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Abstract

In times of increasing water scarcity and expanding global population, there is a
heightened demand for clean water. Technologies that can produce drinking water
from almost any water source are attracting growing interest within both industry
and scientific communities. Reverse osmosis (RO), a membrane separation process,
is a process with the potential to contribute to these pressing global challenges.

Using RO, water constituents such as ions, viruses, bacteria, and drug residues
are filtered out of the water, but the retained substances also concentrate on the
membrane surface. This accumulation can lead to fouling, which can damage the
membrane and limits its functionality.

This dissertation aims to advance solutions against the two most common types
of fouling with novel in-situ sensor systems and pretreatment methods. For this
purpose, two chapters in this dissertation investigate the feasibility of implementing
fiber optic fouling sensors in RO plants. The newly developed sensors enabled the
early detection of fouling events for mineral deposits (scaling) and biological deposits
(biofouling). Existing countermeasures (antiscalants, pulsatile cross-flow) could also
be monitored and controlled via the sensors.

A frequently used strategy against scaling is the addition of antiscalants into the
feed water. However, they can promote the growth of microorganisms, which can
lead to membrane clogging or degradation, While disinfectants or biocides are often
used to inhibit the growth of such microorganisms, the biocides themselves can lead
to degradation of the polyamide layer of the RO membrane.

In this context, the third chapter of this dissertation focuses on methods to enhance
the applicability of chlorine dioxide as a biocide to effectively reduce biofilms while
ideally maintaining the integrity of the membrane.

Our study took a comprehensive approach by considering the chemical components
of a technical chlorine dioxide solution and examining their impact on RO mem-
branes. This allowed us deconvolve the different putative oxidants that could po-
tentially harm the membrane. Further analysis of process parameters led us to
identify operational modes that caused the least damage to the RO membrane dur-
ing disinfection. Moreover, we discovered that the key to achieving disinfection
compatible with the membrane lay in using a chlorine dioxide solution that is as
pure as possible and pH-neutral, while applying minimal mechanical stress to the
membrane during biocide application.
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Abbreviations and parameters

Symbols and model parameters

Parameter Description Unit

6] concentration factor -

T osmotic pressure bar

c concentration mol L1
w width m

[ length m

n number of stages —

r recovery %

t time second
v velocity ms~!
A membrane area m?

C carbon charge mgs
CF concentration factor —

D diffusion coefficient m?s~!
FCP feed channel pressure drop bar
IAP ion activity product —

Jw permeate flux Lm2h-!
K solubility product —

LST Langlier saturation index —

Q flow rate Lh!
R rejection %

Re Reynolds number —

ST saturation index —

SP salt passage %

P pressure bar

P, permability Lm—2h!'bar!
T temperature °C
TMP trans membrane pressure bar
TOC total organic carbon mg L1



Abbreviations and parameters

Abbreviations
Abbreviation Description
ACC amorphous calcium carbonate
AS anti-scalant
ATP adenosine triphosphate
ATR attenuated total reflection
CP concentration polarization
CFU colony forming unit
CIP cleaning in place
DAF dissolved air flotation
EIS electron impedace spectroscopy
EPS extracellular polysaccharide
FC flow cytometry
FTIR Fourier transformed infrared
GAC granular activated carbon
LED light emitting diode
MB methylene blue
MCC monohydrated calcium carbonate
MF micro filtration
MFC membrane flat cell
MO microorganism
PAA poly(acrylic acid)
PES polyethersulfone
PMAA poly(methacrlyic acid)
PMA poly(maleic acid)
PMMA poly(mehtyl methacrylate)
POF polymeric optical fiber
PP polypropylene
RGB red green blue
RO reverse 0smosis
SEM scanning electron microscopy
SWM spiral wound module
TCC total cell number
UF ultrafiltration
UTDR ultrasonic time domain reflectrometry
XLE extreme low energy consumption
XPS X-ray photoelectron spectroscopy




1 Introduction

1.1 Reverse osmosis membranes - a pivotal
component in water treatment

Water scarcity is increasing in many regions of the world due to a growing world pop-
ulation, widespread agricultural irrigation and the water demands of an increasing
industrial development [4-7]. Commonly exploited water reservoirs are increasingly
polluted [6], garnering interest in water purification techniques [5, 8]. One purifi-
cation process that is even capable of producing drinkable water from seawater is
reverse osmosis, given that reverse osmosis membranes are capable of removing in-
organic, organic and biological pollutants from the feed water [2, 9, 10].

The most frequently used reverse osmosis membranes are polyamide (PA) thin film
composite membranes, which consist of three different layers. The PA layer, which
carries out the filtration, is only between 10 to 200 nm thick and typically rejects
99 % of the dissolved ions from the feed water. A thicker microporous polyether
sulfone layer and a polyester fleece serve as supports for the active filtration PA
layer [11].

The membranes in reverse osmosis desalination are typically housed in spiral wound
modules (SWM) that compact a high membrane surface area into a minimum
amount of space (see Figure 1.1A). Between the wound membrane sheets, a feed
spacer net (see Figure 1.1B) is placed to separate the two active filtration sides of
the membranes and to enhance the mixing of the feed in order to minimize the effects
of concentration polarization at the membrane surface [7]. Concentration polariza-
tion is a boundary layer effect that describes the concentration gradient of different
solutes in the water that are retained by the membrane at the surface. Finally, the
permeate is drained through the permeate carrier to a perforated permeate pipe.

feed spacer

permeate

RO-membrane
Figure 1.1: A) Composition of a spiral wound module, B) feed spacer from a

commercially available LOW 4 Oltremare SWM module.

Standard reverse osmosis setups like the one just described are inherently vulernable
to different types of deposits on the membrane and spacer surfaces. The formation
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of deposits in this way on the membrane surface is known as fouling and impedes the
filtration technology significantly. Despite efforts to curb reverse osmosis membrane
fouling, especially on an industrial scale [12-14], few solutions exist that adequately
address the problem of fouling of reverse osmosis membranes. Tackling this issue is
the intrinsic motivation for this dissertation.

1.2 Fouling - the first Achilles’ heel of reverse
osmosis membranes

The fouling of reverse osmosis membrane systems can be divided into four different
forms of fouling (Figure 1.2): colloidal fouling, inorganic fouling (scaling), organic
fouling and biological fouling (biofouling) [15]. The two most detected forms of
fouling that are discovered in reverse osmosis modules during membrane autopsies
are biofouling (31 %) and scaling (32 %) [16].
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Figure 1.2: Top: Reverse osmosis membrane during operation. Shown are the
typical cross-flow conditions with a forming boundary layer. The permeate (purified
water) is pressed through the membrane. Bottom: Displayed are the four different
types of fouling, formed by the rejected water impurities that are concentrated at
the boundary layer.

The fouling, whether it occurs in the feed channel or on the membrane, impacts the
properties of the reverse osmosis system. Changes in the hydraulic parameters of
the feed channel that are caused by fouling typically result in reduced selectivity
and productivity of the membrane(see Section 1.5). In order to avoid such losses
in membrane efficiency, the SWMs of industrial reverse osmosis plants are installed
under specific conditions that attempt to control where and how the fouling occurs.
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1.2.1 Reverse osmosis setups

In order to maximize the efficiency of energy and water recovery, SWMs in reverse
osmosis plants are normally installed in series [17] in a way similar to that depicted
in Figure 1.3. The retentate of the SWMs in the first stage is recycled and used as
the feed of the second stage [18-22].

However, according to the conservation of mass and depending on the recovery (r)
efficiency of each stage, the feed of the second stage is diminished by the permeate
rejection of the first stage. For each stage the recovery in the most RO plants is

about 50 % [23, 24].
_@r
Qr

As a result, the overflow velocity and thus filtration efficiency decreases in the fol-

(1.1)

r

lowing stages. This issue can be solved partly by coupling SWMs in parallel in the
first stage (Figure 1.3B). The cross-flow velocity will however not be stabilized over
the whole length of the SWMs in every stage.

A
Feed 1 stage Permeate
'\d
2nd stage
l Retentate
st
B 1” stage 2nd stage Permeate
Feed @ |
1
| | Retentate

Y

Figure 1.3: A) Simple reverse osmosis installation with retentate recycling in two
stages. B) The first stage is divided into two parallel segments and the retentate
is recycled through the second stage to maintain higher cross-flow velocity in the
second stage.

If the cross-flow velocity is reduced, the concentration polarization across the mem-
brane layers increases progressively for subsequent retentate stages. Additionally,
due to the rejection of the permeate from the feed stream, the concentration of
solutes in the rejected water increases in the retentate stages [21]. The effective
concentration in the final stage, can be determined by the number of stages (n) and
depending on the recovery of the stages.
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Ttot = 1-— (Tstage)n (12)

The concentration factor C'F' can be calculated by equation 1.3, assuming 100 %

membrane rejection [25].
1

1 — 7ot

CF = (1.3)
To minimize the waste water production and maximize the energy recovery industrial
RO plants always use several stages. Hence, scaling will occur first in the last
stages of an reverse osmosis installation. In these final stages, the concentration
polarization and the ionic strength are highest. This phenomenon is discussed in
more detail in section 1.5.

On the other hand, the nutrients that accelerate biological growth are most con-
centrated in the first stages of an reverse osmosis system. Microorganisms that are
attached on the feed side already metabolize the nutrients in the first stage, which
means that these nutrients are no longer available in the downstream stages [26].

Besides the reverse osmosis installation setup, another key factor that influences
membrane fouling is the solute content of the feed water. High organic or microbial
loads lead to biofouling, while scaling is induced by high salt concentrations. Several
theories and quantitative methods exist that characterize the tendency of crystals
to form from the feed water or to describe crystal growth on the membrane surface
[27-32].

1.2.2 Inorganic fouling - scaling

In general, scaling (i.e., the deposition of crystals) occurs on reverse osmosis mem-
brane surfaces if the feed water reaches its saturation point of the corresponding salt
on the membrane surface. One type of crystal that is often found on reverse osmo-
sis membrane surfaces is calcite, a polymorph of the calcium carbonate salt [27-29].
Calcium carbonate can crystallize as either aragonite, vaterite or calcite polymorphs,
of which calcite is the most thermodynamically favored [33]. The more saturated
the feed water, the more likely it is that calcium carbonate crystals will form and
negatively impact the filtration process. Thus, it is vital to know the saturation
level of the feed water, which can be calculated using the ion activities for calcium
carbonate ({Ca*"}, {CO3*}) and the thermodynamic solubility product K,. The
ion activities of the corresponding ions are summarized by the ion activity product
(IAP). Equation 1.4 calculates the saturation index (SI) for calcium carbonate.
A positive ST value indicates that the water is saturated with the corresponding
polymorph.

SI = l0g<{0a2+}}_({0032>—}> — log([ﬁP) (1.4)

The formation of crystals on the membrane surface typically occurs in two stages,
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first by the formation of primary nuclei followed by formation of highly stable sec-
ondary crystals atop these nuclei [31, 32]. When and whether the membrane surface
nucleates calcite crystal growth depends largely on the crystalline state of the cal-
cium carbonate [30]. The precipitation of CaCOj3 can be classified into two forms:
the crystalline form, mainly calcite, and the amorphous form known as amorphous
CaCOj3 (ACC). The ACC can contain varying amounts of adsorbed water [34], which
is further classified into general ACC and monohydrated CaCO3 (MCC) in scaling
studies [31, 32, 35]. In highly saturated feed water, multiple crystal nuclei are formed
rapidly and homogeneously in the cross-flowing feed water. On the other hand, if
the water is less saturated, crystals nucleate more slowly and in a heterogeneous
manner on the membrane surface. The higher saturation point is referred to as the
saturation point of the general ACC, while the lower one, indicating heterogeneous
crystallization, is known as the saturation point of the MCC [35]. Both ACC and
MCC polymorphs, hence, play the role of a precursor that forms ion clusters and
later the crystal nuclei [35].

The process parameters during the scale formation change if the crystals exceed a
critical size or amount. They influence the SWM’s hydraulic properties and affect the
osmotic pressure across the membrane surface, which can lead to a decreased perme-
ate flow, reduced salt retention, and the need for higher pump power to compensate
for the pressure drop in the feed channel [36]. Due to these negative influences on
the effectiveness of reverse osmosis membranes, anti-scaling treatment is a topic of
active research. Among the countermeasures that are adopted to combat scaling, a
distinction is made between upstream and downstream cleaning concepts [37, 38].
This topic is discussed further in Section 1.3. However, many of the problems caused
by scaling could be avoided by employing an in-situ sensing technique that allows
for the early detection of salt precipitation on reverse osmosis membrane surfaces
[39].

Predicting and early sensing techniques for membrane scaling

In order to define the earliest point at which salt nuclei are formed on reverse osmosis
membrane surfaces, two main approaches are known from the recent literature. One
method seeks to implement early sensing systems in existing membrane modules
[40]. Other methods use simulations to predict the saturation points of MCC, ACC
and calcite polymorphs, which have in many cases successfully predicted the point
at which crystal nuclei begin to form on membrane surfaces [28, 31, 32, 41]. An
important factor to consider in these simulations is the pH-dependent equilibrium
of calcite formation, which is governed by Equations 1.5 and 1.6.

COQ(aq)_'_HQO\:\HQCOg \:‘HJF—FHCO; \:\2H++CO§7 (15)

CO%™ + Ca®" = CaCO4 (1.6)
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The pH value of a simulated saturated feed water is compared to the measured pH
value of the real feed water. In the hydrodynamic simulation of cross-flowing water,
the boundary layer effect of the concentration polarization, the concentration across
the reverse osmosis modules and gas exchanges with the atmosphere are taken into
account. If the saturation of the corresponding polymorph is reached, the Langlier
saturation index (LSI) (represented by Equation 1.7) becomes positive. In this
way, pH measurements can be used to quickly and accurately predict the saturation
of calcite polymorphs that promote (especially heterogeneous) crystallization on
the membrane, thus making membrane operation more efficient and less prone to
clogging [31, 32].

LSI = PHmeasured — PHsat (pOlymOT‘ph) (17)

An important value that describes the impact of scaling on the reverse osmosis pro-
cess is the induction time (#;,4), which refers to the time during which ”measurable”
crystallization impacts the reverse osmosis process [42, 43]. Equation 1.8 describes
the induction period, whereas A and B are fitting parameters.

log(ting) = A(SI) ™ + B (1.8)

Accurately characterizing t;,4 is often difficult, given that detection of the formation
of the first crystal nuclei on the membrane, especially for SWMs, is nearly impossible.
Instead, depending on the sensitivity of the measuring method and the scale of
the water filtration process, the onset of membrane scaling is often first discovered
via the detection of decreasing salt rejection, diminished permeability or a higher
pressure drop between the feed and the retentate side of a SWM [2, 36]. Thus,
in order to refine scaling detection methods, a variety of approaches have been
investigated so far. One in-situ method detects crystal deposits on the membrane
surfaces by ultrasonic time domain reflectrometry (UTDR), which uses ultrasonic
waves that are emitted into the feed channel and reflected by (i) the feed spacer,
(ii) the membrane, and (iii) formed nuclei on the membrane surface. By measuring
the time that is needed until the reflected acoustic wave arrives at the detector, case
(iii) can be directly monitored [40, 44]. However, UTDR often requires a specialized
membrane cell and detects the deposit formation once the flux has already begun
to decline [45]. Interferences with the ultrasonic signal are to be expected if the
feed water contains higher concentrations of particles that reflect, diffract or scatter
the sound waves. Comparable limitations are encountered with electrical impedance
spectroscopy (EIS), a sensing technique that relies on measurements of changes in
the electrical properties of the membrane in the presence of crystals on the membrane
surface [45]. In contrast to acoustic- and impedance-based methods, real-time image
analysis provides a direct and promising method that is able to detect the onset of
scaling [45, 46]. However this method is only suitable for membrane flat cells (MFC)
and not for industrial SWMs. Comparable but more detailed analyses have been
recently realized by integrating an optical window into an reverse osmosis MFC to
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allow for Raman spectroscopy-based identification of calcite crystals [47].

Fz-situ methods provide an alternative approach to detect crystals on membrane
surfaces, one of the most prominent of which is scanning electron microscopy (SEM)
[28, 39, 47, 48]. Although SEM imaging can detect even the smallest crystal nuclei
on the membrane surface, preparing samples for SEM analysis is far from practi-
cal for reverse osmosis membranes. In order to measure a membrane sample, the
membrane first has to be dried, which complicates the sample preparation if small
amounts of the feed solution remains on the membrane surface. Water evaporation
during the drying process leads to a saturation and thus precipitation of the compo-
nent salts, making it difficult to distinguish between precipitates that formed before
or after the drying process. This problem can only be solved using cryo-SEM, which
circumvents the need for sample drying but is not a commonly accessible technique
for many research labs or industrial plants. Other ez-situ detection and identifi-
cation methods available include atomic absorption spectroscopy, X-ray diffraction,
grazing incidence wide angle X-ray scattering, vertical scanning interferometry and
atomic force microscopy [49]. Nevertheless, these methods suffer from similar sample
preparation difficulties as SEM.

To address the challenges faced by the current state of the art in membrane scaling
detection, this dissertation introduces a new, highly sensitive in-situ fiber-based
sensing technique for detecting mineral deposits. Given that commonly used reverse
osmosis membranes often contain feed spacers consisting of polypropylene (PP)
fibers, it is anticipated that the detection method investigated in this thesis could be
easily integrated into existing membrane fabrication protocols. The employed optical
fibers consist of a high refractive index core and a low refractive index cladding that
enhances the total reflection in the fiber core [50]. Optical fibers are typically coated
with a fluoropolymer, which, in addition to its desirable optical properties, gives
fibers a smooth surface that makes them easy to install in pipes or other systems for
data transfer. In order to make such fibers more sensitive to surface deposits, the
fiber cladding can be removed [50-53]. Crystals with a higher refractive index scatter
the light out of the optical core. The loss of transmitted light can then be detected.
This method could provide an interesting approach to detect the first nuclei growth.
By using such a method in membrane modules, existing crystallization theories can
be refined, recoveries can be better controlled, and existing purification processes can
be improved. Potentially this method will also enable the more accurate calculation
of induction times.

1.2.3 Biofouling

In addition to scaling, the adhesion of microorganisms to SWMs is another promi-
nent type of fouling, known as biofouling. Biofouling can become a significant prob-
lem if microbially degradable organic substances are accompanied by viable mi-
croorganisms in the feed water [54]. In general, biofouling occurs in three different
steps:
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1. The lag or adhesion phase marks the point when microorganisms are attached
to parts of the SWM. The adhesion predominantly takes place in areas of low
cross-flow velocity. The intersections of the feed spacers, hence, are typically
the first place where microorganisms are found in SWMs [55].

2. The second period is the so-called log phase or exponential-growth phase [56].
During this phase, the microorganisms are growing and are forming clusters,
which can interact with each other by quorum sensing. Furthermore, the
microorganisms are expressing extracellular polysaccharides and proteins in
order to protect themselves from environmental conditions. This threshold of
interference marks the latest point at which the membrane can be success-
fully cleaned [57]. As more extracellular substances are produced to protect
the microorganisms, chemical or mechanical removal of the biofilm becomes
increasingly difficult.

The effects of biofilm formation in a reverse osmosis water purification system
become apparent during this period. The first sign is that the pressure drop
in the feed channel increases due to the reduced cross-sectional flow [58-60].
In this situation, the reverse osmosis pump requires more energy to maintain
the pressure across all SWMs. Later, the biofilm will also attach to the mem-
brane surface, which blocks the free membrane space and increases the filter
resistance. As a consequence, the trans-membrane pressure and the permeate
flux decrease [58].

3. In the last period of biofouling, larger parts of the biofilm begin to detach from
the surfaces of the SWM due to increasing shear stresses under cross-flow con-
ditions. As a result, biomass growth and the detachment of biomass from the
membrane surface reach similar rates. The feed spacer experiences higher flow
resistance, which may cause the feed spacer to protrude out of the SWM, thus
destroying the SWM. The longer the biofilm remains attached to the mem-
brane surface, and depending on the membrane material, biodegradation of the
membrane itself may become possible [61]. Leakages in the membrane could
then lead to contamination of the permeate with the products of biofouling,
which may contain human pathogenic bacteria [62, 63].
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Figure 1.4: Time-dependent biofouling showing the typical phases of formation: 1.
lag/accumulation phase, 2. logarithmic or log phase, 3. plateau phase. Adapted
from Flemming et al. [57].

The potential risks of biofouling for reverse osmosis membranes and the ubiquitous
presence of microorganisms in feed water make the treatment of biofouling and early
detection essential. Early detection is, however, not only an issue in reverse osmosis
membrane systems since biofouling harms various industrial processes such as cool-
ing /heating systems or health-relevant surfaces. Hence, the detection mechanisms
that could play a role can not only be found in the reverse osmosis literature.

Usually, biofilms may be detected by taking water samples for an extended period
and culturing the microorganisms in the water to define hot spots for biofouling
via detection of the number of colony forming units (CFU) [64]. However, it is
often difficult to account for the microorganism that are assembled in the depths
of the biofilm [64]. Therefore, counting microorganisms via fluorescence microscopy
to determine the total microbial cell count often leads to a more realistic picture of
microbial contamination. In-line counting techniques such as flow cytometry (FC)
can be used to determine the total cell number (TCC) [65]. In reverse osmosis mem-
brane systems, flow cytometers must be installed separately to monitor both the feed
and the retentate flow with the aim of detecting cell attachment and detachment.
Other techniques measure the total adenosine triphosphate (ATP) concentration or
balance the amount of total organic carbon in order to monitor biofouling via the
accumulated nutrients in a membrane system.

Since biofilms grow on surfaces, past methods to monitor biofouling used surfaces
as a target to measure the kinetics of biofouling formation and in order to monitor
cleaning efficacy [64, 66].

Several previous approaches used the biofilm-induced changes to the resistance of
metal surfaces to monitor biofouling [67-69]. While such methods are still used today
with commercially available sensors, electrochemical approaches for biofilm detection
in SWMs are impractical because there are no metal surfaces in SWM, making it
impossible to integrate the existing sensors in SWM. Moreover, the application of
UTDR, as well as optical imaging and online refractometers, have been studied
to detect biological growth on surfaces [64, 70, 71]. However, the most promising



10 1 Introduction

approaches to creating a detection system specific for reverse osmosis conditions
use the fouling simulators developed by Vrouwenvelder et al. [55, 58, 59, 64, 72].
These simulators are small membrane flat cells adapted to the flow conditions in
real SWMs [73]. The biofouling itself is not detected directly; instead, this is done
so indirectly by monitoring the increasing feed channel pressure drop (FCP), which
is rising due to blocking the feed channel with biomass. The fouling simulator is
installed in a bypass next to the first SWM, where the nutrient concentrations are
highest and biofilm will grow first.

While such methods have proven effective in many cases, a more direct way of detect-
ing biofouling in SWMSs remains desirable. Thus far, sensing apparatuses that could
be integrated into the feed spacers and that would be able to measure the biofilm
formation on the feed spacer structure have not yet been developed. Since the feed
spacer is made of fibers, optical fiber sensors are in principle easy to integrate into
the spacers. Recent studies have shown that optical fibers can be incorporated into
industrial water apparatuses to detect microorganisms via backscattering of light
[71, 74, 75]. However, in these setups, the fibers must be arranged perpendicularly
to the sensed surface (Figure 1.5A), which is not possible to implement with mem-
brane and spacer surfaces in SWMs. Alternatively, Zhong et al. validated a fiber
setup to monitor algae biofilm growth that uses polymeric optical fibers with a cut
"window” in the fiber cross section [76] (Figure 1.5B). Fiber setups that measure
color changes in the cross-flowing media via evanescence fields have also been tested
successfully [77]. This type of detection is made possible by partially removing the
fiber cladding to produce a sensitized zone (Figure 1.5B). Such an attenuated total
reflection (ATR) setup was also validated for biofilm detection by several groups

[78-81].

