further conditioning steps. For this purpose atomic
absorption spectrometry (AAS), X-ray diffraction (XRD), grazing
incidence wide angle X-ray scattering (GIWAXS), vertical scanning
interferometry (VSI) and atomic force microscopy (AFM) are ap-
plied [25]. Also, some recent publications deal with the influences
of scaling inhibiting or modifying ingredients as they occur in real
applications. For example, it is recently shown by SEM and EDX
that an optional upstream ultrafiltration resulted in an increased
scaling caused by a reduction of organic matter [23]. An induction
time theory at existing supersaturation is assumed since long for
various scaling substances such as CaCO,. However with regard
to CaCQ,, it is now considered that the induction time theory is
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Image processing for crystal detection on the membrane surface. From left to right: Rotated image, taken in transmitted light

mode, Cropped image, Contrast stretched grey scaled image, Final binarized image with detected crystals on the surface (white

points) and the crystal-ratio = white pixels/total pixels

not applicable and that only the late detectability in the membrane
process had ledto this assumption[12]. Nevertheless, the induction
time theory is still used in scaling research on CaCO,. For example,
in their experiments, Mangal 2021 et al. defined the time span up
to a pH drop of 0.03 units by CaCO, precipitation as the induction
time [13]. For the evaluation of sulphate deposits such as CaSO,,
the induction time is frequently used in the recent literature [1-3, 9].

In general, the methods used for scaling analysis can be divided
into ex-situ and in-situ analysis. The classical in-situ approaches
of scaling detection by evaluation of membrane performance
such as flux or permeability can only indicate advanced scaling.
Using the ex-situ methods, the membrane modules used must
be opened and are thereby destroyed to examine the suspected
salt precipitation. The major advantage of ex-situ methods is the
subsequent applicability in a great variety of analysis methods
such as described above. However, when removing and handling
membranes outside the membrane modules to examine the crystal
structures, numerous possible influences must be considered. For
example, influences onthe crystalline structures by crystal ripening
or a subsequent formation of crystals by evaporation and drying of
dissolved salt residues on the membranes must be considered. In
addition to the elaborate and mostly destructive ex-situ methods
described here as examples, we have already given an overview
of existing in-situ sensor systems in Part 1 of this publication
series [6]. The need for a universal and simple detection method
for early-stage scaling and fouling in general is pointed out there.
This need for research and development of detection methods is
also highlighted as an important research gap in recent literature
[12]. The purpose of this paper is to demonstrate the potential of
a new optoelectronic in-situ and highly sensitive detection method
based on polymer optical fibres.

This is the third part of our publication series on CaCO, scaling
in RO membrane modules. In Part 1, the state of the science on
the prediction and detection of CaCOQ, scaling is presented. The
results displayed in this work are based on a new measurement
method using POF. This principle is presented in Part 1 and placed
in comparison to current methods. In Part 2, a new hydrochemical
simulation model is demonstrated, which is used in this paper as a

basis for describing the saturation of important CaCO, polymorphs
and crystallization zones.

2 Methods and Materials

This study aims at the combination of predictive calculations of
CaCO, supersaturation on RO-membrane surfaces with several
monitoring methods to detect deposits on RO membranes. To
start, the monitoring methods among them the image analysis and
the setup of polymer optical fibre sensors will be presented in the
sections 2.1 and 2.2. In a second step saturation predictions and
the experimental setups will be described.

2.1 Image analysis Method

The flat membrane module made of Polymethylmethacrylate
(PMMA) allows to take pictures in transmitted light mode. The
advantage is that CaCO,-crystals scatter the light out of the opti-
cal line “light source-membrane-camera” (see Fig. 3) due to their
deviating refractive index, such they appear dark in the photo. The
pictures are taken with a Basler-acA3088-57uc CMOS camera
every 5 minutes. The images can be focused on the membrane
surface due to inhomogeneities on the surface.