: media
® : microorganism

o=
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backscattering
fluorescence " ) attenuation via evanescence waves

Figure 1.5: Schematic depicting the principles of fiber optic biofilm sensors. A)
Orthogonal fiber setup. Microorganisms are detected via backscattered reflected or
emitted light. B) The fiber is immersed into the medium, and the fiber cladding is
partially removed. Microorganisms are detected by the attenuation of evanescent
waves.
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However, studies that investigate a possible implementation of the fiber ATR setup
into reverse osmosis feed spacers so far have not been developed. Thus, in addition to
the early detection of scaling via de-claded fibers, the ATR fiber setup for biofouling
detection is the second sensing principle to be demonstrated in this dissertation.

1.3 Antifouling strategies

The antifouling strategies used to date to prevent the negative effects of fouling
in SWMs have been designed to counteract primarily one type of fouling, thus
leaving the SWMs vulnerable to other types of fouling that can evade detection.
Furthermore, only mitigating one type of fouling (e.g., scaling or biofouling produced
by a particular microorganism) can inadvertently lead to the acceleration of other
types of fouling. Thus, it is necessary to use the developed fiber optic sensing
technology to effectively and simultaneously target all types of fouling occurring at
the membrane surface.

Anti-scaling strategies

Anti-scaling strategies can be divided into two different approaches. With the first
approach, the saturation index is influenced to avoid any nuclei formation on the
membranes. Since most crystals on the membrane surface consist of carbonate salts,
a pH adjustment significantly reduces the saturation indexes of all polymorphs.
Hence, the precursors for secondary (homogeneous and heterogeneous) as well as
primary crystallization can be avoided [82]. One method to lower the pH value of
the feed water and thus lower the saturation index is COs injection into the feed
water. The diluted CO, forms carboxylic acid and therefore lowers the pH value
[83]. Alternatively, an ion exchanger can be used to swap calcium ions in the feed
water for sodium ions, which also reduces the saturation index of calcium carbonate
polymorphs [84].

The second approach only reduces the effects of crystallization on the reverse osmosis
performance. By adding anti-scalants to the feed water, the formation of nuclei can
be reduced by competing complexation mechanisms that decrease the concentration
of free metal ions, such as calcium, in the feed water. [85]. Other effects of the
dosed anti-scalants stabilize the existing crystal nuclei either via chelation [86], or
the anti-scalant adsorbs onto the crystal nucleus to stabilize it via ionic or steric
interactions [87]. Other proposed mechanisms describe a crystal lattice distortion,
which means a change of the crystal morphology, or the inhibition by antiscalants
of cluster formation, the process that precedes and is necessary for the formation of

nuclei [88].

Commercially available anti-scalants can be classified as either phosphorous-based or
phosphorous-free anti-scalants [88, 89]. Phosphorous-based anti-scalants are com-
prised of either phosphates or phosphonates. A well-known and frequently used
phosphate-based anti-scalant is sodium hexa-meta-phosphate (SHMP), which is
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thought to inhibit crystal formation via chelation, crystal lattice distortion and
cluster inhibition mechanisms [88, 90, 91]. On the other hand phosphorous-free anti-
scalants consist of organic polymers such as poly (acrylic acid) (PAA), poly(methacry-
lic acid) (PMAA) or poly(maleic acid) (PMA) [92]. The phosphorous free anti-
scalants are reducing the effects of scaling by chelation, adsorption onto nuclei,
crystal lattice distortion or by inhibiting the nuclei formation [87].

While anti-scalants mitigate the effects of crystallization on the reverse osmosis
plant’s performance, they can also have negative effects on the environment [93, 94]
due to the fact that they persist in the retentate of the reverse osmosis plant, thus
entering into the municipal waste water treatment and surrounding aquatic envi-
ronment. Polymer-based antiscalants are assumed to be almost non-biodegradable
due to their high resistance to chemical and thermal decomposition [87]. In con-
trast, it is assumed that some phosphorous-based anti-scalants are naturally broken
down into components that serve as nutrients for several microorganisms and thus
promote further biofilm growth in the reverse osmosis filtration system [92, 95].

Monitoring techniques that allow controlled dosing of anti-scalants to mitigate mi-
croorganism and crystal growth on spacers and membranes could enhance the effec-
tiveness of the widely used anti-scalants in reverse osmosis water treatment. Using
such monitoring techniques, the precise effect of the dosed anti-scalant on crystal
growth in reverse osmosis membrane systems could be better understood. Fur-
thermore, the anti-scalants themselves could be redesigned and refined to suppress
scaling more effectively by avoiding degradation products that are nutritious for
microorganisms. Advanced oxidation processes hold promise as an approach to de-
grade anti-scalants in the retentate before they can enter the aquatic environment
[93, 94]. Another approach could be a defined combination of anti-scalant dosing
and corresponding anti-biofouling strategies to prevent scaling and biofouling si-
multaneously. However, more research is needed to establish effective treatment of
anti-scalants in the retentate of reverse osmosis plants.

Anti-biofouling strategies

Given the ubiquity of biofouling in reverse osmosis membranes, methods for pretreat-
ing the feed water or disinfecting the membrane itself have been important topics
of research for many years [12, 54]. From this research, two primary anti-biofouling
strategies have emerged:

1. Pretreatment of the feed water.

The pretreatment of the feed water describes the disinfection of the feed water
or the nutrient reduction in the feed water. The sanitation can be performed
by dosing disinfectants into the feed water or by filtering the feed water with an
ultrafiltration membrane (UF) before the water is pumped through the reverse
osmosis membrane [96]. In order to remove fine organic particles or algae cells,
the use of dissolved air flotation (DAF) has shown promising results in the
case of sea water reverse osmosis [97]. Pilot plants in Spain, Chile, Singapore
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and the Middle East have tackled algae blooms by using a pretreatment that
combines DAF with microfiltatrion (MF). The DAF can reduce the biomass
in the following membrane modules without cell autolysis, thus significantly
reducing nutrients in subsequent process steps and by this the production of
EPS by microorganisms [98].

Other methods take the approach of reducing the amount of nutrients, and
hence of assimilable organic carbon and phosphorous, in the feed water to
mitigate biofouling. The techniques that come into question here are coagula-
tion and adsorption. Regarding the coagulation it is important that the dosed
anti-scalants are either dosed after the upstream removal of nutrients or the
anti-scalants are adapted to the pretreatment so that they are not removed
[61]. Another method relies on the adsorption of nutrients by granular acti-
vated carbon (GAC), which was successfully demonstrated by several groups
[61, 99, 100].

Finally, a type of pretreatment in which viable microorganisms are physically
inactivated by irradiating the feed water by UV-LEDs has gained research in-
terest in recent years. A key advantage of this approach over other irradiation-
based pretreatment strategies that use, for example, mercury lamps lies in the
fact that UV-LEDs are much more energy-efficient. For example, Sperle et al.
observed a slowing of biomass accumulation in the feed channel and changes
in the microbial of the biofilm after irradiating the feed water at 254 nm [9].

2. Sanitation of the reverse osmosis membrane

This second approach is not aimed at preventing or slowing membrane bio-
fouling, but rather removes the formed biofilm with frequent cleaning steps in
order to minimize fouling effects on the reverse osmosis performance parame-
ters.

One way in which commercially available membranes are cleaned is by pump-
ing hot water (60°C < T' < 85°C) through the SWMs to inactivate the mi-
croorganisms, which requires that the membranes be stable against the high
temperatures used. However, it is often the case that the permeability of the
SWNMs is reduced after the first heat treatment. Hence, these SWM require
higher feed pressures and, thereby, a higher energy consumption to produce the
same amount of permeate with the same amount of membrane area [101, 102].
Furthermore, while the hot water is pumped through the SWM it has to be pu-
rified and the TMP is required to be as low as possible [101]. Thus, while heat
treatment is effective to sanitize reverse osmosis membrane surfaces, the en-
ergy consumption and the technical requirements for such a sanitation makes
this method cost intensive and less practical for reverse osmosis membrane
users.

Sanitation, which can be achieved using disinfectants rather than heat, has
been a key focus of reverse osmosis membrane research for a long time [12, 103].
The current focus of ongoing research is the high oxidative potential of disin-
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fectants, which typically degrades the lipids and proteins of organic matter.
However, a significant drawback of oxidative disinfection methods is that, since
the molecular structure of the essential PA layer of reverse osmosis membranes
closely resembles proteins, the PA layer is also degraded by disinfectants, lead-
ing to a loss of the reverse osmosis membranes’ rejection properties. Currently,
research is being directed towards developing membrane materials that are
more resistant to one or more disinfectants [104-106] and towards investigat-
ing the membrane degradation process to gain a better understanding of the
mechanisms involved [107-112]. This understanding will help in defining pro-
cess conditions aimed at minimizing membrane degradation during sanitation.
Consequently, a break-even point for the membrane lifetime can be established.
The lifetime of the membrane is then determined by either a loss of membrane
integrity due to biofouling or oxidative deterioration [113]. Therefore, this
dissertation focuses on the detection methods for oxidative membrane dam-
ages and the matrix of oxidative disinfectants, with a special focus on chlorine
dioxide.

1.4 Oxidative membrane degradation - the second
Achilles’ heel of reverse osmosis membranes

Understanding how and when oxidative decomposition of the PA layer of reverse
osmosis membranes takes place is the first research gap that is addressed by the
third chapter of this dissertation, which compares various online and offline mea-
suring methods. This comparison aims to improve our understanding of membrane
degradation and to show which techniques are most sensitive at different stages of
membrane degradation.

The user of a reverse osmosis system only recognizes the loss of rejection and per-
formance properties of the reverse osmosis membranes when they are in operation.
However, such changes in the online measured parameters (see Section 1.5) are only
detectable after significant fouling has already occurred [111]. The measuring tech-
niques that play a crucial role in detecting the initial changes in the reverse osmosis
membrane properties are those that measure chemically induced changes of the PA
layer of the membrane [12, 112]. In comparison, to the supporting PES layer re-
mains unaffected by the chemically induced oxidation reactions [107]. The most
widely used techniques to detect chemical changes in the PA layer are attenuated
total reflection (ATR) Fourier transformed infrared spectroscopy (FTIR) or the Fu-
jiwara test [114-117]. The Fujiwara test is a dye test that qualitatively indicates
whether the PA layer of the RO membrane is halogenated [117]. However, recent
studies have shown that the Fujiwara test is less sensitive in detecting chlorina-
tion reactions than ATR-FTIR. To the best of my knowledge, ATR-FTIR analyses
have been primarily used in a qualitative manner. Semi-quantitative approaches are
not yet widely used to detect chemical changes and to categorize membranes based
on the extent of their chemical changes [117]. More advanced techniques that al-
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low for direct quantitative measurements of chemical changes include, for example,
X-ray photoelectron spectroscopy [109, 118]. However, this method requires more
time and an expensive spectrometer, which limits the amount of samples that can
be measured. To assess the effectiveness of methods to assess membrane integrity
or that study their sensitivity, reverse osmosis membranes were to the best of my
knowledge exposed to three different disinfectants in all the studies: free chlorine,
chlorine dioxide, and monochloramine.

The most studied disinfectant is free chlorine, which when dissolved in water is
found most commonly in the form of either hypochlorite and hypochlorous acid.
Hypochlorous acid is most prevalent in water with a pH above 7.53, while hypochlo-
rite predominates in water with a pH below 7.53 [111]. Both species react differently
with the PA layer. The commonly cited hypothesis suggests that the PA layer is
chlorinated by both species, starting with the nitrogen atom and then proceeding
to the aromatic ring. Chlorinating the nitrogen atom results in partial charge of the
amide bond, which likely facilitates a nucleophile attack of OH ions to the carbon
atom of the amide bond and then hydrolytic cleavage of the PA chains. In neutral
or acidic conditions, hydrolytic cleavage is less likely due to the lower concentration
of OH ions. When free chlorine reacts with the PA layer of the membrane, the me-
chanical properties of the PA layer change, which can lead to detachment, swelling,
or tightening of this layer that in turn affects membrane performance [111]. The
resultant morphological changes in the PA layer are detectable by SEM imaging
[112, 119, 120]. Nevertheless, it is difficult to identify changes in the membrane
surface that are responsible for the performance loss of the membrane.

The second research gap that is addressed in the third chapter of this dissertation
is the chemical complexity of the chlorine dioxide manufacturing processes with re-
gard to the caused membrane damages. The solutions of technical chlorine dioxide,
used for water disinfection, are commonly produced by acidifying a sodium chlorite
solution or by oxidizing chlorite with hydrogen peroxide, persulfate, or hypochlorite
[138], resulting in the main by products, free chlorine, persulfate, chlorite, chloride,
chlorate and sulfate. In addition to the various manufacturing processes, which
make it difficult to compare the chlorine dioxide concerning membrane compati-
bility, there are significantly fewer studies overall that have investigated the mem-
brane compatibility of chlorine dioxide. To the best of my knowledge, only purified
chlorine dioxide with acidic pH value was used in recent studies to evaluate the
effects of chlorine dioxide on the reverse osmosis membrane’s process performance
[103, 122, 123]. Since this is far from practical use, this dissertation investigates
the individual components of a chlorine dioxide solution with the aim to define the
chlorine dioxide manufacturing processes that have the least impact on the reverse
osmosis membrane properties and could therefore be the most attractive for preserv-
ing the membrane itself during treatment. Furthermore, the influence of mechanical
stress is investigated during the disinfection by varying process parameters of the
filtration in a way that mimics real usage conditions.
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1.5 Evaluation of reverse osmosis process
performance

To describe the process performance of reverse osmosis membranes, there are three
main parameters that can be calculated:

1. The selectivity describes the ability of the membrane to reject different
solutes from the feed water. The most commonly used parameter is the salt
rejection R [124, 125], the inverse of which is the salt passage SP. These
parameters are defined in Equation 1.9. The salt rejection is the parameter
most often calculated for cross-flow conditions in SWMs or membrane flat
cells.

R=100% — ™ .100% = 100% — SP (1.9)
Cfeed

Other selectivity parameters used are the rejection of the total organic carbon
(TOC'), microorganisms, viruses or specific ions [126, 127]. In order to simplify
the calculation, the concentration of all diluted ions c is often replaced by the
corresponding conductivities [128]. Moreover, if the membrane is used in a
dead-end mode, the effects of concentration polarization have to be taken into
account to accurately calculate the salt rejection. Concentration polarization
(CP) is a boundary layer effect that describes the accumulation of the rejected
ions ¢,, on the rejecting surface, in this case the reverse osmosis membrane.
The Figure 1.6 sketches the different scenarios that show the different cases
for the concentration polarization.

A) Cross-flow conditions B) Dead-end conditions
VA
1 | cg U > Qr Cp
boundary layer
w : c Cm .
RO-membrane | | RO-membrane |
Cp v Qp Cp iQP

Figure 1.6: Scenarios for the mass transport at the surface of and through
the reverse osmosis membrane. A) Cross-flow conditions present in SWMs
and membrane flat cells. B) Dead-end conditions. The relevant parameters
that are needed to describe the CP is the concentration of the dissolved ions
in the bulk (¢p), the concentration of the dissolved ions in the permeate (c,),
the permeate stream (Qp and the retentate stream (Q,).

In the case of dead-end filtration, two different transport mechanisms are rel-
evant for the calculation of the accumulation of the rejected solutes from the
feed water. The first (diffusion) can act against the permeation velocity vp
that can be calculated by the membrane area A and the permeate stream Q) p
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as in Equation 1.10. The second one is the mass transport of water and ions
through the membrane.

_@r

The general equation for the concentration polarization effect on the con-
centration gradient is defined by Equation 1.11. Whereas D is the diffusion
coefficient for the rejected ions and z is the distance to the membrane surface.

vp z
clz)=c — ¢y - exp(—vp - — 1.11
(2) =cp+ D p(—vp D) (1.11)
If no phase transition of the rejected ions takes place, no crystals form a
mass balance of ions in there boundary layer leads to the following differential
equation 1.12. Note here that the concentration of the dissolved ions in the

permeate is cp = (100% — R) - cpy.

de,
dt

:vp-cB—vp~cM-(100%—R):>/1dcm:/vp-cB—vp-0pdt

= ¢ = vp - t(cg — cp)
(1.12)

The combination of the Equations 1.11 and 1.12 leads to Equation 1.13 re-
spectively that the boundary condition z = 0 for the calculation of the con-
centration at the membrane surface.

c(z:O):cM:cB—i-%-cm-exp(—vp-%)
) (1.13)
=c —i—U—P-t-(c —cp)
st 5 B —Cp

The calculations and theories for scaling, as well as the salt rejection in the
case of an dead-end filtration, were first published by Mitrouli et al. [129]. The
rejection capacity of the membrane is then not calculated by the concentration
of the ions in the cross-flowing bulk cg or c¢g, but rather by the concentration
of ions on the direct membrane surface c;;. These calculations are used in the
third chapter of this thesis to validate the methylene blue (MB) test, a dye
test that allows to better visualize which membrane areas suffer from a loss in
the rejection capacity.
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2. The productivity of an reverse osmosis membrane can be defined by the

flux Jy, the quotient of the permeate stream )p and the membrane area A
in use.

_@r

Jw T

(1.14)
To normalize the flux with feed pressure (pr), permeate pressure (pp) and
feed osmotic pressure (7), the permeability (Py) is a key parameter for any
membrane that can be affected by membrane fouling and deterioration, by
changes in membrane surface charge due to pH variations [130, 131] or due to
mechanical and chemical defects in the membrane’s surface polymers at the
surface.

Qp
A (pr— (pp+ 7))

Py = (1.15)
The osmotic pressure is only calculated for the feed side of the membrane
using van’t Hoff’s equation for simplification. In the permeate stream most
of the ions are rejected, therfore permeat osmotic pressure is near to zero.
However, the effects of concentration polarization have not yet been considered
when determining the productivity of the membrane. This can be achieved
by calculating the factor § that represents the amount of ionic strength that
is higher at the membrane surface compared to the cross-flowing bulk. In this
dissertation, the factor 3 is calculated for all chapters, including for cross-
flow experiments, by empirical equations following the methods reported by
Koustglou et al. and Crittenden et al. [124, 132]. While these formulas take
the flow regime and the thickness of a mean boundary layer into account, local
effects of different cross-flow conditions caused by the feed spacer geometries
are not considered.

. The hydraulics of an reverse osmosis plant are important, since all MFCs

as well as SWMs have an hydraulic resistance that is mainly caused by the
thin feed spacers in the feed channels. These feed channels mix the bulk wa-
ter flowing across the membrane and reduce concentration polarization on a
macroscopic level. The pressure drop in the feed channel (FCP) decreases,
especially at the feed spacer intersections, depending on the feed spacer’s ge-
ometry (Figure 1.7). According to Schock & Miquel, as well as according to
the law of Hagen-Poiselle, a theoretical FCP can be calculated as shown in
Equation 1.16 (where pr and pg represent the osmotic pressures of the feed
and retentate, respectively) to validate the properties of a MFC and ensure
it shows similar hydrodynamic properties to that of an SWM [72, 133, 134].
All membrane flat cells that have been used in this dissertation have been
validated in this way before the experiments were executed.

FCP = pr — pr (1.16)
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While feed spacers are effective in reducing concentration polarization on a
larger scale, they also result in varying flow velocities at a microscopic level
[135]. As a result, shear rates are diminished at the flow shadows of the
feed spacer intersections, creating favorable conditions for the accumulation
of microorganisms. The reduced cross-flow velocities also have an impact on
the concentration polarization. Both effects influence where fouling tends to
occur in reverse osmosis modules.
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Figure 1.7: A) section of a spacer filled feed channel with the typical feed
spacer crossings and the increased pressure drops at the feed spacer crossings.
B) flow velocities in a feed spacer square. The graphic is adapted from the
results of Picioreanu et al. [135]

If fouling or scaling occurs in the feed channel, the available space for wa-
ter to pass through decreases, leading to a higher FCP. In industrial reverse
osmosis plants with SWMs installed in series, the decreasing pressure causes
lower feed pressures in the subsequent SWMs, resulting in a reduced perme-
ate flux in those modules on the retentate side. Higher pump power levels
may counteract this increased FCP until reaching the maximum feed pres-
sure. Therefore, monitoring the required pump power is another possibility
for assessing changes in hydraulic properties in an automated reverse osmosis
system.

All online measured process parameters of the last three sections may change if
fouling or membrane degradation occurs on the membrane surface. The parameters
and their order of change depend on the type of fouling and membrane degradation.



2 Objective of this thesis

In the previous chapter, several issues regarding the detection and treatment of
fouling in reverse osmosis filtration setups were discussed. The work presented in the
subsequent three chapters addresses these challenges using an application-focused
scientific approach.

The three main objectives of this thesis are illustrated in Figure 2.1, in line with the
publications upon which this cumulative dissertation is based.

Scaling Biofouling
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Figure 2.1: Visualization of the main objectives and their relationship

So far, no in-situ fouling sensors are readily available that can detect both scaling and
biofouling in single wound modules (SWMs). Thus, on-site anti-fouling treatment
is primarily limited to preventative countermeasures, which is less sustainable than
an on-point treatment driven by early sensing. Regarding the countermeasures,
biocides do indeed protect the RO membrane from biofouling, oxidative damage
can still occur to the polyaramide (PA) layer of the RO membrane, which can be
fatal for RO filtration systems.

In this context, this thesis aims to develop and demonstrate the application of op-
tical fiber sensors that can be used in SWMs to detect the onset of membrane
fouling, thus allowing better optimized treatment conditions. Optical fiber sensors
were installed and tested in a RO pilot plant, and the data collected from these
sensors was rationalized by existing fouling formation theories. Moreover, the sen-
sors were used to compare different anti-fouling treatment strategies against com-
monly used biocidal countermeasures. Through these comparative investigations,
the membrane-damaging components of a commercially available anti-fouling chlo-
rine dioxide solution were identified. By determining the process conditions that



2 Objective of this thesis 21

are least likely to lead to membrane damage, an approach is devised in which other-
wise membrane-damaging disinfectants can be used to feasibly treat fouling on RO
membranes. Going forward, membrane scaling and biofouling can be counteracted
using the approach presented herein by combining biocides with frequently used
antiscalants and in-situ early detection technology.



3 Results

The results which mark the progress of this cumulative dissertation are all research
papers that are published individually in different journals.

An overview of the publications is displayed in table 3.1. The full copies can be

found in this result section with the permission of the individual journals.

Table 3.1: Overview of the tree publications including title, major objectives, meth-
ods and data evaluation and main statements

publication 1 2 3
no.
Publication CaCOj deposits in reverse osmosis Part Incipient biofouling detection via fiber Analytical characterization of damage
title III — Incipient Scaling detection via optical sensing and image analysisinre- in reverse osmosis membranes caused
polymer optical fiber sensors. Compar- verse osmosis processes by components of a chlorine dioxide
ison to hydrochemical prediction and matrix
image analytical methods
Major ob- Incipient Scaling detection via POFs Incipient biofouling detection on feed Evaluation of the damaging potential
jectives and image analytical methods and eval- spacers and membranes by POFs and of the chlorine dioxide matrix for RO
uation of the detection ez-situ and in- image analytical methods. Use of pul- membranes. Enhancement in disinfec-
situ with several crystals and in pres- satitle cross-flow conditions to retard tion processes for RO membrane sys-
ence of antiscalants. the fouling occurrence. tems. Comparison of several analyti-
cal methods that detect membrane in-
tegrity.
Methods Demonstration of the POFs function on  Demonstration of the POF as biofoul- Impact of chlorine dioxide matrix com-
and data early scaling detection ing sensor ponents on RO membrane damages.
evaluation e Introduction of the RO system with e Adaption of the RO setup to biofoul- e Improvement of the methylene blue

all sensors and detection capacities

e Proof of hydrochemical simulations
using a practical RO plant.

e Use of two different experimental se-
tups to saturate the feed water in order
to accelerate the scaling on the mem-
brane surface.

ing experiments

e Evaluation of different POF instal-
lation and manufacturing methods for
the POF’s sensor zones.

e Use of a standardized method to ac-
celerate the biological growth in the
membrane module.

(MB) test

e Using peak ratios for the evaluation
of ATF-FTIR spectras

e Cross-comparison of ATR-FTIR,
MB-test, XPS and SEM analytics

Main state-
ments

e POF's and image analysis are capable
of detecting several forms of membrane
scaling

e The POFs stand out as an early de-
tection method that is capable of dif-
ferentiating between heterogeneous and
homogeneous crystallization.

e POF’s signals react on the presence of
antiscalants in supersaturated salt solu-
tions.

e pH-measurements in the feed and re-
tentate give an indication of the precip-
itation potential if they are combined
with hydrochemical simulations.

e POFs and image analytical meth-
ods can detect incipient biofouling for-
mation on feed spacers and RO mem-
branes.

e POF's detect the first accumulation of
MOs on their surfaces.

e The best cross validation of the sensor
principle is given by the TOC accumu-
lation in the feed channel.

e The cleaning efficacy of pulsatile
crossflow can be monitored by the
POFs.

e Color changes of the membrane
can be monitored automatically with
pearson correlations and give a cross-
reference for biofouling in membrane
systems

e The manufacturing process of chlo-
rine dioxide is crucial for the chlorine
dioxide’s membrane-damaging poten-
tial on RO membranes.

e The membrane damaging poten-
tial for the possible components of
the chlorine dioxide matrix can be
determined in an ascending order:
chlorite<persulfate<purified  chlorine
dioxide<free chlorine. Chlorate, sul-
fate and chloride do not damage RO
membranes.

e Image analytical enhancements can
improve the MB-test

e The MB-test and results from ATR-
FTIR are comparable in quantitative
terms. SEM analysis and XPS mea-
surements corroborate the findings
of the MB tests and FTIR analyses
regarding the observed membrane
damage.

e The best disinfection process for
RO membranes combines low con-
centrations of membrane damaging
by-products with low mechanical stress
at neutral pH.




3 Results 23

3.1 Incipient scaling detection via polymer optical
fiber sensors. Comparison to hydrochemical
prediction and image analytical methods

The research article “CaCQOg3 deposits in reverse osmosis: Part III — Incipient scaling
detection via polymer optical fiber sensors. “Comparison to hydrochemical predic-
tion and image analytical methods” was published in “BrewingScience” in 2023
(doi: 10.23763/BrSc23-03hager ) . This article is a shared-first-author paper by H.
Oesinghaus and S. Hager. H. Oesinghaus performed the experiments, analyzed and
interpreted the data, developed the image analysis method, co-wrote the original
manuscript, and revised the manuscript based on the reviewers’ comments.

Currently, no robust sensing system exists that can reliably detect the early stages
of scaling in RO setups. Methods reported in the literature suffer from cross-
sensitivities to other events in RO systems and, therefore, do not provide a reliable
signal that enables precise monitoring of crystallization in SWMs. Furthermore, to
the best of my knowledge, no approach has yet been developed that directly mea-
sures the effects of antiscalants on nuclei formation and crystal growth. While some
studies have reported camera setups that provide a direct image of crystal growth
on RO membranes installed in flat cells [45, 136, 137], methods capable of automat-
ically identifying crystals on the membrane surface or measuring the surface area
covered by the crystals have not yet been demonstrated.

To address these challenges, the first publication of this cumulative dissertation pro-
vides new sensing techniques that utilize polymer optical fibers (POFs) and image
analytical methods for monitoring crystal growth on RO membranes. Both meth-
ods are compared with state-of-the-art online monitoring techniques that measure
important membrane parameters such as permeability, salt passage, feed channel
pressure drop, and changes in pH values. In addition, the new sensing methods are
validated by hydrochemical simulations that take into account the effect of different
precursors on both heterogeneous and homogeneous crystallization processes. Us-
ing these simulations, it is shown that a decrease in transmission of the POFs by
7+3% signals the onset of heterogeneous crystallization, and that more significant
transmission losses indicate homogeneous crystallization in the RO system. It is
also shown that the crystals detected by the POF monitoring apparatus are primar-
ily comprised of CaCQO3, CaSQy4, BaSO,4, and SrSO4. However, detecting CaSOy, is
more difficult, due to the tendency of this mineral to form single crystals that cover
only a small surface area of the POFs. Experiments with supersaturated CaCOs3
and different concentrations of a phosphate-containing antiscalant demonstrate that
POFs can detect changes in the time series of suppressed crystallization solutions.

The work presented in this chapter represents a milestone in scaling detection and
may pave the way for better understanding of crystallization processes in RO Sys-
tems.
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3.1.1 Abstract

Reverse Osmosis (RO) is a widely used technology for water treatment in the bev-
erage industry to produce brewing water, process water or tap water. The weak
points of RO-membrane filtration are membrane degradation due to oxidative water
constituents or membrane fouling in the difficult-to-clean, spacer-filled feed channel.
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 foul-
ing 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 fibers (POF)
for inorganic fouling as CaCO3, CaSQOy4, BaSOy, SrSO4. The new detection method
is tested by three experimental setups 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 CaCOj3 deposits.

3.1.2 Introduction

With the widespread application of reverse osmosis (RO) to the treatment of a
great variety of waters, the topic of membrane scaling became a subject of high re-
search interest. In the 1980s, for example, numerous publications already deal with
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the avoidance of scaling on RO membrane modules [Al]. Efficient RO operation
and the associated challenges related to mineral deposits in membrane modules are
drivers of a continued high level of research interest [A2]. The findings of experimen-
tal 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 CaCOj3 crystals of a few nm in size can be
found in cavities of the microstructured polyamide surface that serves as the active
RO membrane layer [A3]. Research on the structure of already advanced salt de-
position 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 [A4]. 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 [A5]. 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 inter-
ferometry (VSI) and atomic force microscopy (AFM) are applied [A5]. Also, some
recent publications deal with the influences of scaling inhibiting or modifying ingre-
dients 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 [A6]. An induction time theory at existing
supersaturation is assumed since long for various scaling substances such as CaCQO3.
However with regard to CaCOg, it is now considered that the induction time theory
is not applicable and that only the late detectability in the membrane process had
led to this assumption [A7]. Nevertheless, the induction time theory is still used in
scaling research on CaCQOj3. For example, in their experiments, Mangal 2021 et al.
defined the time span up to a pH drop of 0.03 units by CaCOg3 precipitation as
the induction time [A8]. For the evaluation of sulphate deposits such as CaSOy,
the induction time is frequently used in the recent literature [A9-A12]. In general,
the methods used for scaling analysis can be divided into ex-situ and in-situ analy-
sis. 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 ez-situ methods, the membrane modules used must be opened and are thereby
destroyed to examine the suspected salt precipitation. The major advantage of ez-
situ methods is the subsequent applicability in a great variety of analysis methods
such as described above. However, when removing and handling membranes out-
side the membrane modules to examine the crystal structures, numerous possible
influences must be considered. For example, influences on the 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 ez-situ methods described here as examples,
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we have already given an overview of existing in-situ sensor systems in Part 1 of
this publication series [A13]. 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 [A7]. 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 fibers. This is the third part of our publication series on
CaCOj scaling in RO membrane modules. In Part 1, the state of the science on the
prediction and detection of CaCOj3 scaling was presented. The results presented in
this work are based on a new measurement method using POF. This principle was
presented in Part 1 and placed in comparison to current methods. In Part 2, a new
hydrochemical simulation model was presented, which is used in this paper as a basis
for describing the saturation of important CaCOj3 polymorphs and crystallization
zones.

3.1.3 Materials and methods

This study aims at the combination of predictive calculations of CaCOj3 supersatura-
tion on RO-membrane surfaces with several monitoring methods to detect deposits
on RO membranes. To start, the monitoring methods among them the image anal-
ysis and the setup of polymer optical fiber sensors will be presented in the sections
3.1.3 and 3.1.3 In a second step saturation predictions and the experimental setups
will be described.

Image analysis method

The flat membrane module made of Polymethylmethacrylate (PMMA) allows to take
pictures in transmitted light mode. The advantage is that CaCOgs-crystals scatter
the light out of the optical line “light source-membrane-camera” (see figure 3.3) 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 5min. The images can
be focused on the membrane surface due to inhomogeneities on the surface.

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

Figure 3.1 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 stretching method is often used [A14]. Using this
method, the crystals on the membrane surface become more visible. The membrane
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area coated by crystals can be measured using binarization of the grey-scaled image.
As a threshold to binarize the grey image a local adaptive function with a brighter
background is employed. For binarization an adaptive method is used, such that
brightness differences do not impact the image analysis. Finally, a crystallisation
ratio was calculated by comparing the area ratios of the overall image to the area
covered with crystals. The minimum size for the detection of the CaCOj3-crystals is
a covered membrane area of 350 um?.

contrast streched

rotated image cropped image gray image binarized image
e NN e [~ d F

\}0 — .
& crystal-ratio: 3,5 %
S 1,8 mm
<

Figure 3.1: 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

Optical fiber setup

We chose as fibers for the optical sensors Asahi Luminos DB 500 polymer optical
fibers (POF) with a diameter of 500 pm. The fiber consists of a PMMA core and a
fluoropolymer cladding. For the scaling detection, the 10 pm 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 [A13]. In the sensor
zone, the light rays interact with deposits on the fiber surface, because there is the
possibility of interrupting the total reflection of the light in the fiber. In 3.2 these
are the modified sensor-fibers 1 and 3.

As shown in Figure 3.2, red light (660 nm) is emitted in a light splitter and into
the POF for scaling detection. Red LED are commonly used for data communi-
cation over POF because of the low optical attenuation in this wavelength region
[A15]. Fiber 2 is the reference fiber without a sensor zone. This fiber 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 and fibers. For measuring the optical power (optometry),
the transmitted optical power of all fibers is 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
CaCO3 were examined.
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Figure 3.2: Polymer optical fiber setup as a sensor for scaling detection

For the data processing, only relative transmission signals 7 are used. 7 is calculated
by the ratio between the measured transmitted light power P and the intrinsic
transmitted power at the beginning of the experiments F,. In addition, the behavior
of the reference fiber is included in the calculation of 7.

T:———)+1 (3.1)

PHREEQC calculations

The measurement-based detection methods are compared with hydrochemical sim-
ulations performed using PHREEQC software — describing the supersaturation of
CaCOg3 and sulfates. The calculation of CaCO3 as ApH value is carried out as
described in Part II of this publication series [A16]. 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 pro-
tocol in section 3.2 are also adapted by CO, extraction. Saturations of sulfates for
the water bath experiments are likewise calculated using the phreec.dat database.

3.1.4 Experimental setup - POFs in different supersaturated salt
solutions

The primary purpose of the initial tests with the POF sensors is to prove the theo-
retically forecasted influence of crystallisation on the sensor signal. The secondary
objective is to achieve different salt precipitations on the surfaces of the POF so
that common scaling components could be tested.

Therefore, the POFs are installed in supersaturated salt solutions. The experiments
are carried out in triplicate, with CaSO,4, BaSO,4, SrSO, and CaCO3 being inves-
tigated. The CaCOg3 — solution is tested in pure form as well as with 2 different
concentrations of the antiscalant MT4000. The experiments took place at a temper-
ature of 21 °C. The pH value is measured with a pH-meter, type WTW Multi 3320.
Table 3.2 lists the concentrations of all synthesised salt solutions together with the
component salts which form the final deposit on the POF surface. Based on Gibb’s
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free energy, the supersaturation, i.e. saturation indices greater than 0, represent a
measure of the driving force of precipitation [A13]. After the experiments, the POFs
are dried, and pictures are taken of the POF surfaces with a light microscope.

Table 3.2: Examined salt solutions with the individual components from which the
crystals on the POF surfaces were formed.

final solution 1 solution 2 saturation  precipitate precipitation
deposit index name potential in
mmol L~*
CaCOs3 99 mmol L= 33mmol L~ Calcite: 2.5 Calcite 30
NaHCO3 CaCl, (14 as
ApH)
MCC: 1.2
(0.9 as
ApH)
ACC:0.5
(0.4 as
ApH)
CaSO; +2 70mmolL~! 70mmol L~ 0.7 Gypsum 46
HQO
NaySOy CaCl,
SrSO, 8.2mmolL~! 8.2mmolL~! 1.6 Celestite 7.5
NaQSO4 SI'CIQ
BaSO, 1.5mmol L~ 1.5mmol L' 3.7 Barite 1.49

NaQSO4 BaClg

Experimental RO-setup

The experiments to investigate the effects of scaling in an RO-filtration system are
carried out in a cross-flow filtration setup with a spacer-filled channel. A schematic
diagram of the pilot-RO-system is provided in Figure 3.3. The cross-flow conditions
are representative for spiral wound membrane modules [A17]. Before the scaling
experiments started, the hydraulics of the cell are validated by comparing the ex-
pected pressure drop and measured values with calculations according to Schock
and Miquel (1987) [A18]. By a variation of the cross-flow velocity, the pressure drop
could be measured and compared to the theory [A18].

For this study, thin film composite membranes (Type: DOW XLE) with a size of
95cm x 3.4 cm (3.4 cm?) are used. The storage of the low-pressure membranes took
place in 4% NayS,03 at 20 °C until the experiment starts.
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Figure 3.3: Schematic diagram and photo of the RO pilot plant, involving a cross-
flow membrane flat module with POF sensors

For all crystallisation experiments, synthetic water containing NaHCO3 and CaCls is
mixed in an 80 L feed vessel. The concentrations and CaCQOs5 saturations are shown
in associated sections 3.2 and 3.3. The test solutions were 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 fibers of the feed spacer. The pH value, the conductivity, and the flow
rate of the permeate and retentate are measured continuously. Table 3.3 lists the
sensor types used in the RO-pilot plant.

Table 3.3: Sensor types in the RO-pilot plant

measurand  place sensor type
flow rate retentate E+H Promass A300/8A3B01 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, Hamilton Polylite-Plus-H-Arc-120
permeate
temperature feed, permeate PT-100- Jesco-LF-110
pressure feed, retentate, Wika-A-10
permeate
differential  feed-channel E+H PMD75
pressure

All sensor data are collected and stored by a Siemens S7 SPS in time intervals
of 1s. The retentate flow is automatically kept constant by a motorised needle
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valve and the flow rate sensor in the retentate, so that the cross-flow velocity stays
10 cm/s during the tests. Such flow velocity and resulting Reynolds number are
found in retentate side membrane modules in practice [A16]. 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 3.4. They were determined in a reference experiment with 2 gL~ NaCl feed
solution.

Table 3.4: RO Parameter measured in a reference experiment with 2gL~! NaCl-
feed-solution

RO-parameter formular symbol magnitude
flux Jw 55Lm~2
recovery r 30 %
temperature T 20°C £1°C
concentration factor CF 1.45
Reynolds number Re 140
Schmidts number Sc 800
Shrwoods number Sh 2.5
concentration polarization f 1.1

During the experiments, the supersaturation of the different polymorphs of CaCOj3
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 will be presented in the following chapter.

3.1.5 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 CaCOgs-polymorphs in the RO-pilot
plant is reached by continuous dosing NaOH to the feed-solution. The third ex-
perimental protocol is devoted to a constant feed concentration in analogy to the
literature [A19] in order to apply conditions that are as relevant to industrial practice
as possible.

Experimental protocol — POF in highly supersaturated salt solutions

The first experimental protocol is a setup for POFs placed in supersaturated 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 fiber sensors. Therefore, the POF's are
tested in calcium carbonate, calcium sulfate, barium sulfate and strontium sulfate
solutions. These are common deposits on RO-membrane surfaces. All solutions
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are supersaturated, see table 3.2. Figure 3.4 shows the course of the transmission
for the sulfate solutions together with photos of the POF surfaces taken after the
experiments, that is reached when a quasi-steady state of 7 is reached.

CaSO, SrSO4 BaSO4
100 - 100 - 100
—W1 & 8
—V2 s 5 80
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Figure 3.4: Upper part: Transmission data from the POFs immersed in the sulfate
solutions. From left to right: Calcium sulfate, strontium sulfate and barium sulfate.
Lower Part: Photos of the POFs after the experiments with respective salt crystals
on their surfaces. V1, V2, V3 describe the triplicate.

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 7 via the sensor fibers decreases. For all three
sulfate salts 7 drops in the first phase of the experiment. Later 7 approaches an
almost constant level. In the present sulfate experiments, the saturation indices
increase from CaSO, to SrSO4 and finally to BaSOy (see Table 3.2). The precipita-
tion kinetics determined with the POF also show this relationship with the fastest
transmission decline in the BaSO, experiments. Note also that the slightly super-
saturated CaSO, solution show a relatively slow transmission decline over several
hours. The following experiments show the detection of CaCOs-crystals in water
bath of the salt solutions. Also, the influence of antiscalant (AS) MT 4000 on the
crystallisation and in particular on the development of transmission decline is shown.
As a reference measurement for CaCOj3 precipitation, the development of the pH
value is also monitored.
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Figure 3.5: Experimental data from POFs immersed in CaCOj3-solutions. Top row:
transmission data of POFs immersed in a pure CaCQOs-solution, a solution with 1
mg/] 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.

In all experiments CaCOs-scaling is indicated by decreasing pH values as well as
decreasing transmittance values of the POFs. Trigonal calcite deposits are visible
on the fiber 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
crystallisation. 10mgL~! AS cause a delay of 2 5min 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 [A20]. We
conclude that, all salt precipitations (CaSO4, BaSOy4, SrSO4 and CaCOj3) cause a
strong transmission loss via the POF's with a 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.

Experimental protocol — membrane cell — supersaturating CaCO;3 via pH
adjustment

In this section we start the experiments with undersaturated solutions for all CaCO3-
polymorphs. The experiments are designed so that undersaturation of all CaCOs-
polymorphs in the solution is achieved by the dosage of HCI down to pH = 4.5. The
experimental conditions, including the cross-flow velocity v = 10 cms™! and the feed
pressure pge.q = 12bar, are kept constant during the whole experiment. The ex-
periment 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 fiber is a reference-fiber



34 3 Results

where the cladding is intact; hence no detection of deposits is possible by this fiber.
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
12h at experimental conditions but with desalinated tap water. After the condi-
tioning phase, 2mmol L= CaCly; 3.5 mmol L=! NaHCO3 and 3.2mmol L=! HCI are
mixed in the feed vessel. Each salt is pre-solved in 80 L desalinated water and then
mixed in 80 L desalinated water. This procedure avoids homogenous crystallisation.
The undersaturated CaCOs-solution is then pumped through the RO-system for a
period of 24 hours in complete recycling mode. Then the dosing of 2mLh~! 0.1 mol
NaOH is started at experimental time = 36 h until the pH value of 11 is reached as
the end of the experiment. During the entire experiment, photos are taken every 5
min with a resolution of 3088x2064 pixels. After the termination of the experiments
(i.e. 144h), 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 3.6 The two remaining experiments of the triplicate show similar results.
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Figure 3.6: Time series from the experiment with CaCOs3- supersaturating via pH
adjustment. The initial pH value is adjusted with hydrochloric acid to 4.5. Then
the supersaturation of the CaCQOs-polymorphs is achieved by dosing 0.1M NaOH
into the feed water. The vertical lines mark the first occurrence of supersaturation
of the CaCOs-polymorphs in the feed and the retentate.



3 Results 35

The total experimental duration is 144 h. The time series show the effects of crystalli-
sation 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 [A21]. 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 CaCOs-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 3.6 also shows the time series of the calculated crystallisation rate which is
shown in more detail in Figure 3.7 (image processing see section 3.1.3).
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Figure 3.7: Crystal-RatioTime series with raw images and binarized images. From
left to right: no Scaling; light Scaling; progressed scaled membrane

Until 72h no crystals on the membrane surface are detected. From 82 h forward
the crystal-ratio increases strongly. After 75h a slight increase of the crystal ratio
can be observed. During this first increase the CaCOs- crystals are rather located
in the lower left corner of the processed image. Due to the location of the first vis-
ible crystals, the CaCOj3-crystals seem to be formed and grow in the flow shadows
behind the feed-spacer (see figure 3.1). This indicates a higher concentration polari-
sation (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 [A22].
The local flow conditions influence the local CP directly [A23]. Another effect il-
lustrated in Figure 3.7 is the plateau of the crystal-ratio as reached after the first
detected crystals (t=84h). Even when the membrane surface is fully covered with
CaCOgs-crystals the crystal-ratio will never reach the value of 100%. This discrep-
ancy may be caused by inevitable approximation in image processing 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.
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This effect can be proofed by SEM analysis as shown in figure 3.8. This picture
illustrates the overlapping calcite crystals on the membrane surface.

2pm VergroBerung= 4.09 KX Hochsp. = 10.00kV  Signal A=C2D  Datum :26 Feb 2021
30.00 pm = 7.4mm Zeit :16:58:04

Figure 3.8: SEM picture of overlapping calcite crystals on the RO membrane sur-
face. The picture is taken after an experiment with increasing pH value

In conclusion, the image analysis method can give a good impression of the first
visually detected CaCOgs-crystals and of the incipient crystallization. However, as
the crystallization proceeds, overlapping crystals make a correct calculation of crys-
tallization ratio impossible. A realistic view of the crystallization on the membrane
surface can be obtained between the plateau, where the crystals overlap each other
and the first crystals are detected; this holds for t=75h until t=84h in the ex-
periment shown in figure 3.7. In RO-plants, heterogeneous crystallization is to
be expected the predominate crystallization pathway (undersaturation of ACC). A
major challenge during the experiments is to reproduce heterogeneous crystal nu-
cleation in the RO-pilot plant. There are two theories for the crystal formation in
the literature. According to the theory of Karabelas et al. heterogeneous crystalliza-
tion takes place whenever calcite is supersaturated [A19]. They proved their theory
by SEM imaging of crystal nuclei formation on RO-membrane surfaces. Elfil et al.
purpose a heterogeneous crystallization as soon as monohydrated CaCO3z (MCC)
is supersaturated [A24]. MCC is the precursor for crystal nuclei formation. Our
experiments, presented in this paper with initial undersaturated start, the theory
of Elfil et al. 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 ApH in figure 3.6 indicates the difference in pH values between feed
and retentate stream. It also changes with the supersaturation 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 CaCOg leads to decreasing pH values
and could therefore indicate precipitation in the membrane cell. This interpretation
again is rather compatible to Karabelas theory [A19]. Three parameters feed chan-
nel pressure drop, permeability, and the calculated image crystal-ratio are changing
simultaneously to the supersaturation of amorphous CaCO3 (ACC). This indicates
the expected strong homogenous crystallization in the RO-plant according to the
theory of Elfil et al. [A24]. With the saturation of ACC, the POF signal also reacts
strongly with a rapid decrease of light transmission. The transmission loss at this
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point is much stronger as it is at the saturation point of MCC previously. In sum-
mary, the calculation for the CaCOj3 saturation of different polymorphs (vertical
lines in Figure 3.6) are a good indicator of when precipitation on the membrane
surface is to be expected. The POF sensor is sensitive to incipient crystallization on
the membrane surface. Incipient crystallization is detected by the first transmission
drops earlier than the common parameters permeability, FCP or even image analy-
sis. 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 sec-
ondary crystallization. The RO-pilot system is not designed and built according to
the principles of hygienic design. Therefore, incomplete cleaning of crystal residues
is possible, which may lead to secondary crystallization 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 during the exper-
iment 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. [A19] or the theory of precursor role of MCC of
Elfil et al. [A24]. In order to produce heterogeneous scaling on the membrane with
greater reliability, another experimental setup is performed in the RO-pilot plant.