Imaging of the membrane surface and subsequent image pro-
cessing is aimed at detecting CaCO_-crystals on the membrane
surface. The recorded images are processed with MATLAB 2020b
software. The detection of the crystals allows the determination of
the membrane area covered with crystals.

Figure 1 illustrates the steps of image processing. The images
are rotated and then cropped so that the free membrane area can
be further analysed in a feed spacer square of 1.8 x 1.8 mm. The
feed flows diagonally through the feed spacer square. Photos are
typically described by three matrices with the red, green and blue
components. The original colour RGB image is converted to a
grey-scale image. To improve image quality, the contrast stretch-
ing method is often used [16]. Using this method, the crystals on
the membrane surface become more visible. The membrane area
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coatedby crystals canbe measured using
binarization of the grey-scaled image. As
a threshold to binarize the grey image a
local adaptive function with a brighter
backgroundis employed. Forbinarization
an adaptive method is used, such that
brightness differences do not impact the
image analysis. Finally, a crystallisation
ratio was calculated by comparing the I
arearatios of the overallimage tothe area
covered with crystals. The minimum size
for the detection of the CaCO,-crystals is
a covered membrane area of 350 ym2.
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Fig. 2

2.2 Optical fibre setup

We chose as fibres for the optical sensors Asahi Luminos DB 500
polymer optical fibres (POF) with a diameter of 500 um. The fibre
consists of a PMMA core and a fluoropolymer cladding. For the
scaling detection, the 10 um fluoropolymer cladding is removed
as a sensor zone with a length of 5 cm using ethylacetate. This
principle was already illustrated in the first part of this publication
series [6]. In the sensor zone, the light rays interact with deposits
on the fibre surface, because there is the possibility of interrupting
the total reflection of the light in the fibre. In figure 2 these are the
modified sensor-fibres 1 and 3.

As shown in figure 2, red light (656 nm) is emitted in a light splitter
and into the POF for scaling detection. Red LED are commonly
used for data communication over POF because of the low optical
attenuation in this wavelength region [26]. Fibre 2 is the reference
fibre without a sensor zone. This fibre is used to detect optical
power fluctuations which are not due to scaling, for example due
to thermally fluctuating LED power or detection sensitivity of the
sensor, or due to ageing of LED, detectors andfibres. For measuring
the optical power (optometry), the transmitted optical power of all
fibresis detected by amplified photodetectors (Thorlabs PDA100a),
and their output voltage U proportional to the optical power P is
registered digitally. The optical setup is used in the RO flat cell
as well as in water bath experiments, where supersaturated salt
solutions with sulphates and CaCO, were examined.

Table 1
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Polymer optical fibre setup as a sensor for scaling detection

For the data processing, only relative transmission signals T are
used.Tis calculated by the ratio between the measured transmitted
light power P and the intrinsic transmitted power at the beginning
of the experiments P. In addition, the behaviour of the reference
fibre is included in the calculation of T.

P P(ref)

te Py Py(ref)

2.3 PHREEQC calculations

(Eq. 1)

The measurement-based detection methods are compared with
hydrochemical simulations performed using PHREEQC software —
describing the supersaturation of CaCO, and sulphates. The
calculation of CaCO, as ApH value is carried out as described
in Part Il of this publication series [8]. CO, passage through the
membrane is calculated according to measured pH values in the
retentate stream. The calculations were run in PHREEQC version
3.7.3.15968 using the phreec.dat database. Rising pH values in
the feed solution with the second experimental protocol in section
3.2 are also adapted by CO, extraction. Saturations of sulphates
for the water bath experiments are likewise calculated using the
phreec.dat database.