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 forma-
tion. 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~! NaHCOj3. 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
etal. [A19, A25]. They propounded the theory that no induction time exists and
CaCOj precipitates immediately after supersaturation of calcite. Figure 3.9 presents
our experimental results.
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Figure 3.9: Time series of an experiment with calcite supersaturation in the reten-
tate stream. The compaction phase of the membrane lasted up to 24 hours. Then
the experiment is continued with almost constant saturation conditions where cal-
cite 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 supersaturation
of calcite in the feed and the retentate. MCC and ACC are undersaturated during
the experiment.

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 from 5 to 4.9Lh~'bar ' m~2, and
the pressure drop in the feed channel is increasing slowly from 26.0 to 26.5 mbar.
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 crystallization is certainly
taking place in the RO-system. From 29 h time forward, small crystals are detected
by the image analysis. The level of crystallization 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 CaCO3 crystals on
the membrane surface. The light transmission through the POFs is immediately
decreasing after dosing the salts in the feed vessel. As in the previous section the
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retentate fiber transmission is decreasing stronger than the feed fiber transmission.
This can be explained by an earlier and stronger crystallization 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 3.9 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 3.10 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 embedded 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 polarization 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
fibers along the membrane channel.

200 pm VergroBerung= 31X Hochsp. = 10.00kV ~ Signal A=C2D  Datum :26 Feb 2021
5B = 30.00 ym = 7.4mm Zeit :18:37:23

Figure 3.10: SEM Picture with a POF imprint from an experiment with constant
conductivities and pH values

In addition, the SEM image (figure 3.9) shows a membrane surface not completely
covered with crystals. As explained above, the image processing can therefore still
detect single crystals. The time series given in figure 3.9 have not reached the
plateau value of 10 %, which is known from the experiments described in section
3.1.5 In conclusion, the comparison of our experiments with those of Karabelas
etal. led to similar results [A19]. 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.
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3.1.6 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 fiber (POF) sensors. This
leads to a method by which crystallization processes in RO-systems can be
detected before the crystallization 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. normalized water flux) and the salt rejection decrease later in the exper-
iments. The feed-channel pressure drop does not increase or increases only
many hours after the POFs already have detected the crystals on the mem-
brane. The sensitivity of the POF sensor is proofed in an RO-flat membrane
cell with CaCOs3 and in water solutions with CaSO,4,BaS0O,4,SrSO, and CaCOs;

in combinations with an antiscalant.

2 The second in-situ monitoring method for crystallization processes in mem-
brane 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 CaCOs-

2. The image analysis de-

tects crystallization processes earlier than the membrane performance begins

crystals with a covered membrane area of 350 pm

to decrease. This is proved in the experiments guided by the experimental
setup of Karabelas and Mitrouli et al. [A7][A19]. 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. [A24]. As has already been shown in the literature with
laboratory-scale experiments [A12][A14], it is doubtful whether induction time or
meta stability [A24] play a role in CaCOj crystal formation in such experimental
set-ups.

3.1.7 Outlook

This chapter gives an overview of integration concepts for the new POF sensor
in industrial-scale RO systems [A26]. On the one hand, it is possible to couple
flat membrane cells with POF as a monitoring device to such full-scale systems.
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In addition, figure ?? shows various possibilities for integrating POF into spiral-
wound modules. Concepts a) and c¢) must be included during the production of
spiral wound modules. Replacing a spacer fiber 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 fibers in the spacer
net. Another strategy for integrating the POF sensor into conventional spiral-wound
modules is shown with concept b). Here, a POF sensor 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. [A22] 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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c)
Figure 3.11: Integration concept for polymer optical fibers in spiral wound RO-

modules: a) POF is replacing a feed-spacer fiber, b) POF with a mirror on the fiber
end, ¢) back and forth integrated POF in the feed-spacer [A26]

3.1.8 Acknowledgments

The authors wish to thank Heribert Voit (Endress + Hauser) for the suitable coop-
eration and the rental of sensors to execute the experiments.



42 3 Results

3.1.9 References

[A1] A.G. Pervov, Scale formation prognosis and cleaning procedure schedules in reverse osmosis
systems operation, Desalination 83 (1991) 77-118.

[A2] S.Jiang, Y. Li, B.P. Ladewig, A review of reverse osmosis membrane fouling and control
strategies, The Science of the total environment 595 (2017) 567-583.

[A3] N.R. Sarker, P. Cherukupally, I. Gourevich, J. Wilbur, S.D. Jons, A.M. Bilton, Multi-scale
visualization of incipient CaCO3 scaling on the polyamide layer of reverse osmosis
membranes, Desalination 539 (2022) 115956.

[A4] W.Jiang, X. Xu, D. Johnson, L. Lin, H. Wang, P. Xu, Effectiveness and mechanisms of
electromagnetic field on reverse osmosis membrane scaling control during brackish
groundwater desalination, Separation and Purification Technology 280 (2022) 119823.

[A5] M. Wang, B. Cao, Y. Hu, D.F. Rodrigues, Mineral Scaling on Reverse Osmosis Membranes:
Role of Mass, Orientation, and Crystallinity on Permeability, Environ. Sci. Technol. 55 (2021)
16110-16119.

[A6] X.Tong, Z.-W. Zhang, Y.-H. Wu, Y. Bai, N. Ikuno, K. Ishii, H.-Y. Hu, Ultrafiltration
significantly increased the scaling potential of municipal secondary effluent on reverse
osmosis membranes, Water research 220 (2022) 118672.

[A7] A.J. Karabelas, S.T. Mitrouli, M. Kostoglou, Scaling in reverse osmosis desalination plants: A
perspective focusing on development of comprehensive simulation tools, Desalination 474
(2020) 114193.

[A8] M.N. Mangal, S.G. Salinas-Rodriguez, B. Blankert, V.A. Yangali-Quintanilla, J.C. Schippers,
W.G. van der Meer, M.D. Kennedy, Role of phosphate and humic substances in controlling
calcium carbonate scaling in a groundwater reverse osmosis system, Journal of Environmental
Chemical Engineering 9 (2021) 105651.

[A9] H.M. Abdel-Ghafar, E.A. Abdel-Aal, B.E. El Anadouli, Study on the nucleation aspects and
morphology of reverse osmosis desalination scales with and without scale inhibitor at
different supersaturation ratios, Water Supply 17 (2017) 493—499.

[A10]J. Benecke, Gypsum scaling during reverse osmosis desalination — characterization and effects
of natural organic matter, 2018.

[A11] M. Bystriansky, O. Nir, M. Sir, Z. Honzajkova, R. Vurm, P. Hrychova, A. Bervic, B. van der
Bruggen, The presence of ferric iron promotes calcium sulphate scaling in reverse osmosis
processes, Desalination 393 (2016) 115-119.

[A12] H. Jaramillo, C. Boo, S.M. Hashmi, M. Elimelech, Zwitterionic coating on thin-film composite
membranes to delay gypsum scaling in reverse osmosis, Journal of Membrane Science 618
(2021) 118568.

[A13]S. Hager, A. Bachmann, T. Hofmann, R. Engelbrecht, K. Glas, CaCO3 deposits in reverse
osmosis Part I - Shortcomings of current approaches leading to a new prediction model and
monitoring device (2021) 122—-133.

[A14]S.S. Negi, Y.S. Bhandari, A hybrid approach to Image Enhancement using Contrast Stretching
on Image Sharpening and the analysis of various cases arising using histogram, in:
International Conference on Recent Advances and Innovations in Engineering (ICRAIE-
2014), IEEE, 2014, pp. 1-6.

[A15]O. Ziemann, J. Krauser, P.E. Zamzow, W. Daum, POF-Handbuch: Optische Kurzstrecken-
Ubertragungssysteme, 2nd ed., Springer, Berlin, Heidelberg, 2007.



3 Results 43

[A16] S. Hager, M. Meinardus, Thomas Hofmann, K. Glas, CaCO3 deposits in reverse osmosis: Part
IT - Simulation model for hydrochemical predictions of reverse osmosis retentates and scaling
propensity, Brewing Science 75 (2022) 54-68.

[A17]N. Siebdrath, W. Ding, E. Pietsch, J. Kruithof, W. Uhl, J. Vrouwenvelder, Construction and
validation of a long-channel membrane test cell for representative monitoring of performance
and characterization of fouling over the length of spiral-wound membrane modules, DWT 89
(2017) 1-16.

[A18] G. Schock, A. Miquel, Mass transfer and pressure loss in spiral wound modules, Desalination
64 (1987) 339-352.

[A19]S. Mitrouli, A.J. Karabelas, A. Karanasiou, M. Kostoglou, Incipient calcium carbonate scaling
of desalination membranes in narrow channels with spacers—experimental insights, Journal
of Membrane Science 425-426 (2013) 48-57.

[A20] K. Popov, M. Oshchepkov, A. Pervov, V. Golovesov, A. Ryabova, M. Trukhina, S. Tkachenko,
A Case Study of Calcium Carbonate Crystallization during Reverse Osmosis Water
Desalination in Presence of Novel Fluorescent-Tagged Antiscalants, Membranes 12 (2022).

[A21] M. Stolov, V. Freger, Membrane Charge Weakly Affects Ion Transport in Reverse Osmosis,
Environ. Sci. Technol. Lett. 7 (2020) 440-445.

[A22]].S. Vrouwenvelder, J.C. Kruithof, M.C.M. van Loosdrecht, Biofouling of spiral wound
membrane systems, IWA Publishing, London, 2011.

[A23]]J.C. Crittenden, MWH’s water treatment: Principles and design, 3rd ed., John Wiley and Sons,
Hoboken, N.J, 2012.

[A24] H. Elfil, A. Hannachi, Reconsidering water scaling tendency assessment, AIChE J. 52 (2006)
3583-3591.

[A25]S.T. Mitrouli, M. Kostoglou, A.J. Karabelas, Calcium carbonate scaling of desalination
membranes: Assessment of scaling parameters from dead-end filtration experiments, Journal
of Membrane Science 510 (2016) 293-305.

[A26] S. Hager, K. Glas, Membranmodul und Verfahren zur Detektion von Ablagerungen in einem

Membranmodul.



44 3 Results

3.2 Incipient biofouling detection via fiber optical
sensing and image analysis in reverse osmosis
processes

The research article “Incipient biofouling detection via fiber optical sensing and
image analysis in reverse osmosis processes” was published in “Membranes” in 2023
(doi: 10.3390/membranes13060553 ). This article is a shared-first-author paper by
H. Oesinghaus and D. Wanken. H. Oesinghaus developed the concept, analyzed and
interpreted the data, co-wrote the original manuscript, and revised the manuscript
based on the reviewers’ comments.

Several approaches have been published so far in RO membrane biofouling detec-
tion. Detection of biofouling at the feed spacers in an RO filtration system is crucial,
since this is typically the initial site where biofouling occurs and later leads to down-
stream issues that are more difficult to mitigate. However, sensing strategies that
can reliably detect biofouling that this early stage of the filtration process are yet to
be developed. Thus, the purpose of the work presented in this chapter is to adapt
the POF and imaging system presented in the previous chapter to the detection of
biofouling. In addition, a comprehensive range of offline analytical methods that
detect the number of colony forming units (CFU), monitor changes in ATP concen-
tration, and employ total organic carbon (TOC) balancing and 16-s-RNA sequencing
were used to verify the results from the online sensing techniques. By comparing
these methods, a detailed protocol for early microorganism detection was drawn
up for properly monitoring and interpreting the following aspects of biofouling: 1)
POFs, 2) image analysis, 3) TOC balancing, 4) CFU Count, 5) ATP concentration
changes, 6) changes in permeability, and 7) changes in the feed channel pressure
drop (FCP). Moreover, the image analysis method from the previous chapter was
successfully adapted to biofouling detection by splitting the image into red, green
and blue channels. This allowed for the detection of color changes in the membrane
and feed spacers by comparing the images from the entire duration of the experi-
ment to those taken at the start of the experiment using a 2-D Pearson correlation.
The POFs were also integrated into the spacer net, reducing their influence on the
fluid dynamic properties of the membrane surface.

As an outlook, POF's were used to monitor the cleaning efficacy of pulsatile cross-
flow conditions while enhancing biological growth conditions in the RO pilot plant.
It was possible to detect changes in the accumulation phase depending on the length
of this lag phase concerning the cleavage tendency of the attached microorganisms.
Overall, this work contributes to a system that enables RO users to purify water
that exhibits a tendency to form biofilms. Strategies to prevent biofouling could be
managed by the signals from the fibers, which provide feedback on the cleaning of
the membrane and feed spacer surfaces.
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3.2.1 Abstract

Reverse osmosis (RO) is a widely used membrane technology for producing process
water or tap water that is receiving increased attention due to water scarcity caused
by climate change. A significant challenge in any membrane filtration is the presence
of deposits on the membrane surfaces, which negatively affect filtration performance.
Biofouling, the formation of biological deposits, poses a significant challenge in RO
processes. Early detection and removal of biofouling are essential for effective sani-
tation and prevention of biological growth in RO-spiral wound modules. This study
introduces two methods for the early detection of biofouling, capable of identifying
initial stages of biological growth and biofouling in the spacer-filled feed channel.
One method utilizes polymer optical fibre sensors that can be easily integrated into
standard spiral wound modules. Additionally, image analysis was used to moni-
tor and analyze biofouling in laboratory experiments, providing a complementary
approach. To validate the effectiveness of the developed sensing approaches, accel-
erated biofouling experiments were conducted using a membrane flat module, and
the results were compared with common online and offline detection methods. The
reported approaches enable the detection of biofouling before known online param-
eters become indicative, effectively providing an online detection with sensitivities
otherwise only achieved through offline characterization methods.

3.2.2 Introduction

Water scarcity is increasing, which can be primarily attributed to the effects of
a rapidly growing world population, climate change, and increasing industrializa-
tion [B1]. Consequently, different membrane separation technologies have gained
significant research attention in recent years [B2]. Among these processes, reverse
osmosis (RO) stands out as an effective method for water purification, capable of
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removing inorganic, organic, and pathogenic pollutants from the feed water [B3].
However, a notable drawback of such separation technologies is the formation of
deposits on the surface of the membrane. Biological deposits can, for example, pose
a significant challenge when raw waters with high organic loads are purified through
membrane separation techniques [B4]. Microorganisms (MO) tend to adhere to the
surfaces within the spiral wound membrane modules (SWM) [B5]. Once attached,
these MOs rapidly produce extracellular polysaccharides (EPS) and proteins that
serve as a protective barrier against cleaning and disinfection agents. Consequently,
completely inactivating or cleaning the MOs from the membrane surface becomes
nearly impossible [B6]. One effective strategy to address the presence of MOs and
high organic loads in RO systems is the implementation of pretreatments that ef-
fectively reduce the organic components in the feed water. Therefore, advanced
oxidation strategies based on peroxydisulfate are discussed as oxidizing agents that
can remove organic pollutants from the water [B7]. Alternatively, inactivation of
already attached MOs at an early stage can be targeted, specifically before the
onset of EPS production. By intervening at this early stage, it becomes possible
to rinse the MOs out of the SWM along with organic deposits. As early as 1997,
Flemming et al. proposed that cleaning of RO systems should occur before bio-
fouling impacts membrane permeability, before pressure drops in the feed channel,
or before membrane biodegradation begins [B6]. Hence, a crucial requirement in
any anti-fouling strategy is an early in-situ detection of microbial attachment. So
far, however, only offline analyses can detect microbial growth in the first attaching
and propagation phase. In a recent study, the biofilm formed on the surface of an
RO-membrane surface was chemically characterized using ATR-FTIR spectroscopy
[B4, B8]. Another suitable approach to detect a biofilm is to measure the amount
of total organic carbon (TOC) [B9, B10]. A comparison of the TOC values in the
feed and retentate allows us to draw conclusions about the accumulated biomass in
an RO system. The number of viable MOs is represented by the parameter colony
forming units (CFU), which are determined as the cultivable MOs in the water [B3].
Hobwever, determining the CFUs may be an inaccurate measure due to the pres-
ence of clustered cells or non-cultivable MOs in the water [B11]. To address this
limitation, Vrouwenvelder et al. proposed measuring the concentration of adenosine
triphosphate (ATP) as an additional offline parameter, as the ATP concentration
is directly proportional to all viable cells present in the characterized waters or
biofilms [B3,B10,B11]. However, all offline analytical methods demand significant
time-, personnel-, and cost-intensive methods. For instance, the cultivation of MOs
according to the German tap water regulation takes 72 h. Hence, there is a pressing
need for developing in-situ analyses of process data and the development of meth-
ods that enable biofilm monitoring with sufficient sensitivity to detect the earliest
stages of organic and MO accumulation on membrane surfaces [B11]. So far, on-
line analyses only indirectly recognize the effects of biofilm formation in membrane
processes. Vrouwenvelder et al. proposed a membrane fouling simulator (MFS) be
installed prior to the first SWM in an RO plant to additionally measure changes in
the feed-channel pressure drop or the permeate flux [B10]. This method can detect
biofilm formation before the biofouling impacts the SWM of the RO plant [B12].
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However, an MF'S only measures the consequences of biofouling and does not assess
the presence of MOs on the surfaces of RO membranes themselves.

1. A new fiber optical sensor for biofouling detection, which can be easily inte-
grated into both newly constructed and existing SWMs. This sensor provides
a reliable method for detecting biofouling in real time within the RO system.

2. The implementation of image analysis techniques for membrane flat modules
that are often used in laboratory experiments.

Overall, the approaches present advancements in both in-situ biofouling detection
using fiber-optical sensors within SWMs and image analysis techniques applicable to
membrane flat modules, thereby enhancing our understanding of biofouling processes
in RO systems.

3.2.3 Materials and methods
RO-Pilot Plant

The polymer optical fiber (POF) sensors were tested in the same RO pilot plant as
previously described by some of us [B13]. The only changes made to the current RO
setup were the camera position and composition of the water used for the biofouling
experiments. The following figure 3.12 shows the RO pilot plant used for the present
study:

80% desalinated water

20% tap water

\ \ \
vessel N ROflat I\ AN
module

refrigation

RO-setup: (C—conductivity, P —pressure, F —flow rate, dP-feed channel
pressure drop\ POF)

Figure 3.12: Schematic description of the reverse osmosis plant with integrated
polymer optical fibers, sensors, and permeate and retentate rejection.

The camera was installed on the feed side of the RO flat module because this is the
anticipated location where biofouling should start [B10]. Before every experiment,
the RO plant was cleaned and disinfected using 0.1 wt% NaOH, 5 wt% citric acid,
and 0.25 wt% Hy05. DOW XLE membranes and a Toray spacer were used for the



48 3 Results

experiments. The membranes were compacted using a NaCl solution with a conduc-
tivity of 200 pScm™! for at least 96h. Subsequently, the feed water (composition
described below) was continuously introduced into the feed vessel. The feed water
used in the experiments consisted of a mixture of Freising tap water (20%) and
desalinated water (80%). This composition was chosen to prevent exceeding the
calcite solubility product and to inhibit crystal formation. In addition, an auto-
claved nutrient solution was added to the feed water to give concentrations (C:N:P)
of 500 pg L', 100 pg L~!, and 50 pg L~!, respectively. This was achieved by dosing
3.42mgL~! sodium acetate, 1.21 mgL~! sodium nitrate, and 0.39mgL~! sodium
phosphate into the feed, which had an approximate flow rate of 11.5h L™, These
C:N:P concentrations were half of those used in RO systems previously reported in
the literature [B3, B14|. Throughout the experiment, the retentate and permeate
streams were discarded.

POF-sensor

The POF-sensor principle is presented in figure 3.13. Polymer optical fibers consist
of a core made of polymethylmethacrylate (PMMA) and a fluoropolymer cladding,
which maintains the total internal reflection in the fiber core. In this study, the
cladding of the fiber was removed on a length of ca. 5cm in two different methods:
chemical removal with ethyl acetate or mechanical removal using a 350-grid abrasive
paper. The removal of the fiber’s cladding enables the interaction of light with
deposits on the fiber surface. As recently demonstrated by Hager et al., such a POF
sensor is capable of detecting crystals on the fiber surface [B13,B15]. It is worth
noting that the removal of the cladding influences the surface roughness of the fiber.
This can be seen in figure 3.13, which shows a comparison of scanning electron
microscopy (SEM) images of the surface observed after removing the cladding via
different methods.

scattering / evanescent fields - light absorption
6 <86, 0>6,

mechanically
nroduced

Figure 3.13: Mode of operation of the fiber-optical sensor. Top: schematic descrip-
tion of the optical fiber with removed fluoropolymer cladding and the two modes of
interaction between light and deposits on the surface: scattering and evanescence-
based attenuation. Bottom: scanning electron images (SEM) images of the sensor
zone. In the left image, the cladding is removed using ethylaceteate, and in the right
micrograph by mechanical abrasion.
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The fibers were installed below the feed spacer or as a spacer substitute. The setup
with the incorporated fibers, the feed spacer, and the RO membrane is shown in

figure 3.14.
b

feed spacer

RO membrane

POF as feed spacer
substitute

POF below feed spacer

Figure 3.14: Depiction of the two polymer optical fibers that were included in a
feed-spacer-square on the RO membrane surface to enable the detection of biofilm
formation.

Offline analytic

The following paragraphs describe the offline analysis of the water and the biofilm
formation during and after the experiments:

TOC

The analysis of the TOC content as non-purgeable organic carbon (NPOC) was
carried out by the Research Center Weihenstephan for Brewing and Food Quality
according to DIN EN 1484:1997-08. Using the TOC concentrations in the feed
and the retentate, TOCgc.q and TOCR.;, respectively, in combination with the flow
rates in the feed and the retentate, Vpeed and VRet, respectively, the carbon rate (C)
mg L~! was balanced.

C == TOCRet : VRet - TOOFeed : VFeed (32)

ATP

ATP samples were immediately frozen after sample collection by submersion in
liquid nitrogen to avoid the degradation of extracellular ATP. Subsequently, frozen
samples were immediately thawed and measured. Measurements of ATP content
were conducted using the EnSURE Touch™ (Sundern, Germany) luminometer from
Hygiena (Camarillo, US) using UltraSnap™, Aquasnap™ Total, and Aquasnap™
Free testers in accordance with the manufacturer’s instructions. ATP standards
were prepared using adenosine 5-triphosphate disodium salt from Sigma-Aldrich
Chemistry (St. Louis, US).
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CFU

The determination of the colony-forming units of cultivable microorganisms at 22
and 36 °C was carried out by the Research Center Weihenstephan for Brewing and
Food Quality in accordance with the norm DIN EN ISO 6222:1999-07 corresponding
to § 15 (1c) of the German tap water regulation (TrinkwV).

165 rRNA

Sampling was performed after the end of the experiment by sterile swabs (TexwipeTM,
Kernersville, US) directly from the membrane. Samples were processed by ZIEL—Inst-
itute for Food & Health, according to Reitmeier et al. [B16] with primers 341F /785R.
In deviation from the experimental instructions, DNA isolation was carried out after
bead beating using the Maxwell RSC Fecal Microbiome DNA Kit in the MaxWell
device from Promega (Walldorf, Germany).

Online analytic

Feed channel pressure drop (FCP)

The FCP value was measured using Endress & Hauser differential pressure sensors

(Type PMDT75).
Permeability

The permeability was calculated using the flow rate of the permeate (V),) with respect
to the net transmembrane pressure T'M P,,.; and the membrane area A.

Vi

Py—=—t
W A.TMP,,

(3.3)

Image analysis

A Basler ac-A3088-5Tuc camera with a CMOS sensor and with 6.4 MP resolution
was used to take photos of the membrane surface at 1 h time intervals. The photos
were taken in reflected light mode at the feed side of the membrane flat module. The
light was turned on for 2 min to avoid algae growth on the membrane surface. The
photos were then stored as .tif f data with image sizes of 2064 x 3088 x 3 pixels.
The terms ‘matrix,” ‘photo,” and ‘image’ are interchangeably used throughout the
following text, as they all refer to the same visual representation. The matrices were
analyzed using Matlab R2021a. The Matlab@®) code is organized into two steps with
(A) the image registration and (B) the calculation of image similarities.

(A) The motion of the module (due to motor movement etc.) resulted in an imper-
fect alignment, so the captured images corresponded to different coordinates
on the membrane surface. Therefore, it was necessary to perform image reg-
istration to align the images. This process followed the four steps of image
registration as outlined by Zitova and Flusser [B17]: feature detection, feature
matching, transform model estimation, image resampling, and transformation.
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o1

1.

A distinctive section of the photo containing specific features of a cropped
reference greyscale image was manually selected.

. The images were aligned. The Matlab function normzcorr2 was used to

create a normalized cross-correlation matrix between the selected feature
image section and the sensed images of the time series, which were trans-
formed into greyscale images. This function moves the smaller matrix
containing the features across the bigger matrix to find the location via
the maximum in matching [B18]. Next, parameters for further transfor-
mation, namely aligning the sensed images around the selected features,
had to be extracted using the Matlab functions find and maz.

The gained parameters were then used to align the color images. To be
able to transform the images around the same coordinates, they had to
be cut in size; thus, gaining room for movement. Hence, the registered
images were somewhat smaller than the original ones and consisted of
1937 x 2913 x 3 pixels. As a result of the registration process, all images
of the time series had the same size and were centered around the same
distinctive features.

The process of image registration is sketched in figure 3.15.

Ax 5% Ax :
/)
Ay
Raw photo Cropped photo Photo-part for

correlation-matrix

Figure 3.15: The process of image registration that was used for image analysis
via the four steps of image registration described by Zitova and Flusser

(B) A Pearson correlation coefficient is a very suitable tool to measure pixel-by-
pixel image similarities [B19, B20]. Therefore, analysis of image similarities
was carried out via a 2-dimensional Pearson correlation coefficient. Using our

image analysis, we determined the different red, green, and blue layers of one
RGB image and compared them with a reference matrix, which is the RGB
image at the initial time. This photo was taken before the compaction phase
ended and the feed water was changed to the tap water desalinated mixture
with dosed nutrients.

A correlation coefficient for each sensed image was calculated in the time series
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and for each RGB layer. The single layers were separated via the Matlab
function imsplit, resulting in three 2D grayscale matrices, each representing
one RGB layer. Next, a reference picture, matrix A of size 1937 x 2913, was
compared with each sensed image layer, matrix B of the same size, using the
following equation:

Zm Zn<Amn B *’Zl) (an B B)
V2w 2o (A — A2 32, 52, (Bun — B)?

with A,,, as the reference matrix of size mxn and Bmn as the sensed matrix
of the same size. A and B are the mean pixel intensities of A,,, and B,
with m = 1937 and n = 2913. The calculated correlation coefficient serves as
a measure of the deviation between an image captured at a specific time and
the initial reference image, quantifying the level of similarity between the two
images.

Pearson =

(3.4)

3.2.4 Results and discussion

The results are divided into three experimental parts to demonstrate the function of
the POF and the image analysis for early biofouling detection on RO membranes.

Conditioning: POF-transmissions in water

The initial set of experiments aimed to demonstrate the longterm effects of POF
transmission. The POFs were integrated into an RO system under normal filtration
conditions, without forming deposits on the membrane and spacer surfaces. The
RO system operated using a 2gL~! NaCl feed solution over the course of several
days, with the retentate and permeate flowing back into the feed vessel. Figure3.16
illustrates the time series of transmission obtained from these experiments, which
were conducted in triplicate.
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Figure 3.16: Plot showing the light transmission of POFs as a function of time.
The feed in the experiment was an aqueous NaCl solution (2gL™1).
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The recorded time series clearly show an asymptotically decreasing light transmis-
sion. The magnitude of the total decrease varied among the three experimental
runs. In all experiments, the decrease in light transmission ends after ca. 72h and
a limiting value appears to be reached after 96 h. Additionally, all three recorded
time series exhibit daily variations. These variations are attributed to the daily
cycle of temperature fluctuations, which result in changes in the mechanical stresses
experienced by the membrane flat module, due to a differential thermal expansion
of the metal screws used to compress the module. These findings are in line with
previous reports that have documented a similar influence of water adsorption and
mechanical stress on the light transmission of POFs [B2, B21, B22].

First validation: POF-sensors in a yeast suspension

The second series of experiments aimed to investigate the impact of viable cells
and organic suspensions on the light transmission of the POFs. In contrast to the
above-described experiment, the POF was not installed in the RO-flat module but
in a water bath, to which a yeast suspension was added after a conditioning period
of 71h. Two fibers were installed in the water bath: a reference fiber with intact
fluoropolymer cladding and a sensor fiber with mechanically removed cladding. Fig-
ure 3.17 shows representative results of one of the three experimental runs with this
setup.

105
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——sensor fiber
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Figure 3.17: Change in transmitted light intensity as a function of time for POF

sensors that were immersed in a water bath, to which yeast was added after a
conditioning period of 71 h.

Figure 3.17 shows a plot of the recorded transmission over time. The plot shows a
nearly constant time series for the transmission of light through the reference fiber
over the course of the whole experiment. The plot for the sensor fiber, by contrast,
showed a sharp drop in the intensity of transmitted light upon the addition of yeast
to the water bath. Hence, the light transmission was significantly influenced by
the presence of viable cells. The other two experiments gave similar results. As



54 3 Results

previously observed, both time series showed small intensity fluctuations over the
course of 24h due to the daily temperature cycle. The conditioning period ended
earlier than in the setup where the POF's were installed in the membrane flat module
(see section 3.2.4). The yeast was added to a water bath and therefore the POFs
were not installed in the membrane flat module, where the screws of the module
compress the POFs. The absence of screw pressure (as illustrated in Figure 3.12))
may have facilitated the adaption of the POF's to the experimental conditions.

Second validation: Biofilm detection in the RO pilot plant

In this following section, the capability of the selected POF sensor and our image
analysis approach toward detecting biofouling in RO systems at an early stage is
evaluated and compared with current online detection methods. Prior to the exper-
iments, the POF sensors were conditioned for at least 96 h using a NaCl solution
to avoid any effects on the intensity of transmitted light due to water adsorption or
mechanically induced transmission loss. The experiment was executed three times.
Because the results of all experiments were very similar (see figure 3.21), we will
focus on discussing the findings from one experiment. Figure 3.18 shows the time
series of the measured online parameters. The vertical dotted line marks the end of
the conditioning and compaction phase; this also marks the moment the dosing of
nutrients was started and the switch in feed composition to a mixture of tap water
and desalinated water. Figure 3.18 displays the recorded time series from 96 h on-
wards, at which point the POF transmission reached a steady-state level (see section
3.2.4).
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Figure 3.18: Time series showing the evolution of different selected online parame-
ters. Experimental conditions: dosed nutrients (500, 100, 50) (C:N:P) in feed water
(20 % tap water, 80 % desalinated water) from 144 h onwards.

The analysis of the recorded time series shows the effect of biofouling at a very
early stage. After the feed water change, the monitored online parameters exhibited
changes in the following temporal order: first, the POF’s light transmission was
affected; then, the correlation coefficient from the image analysis; subsequently,
the permeability; and finally, the FCP value was affected. This temporal order is
described in the following paragraphs, assuming that biological growth affected the
parameters.

The light intensity transmitted by the POFs on the feed and the retentate side
immediately decreased after the end of compaction and with the onset of dosing
nutrients to the changed feed solution. The POF’s light transmission on the feed side
of the membrane module stopped decreasing and reached a steady-state level from
240 h onwards while the retentate fiber’s light transmission continued to decrease.

The correlation coefficients determined by the image analysis followed a similar trend
as the transmission of the POF sensors until 240 h. Subsequently, and nearly simul-
taneously with the changes in permeability and FCP, the correlation coefficient of
the blue layer in the RGB image experienced a significant decrease. This observation
could potentially indicate the onset of a phase of exponential growth of a biofilm
on the membrane surface. By contrast, the correlation coefficient of the green layer
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only slightly decreased over the course of the whole experiment, whereas the correla-
tion coefficient of the red layer remained at an almost constant level after the slight
decrease following the nutrient dosage. The variations in the correlation coefficients
determined for the R-, G-, and B-layers demonstrate that a separate evaluation of
the color layers of the images is crucial for detecting biofouling. Furthermore, the
differences in the correlation coefficients show the color and brightness shift from
white to brown, which were indicative of the growth of a biofilm.

Figure 3.18 shows that permeability first increased and later (220h) decreased.
The increased permeability can be attributed to pH-dependent membrane surface
charges, which changed as a result of the increase in pH from 6.9 to 8 after the
compaction, in agreement with previous reports [B23, B24].

The FCP value was observed to increase after 221 h, with the increase becoming
more pronounced over time.

The only parameter that stayed almost at a constant level over the course of the
experiment was the salt passage. This indicates the absence of scaling on the RO
membrane. The absence of any crystals on the membrane was independently con-
firmed by SEM imaging (not shown here).

All the observed parameter changes indicate an increasing level of biofouling on
the membrane and spacer surfaces. As known from the literature, the MOs adhere
first to the feed spacers and therefore to the POFs, which correlates with the initial
changes observed in the POF transmission and the image analysis [B25]. Moreover,
the biofilm started growing on the feed side of the membrane module and later on
the retentate side. This phenomenon can be observed from the signal of the two
POF sensors. The transmitted light of the POF on the feed side decreases first. The
stabilization of the signal at a steady-state level suggests that the biofilm may have
completely covered the fiber surface. On the retentate side, the light transmission
through the fiber sensor exhibited a more prolonged decrease compared with that of
the feed fiber, indicating a delayed biofilm growth on the retentate side. After ca.
236 h, the biofilm had developed on the membrane surface, which reduced the flux
and consequently the permeability. Only a few hours later, the correlation coefficient
of the blue layer in the image analysis showed a second drop.

Because the growth of the biofilm was more pronounced in the feed channel, the
pressure progressively decreased. In our experiment, the change in pressure was
the last parameter to indicate biofouling. The weak increase observed at the begin-
ning of the experiment was not statistically significant compared with its strongly
fluctuating signal. To validate and compare the POF with offline analytics, which
are commonly used to indicate and measure microbial growth in RO plants [B3,
B9-B11], a comparison with the measured offline parameters was carried out, as
shown in figure 3.19.



3 Results 57

ATP, CFU N ~x10*
O ATP(Feed)
_ 06 + ATP(Retentate) + + =
o O CFU(Feed) L dg
S o4l + CFU(Retentate) =
ST End Compaction —
Z Start dosing nutrients | E
= \ 20
< 0.2 |
+ I o
o I o +
0 I & o L 1 g 8 i I o ° 1o
120:00 168:00 216:00 264:00
Carbon rate (C) (see equation 1)
\
10 - 1st biofilm phase: | 2nd Biofilm phase:
lag/attaching Phase } log and detaching phase
e 5- |
o \
S [
O OF—b-mmmmmm .
\
\
\
S I [ I I
120:00 168:00 216:00 264:00

Figure 3.19: Plots of offline parameters of the biofouling experiment (see figure
3.18).

The offline parameters measured at different times indicate the different phases of
biofilm formation in the membrane flat module.

First, the negative carbon rate and relatively low CFUs indicate the adhesion and
growing phase of the MOs. This initial biofouling phase ended after ca. 160h,
when the CFU in the retentate started to increase compared with the feed values.
Furthermore, the carbon rate turned to a positive level. Later, after 207h, the
ATP concentration in the retentate increased compared with the ATP concentration
in the feed. Notably, however, the ATP value was very low due to the low cell
concentration, and it, therefore, remained difficult to precisely measure the ATP
concentration.

All the changes observed in these parameters mark the beginning of the second
phase of biofouling, the detaching phase, when parts of the biofilm detach from
surfaces inside the membrane flat module. At this stage, the MOs, together with
the EPS, flow out of the membrane flat module and cause a positive carbon rate
and higher contents of viable MOs in the retentate, consequently increasing the ATP
concentration. The determined values indicate that this stage reached a steady-state
mode when the biofilm inside the RO module reached a constant thickness. This
equilibrium was indicated by the ATP concentrations and CFU in the retentate that
ceased to increase, corroborating that the mass of growing biofilm and detaching
biofilm are balanced.

The comparison of offline parameters with the new online parameters determined via
the integrated POF sensors and through image analysis validates the new sensors’
functionality. Simultaneously to the negative carbon rate, the POF signal decreased
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in parallel with the correlation coefficient from the image analysis. When the second
phase began, the image analysis showed a sharp drop in the correlation coefficient
of the blue layer, and the POF sensor on the feed side turned to a steady-state level
(244h). The steady-state mode of the retentate fiber from 244 h onward may be
caused by a completely overgrown surface of the POF. This observation is in agree-
ment with previous findings [B10]. In the final step, the MOs in the biofilm are com-
pared with the MO found in other RO plants known from the literature. Biofilms are
composed of an assemblage of MO at a boundary layer consisting of either a mixed
population or individuals of a single species [B26]. Typical species found in biofilms
on RO membranes belong to ubiquitous aquatic microorganisms. These include or-
ganisms of the classes Alphaproteobacteria (for example, order/family/genus Rhizo-
biales/Bradyrhizobiaceae/Rhodopseudomonas or Sphingomonadales/Sphingomona-
daceae/Sphingomonas), Betaproteobacteria (for example, Burkholderiales/Comamon-
adaceae/Acidovoraz), and Gamma proteo bacteria (Pseudomonadales/Pseudomon-
adaceae/Pseudomonas or Xanthomonadales/ Xanthomonadaceae/ Pseudozantho-
monas) [B3, B27-B29]. Identification of MOs can be achieved through various meth-
ods, including through culturing techniques (e.g., plate cultures) in combination with
Matrix-Assisted Laser Desorption/Ionization Time-Of-Flight (MALDI-TOF) mass
spectrometry analysis or by 16S rRNA sequencing, and by other methods. However,
MALDI-TOF spectrometry has the disadvantage that cultivability of the organisms
is required, which is not always given. On the other hand, 16S rRNA sequencing
allows for a fairly accurate estimation of the cultures contained in the biofilm based
on highly conserved RNA segments, but no statement can be made about the via-
bility of the detected organism within the biofilm [B30]. Here, we chose 165 rRNA
sequencing to analyze the species contained in the biofilm. Table 3.5 provides an
overview of the microbiological composition of the biofilm. Most of the identified
microorganisms (85 %) belong to Alpha- and Gammaproteobacteria. Most domi-
nant were the bacteria of the class Gammaproteobacteria, which accounted for 58 %
of the detected bacteria. Typical biofilm formers such as Acidovorax, Pseudomonas,
and Pseudoxanthomonas were detected in the forced biofilm formation experiments.
The presence of bacteria of the class Bacteroida was also characteristic of biofilms
in membrane processes [B31].
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Table 3.5: Relative abundances of MOs from a 16S rRNA analysis of a biofilm on
the RO membrane after a 3-week experiment. Not italic: comments to the MO.

Phylum Class Order Family Genus
Proteobacteria  Gammaproteobacteria  Burkholderiales — Commamonadaceae 48 % Aquabacterium
(typical biofilm form- 29 % Acidovorax
ers)
3%Deftla
Rhodocyclaceae 3% Ferribacterium
Burkholderiaceae 2 %Cupriavidus
Xanthomonadaceae 3% Pseudoxanthomonas

0.8 %Stenotrophomonas
0.8 % Acinetobacter

Pseudomonales 1% Pseudomonas
(human
pathogenic)
Alphaproteobacteria Caulobacteraceae 6 %Cualobacter
(typical biofilm form- 0.7 % Phenylebacterium

ers)
Sphingomonadaceae 0.8 %Sphingopyxis
1 %Rhodobacter

Bacteroidia 0.8 %Cytophaga
(Coexisting
within potable
water
biofilms[B31]

In all experiments, the bacteria present in the drinking water pipe system led to a
bacterial community comparable to that in industrial full-scale RO plants. Hence,
our new methods should be suitable for typical biofouling detection in other RO
plants.

Practical test: POF-sensors as indicators of cleaning-in-place

In the following, insight into possible applications of the POF as a biofouling sensor
are provided. The early detection capability of the POF sensors enables the control
of a cleaning-in-place (CIP) procedure for membrane modules. This cleaning process
is crucial to be carried out before the biofilm significantly impacts the permeability or
the feed-channel pressure drop. By implementing effective CIP procedures based on
early detection using POF sensors, sustainable desalination through RO membranes
can be achieved, even for water sources with high organic loads. Figure 3.20 shows
results from an experiment conducted under accelerated standard conditions, as
described in section 3.2.4, illustrating the onset of biofouling in this scenario.
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Figure 3.20: Plot of a time series from an experiment with cleaning-in-place (CIP)
achieved by higher cross-flow velocities on an RO-Membrane with a POF sensor for
monitoring and control.

Figure 3.20 shows four time series. On top, the feed channel pressure drop is shown,
which has been conventionally used to detect biofouling in spacer-filled feed channels
in RO modules. The FCP value remains relatively constant as it is only influenced
by the CIP intervals due to Moody’s law. The lower diagram provides the time series
of the new POF sensors. The sensor POF shows the typical descending behavior
when biofouling occurs. Furthermore, a higher cross-flow velocity (displayed by
QRret ) at 128 and 131 h did not influence the POF signals because no nutrients were
dosed to the water and the feed water was not yet polluted with microbial load.
Because the nutrients were dosed after the compaction and conditioning phase,
the POF’s transmission signal began to immediately decrease compared with the
reference fiber. At 151 and 178 h, two CIP intervals were executed. In Figure 3.20,
it can be observed that the transmission signal of the POF sensor recovers after each
CIP interval. However, the magnitude of the recovery is lower during the second
CIP interval. This could be attributed to the presence of increased quantities of
the EPS matrix within the biofilm, which provides stability and protection against
mechanical cleaning. Prior to the second CIP interval, the signal of the POF sensor
reached a steady-state level, potentially indicating a complete coverage of the fiber
surface by the biofilm. This observation supports the hypothesis of a stronger EPS
matrix within the biofilm during advanced stages of biofouling growth.
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3.2.5 Conclusion

This publication highlights the advantages of combining two novel detection methods
for earlystage biofouling monitoring in RO modules. The methods are introduced,
their effectiveness is demonstrated, and their benefits are evaluated in comparison
with conventional detection methods. By utilizing these new detection methods, it
becomes possible to detect and address biofouling at an early stage, enabling more
effective management and prevention strategies in RO systems.

1. Image analysis can quantify the color changes caused by microbial growth at
a very early stage. A preparatory step is needed to adjust the photo’s po-
sitions to the reference images recorded during the conditioning phase. A
2-dimensional Pearson correlation coefficient of the R-, G-, and B-layers was
calculated for each photograph of the whole experimental series and compared
with the reference image. This results in a time series of image analysis pa-
rameters that can be recorded while biofouling is affecting the RO process.

2. Polymer optical fibers are a new method to detect biofouling throughout the
entire growth period. The detection process requires the use of conditioned
fibers and enables the qualitative detection of biological growth until the fiber
surface is completely covered with biomass. The time series of the transmitted
light through the fibers strongly differs from the changes observed in fibers used
to monitor scaling (inorganic deposit) on the RO membrane.

Figure 3.21 provides a visual representation of the early detection and compares the
sensor signals that indicate biofilm presence by means of different detection methods.
The changes in the time series of the sensor signals occur at similar points in time.
Image analysis and the POF’s light transmission indicate the biofouling formation
first.
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Figure 3.21: Comparison of parameter changes during the triplicate of biofouling
experiments in the RO plant. Time starts when dosing nutrients to the tap wa-
ter /desalinated water mixture.
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It should be noted, however, that the exact mechanism behind the POF sensors and
their detection of biological growth remains uncertain. It is unclear whether the light
transmission is influenced by changes in evanescence or if the light is scattered out of
the fiber due to inhomogeneities in the biofilm and resulting refractive index changes.
Further research is needed, especially with fiber optic sensors based on fluorescence
measurements of organic pollutants on the fibers and feed spacers. This may lead to
a species-sensitive measurement of forming biofilms due to the different metabolism
products of various bacterial species.
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3.3 Analytical characterization of damage in reverse
osmosis membranes caused by components of a
chlorine dioxide matrix

The research article “Analytical characterization of damage in reverse osmosis mem-
branes caused by components of a chlorine dioxide matrix” was published in “De-
salination and Water Treatment” in 2024 (doi: 10.1016/j.dwt.2024.100633) [3]. H.
Oesingehaus developed the concept and co-wrote the manuscript, a revised version
of which was re-submitted to the journal on 29.07.2024. H. Oesingehaus analyzed
the data, optimized the methylene blue membrane permeation test, and improved
the quantitative ATR-FTIR analysis methods.

The work in this chapter presents an experimental study on degradation processes
in RO membranes caused by components of in-situ produced chlorine dioxide. Re-
ported studies on RO membranes typically investigate the effects of ex-situ man-
ufactured chloride dioxide in the form of an acidic chlorine dioxide disinfectant
solution. In contrast, the effects of in-situ manufactured chlorine dioxide on RO
membranes are poorly understood, despite the fact that in-situ produced chlorine
dioxide is by far the more common form used in industrial settings [138]. Thus, the
present chapter aims to shed light on this highly relevant but understudied class
of chloride dioxide by investigating all the known by-products of industrial, in-situ
manufactured chlorine dioxide. The extent to which these individual by-products
harm conventional RO membranes was investigated and listed here in descending
order starting with the most harmful: chlorite, persulfate, pure chlorine dioxide,
and free chlorine. On the other hand, some by-products of chlorine dioxide, for
example chlorate, chloride, and sulfate ions, do not typically damage RO mem-
branes. The present chapter takes a comparative analytical approach to determine
the factors governing the detrimental interactions, or lack thereof, between these
by-products and RO membranes. The results of this analysis inform the design of
a more membrane-compatible, chlorine dioxide-based disinfectant solution, and the
process parameters were adapted to minimize mechanical stress on the membrane
during disinfection.