2.4 Experimental setup — POFs in different supersatu-
rated salt solutions

The primary purpose of the initial tests with the POF sensors is
to prove the theoretically forecasted influence of crystallisation
on the sensor signal. The secondary
objective is to achieve different salt
precipitations onthe surfaces of the POF

precipitation so that common scaling components

final desposit | solution 1 solution 2 sa;llqjaaet)l(on prica:z:zate potential in could be tested.

mmol/L
99 mmol/l 33 mmol/l Calcite: 2.5 ) Therefore, the POFs are installed in
Calcit 30 .

CaCo, NaHCO, CaCl, (1.4 as ApH) alette supersaturated salt solutions. The ex-
MCC: 1.2 periments are carried out in triplicate,
(0.9 as ApH) with CaSO,, BaSO,, SrSO, and CaCO,
ACC: 0.5 beinginvestigated. The CaCO,—solution
(0.4 as ApH) is tested in pure form as well as with 2
CaS0,"2H,0 7’8 mggl/l 7OCan;1IOVI 0.7 Gypsum 46 different concentrat!ons ofthe antlgcalant
&, S, el MT4000. The experiments are carried out
S1S0, 8’.\12amg1cc)>l/l 8.2Sr:10rr|10I/| 16 Celestite 75 at a temperature of 21 °C. The pH value
224 2 is measured with a pH-meter, type WTW
BasO, 1-3‘; msn(])ol/l 1-53":'(13’:10'/' 37 Serfie 1.49 Multi 3320. Table 1 lists the concentra-
2 2 tions of all synthesised salt solutions
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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. Aschematic 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 cm? are used. The storage of
the low-pressure membranes takes place in 4 % Na,S,0, at 20 °C
until the experiment starts.

OOO e

Schematic diagram and photo of the RO pilot plant, involving a crossflow membrane flat module with POF sensors

Inthe 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 CaCQ, is reached by adjusting the concentration (reject
permeate) or by dosing sodium hydroxide in the feed vessel to the
solution containing Ca?* and dissolved carbon. The experimental
protocol and its results are presented in the following chapter.

Table 2 Sensor types in the RO-pilot plant
For .aII crystalllsatlop 'experlments, SYN- | easurand place sensor type
thetic water containing NaHCO, and e T S
L . ndress und Hauser Promass
CaCl,is m|?<ed inan 80 |feed vessel..The flow rate retentate A 300/8A3801 DN 01
concentrations and CaCO, saturations
. . . flow rate permeate Natec NU-140
are shownin associated sections 3.2and
3.3. Thetestsolutions are prepared newly conductivity feed, retentate Jesco-LF-110 (0-20mS/cm)
for each experiment and kept almost  conductivity permeate Jesco-LF-110 (0-1mS/cm)
constant at 20 °C (+ 1 °C) by cooling.  pH feed, retentate, permeate Hamilton Polylite-Plus-H-Arc-120
Thetestsolution s fed viaaNovados H1 "o perature feed, permeate PT-100- Jesco-LF-110
pump through the feed-sensor module pressure feed, retentate, permeate Wika-A-10

(pH, conductivity, temperature, flow rate)
in the flat membrane module.

differential pressure

feed-channel

Endress und Hauser Typ PMD75
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Table 3 RO Parameter measured in a reference experiment with

2000 ppm NaCl-feed-solution

RO-parameter Formula symbol Magnitude
flux Iy 55 L m?
recovery r 30 %
temperature T 20°C+1°C
concentration factor CF 1.45
Reynolds number Re 140
Schmidts number Se 800
Sherwoods number Sh 25
concentration polarisation B 1.1

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 CaCO,-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

CaSO,

SrSOy

POF surfaces taken after the experiments, that is reached when
a quasi-steady state of T 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 T via the sensor fibres decreases. For all three sul-
phate salts T drops in the first phase of the experiment. Later T
approaches an almost constant level.

Inthe present sulphate experiments, the saturation indices increase
fromCaS0,to SrSO, andfinallyto BaSO, (see Table 1). The precipi-
tation kinetics determined with the POF also show this relationship
with the fastest transmission decline in the BaSO, experiments.
Note also that the slightly supersaturated CaSO, solution show a
relatively slow transmission decline over several hours.