Furthermore, different approaches for analyzing the membrane damages are com-
pared, giving a more in-depth understanding of the membrane degradation process
and identifying the disinfection methods that most heavily impact the structural in-
tegrity of the aramid layer of RO membranes. The membrane areas responsible for a
lower retention capacity of the membrane were identified by combining results from
a methylene blue test with large-area SEM images. Chemical changes in the mem-
brane surface were characterized by both ATR-FTIR analysis and XP spectroscopy
and were found to correlate with the retention capacity of the membrane. The re-
sults are finally contextualized using established theories for the chemical changes
caused by chlorine dioxide to aramid membranes, and modifications to these theories
are proposed.
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This work paves the way for an improved reverse osmosis process that strikes a
balance between disinfection efficiency and membrane integrity, thus offering an
ecologically sustainable water purification solution.
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3.3.1 Abstract

Reverse osmosis (RO), an important membrane technology for producing process
and tap water, faces challenges due to biofilms formed by viable microorganisms,
which significantly impair membrane performance. Disinfection is commonly em-
ployed to suppress biofilm formation but can also damage the crucial selective upper
layer of the membrane. The present study aims to improve and compare analytical
methods for detecting membrane damage to aid the design of targeted disinfection
approaches that do not compromise RO efficiency. To achieve this, the accompa-
nying byproducts of in-situ formed chlorine dioxide are analyzed individually with
regards to their harmfulness for RO membranes. Combined insights from ATR-
FTIR investigations, the methylene blue (MB) dye test, and XPS measurements
enable a systematic assessment of the chemical constituents in the chlorine diox-
ide, ranking their harmfulness as: chlorite < persulfate < purified chlorine dioxide
< free chlorine. Further investigations reveal that mechanical stress in the form
during disinfection significantly accelerates membrane damage during disinfection.
The results of this study pave the way for improved RO processes that account for
the effects of chemical by-products and mechanical stresses to balance disinfection
efficacy and membrane integrity for environmentally sustainable water purification
solutions.

3.3.2 Introduction

The scarcity of fresh water in many regions of the world, exacerbated by the effects
of industrialization, agricultural irrigation, and a growing world population, has
made water purification an urgent global concern [C1-C3]. Commonly exploited
reservoirs for fresh water are expended and increasingly polluted [C3], which has
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significantly spurred interest in various membrane separation technologies [C2,C4].
Among such purification processes, reverse osmosis (RO) stands out as an effective

method capable of removing inorganic, organic, and pathogenic pollutants from feed
water [C5,C6).

Membranes used for RO separation processes are typically comprised of a polyester
base, a polyethersulfone support, and a thin layer (10-200nm) of an aromatic
polyamide (aramid, see Figure 3.22). The latter is crucial for the diffusion-driven
filtration process [AT7], and rejects up to 99 % of the ions dissolved in the feed water.

0.2 pm
polyaramid{ N
H

Figure 3.22: (A) Scanning electron microscopy (SEM) cross-section of a compacted
DOW XLE reverse osmosis (RO) membrane with the typical layers comprising a
polyester base, a polyethersulfone support, and the aramid layer. (B) Chemical
structure of the aromatic polyamide (meta-aramid) that is used as a separating
layer in RO membranes. Typical RO membranes feature a 10-200 nm thick layer of
meta-aramid, which rejects 99 % of the ions dissolved in the water feed.

While high rejection rates are desirable in RO membrane purification systems to
effectively remove water impurities, this also leads to an increased concentration of
water constituents at the membrane surface [C6,C8-C10]. This effect renders the
membranes vulnerable to different types of fouling [C11], among which biological
fouling is a prominent mechanism that impedes the efficiency of RO technology.
Indeed, the challenge of limiting bio-fouling has attracted considerable research at-
tention, with efforts particularly focused on the sanitation of feed water and the
membranes by using selected disinfectants [C12-C17]. Such disinfection schemes,
however, face a significant challenge: the oxidative conditions not only reduce vi-
able microorganisms populations, but they can severely damage the selective aramid
layer of the RO membranes.

While chlorine is the most frequently studied disinfectant [C13,C18-C21], monochlo-
ramine and chlorine dioxide (ClO3) are being explored as emerging alternatives
[22-24]. In particular, the latter are proposed as chlorine alternatives that are less
damaging to RO membranes. However, while the role of free chlorine in membrane
degradation is well understood, only a few studies have conducted a detailed an-
alytical characterization of the mechanisms underlying damage caused by chlorine
dioxide. A focus has been on changes in the rejection capacity of RO membranes
during disinfection with ClOy [C23] as well as on changes in the surface charge and
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atomic composition of RO membranes at different pH values [C24]. To the best
of our knowledge, the latter study is the only one that has proposed a reaction
mechanism for chlorine dioxide with the aramid layer. Furthermore, the salt pas-
sage of RO membranes during disinfection with ClO5 has been correlated with a
characterization by IR spectroscopy [C17]. Comparing these different studies would
be beneficial to gain a comprehensive understanding of membrane degradation pro-
cesses, the utility of disinfection approaches, and RO process conditions. However,
the variation in analytical methods and ageing conditions vary significantly across
these studies, rendering their correlation difficult. Indeed, the experimental condi-
tions use diverse scenarios such as active filtration conditions in a RO test rig and
passive soaking conditions without applied pressure. Most importantly, the forma-
tion of chlorine dioxide was carried out in different ways so that varying amounts of
additional oxidative agents such as hypochlorite or chlorite could be present (see be-
low), which may have pronounced effects on membrane integrity. To unambiguously
ascertain the potential of chlorine dioxide as disinfectant and its role in membrane
degradation, the present study focuses on the investigation of the production pro-
cesses of ClOy and the associated byproducts, as well as the damaging effects. To
this end, a combination of targeted experiments that dissect the chemical matrix of
ClO, formation were carried out with the aim to achieve a better understanding of
the membrane degradation processes and underlying reactions.

Generally, membrane damage and the deterioration of its performance is often initi-
ated by chemical changes to the aramid layer, which is thought to lower the resistance
to mechanical stresses and may even lead to a delamination from the supporting
polyether sul-fone (PES) layer [A13,A16,A22]. To the best of our knowledge, previ-
ous studies focused on investigating changes to the mechanical properties of aramid
upon exposure to free chlorine. Changes in the stressstrain curves of aramid fibers
were analyzed after soaking in different concentrations of free chlorine [A13], and
changes in the ductility and stiffness of thin aramid films at the air-water interface
were explored using pendant drop mechanical analysis [A16]. However, these studies
were conducted under conditions that differ significantly to the typical conditions
of RO processes, rendering a direct relation of these results such processes difficult.
Also, the insights from such studies of mechanical properties have so far not been
correlated with experiments using offline spectroscopic techniques that would allow
to quantify the chemical changes to the aramid layer. As outlined in the following
overview, flanking analytical techniques for investigating membrane integrity can
be differentiated in (1) highend laboratory-based methods and (2) more practical
approaches to characterize process performance in-situ. In both cases, compelling
insight can be expected if they are used in combination with a targeted experimental
design of process conditions.

1. High-End Laboratory Methods

In order to investigate oxidative changes in the aramid layer, attenuated to-
tal reflection (ATR) Fourier-transform infrared (FTIR) spectroscopy has been
frequently used [C16,C18,C22]. To the best of our knowledge, however, there
is only one publication that correlated peak ratios from ATR-FTIR measure-
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ments with the Fujiwara test to quantify chemical changes to the membrane
[C22]. Alternatively, visible defects in the aramid layer have been analyzed by
means of scanning electron microscopy (SEM) [C7,C25,C26]. Here, a promi-
nent current research gap is the reliable differentiation of artefacts such as
scratches on the membranes’ surfaces from damage that impacts transport
properties. Surface-sensitive X-Ray photoelectron spectroscopy (XPS), finally,
reveals a comprehension on changes in chemical composition and functional-
ization of the membrane [C27,C28].

2. In-situ Analytical Approaches

To classify the performance of RO membranes in processes, traditional mea-
surements of salt rejection rates or membrane permeability are commonly used
[C22,023,C25]. However, these process parameters have the drawback that
they only change after the membrane has been severely damaged. Hence,
these methods fail to identify the onset of chemical changes as the primary
cause for a subsequent macroscopic failure of the membrane. Another method
to assess membrane damage is the so called methylene blue (MB) dye test
[C12]. This test allows to directly visualize the transport of the MB dye in the
form of blue taches on the permeate side of RO membranes, which indicates
locations of diminished membrane performance. So far, however, testing with
the MB dye has only been utilized for a qualitative understanding of mem-
brane integrity [C29,C30]. To the best of our knowledge there is so far no
opportunity to use this test in a quantitative way to elucidate the extent of
damage and the relation of the latter to the different treatment conditions.
To provide an improved analysis of the effects of the chlorine dioxide matrices
on RO membranes, the present study uses ATR-FTIR to quantify chemical
changes in combination with a refined MB dye test with complementary SEM
and XPS measurements that provide localized microscopic and spectroscopic
insights.

To gain broad insights through our thorough analytical characterization of ClO,-
induced membrane damage, we pursued a carefully designed experimental approach.
In particular, our approach extends beyond considering chlorine dioxide, but aims
to include other potential chemical oxidants commonly observed in a ClOs matrix.
With this approach we aim to address the variability in chlorine dioxide produc-
tion methods and acknowledge that commercially available ClOy products often
contain by-products of the manufacturing process such as free chlorine (hypochlo-
rite/hypochlorous acid), chlorite, or persulfate. Indeed, the concentrations of added
precursors or byproducts strongly depends on the ClOy generation method [C31].
Whereas the hydrochloric acid-chlorite or the chlorine-chlorite process (see Scheme
3.23A) use free chlorine as reactant to generate ClOp [C31,C32], the persulfate-
chlorite process is responsible for a comparatively lower free chlorine content (see
Scheme 3.23B), but leads to an excess of persulfate, which remains in the disin-
fectant solution [C31,C32]. Finally, the acid-chlorite processes leads to an acidic
disinfectant solution, which has an overall higher oxidative capacity (see Scheme

3.23C) [C24].
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In all processes, factors such as temperature, pH, and the concentration of the
precursors are expected to be highly relevant for the concentration of possible
membrane-damaging oxidative byproducts. For example, the reported concentra-
tions of possible byproducts as molar ratios compared to the concentration of chlo-
rine dioxide were 100-200 % for persulfate, 50-70 % for chlorite, and 0-23 % for free

chlorine [C33-C35].
Cl,0,
K
‘O™ clo,

S,042 + 2 ClO,

2 S0,2 + 2 ClO,

2 H,S0, + 4 CIO,

2 SO,% + 2 ClO, + HCl + HCIO, +H,0

Figure 3.23: Reaction schemes describing three important manufacturing processes
to produce chlorine dioxide. A: Chlorine-chlorite process, B: Persulfate-chlorite
process, C: Acid-chlorite process.

Considering these factors, the present study aims to elucidate the effects of the chlo-
rine dioxide matrix on RO membranes. For a careful characterization of membrane
damage, we report a comprehensive study that combines insights from different
analytical techniques [C24,C31], targeting to advance the analysis towards gaining
quantitative insights. Additionally, we examine the influence of various intermediate
by-products from the chlorine dioxide production process by specifically targeting
the damage by each component separately.

3.3.3 Materials and Methods

Commercially available DOW XLE membranes were used in this study. The mem-
branes were cutted from Griinbeck GbR 4-84 spiral wound modules. All experiments
were conducted at a controlled temperature of 21°C. Accelerated degradation ex-
periments were performed with solutions of sodium hypochlorite (NaClO), chlorine
dioxide (ClOg), sodium persulfate (NasS;0s), sodium chlorite (NaClOsy), sodium
chloride (NaCl), sodium sulfate (NaSO,), and sodium chlorate (NaClOs), which
were chosen to represent the possible components of a ClO5 matrix. For the special
case of free chlorine, we adjusted the pH value of hydrochloric acid solutions by
using sodium hydroxide to form the different species of free chlorine; if the pH value
of the solution was below the pK, value (7.53), hydrochloric acid is the predominant
species, while hypochlorite is the predominant species at higher pH values [C15].
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The solution of ClOy was prepared by reaction of NayS,0g and NaClO, at neutral
pH. The aqueous ClO, solution was purified using gas stripping followed by redilu-
tion in desalinated water to concentrations of 3gL~! by the Dr. Kiike GmbH. The
investigation of membrane damage was performed in two different experimental se-
tups: (i) membrane soaking experiments and (ii) active filtration conditions in an
RO plant. The membrane soaking experiments were designed to simulate long-term
exposure, whereas the active filtration conditions represent the operational environ-
ment of an RO system. This dual approach allowed us to comprehensively assess
the impact of the various oxidative chemicals under both controlled and practical
conditions.

Membrane soaking experiments

Membrane soaking experiments were performed using 8 x 8cm? RO membrane
sheets. The sheets were immersed in aqueous solutions in 50 mL Falcon tubes con-
taining the components found in commercially used ClO, disinfectant solutions. The
soaking experiments were carried out over the course of seven days. At specific time
intervals (days 1, 2, 3, and 7), the anions of the solutions

were analyzed by photometric methods and by ion-chromatography to monitor
changes in chemical composition. Before and after the soaking process, membranes
were rinsed using desalinated water. The concentrations were intentionally chosen to
exceed typical disinfectant concentrations to ensure that damage can indeed be ob-
served if individual components have the potential to affect the membrane, thereby
offering insight into the impact on membrane integrity under controlled conditions.

In-situ analysis of RO membranes at varying active filtration conditions

Membrane damage under active filtration conditions was studied with pure ClO4
solutions. For this purpose, membranes were installed in an RO pilot plant designed
to minimize the catalytic effects of iron ions on membrane damaging reactions, as
comprehensively described elsewhere [C6,C36]. To achieve this, the use of steels and
iron-containing alloys in the pilot plant was avoided, instead opting for a construc-
tion from titanium and polyvinyl chloride (PVC) components. For all experiments
under active filtration conditions, an aqueous ClO, solution with a concentration of
1 gram /L was used. During the experiments, the transmembrane pressure (T'M P)
and the Reynolds number (Re) were varied to investigate the effect of the filtration
conditions on the membrane damage. The Reynolds number was calculated by the
cross-flow velocity v, the characteristic flow diameter d; and the viscosity p of pure
water at 21 °C. The cross-flow velocity in bulk was calculated according to equation
3.5 using the feed channel width (w = 4 cm) and height (h = 8 cm), the feed spacer
porosity (€ = 0.89), and the flow rate @ [C10].

(3.5)
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The characteristic flow diameter (ds) was calculated according to Crittenden et
al.[C8]:

4-w-h

df:2~w+2-h (3.6)

Before the membrane was exposed to the ClOy solution the membrane was com-
pacted for at least 24 h at experimental conditions with desalinated water. Hence,
the cross-flow velocity, as well as the TMP, were the same as during the ClOy ex-
posure. The ClOs solution was pumped into the membrane flat cell during the
filtration. The retentate and permeate were recycled in the feed vessel. The mem-
brane properties were measured continuously by flow, pressure, conductivity, and pH
sensors. The data was recorded in one second time intervals by a Siemens S7 SPS.
The complete RO installation is comprehensively described elsewhere [C6,C36].

ATR-FTIR spectroscopy

ATR-FTIR spectroscopy was conducted using a Cary 670 FTIR Spectrometer (Ag-
ilent Technologies, Santa Clara/USA) equipped with a germanium crystal. Each
membrane sample was analyzed at three different spots to ensure comprehensive
coverage and to account for potential variability.

We calculated the absorbance ratios for all peaks corresponding to the aramid layer
(peaks 2-4, see SI), using the peak at 1153cm™' | that corresponds to the SO,
stretching vibrations, as an intensity reference to avoid any influence from aromatic
vibrations of the aramid layer. The degradation index (DI) of the aramid peaks
(peaks 1-4) was then calculated by di-viding the ratios of the corresponding peak
heights P(i)(i = 2-4) from the membrane sample (Ps) to those of the pristine
membrane (B,).

DI — Ps(i)/ Ps(SOz)

= B,0)/P,(50,) (3.7)

This approach of calculating individual group changes in the aramid layer was ex-
pected to provide a more mechanistic understanding of membrane degradation under
various disinfection conditions.

Methyleneblue dye test

In the present study, the MB dye test, traditionally used for a binary determina-
tion of membrane damage, was combined with image analytical methods to allow
for a quantitative assessment of membrane integrity. For this purpose, membrane
samples were cut into a circular shape with a radius of ca. 7.5cm and installed in
a filtration cell. After filtering a methylene blue dye solution, the permeate side of
the membrane samples were photographed. Dyed membrane areas were identified
by optical imaging and the ratio of these dyed areas to the total membrane surface
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was defined as the methylene blue ratio (MBR) (see SI for details). A higher MBR
indicates a lower retention capacity for the MB dye, signifying greater membrane
damage.

3.3.4 Results and Discussion

The following discussion of the results of the present study is structured into three
parts: (1) an evaluation of the quantitative MB dye test by comparison to salt
passage and SEM imaging, (2) an assessment of the membrane damaging effects
of the different potential components of a chlorine dioxide matrix flanked by our
comprehensive analytical approach, and (3) a discussion of the exploratory inves-
tigations of the impact of varying RO process parameters on membrane integrity
during disinfection.

Quantitative methylene blue dye test based on optical imaging

To validate the quantitative MB dye test, the methylene blue ratio (MBR) as a
measure for the extent of coloration (see Methods section for details) was correlated
with the salt passage (SP). To this end, soaking experiments were carried out with
membrane samples that were immersed in solutions containing different amounts of a
commercially available C102 disinfectant solution (see Methods section for details).
Selected membrane samples were subsequently examined for their salt rejection with
an aqueous sodium chloride solution (¢ = 2gL™!) and for the retention of the MB
dye (Figure 3.24). The filtration cell used for the MB dye tests was used throughout
and the relative salt passage through the membranes was determined as described

by Karabelas et al. by taking concentration polarization effects into consideration
[C37,C38].

R?= 95 %
60

MBR=0.55-SP

detection limit

0o 20 4 e 8 100
SP (%)
Figure 3.24: Validation of the image analytical quantification of the methylene
blue dye test. The plot shows the relationship between the salt passage (SP) and
the methylene blue ratio (MBR) as determined by the conductivities of the feed,

retentate, and permeate, respectively. The observed linear relation (R? = 95) serves
to validate the image analytical method.
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Higher MBR and SP indicate a diminished retention capacity, which in turn indi-
cates increased membrane damage. A plot correlating the determined MBR and SP
values as shown in Figure 3.24 reveals a linear correlation above MBR values of ca.
10 %, which validates the method of determining MBR as a direct measure of the
quality of the membrane above this threshold. The MBR, hence, enables reliable
and quantitative assessment of membrane damage from a technical perspective. For
membranes that display SP below ca. 20%, the MBR remains constant around
12%. This lack of differentiation at low SP values could possibly arise from the
challenge of an accurate background detection.

To further characterize the damage detected in the MB dye test, sections of the
membrane samples were additionally imaged by means of SEM (Figure 3.25). To
reconstruct large membrane sections, SEM images were recorded with a 20 % overlap
and stitched together (see SI for details) [C6]. Figure 3.25 shows a series of images
from a damaged and dyed RO membrane, progressing from photographs to optical
microscopy images, and finally to SEM images. The optical microscopy image reveals
a blue perforation spot, which corresponds to several defects as visually discernible
in the SEM image of the same membrane (Figure 3.25). The morphology of the
membrane surface seems to have a lower topography at several locations than the
intact area of the membrane. The features shown in Figure 3.25 are representative
for images of other membrane samples that were exposed to the chlorine dioxide
disinfectant and analyzed by means of both the MB dye test and SEM imaging.

permeate side feed side

feed spacer
imprints

Figure 3.25: Sequential analysis of a damaged membrane using the methylene blue
(MB) dye test as well as imaging by scanning electron microscopy (SEM). From left
to right: photograph of a membrane after the MB dye test and SEM images of
the same section of the membrane showing the physical damage to the membrane
surface in greater detail. The images demonstrate the correlation between the visible
damage in the MB test (dark blue surrounded area) and the microscale structural
damage.

Interestingly, imprints from the feed spacers are distinctly visible in the SEM mi-
crographs of samples with low and high SP. Apparently, these surface defects or
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artefacts do not impact the membrane’s retention properties. This interpretation is
corroborated by a comparison with the photographs recorded after the MB dye test
that shows that these imprints do not coincide with dyed sections of the membrane
(Figure 3.25). Indeed, the results of the MB dye test suggest that, in the case of
the membrane shown in Figure 3.25, shallow surface scratches have no effect on MB
rejection or SP. Hence, the MB breakthroughs can be directly linked to damages
observable in SEM images, providing a comprehensive understanding of the nature
and extent of membrane damage.

Dissecting the damaging potential of different components of the chlorine
dioxide matrix

Soaking experiments were designed to assess the damaging effects of components
typically found in commercially available chlorine dioxide disinfectant solutions on
RO membrane integrity. To assess the membrane damage, we employed a combina-
tion of the MB dye test, SEM imaging, ATR-FTIR spectroscopy, and XPS.

To determine the specific components of the chlorine dioxide matrix that compro-
mise membrane integrity, we employed the newly established quantitative MB dye
test. To this end, soaking experiments were performed with the different chemical
components of the chlorine dioxide matrix (see Methods section for details). Figure
3.26 provides an overview of the results of the MBR determined for these soaking
experiments.
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Figure 3.26: Plots of the methylene blue ratio (MBR) determined for DOW XLE
membranes soaked in aqueous solutions of different individual components of the
chlorine dioxide matrix. Shown are plots of the MBR against (A) the concentration
of chlorine dioxide, (B) hypochlorite and hypochlorous acid, (C) persulfate, and (D)
chlorite ions. Each data point represents the mean values and the 90 % confidence
intervals. The vertical dashed lines mark a worst-case scenario for the case that
free chlorine, persulfate or chlorite are present as by-products in a commercial C102
formulation. Such a scenario could be constructed for the case of a chlorine dioxide
solution of 60 mmol L.

Observations of the MBR, against the explored concentration range (0 to 100gL™!)
for experiments with sulfate, chloride, and chlorate ions do not show a significant
variation, suggesting that these ions do not affect membrane integrity (see SI). By
contrast, the MBR increased with exposure to increasing concentrations of chlorine
dioxide (C1O3) (0 to 7gL™1), free chlorine (OCI, HOCI) (0 to 16 mmol L), persul-
fate ions (S20g%7) (0 to 520 mmol ™), and chlorite ions (C1057) (0 to 1480 mmol L™1).
It therefore appears evident that these compounds induce membrane damage and
lead to a diminished rejection capacity. However, the threshold concentrations at
which membrane damage can be detected varies greatly. In the case of free chlorine,
damage to the membrane samples is observable at very low concentrations of ca.
5-14mmol L™! (Figure 3.26b), with the pH value of the solution significantly influ-
encing the extent of damage. These pH-dependent effects on membrane integrity
are well described in the literature, varying with the presence of reactive species
present at low pH values, i.e., hypochlorous acid that triggers a chlorination of the
aramid’s aromatic ring [C13,C20,C21]. Instead of chlorinating the aromatic rings,
the presence of hypochlorite at higher pH values is believed to predominantly lead to
a hydrolysis of the amide bond [C39,C40]. Compared to the manufacturer’s specifi-
cations, which assume a maximum chlorine exposure of 1000 ppmh, we exceeded this
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by a factor of 43, even at the low concentrations of 5mmol L~! and exposure time
of one week [C41]. The degradation of the membrane at these high concentrations
is plausible according to the manufacturer’s specifications.

For chlorine dioxide, the concentration at which membrane damage becomes ap-
parent is ca. 50mmol L~!, while the concentration increases to 150 mmol L=! for
persulfate ions (Figure 3.26¢) and to ca. 750mmol L~ for chlorite (Figure 3.26d).
Chlorite ions appear to damage the membrane with increasing concentrations up
to a concentration of ca. 1.2mmol L™! (Figure 3.26c). Surprisingly, at even higher
chlorite concentrations, the determined MBR values return to levels akin to those for
pristine membranes, hinting at complex chemical interactions with the membrane
material. With regard to the results of the MB-test and the possible reactions, the
presence of free chlorine in a commercial chlorine dioxide solution could significantly
affect membrane degradation, which may inadvertently be attributed to ClO, if the
coexistence of free chlorine is not taken into account.

Chemical analysis via ATR-FTIR

To elucidate the chemical changes to the membrane, we subjected membrane sam-
ples to ATR-FTIR spectroscopy. Shown in Figure 3.27 are representative ATR-FTIR
spectra that were recorded before and after exposure to a chlorine dioxide solution
(c = 102mmol L) over the course of 7 days. The spectra recorded after exposure
show decreasing intensities of the characteristic bands associated with the aromatic
polyamide (aramid) layer of the mem-brane, particularly for the amide I (carbonyl
bond), the H-bonded carbonyl, and the amide II (N-H bond) vibrational modes
(Figure 3.27A). By contrast, the intensity of the bands associated with the polysul-
fone layer barely change. To quantify the changes induced by the different chemical
components of the chlorine dioxide matrix, multiple IR spectra were recorded for
each membrane sample after exposure and a detailed analysis was carried out to
explore how the aramid layer changes (see Methods section for details).



3 Results 79

[ ] I I
Membrane (pristine) soaked Membrane CI02=6.9 g/l
[T Amide | [ H-bonded Carbonyl
[JAmide Il [_]Sulfonyl
A 0.04 - B
[0}
o
c
[
2
o
1%
£ 002 M
0 [ T T 1]
1800 1600 1400 1200 1000 800
Wavenumber (cm'1)
2- R
B Clo, / free chlorine S,0% Cio,
=100 ¥f I IER AT Ty
- 55 S i - TITI iT
_'g Ii I 3 I
< 50 X Clo” x
o v HCIO

100 HiTiligeyyy HITzl

o~ I3
&3 g it gizix 3 % gl s Iz
5 50 v
— x
oo
21002 IE HIIIII . IIIIII
é LRSS Rt L . Tiig IEREE:
< 50 L] LSS iy
o =
0 2 4 6 80 0.5 10 50 100 0 50 100
concentration(g/L) concentration(g/L) concentration(g/L) concentration(g/L)
0 50 100 0 5 10 15 0 200 400 0 500 1000 1500
concentration(mmol/L) concentration(mmol/L) concentration(mmol/L) concentration(mmol/L)

Figure 3.27: (A) FTIR spectra of membranes soaked in 6.9gL™! ClOy (¢ =
102 mmol L; red spectrum) and in deionized water for 1 week (black spectrum).
The thick lines mark the mean spectrum of the triplicate. The 90 % confidence
interval is displayed by the less color-intense area around the mean spectrum. (B)
Degradation indices, DI, (see equation 3.7) of three important groups of the FTIR
spectrum of the aramid. Shown are DI values of membranes samples soaked in pu-
rified chlorine dioxide, free chlorine, persulfate, and chlorite. In analogy to Figure
3.26, the vertical dashed lines mark a worst-case scenario for the byproducts free
chlorine, persulfate and chlorite in a chlorine dioxide solution of 60 mmol L.

To account for variations in band intensities for different samples and variable mea-
suring conditions, the intensities of analyzed IR bands were normalized relative to
the intensity of the band at 1153 cm™! characteristic of the unaffected polysulfone
layer. The normalized band intensities of amide I (carbonyl bond), H-bonded car-
bonyl, and the amide II (N-H bond) bands were then compared to the intensities
of the same bands in pristine samples (see equation 3.7). The IR band intensity
ratios of the exposed and pristine membrane samples were used to define a degra-
dation index (DI) that was used herein to assess the effects of the different chemical
compounds on the aramid layer.

Plots of the DI against the concentration of the different components of the chlorine
dioxide matrix show decreasing values after exposure to increased concentrations of
chlorine dioxide, free chlorine, persulfate, and chlorite (Figure 3.27B), suggesting
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pronounced chemical changes. However, the concentration at which these changes
are detectable depend on the type of ion/molecule and the respective chemical func-
tional group of the aramid layer.

Corroborating the preceding analyses by the MB test, free chlorine changes the DI at
the lowest relative concentrations. The determined onset concentration for changes
to the DI is 1.2mmolL~!. Whether predominantly hypochlorite or hypochlorite
acid is present — as controlled by the pH value of the aqueous solutions — appears
to not play a significant role for the degradation of the aramid layer, since the DI
values follow a similar progression for samples that were exposed to solutions with
higher and lower pH values. These results contradict the observations from the
MB test, which may be explained by changes to the surface chemistry that do not
similarly affect transport properties. These findings may show-case the importance
of correlating chemical analyses with retention tests.

The changes for the DI after exposure of membrane samples to the other oxidants
occur in the same concentration range as previously determined by means of the
MB test with an onset for chlorine dioxide at ca. 5.2 mmol L™!, for persulfate at ca.
300mmol L=t and for chlorite at ca. 600 mmol L1,

If the concentrations and the changes in the DI values in the present experimental
series are compared with the concentrations in a complex chlorine dioxide matrix,
it can be concluded that the presence of chlorite should not have a significant effect
on the membrane integrity and the same is true for persulfate. With regard to the
reaction pathway of commercially in-situ formed chlorine dioxide, these two species
(chlorite and persulfate) can additionally be considered to not play a significant role
in the membrane degradation process, as they are both part of the reactant mixture,
and their concentration decreases during chlorine dioxide formation.

The experimental data suggest that free chlorine is the most critical species in the
chlorine dioxide matrix concerning membrane integrity. The experiments indicate
that a similar membrane damage would only occour with purified chlorine dioxide
at a fivefold higher absolute concentration. Considering that commercial chlorine
dioxide soulutions may contain up to 20 % of free chlorine is consistant with the
typically observed issues of membrane deggadation with such disinfectant solutions
[C31,032,C42].

The whole data set for all oxidants suggest that the amide I group is most signifi-
cantly affected by exposure to the chlorine dioxide components. The DI determined
for the H-bonded carbonyl and the amide I functional group display similar trends,
albeit less pronounced compared to the amide II signals. The correlations between
the bonds are displayed in Figure 3.28.
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Figure 3.28: Correlation matrix of the DI indexes and the corresponding MBR
values. The Pearson correlation coefficients were calculated. The diagonal plots
show the histograms of the DI and MBR values, indicating that the major part of
the membranes is not severely damaged.

The DI correlate most strongly between amide I - H-bond carbonyl (86 %), amide
I-amide IT (93 %) and amid II-H-bond carbonyl (97 %).
be explained by the fact that the H-bonds strongly depend on the integrity of the

This observation could

primary structure of the polymer and the integrity of the amide bond. The strongest
correlation between the DI and the MBR values was observed in the case of amide
IT (81 % reduction). The negative correlation coefficient illustrates the different
behavior of the DI and MBR values.
changes to the aramid layer, whereas higher MBR values indicates more substantial
damages to the membrane.

Lower DI values indicate larger chemical

To study changes in the composition and chemical environment of the surface of
the aramid layer in more detail, membrane samples were subjected to further anal-
yses by means of XPS measurements. To this end, membrane samples were soaked
in solutions of chlorine dioxide (102 mmol L ™!), persulfate (521 mmol L '), chlorite
(1483 mmol L) or hypochlorous acid (14 mmol L), respectively. Figure 3.29 com-
piles an XPS survey spectrum of the pristine membrane and detailed spectra of the
C 1s, Cl 2p, and S 2p core levels after exposure of samples to the different aqueous
solutions.
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Figure 3.29: XPS analysis of RO membranes: pristine and soaked in 1483 mmol L1
chlorite, 102mmol L' chlorine dioxide, 14mmolL~! hypochlorous acid, and
521 mmol L' persulfate. (A) Survey spectrum of a pristine membrane with as-
signed core level and Auger transitions. (B) C 1s core level and (C) Cl 2p core level
of the different membranes. (D) S 2p peak only observed at a membrane soaked in
persulfate. The intensity of all spectra is scaled to the total N 1s peak intensity.

Whereas the C 1s core level does not show any significant changes across the investi-
gated membrane samples, remarkable intensity variations in the Cl 2p core level are
observed. It needs to be noted that chlorine species are present in all membranes,
even when no chlorine disinfectant was applied. The less intense photoemission from
chlorine in the pristine membrane and the membranes after soaking in chlorite or
persulfate solution might originate from the production of the aramid layer where
aromatic alcyl chlorides and m-phenylenediamine are typically used as monomers
[C43]. The extent of cross-linking of the polymer through introduction of trifunc-
tional acyl chlorides as co-monomers is not known to us, since this information was
considered proprietary by the membrane manufacturer.

Besides the minor chlorine contaminant, the membranes soaked in hypochlorous
acid and chlorine dioxide show a distinct chlorine photoemission which is 5 and 3.5
times enhanced compared to the pristine membrane samples. As all soluble species
are removed when rinsing the membranes in water after soaking in the disinfectant
solutions, the detected increased chlorine is presumably chemically bound to the
polymer layer. This finding supports the results from the MB test in which the
hypochlorous acid may stabilized the rejection of membrane that could be induced
by the chlorination of the polymer and the subsequent tightening effects. Finally,
membrane samples that were soaked in persulfate reveals an S 2p core level peak at
a binding energy characteristic for sulfate groups, suggesting the incorporation of
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sulfur in the polymer.

The presented spectroscopic data therefore allow for a tentative discussion of pos-
sible reaction pathways of pure chlorine dioxide and the aramid layer. Alayemieka
et al. proposed a radical oxidation reaction involving the N-H bond that involves a
hydrogen abstraction, which could be enhanced by the higher oxidation potential of
chlorine dioxide at low pH values [C24]. Our investigations corroborate this path-
way, since we observe changes to the intensity of the amide II vibrational band and
the hydrogen-bonding vibrations at low concentrations that were correlated with
changes in the MBR values. Our XPS analysis adds complementary information
since the higher chlorine peak intensities point at a reaction of the chlorine dioxide
that leads to an accumulation of chlorine atoms in the polymer layer. Considering
the changes in transport properties and MBR values of membranes immersed in so-
lutions with free chlorine, our findings may be considered in the context of previous
reports. In references [C20,C21] hypochlorous acid has been suggested to chlorinate
the aramid’s aromatic rings directly or via an Orton rearrangement [C13,C21], caus-
ing a reduced mechanical stability of the aramid layer [C13]. Similar observations
were reported by Soice et al. when using pendant drop analysis [C16]. A resultant
lower crystallinity and mechanical stress resistance can cause a tightening effect on
the membrane if a transmembrane pressure is applied. The reduced mechanical
stability may be caused by the incooperation of chlorine in the aramid layer, which
could destabilize the hydrogen bonding interactions between the polymer chains
[C44] Besides chlorinating the aromatic rings, hypochlorite can hydrolyze the amide
bond [C15,C39,C45], which may lead to a detachment of the aramid layer from the
polyether sulfone support [C39,C40]. Our observations corroborate such pathways,
since decreasing intensities of the amide IT and amine bond vibrations are observed
as well as an increasing chlorine peak intensity in the XPS measurements.

In the case of chlorite ions, we observe a significant degradation of the membrane’s
aramid layer using the MB test, whereby the values decrease at very high concen-
trations to a level comparable to untreated membranes. However, no differences
could be detected in the XPS measurements, which indicates that no additional
chlorine is bound in the aramid layer. A reaction comparable to that proposed for
hypochlorous acid, which could explain the relatively low MBR values at very high
concentrations is therefore unlikely.

The IR bands associated with the amine and amide II group show pronounced
changes upon exposure to the components of the chlorine dioxide matrix and appear
to strongly correlate with a degradation of the RO-membrane (see Figure 3.28). The
herein defined DI indices allow for a comparative study of the changes of the aramid
layer and its chemical functional groups, which appears to be a significant first
indicator for chlorination. Previously proposed chlorination pathways [C46] were
supported by the XPS analysis of the membrane surface. Furthermore, the same
damage trend can be observed across all tests with regard to the concentrations
of the soaking experiments. According to combined evidence from (i) the ATR-
FTIR investigations, (ii) the MB test, (iii) the correlating salt retention and (iv)
the XPS measurements, the harmfulness of chemical constituents in the chlorine
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dioxide matrix can be ranked as: chlorite | persulfate ions | purified chlorine dioxide
i free chlorine. In comparison, chlorate, chloride, and sulfate did not impact RO
membrane integrity.

The comparison and the reactivity ranking of the components of the chlorine diox-
ide matrix are based on the expected concentrations for an in-situ formed chlorine
dioxide solution (see vertical dashed lines in Figures 3.26 and 3.26). In the pro-
vided order, we observed increasing changes in the calculated DI values from the
ATR-FTIR measurements, higher MBR values from the MB test, which display a
loss in membrane rejection capacity, and more extensive changes in the XP spectra.
Regarding the likely reaction pathways, we conclude that the oxidation by chlorine
(i.e. hypochlorous acid) through an electrophilic attack seems to be the most fa-
vorourable of all oxidants. At the same time we want to point out that more research
is needed for an in-depth investigation of the underlying driving forces.

All the species are oxidizing agents, and they could as such react either by oxygen
transfer reactions or single electron transfer. Interestingly, the reactivity trends do
not appear to follow the standard redox potentials of the individual reactive species,
which are 0.76 V for chlorite, 0.954 V for chlorine dioxide (depending on the pH
value) [C24], 1.16 V for free chlorine (depending on the pH value) [C47] and 2.4 V
sulfate radicals, which can form from persulfate [C48]. Hence, the observed trends
must be attributed to specific reaction mechanisms. The free chlorine, especially
at low pH values, may add to the polymer chain by an electrophilic attack [C15].
Through elimination of OH— an equivalent of Cl+ could form, which may attack
either the amide nitrogen or the aromatic ring [C15,C46]. With respect to pathways
that could explain an incorporation of sulfur during persulfate soaking experiments
(see XPS data above), the cleavage of persulfate into two sulfate radicals could be
the relevat initiation reaction. This reaction can be accelerated at low pH values,
higher temperatures, or by UV irradiation [C48]. The observation that — despite
the high redox potential of sulfate radicals — only moderate membrane damage was
caused can be rationalized by the fact that no aliphatic bonds are present in the
aramide structure so that sulfate radicals would have to react with N-H bonds or
the aromatic ring, which is less favorable. Chlorite may behave as a nucleophile
that could add to the C=0 bond of the aramide before oxygen or a reaction could
occur after an electron transfer takes place [C49]. Understanding the degradation
interactions is, key to designing effective disinfection processes.

Based on the insights, we aimed to explore the effects of chlorine dioxide disinfectant
solutions without free chlorine under RO process conditions. To this end, we used
a ez-situ stable chlorine dioxide solution that was prepared by gas stripping and
reportedly avoids free chlorine at neutral pH (see Methods for details). We took
advantage of the opportunity of utilizing this benign formulation of purified ClO,
disinfectant and targeted the actual RO process parameters (=mechanical stress) to
investigate which process conditions affect the damaging effects to the membrane.
To this end, we chose a neutral pH value to prevent higher oxidative potentials,
which could further compromise the integrity of the membrane [C24].
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Effects of cross-flow conditions on membrane integrity

To explore the impact of active filtration conditions, we conducted experiments using
a purified chlorine dioxide solution (1gL~!) in a 2¥ full factorial design of experi-
ments (DoE) where the Reynolds number, representing cross-flow velocity, and the
transmembrane pressure (TMP) were varied as key parameters. The chlorine diox-
ide concentration employed in these experiments was deliberately chosen about 5000
times higher than typical disinfection levels to ensure accelerated damaging effects.
No relevant concentration of by-products could be measured by ion-chromatography
and UV-Vis spectroscopy over a measurement period of 7 days. The experiments
were repeated twice to ensure reliability. Figure 3.30 illustrates the effect of varying
Reynolds numbers and TMP on the salt passage over time.

10

- - -Re=50, TMP=2bar - - -Re=200, TMP=2bar
-~ Re=50, TMP=2bar - Re=200, TMP=2bar
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Figure 3.30: Evolution of the salt passage (SP) as determined during accelerated
damaging experiments with the membrane and a purified chlorine dioxide solution

(1gL™1).

For all variations of the TMP and Reynolds numbers an increasing salt passage over
time could be observed. At a TMP of 2 bar, despite the high chlorine dioxide concen-
tration, the salt passage remained largely unchanged. However, at a TMP of 9 bar,
the salt passage increased sixfold over the course of the experiment, underscoring
that the TMP has a pronounced effect on membrane integrity in combination with
the application of chlorine dioxide. At higher Reynolds numbers, the salt passage
slightly increased, reflecting the influence of the flow regime in the feed channel,
but the variations were small when compared to the changes with varying TMP.

The chosen variations of the Reynolds numbers are representative for spiral wound
RO-modules [C8,C50].

In summary, our findings demonstrate that mechanical stress, particularly TMP,
plays a substantial role for membrane damage during disinfection with purified chlo-
rine dioxide. Notably, the effects of the TMP are more pronounced than the flow
regime. These results suggest that for disinfection processes using chlorine dioxide
maintaining low TMP and flow rates would be advantageous to preserve membrane
integrity.
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3.3.5 Conclusions

This study presents significant improvements in two integrity tests for reverse osmo-
sis (RO) membranes: the MB dye test and FTIR spectroscopy. In the present study,
these enhanced methods were applied to elucidate damage mechanisms caused by ox-
idative components in commercially available chlorine dioxide disinfection solutions
and to examine the impact of realistic filtration conditions on membrane damage.
Key findings include:

1. By combining several analytical methods a comprehensive view of RO mem-
brane degradation could be provided. Evidence of complementary methods
reinforced each other (Figure 6) and evidence of chemical changes provided by
IR spectroscopy could be correlated with process-related performance losses.

2. A separate examination of the components of the chlorine dioxide matrix re-
vealed that the components of the matrix impaired the membrane integrity
in the ascending order of chlorite j persulfate j chlorine dioxide j free chlorine.
The way in which chlorine dioxide is generated in-situ is therefore crucial for
the concentration of the by-products and an ensuing membrane damage.

3. If the chlorine dioxide can be used ez-situ in purified form, the mechanical
stress on the membrane has a significant influence on the integrity of the
membrane. Reducing flow rates and the TMP can mitigate negative impacts
of chlorine dioxide exposure on membrane performance.

Our findings highlight that chemical changes in the aramid layer are a crucial, but
not the only factor in membrane integrity loss. Remarkably, selected components
of the chlorine dioxide matrix such as free chlorine showed higher damage potential
than chlorine dioxide itself. The least damage was observed when a purified chlorine
dioxide solution was employed at neutral pH, combined with low crossflow veloci-
ties and a low TMP. These conditions suggest that a separate disinfection process
from normal RO operations, especially at low TMPs, may significantly extend the
lifespan of RO membranes. This study therefore paves the way for more efficient
and sustainable RO membrane disinfection processes.
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4 Discussion

Innovative methods for tackling membrane fouling are critical for the proper function
of reverse osmosis (RO) filtration systems, especially for many industrial processes in
which feed water with high nutrient and/or microbial loads is used. However, most
anti-fouling treatments are implemented only after significant biofilm or mineral de-
posits have already formed, which necessitates the use of harsh reagents or processes
that lead to membrane damage. To address this challenge, this thesis developed an
approach using polymer optical fibers (POFs) for the early detection of fouling in
RO processes, with the aim of facilitating more benign treatment strategies that
can ultimately extend the operating lifetime of RO membranes. Moreover, chemical
component analyses were carried out on commonly used membrane disinfection so-
lutions, and the results of these analyses provide insights into the undesirable side
effects of in-situ generated chemical by-products on RO membrane integrity. Based
on these results, alternative treatment protocols were proposed that more effectively
reverse the effects of fouling without sacrificing membrane performance.

In Chapters 3.1 and 3.2, a POF sensor was developed, installed, and tested in RO
filtration setups, which enabled the early detection of both scaling in the form of
calcite, gypsum, celestite, and barite mineral deposits (Chapter 3.1) and of biofilm
formation in feed water with a microbial load representative of typical tap water
installations (Chapter 3.2). In these setups, the POF sensor was either placed under
the feed spacer (Chapter 3.1) or incorporated into the feed spacer structure itself
(Chapter 3.2). The employed ex-situ and in-situ orientations not only minimized
the impact of the newly developed POF sensor on the dynamic flow conditions
encountered in the spacer-filled feed channels but also facilitated the detection of
changes in the filtration setup caused by antiscalants (Chapter 3.1) and pulsatile
crossflow conditions (Chapter 3.2). Moreover, the POF installation provided real-
time information on the effectiveness of biofilm removal processes. Finally, Chapter
3.3 elucidates the effects of different components of chlorine dioxide disinfectant
solutions on RO filtration processes. The insights gained in this chapter pave the
way for new anti-fouling treatments that balance potential loss of RO membrane
integrity with the gains in membrane performance afforded by fast and effective
eradication of biofouling.

The following chapter separates the discussion of the achieved benchmarks into three
parts: (1) a discussion of how POFs can be used to detect fouling much earlier than
other monitoring systems, (2) the application of chlorine dioxide in RO systems
in the context of other membrane integrity studies, and (3) an evaluation of the
proposed fouling detection and countermeasure system.
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4.1 Early detection of fouling using polymer optical
fibers

The early detection of fouling made possible by POF sensors was crucial for the
effectiveness of anti-fouling countermeasures that were applied to combat the initial
formation of mineral nuclei as well as the surface adhesion of microorganisms as the
first step of biofilm formation. Only if the countermeasures were adjusted to the
first presence of crystal nuclei or onset of biofilm formation can a performance loss
of the RO membrane be avoided. Since both types of fouling were typically detected
in different ways, the following discussions concerning early fouling detection were
treated separately for scaling (Section 4.1.1) and biofouling (Section 4.1.2).