The following experiments show the detection of CaCO,-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 CaCO, precipitation, the development of the pH
value is also monitored.

In all experiments CaCO,-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 intransmission 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 (CaSO,, BaSO,, SrSO,
and CaCQO,) cause a strong transmission loss via the POFs with a

BaSO4
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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. Incombination withthe AS, the transmission behaviour
is changed and slowed down. These experiments proof that POFs
can be a universal sensing element for precipitation detection of
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Experimental data from POFs immersed in CaCO,-solutions. Top row: transmission data of POFs immersed in a pure CaCO,-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

salts relevant in reverse osmosis technology.

3.2 Experimental protocol — membrane cell — super-

saturating CaCO, via pH adjustment

Fig. 6
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In this section we start the experiments with undersaturated solu-
tions for all CaCO,-polymorphs. The experiments are designed
so that undersaturation of all CaCO,-polymorphs in the solution
is achieved by the dosage of HCI down to pH = 4.5.

The experimental conditions, including the crossflow velocity v=10

cm/s and the feed pressure p, = 12 bar, are kept constant during
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Time series from the experiment with CaCO,- supersaturating via pH adjustment. The initial pH value is adjusted with hydrochloric
acid to 4.5. Then the supersaturation of the CaCO_-polymorphs is achieved by dosing 0.1M NaOH into the feed water. The vertical
lines mark the first occurrence of supersaturation of the CaCO_-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 CaCl,; 3.5 mMolVINaHCO,
and 3.2 mMol/l HCI are mixed in the feed vessel. Each salt is pre-
solved in 5 | desalinated water and then mixed in 80 | desalinated
water. This procedure avoids homogenous crystallisation. The
undersaturated CaCO,-solution is then pumped through the RO-
system for a period of 24 hours in complete recycling mode. Then
the dosing of 10 mI/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 %. Allthese basic parametersindicate the CaCO,-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 CaCO,- crystals are rather located in
the lower left corner of the processed image. Due to the location
of the first visible crystals, the CaCO_-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 effectillustrated 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 CaCO,-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 CaCO,-crystals and of the
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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

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 fort = 75 h until t = 84 h in the experiment shown in figure 7.

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

POF — Transmission

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 CaCO, (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
inthe salt passage and also the transmitted light through the POFs.

The ApH 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 CaCO, 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 CaCO, (ACC). This indicates
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Fig. 9

26:00:00 28:00:00 30:00:00

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 HCI 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 CaCO, 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 canthus 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 CaCl,
and 6.5 mMol/l NaHCO,. The pH value is adjusted to 6.8 by HCI.
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 CaCOQ, 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 CO, degassing from the ventilated circulation
tank. The experimental data show the effect of light scaling in the
RO-system. The permeability is slightly decreasing from5to 4.9 L
h"'bar' m?, 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, cannotbe 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 um? for each crystal the image
analysis gives a realistic view of emerging CaCO, 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-

200 pym

VergroBerung= 31X
BlendengréBe = 30.00 ym

Hochsp. = 10.00 kV  SignalA=C2D  Datum :26 Feb 2021
Arbeitsabstand = 7.4 mm Zeit :18:37:23

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 a)
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
crystalformation ordue to crystal nuclei remainingin the RO-system
after rinsing with citric acid, which cause secondary crystal growth.

Fig. 11

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 fibore (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 saltrejection decrease laterinthe experiments. The
feed-channel pressure drop does notincrease orincreases 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 CaCO, and in water solutions
with CaSO,, BaSO,, Sr8O, and CaCO, 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 flatcell we were able to detect CaCO,-crystals
with a covered membrane area of 350 um?2. 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.
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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]

The accompanying simulation methods (published in Part | and I1)
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 CaCO, 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 CaCQ, 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 ¢) 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. Thisis 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. Arealistic 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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