4.1.1 Detecting the early onset of scaling

The formation of crystals at the membrane surface lead to a buildup of osmotic pres-
sure [125]. This increased osmotic pressure decrease the flux across the membrane,
which in turn decreases the membrane’s permeability [36]. Thus, the presence of
crystals on the surface of the reverse osmosis membrane is often detected indirectly
by measuring the conductivity of the permeate, since this fluctuates in line with
the osmolality of the permeate. In contrast, the POF system introduced in Chapter
3.1 provided a more direct and sensitive method for detection of crystal growth,
the effectiveness of which was evaluated by directly comparing the results obtained
from the POF sensor with other commonly monitored online performance param-
eters. As part of the first experimental setup presented in Chapter 3.1, CaCOs3
crystal formation was induced by dosing NaOH into the recycled feed. The setup
was implemented in this way in order to quickly saturate the feed with all precursors
for heterogeneous and homogeneous crystallization and thus promoted the forma-
tion of all known polymorphs of CaCO3. While filtering the saturated feed through
the membrane, the signals of the POF and the online parameters, as well as the
saturation points of the precursors for the CaCOj crystallization, were measured.

However, in our experiments, it was not immediately clear whether the change in
the salt passage was caused by the changing pH [130, 131] or by the first crystalliza-
tion nuclei that formed on the membrane surface. Generally, salt passage through a
membrane is most efficient when the latter has reached its optimal electric charge.
If the pH of the feed increases, salt passage through the membrane decreases until
the membrane reaches its optimum and then increases again. Moreover, in our ex-
perimental setup, the increase in salt passage at pH values above the membrane’s
charge optimum could possibly coincide with the beginning of crystallization. Thus,
in order to precisely determine the charge optimum of the polyaramid layer, ex-
periments were carried out in triplicate using a 4mmol L' phosphate buffer in full
recycling mode (Figure 4.1). The experiment was started at pH 4, and a 0.5 mol L ™!
NaOH solution was added to the feed stream at a flow rate of 10 mLh~! during the
experiment. The experiment, hence, used comparable experimental conditions to
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those displayed in Figure 3.6 but without the risk of mineral formation on the RO

membrane.
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Figure 4.1: Plot depicting the salt passage as a function of pH in the feed for
different filtration runs through the RO pilot plant. Black traces indicated trials
carried out using a phosphate-buffered feed in which no scaling events were detected,
while the blue traces correspond to runs with un-buffered feed for which scaling
events were detected at pH values above 9.5. The experiments using a phosphate-
buffered feed were carried out under comparable experimental conditions to those
shown in Figure 3.6. For all trials, the minimum salt passage coincides with the
membrane’s isoelectric point at pH 8.

Figure 4.1 shows that salt passage through the membrane reached a minimum at
the optimal charge point of the RO membrane, which occured when the feed is
at pH 8. This indicates that the change in the salt passage trend in Figure 3.6
was likely due to changes in the properties of the polyaramid layer and not to the
presence of the first crystal nuclei. At pH values above 9.5, scaling events for the
un-buffered feeds were detected via a rapid increase in salt passage (Figure 4.1).
Moreover, the feed channel pressure drop indicated that scaling occurs hours after
changes in the POF signal were detected and was in line with the saturation point of
amorphous calcium carbonate (ACC). Thus, the changes in POF signal were likely a
consequence of homogeneous CaCOj5 crystallization in the cross-flowing bulk. Taken
together, these data indicate that the POF sensor signals the onset of scaling much
earlier than the commonly monitored RO performance parameters.

In addition to monitoring the conventional online parameters, we obtained an image-
processed signal from a camera focused on the membrane surface, and a simulation
using the Langier saturation index (LSI) was carried out for the experiment as well.
The visible crystals on the membrane surface were identified hours after the POFs
indicated first the presence of crystal nuclei. On the other hand, the simulation
of saturation using the LSI suggested that the saturation point was reached at the
same time the changes in the POF signals were detected, thus providing evidence
that the POF sensor can detect the onset of crystal growth at a very early stage.
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Despite these encouraging results, one drawback of the experimental setup reported
in Chapter 3.1 is that the pH of the feed solutions used to induce the saturation of
CaCOg3 was much higher than in typical use cases. Therefore, an alternative exper-
imental setup was devised to demonstrate the POFs’ functionality for a feed with
constant calcite supersaturation in a pH range closer to that of industrial water feeds.
The feed was not saturated for the other polymorphs of calcium carbonate, namely
MCC and ACC. In the experiments in Chapter 3.1, the POF indicated scale forma-
tion earlier than all other previously discussed measurands, none of which show the
presence of scaling via the typical parameters of salt passage, permeability, or feed
channel pressure drop (FCP) for hours after the crystals were detected by the POF.
Intriguingly, the timeframe of the scale formation indicated the POF, as well as
the image analysis performed on the membrane surface, clearly showed that scaling
started to occur before the known precursor MCC is saturated, thus contradicting
existing theories of crystal nuclei formation [35]. This apparent contradiction can
be partly explained by how the POF was installed in the feed channel for the RO
experiments, which could result in higher local saturation due to increased concen-
tration polarization effects. As a result of these local higher concentrations, the
POF could detect the crystallization nuclei formed by the flow shadows caused by
the sensor itself.

Although the POFs in these two experimental setups present a promising approach
for early scaling detection, the POF sensors could not be directly compared against
other in-situ detection methods such as untrasonic time domain reflectrometry
(UTDR) and electrical impedance spectrometry (EIS) in the experimental setups
carried out. The RO pilot plant that was used did not allow an implemention of
these techniques. However, to the best of my knowledge, the excellent agreement be-
tween the timeframe of the detected POF signals and the saturation times predicted
by simulations is unprecendented and has so far not been achieved using UTDR and
EIS methods. Thus, using POF sensors in combination with simulations represents
a highly effective method for the detection of scaling before mineral crystallization
impedes the RO process.

4.1.2 Detecting the early onset of biofilm formation

Biological fouling is different from scaling, as it involves the formation of deposits
on the feed spacers rather than on the membrane [139]. The distinction between
scaling and biofouling is in how they form and when intervention is most effective.
Biofouling formation involves different phases, which determine the best time for
effective intervention [57]. The speed at which crystals form depends on the degree
of supersaturation. Therefore, early monitoring is more crucial for biofouling than
for scaling.

In Chapter 3.2, the POF was incorporated into the feed spacer, and the sensor zone
was not created by removing the fluoropolymer coating with ethyl acetate rather
than through mechanical abrasion. This manufacturing method was thought to
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result in a higher surface roughness, which makes it easier for microorganisms to
adhere to the surface of the POF and generate a detectable change in light trans-
mission through the POF'. In this vein, Chapter 3.2 utilized a standardized method
for growing biofilms on RO membranes [63, 72] in order to accelerate biofouling in
the feed channel of the RO membranes. This method aimed to demonstrate the
effectiveness of POF sensors for detecting biofilm formation.

The primary challenge faced by a POF-based system for detecting biofouling was
the long-term stability of the POF signal. Over time, the POF’s ability to trans-
fer light could be hampered by water uptake or mechanical stress when the POF
is incorporated into the membrane flat cell [140]. Since biofilm growth was indi-
cated by a decrease in the POF’s light transmission signal, presumably due to an
attenuation of the evanescent fields traveling through the POFs, the long-term effect
(water uptake and mechanical stress) of the POF impedes the actual measurement.
According to our findings, the POF signal stabilized after around 96 h. Once the
signal was stabilized, the POFs were able to detect biofouling before any online or
offline parameters were affected by the presence of biofilm in the feed channel. Only
offline measurements of the total organic carbon and its balancing through the flow
rates in the feed, retentate and permeate indicated the accumulation of organic car-
bon, and therefore the onset of biofilm formation, in the feed channel. Moreover,
removal of the biofilm by using pulsatile cross-flow conditions, so temporary higher
cross-flow velocities led to a recovery of the original POF transmission signal, pro-
viding further confirmation that the loss in POF signal was in fact due to biofilm
formation. Having said that, it was determined that post-adaptation mechanisms
(water uptake and mechanical stress) could overlap with the actual measurement of
biofilm growth (see Figure 3.18). Therefore, due to the conditions used and signal
adaptation phase of the POF in the first few hours, no real statements can be made
about the presence of biofouling.

Moving forward, further improvements in biofouling detection could be gained by
designing the reported POF sensors such that biofilm formation has a higher impact
on the POF’s transmission, as this would ensure accurate monitoring of biofouling
at all formation phases. The hypothesis that microorganisms influence evanescence
fields could explain why the impact of microorganisms on the light transmission
of POF's is much less than the scattering of mineral crystals. Given that CaCOs3
crystals have a higher optical density than the fiber core, these crystals scatter light
out of the fiber and thus directly influence the total reflection of light within the fiber
[50-53]. Microstructured fibers with sensor zones that consist of functional binding
groups, such as extracellular protein serving as substrate, areas with partly higher
surface roughness or silicon based micropillar arrays [141-143], could enhance future
microorganism detection by increasing the effectiveness with which microorganisms
bind to the fiber surface and thus influence the POF signal.

In conclusion, despite the potential drawbacks of using POFs for biofouling de-
tection, POFs were in principle capable of detecting, under the right conditions,
the adhesion of biological material at the earliest possible stages. In addition, the
monitoring of countermeasures against biofouling was also possible.
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4.2 Sensitivity of polymer optical fibers to existing
anti-fouling treatments

From a process engineering standpoint, POF sensors fill a gap in the portfolio of
methods available for monitoring crucial membrane processes. For example, real-
time information from POF sensors could be used to activate pumps that dose
controlled amounts of antiscalants or biocides into the feed stream of RO filtration
setups. Alternatively, POFs could be used to notify RO filtration operators when
the spiral wound modules are in need of cleaning. In these ways, POF sensors hold
promise as a feasible strategy for preserving membrane process performance and
protecting RO membranes from the impacts of various types of fouling. However,
in order for POF sensor systems to be effectively used in industrial settings, the
impact of different anti-fouling treatments on the POFs themselves must be well
understood.

To address this question, experiments were first carried out in Chapter 3.1 to evalu-
ate how the extent of CaCOj5 crystallization and, hence, the POF signal was affected
by the concentration of antiscalant employed. The findings showed that high con-
centrations of the antiscalant, in this case, a hexametaphosphate-based MT4000
chemical, maintained a higher light transmission through the core of the POF,
demonstrating the retarded crystal formation. However, the experiments with the
POF and antiscalant were only performed ez-situ without using the POF in a real
membrane flat channel. Therefore, the effects of concentration polarization and flow
conditions were not taken into account in the POF tests with antiscalants. A final
demonstration that the POF can control the antiscalant concentration in the feed
channel is still pending.

In Chapter 3.2, the POF was used under pulsatile cross-flow conditions. This means
that the cross-flow velocity was temporarily increased to achieve higher shear rates
on the feed spacer and membrane surfaces. These higher shear rates have been shown
to enhance cleaning efficacy and thus reduce fouling impact on the flux or permeabil-
ity of a membrane [144, 145]. Moreover, other studies employed pulsatile cross-flow
using a sinusoidal oscillation, involving the trans membrane pressure (TMP) and
the cross-flow velocity [144-146]. In the setup reported in Chapter 3.2, a different
approach was used to demonstrate the POF’s ability to monitor the cleavage of
biomass from its surface. In this case, the cross-flow rate was increased at certain
times when biomass accumulation was expected. The POF signal recovered imme-
diately after the higher flow rate was applied, thus proving that POF sensors can
quickly adapt to high fluid shear conditions.

In conclusion, POFs were found to be able to react favorably to antiscalant dosing
and to alternate process conditions such as pulsatile cross-flow. Thus, fouling coun-
termeasures can be readily implemented in POF-containing RO systems by altering
the hydrodynamic conditions in the feed channel and using chemical cleaning agents.
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4.3 Chlorine dioxide as a biocide for reverse osmosis
membranes

Other than antiscalants, another commonly used chemical treatment in research and
industrial-scale RO purification systems is chlorine dioxide [103, 115, 147], which is
a biocide used to combat the growth of biofilm on RO membranes. However, while
chlorine dioxide is effective at limiting the amount of viable microorganisms in the
feed and on the membrane surface, the biocide also tends to impede the membrane
rejection efficiency and permeability [103, 115, 147]. Thus far, studies that have
attempted to determine the origin of the detrimental effects of chlorine dioxide have
fallen short. This has been largely due to the fact that the chlorine dioxide is either
employed under active filtration conditions with a TMP and differing cross-flow
velocities or by immersing the membrane only in a chlorine dioxide solution that
induces variable levels of mechanical stress on the membrane [111]. Furthermore,
the configuration of the RO plants employed was inconsistent across these different
studies, meaning that the used materials and surfaces were not comparable [12, 103,
111, 114, 120]. For example, the use of iron or other transition metals in the RO
plant could accelerate membrane damage and complicate the analysis [148]. Thus, it
is difficult to discern to what extent the membrane damage observed in these studies
was due to the use of chlorine dioxide or mechanical stress on the membrane.

To address this issue, Chapter 3.3 of this dissertation investigated chlorine dioxide
usage by soaking RO membranes in the isolated chemical by-products of a commer-
cially available chlorine dioxide matrix. Conventional analytical techniques were
employed to detect the ensuing damage to the membranes, with the aim of evalu-
ating the sensitivity and reliability of these techniques for assessing RO membrane
damages. To this end, chlorine dioxide was purified via gas stripping.

It was observed in several experiments that by avoiding membrane-damaging by-
products and disinfecting the membrane during less mechanical stress, the membrane
stayed nearly intact.

It is important to note that the chlorine dioxide concentrations used here for the
membrane disinfection trials were approximately 5000 times higher than that nor-
mally used for water disinfection. Therefore, the extent of membrane damage ob-
served in these studies is highly accelerated compared to standard disinfection con-
ditions [121].

Overall, the results in Chapter 3.3 provide a valuable contribution to our under-
standing of the compatibility of chlorine dioxide disinfection with RO membranes.
Having said that, further research is needed to understand more precisely what re-
actions occur in the membrane’s polyaramid layer, which would aid greatly in the
development of more effective disinfectants.
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4.4 Developments in fouling detection and prevention
in reverse osmosis processes

In the previous sections, the feasibility of the developed sensing techniques and coun-
termeasures that now seem usable for RO membrane fouling suppression has been
discussed. The present chapter now discusses in detail the strengths, weaknesses,
opportunities, and threats of the proposed strategies and detection methods.

The main strength of the fouling detection and countermeasure methods proposed
herein is the ability of the fiber optical sensors to detect the early onset of scaling and
biofouling and to respond quickly to the application of antiscalants and high cross-
flow velocities. This enables the sensors to be used in conjunction with anti-fouling
countermeasures to optimize these treatments and to avoid negative effects on the
environment or the process itself. Another key strength are the insights gained
into the effects of different components of chloride dioxide on membrane integrity,
since these findings should facilitate the optimization of disinfectant formulations
for maximum effectiveness while avoiding membrane damage.

The key opportunity that arises from the studies presented herein is the possibility
to upscale the employed monitoring and treatment strategies to industrial-scale RO
plants. The combined approach to the detection and control scaling and biofouling
enables the use of highly concentrated antiscalants in highly saturated feed solu-
tions. The sensing enables the RO user to react to the likely accelerated biofilm
formation that the highly concentrated antiscalants could provoke. In this context,
one mitigation strategy could be to disinfect either the feed water or the membrane
in a cleaning step. For this purpose, Chapter 3.3 demonstrated the possibility of
using a more RO membrane-compatible chlorine dioxide solution. Finally, the op-
portunity to upscale the POF sensor principle could lead to lower cross-sensitivities.
Generally, the SWMs typically used in large-scale RO setups do not contain metal
housings. Therefore, the suspected periodic behavior of the POF, which is most
likely caused by the temperature fluctuations of the metal housings that compress
and decompress the entire flat membrane cell housing, could be eliminated when
implementing the POF in SWMs.

Although increased cross-sensitivity can be expected in a large-scale setup, such
effects have not yet been evaluated on a large scale. This is the major weakness
of the fouling detection and fouling countermeasure concept. How the POF sensor
works if it is implemented in an SWM has yet to be investigated. There could be
a difference in the sensor technology, as the fiber connections are less mechanically
stressed, and therefore, the modes (e.g., angle of total reflection) are different. How-
ever, these modes are important because the higher angles in the total reflection
directly influence the evanescence fields. The best way to overcome this weakness is
to use a combined membrane flat cell (MFC) setup with SWMs. The MFC could be
installed in a bypass of the first SWM and the retentate stage to detect biofouling
and scaling, as was investigated in this dissertation. Furthermore, to the best of
my knowledge, the effects of combining antiscalants with chlorine dioxide, for ex-
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ample as a result of chemical reactions between the two components, are currently
unknown. For example, chlorine dioxide can likely oxidize the complex antiscalant
molecules, a reaction which could render both countermeasures ineffective.

/ strengths \ / weaknesses \

* Combined fouling detection for scaling * Sensing principle of the POF has not yet
and biofouling by the POF been clarified

* Reaction of the POF to existing * High cross-sensitivity of POF to water
countermeasures (antiscalants, pulsating sorption and mechanical stress
cross-flow) * No long-term tests have been carried out
Use of ClO, as a membrane-compatible to measure POF sensitivity and
disinfectant for RO membrane integrity when dosing ClO,

k ) * Possible reaction of antiscalants with cmy

opportunities — threats

Upscaling to SWMs with implementation » Difficulties in introducing the new overall
of the POF would minimize the mechanical concept in a conservative market
stress * Competition with other innovative

* The countermeasures of antiscalants and countermeasure and sensing methods
ClO, dosage would tackle both biofouling * Likely higher flow shadows due to the
and scaling POF installation in feed spacers.

* Installation of the POF in a by-pass system

\ is so far the easiest way to implement thy \
sensor in existing RO plants J
Figure 4.2: Diagram depicting the strengths, weaknesses, opportunities, and

threats of the overall early POF sensing concept and combined countermeasures
to prevent biofouling and scaling in reverse osmosis processes.

The main threats of applying the POF sensor system proposed herein, as well as
the usage of chlorine dioxide in RO membrane systems, are primarily associated
with the costs and risks that could be incurred when implementing these strategies
in industrial-scale RO systems. For example, changing the methods by which SWMs
are fabricated, which would be necessary to implement POFs in industrial membrane
systems, is not feasible for most SWM manufacturers. At the same time, it is not
clear if the POF's are stable enough for long-term usage in industrial RO plants that
have been using their SWMs for several years. Moreover, chlorine dioxide usage is
comparable to free chlorine for many RO membrane users. It is only known as a
membrane-damaging biocide and, therefore, not easy to introduce into the water
purification market. The dissection view on the chlorine dioxide matrix and its by-
products is not widespread so far. Furthermore, the demonstrated use of chlorine
dioxide was only for one week per experiment. Although very high concentrations
were used during this time compared to the German drinking water ordinance, it is
not possible to determine with certainty which effects long-term usage of chlorine
dioxide would have on integrity of RO membranes. Despite the aforementioned
weaknesses and threats, the strengths and opportunities of the proposed fouling
detection and anti-fouling treatment strategies hold great potential for improving
existing reverse osmosis processes and allowing them to operate more sustainably.
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4.5 Future opportunities for anti-fouling sensing and
treatment

In Chapter 1.5, the challenges encountered when using phosphate-based antiscalants
to delay the induction time of mineral crystallization, as well as the issues that arise
from accelerated biofilm growth due to high antiscalant dosages, are described. From
the viewpoint of this dissertation, the best opportunity to deal with these issues is
to detect both fouling types (i.e., scaling and biofouling) as soon as possible during
the filtration process. To this end, optical fiber sensors are presented that can detect
two types of fouling and monitor existing countermeasures. This will allow future
RO membrane users to apply cleaning and countermeasure strategies at the earliest
possible stages, without needing to take water samples from the feed, permeate, or
retentate for offline analysis. If the POF is installed in future membrane modules, it
can detect the early onset of biofouling in the first filtration stage, as well as scaling
on the retentate side of the membrane. The importance of such an early detection
strategy is emphasized by the fact that, the nutrient concentration, particularly that
of assimilable carbon, nitrogen and phosphorus, are at their highest in the first stage
of an RO system [55, 151].

On the other hand, in the retentate stage, the cross-flow velocity, concentration
polarization, and ionic strength accelerate scale formation. Figure 4.3 illustrates a
theoretical concentration and total recovery for stages with a 50 % recovery in each
stage. In RO plants, heterogeneous crystallization is more favorable than homoge-
neous nucleation in the entering feed stream [29, 39]. This fact makes it unlikely
that crystallization occurs earlier in the first RO stage. Therefore, a decreasing light
transmission signal of a POF in the first stage module most likely signals the accu-
mulation of biological growth, and a decreasing POF signal in the retentate stage
most likely signals the first crystal nucleation in the RO module.

Beside the implementation of POFs in RO modules, the differences of fouling for-
mation for scaling and biofouling can be used to enhance the usage of antiscalants
and chlorine dioxide to combat fouling. For example, the antiscalants should only
be dosed into the last stages of the RO system. In this way, the risk of deposits
in the latter modules can be reduced, thus eliminating the risk that the antiscalant
promotes biological growth in the early stages of the filtration process. Moreover,
chlorine dioxide can be dosed into the inlet in its purified form, either continuously or
during the flushing intervals. This would combat the biofilm growth where it would
first appear. In addition, the antiscalant would not be degraded by the chlorine
dioxide. Furthermore, biocide dosing during the flushing intervals is preferable, as
the membrane is exposed to less mechanical stress, and thus, the risk of membrane
degradation is reduced.

The application of the POF as well as the dosage points for chlorine dioxide and
antiscalants that should be able to detect and counteract both fouling types in a
differentiated way is depicted in Figure 4.3.



100 4 Discussion

Biofouling detection Permeate

Feed QA
<

2 1%t stage

Retentate lg_ Scali
| caling
2n stage detection
Retentate
3rd stage
Antiscalant}

100 [ Y 3
R 5 g 115 S
X o
< 80 8
> X 110 ¢
% X 2
S 60 x r g
= % x « CcF| 15 §

40 X | | | g
1 2 3 4 °

number of stages (n)

Figure 4.3: Top: Schematic depicting the application of SWM modules with POFs,
antiscalants, and chlorine dioxide in a multi-stage reverse osmosis (RO) plant. The
implementation of the POF could allow for detection of both biofouling in the first
stage and scaling in the retentate stage. The targeted dosing of chlorine dioxide
in the first module and of antiscalants in the latter modules would increase the
effectiveness of these countermeasures. Bottom: Plot showing the recovery and
concentration factors (left and right y-axes, respectively) that are caused at the
indicated SWM stages (x-axis) with 50 % recovery per stage.

Going forward, the results of this work are anticipated to design a future more
sustainable reverse osmosis process that expands the lifespan of RO modules sig-
nificantly. The development of fiber optic sensors and improvements in fouling
countermeasures have allowed for a more effective approach to addressing the most
common threat to the membrane separation process while minimizing damage to the
membrane. The sensitivity of the fiber sensors now enables the early detection of
fouling phenomena, which in turn allows for more precise countermeasures against
fouling that could potentially harm the membrane. Additionally, through the iden-
tification of harmful components in the chlorine dioxide matrix produced and used
in-situ, a disinfection process for the RO membrane became feasible. The now pos-
sible disinfection process enables the tandem consisting of antiscalants and biocides
to counter the two most frequently occurring types of fouling. The antiscalants,
which are effective against scaling, can be used to a high targeted concentration
in the selected RO modules, since their biofilm-promoting effect is counteracted by
the biocide chlorine dioxide in the earlier installed RO stages. Thus, this thesis
contributes to a process development for water purification out of very different
feed water qualities paving the way for drinking and industrial water production in
regions suffering from water shortages.
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