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ABSTRACT

The formation of scale deposits on the membrane surface due to the precipitation of sparingly soluble salts is a
major obstacle limiting the recovery of inland membrane desalination. A simple approach to mitigating scaling is
its early detection, allowing for timely countermeasures. Early scaling detection is mainly limited to laboratory
studies with flat sheet membranes and synthetic feedwaters using sophisticated detection tools. This impedes
transferability to an industrial scale, where spiral-wound elements are commonly used. The present study ad-
vances the previous research using pilot and laboratory-scale spiral-wound elements and a real water matrix. It
demonstrates that monitoring changes in concentrate quality is an effective and practical way to detect incipient
CaCOs scaling. It was found that the concentrate-pH is a reliable indicator that recognizes incipient CaCOs3
formation well before a scaling-induced drop in permeability. By monitoring concentrate pH in real time,
countermeasures such as forward flushing can be triggered in a timely manner to reliably prevent CaCOs scaling.
This allowed stable operation near the onset of scaling (calcite saturation index of 1.7 to 2.0) even without dosing
an antiscalant for over two months. Forward flushing not only removed the concentration polarization layer but
also led to the dissolution of CaCO3 deposits that had already formed. This shows for the first time that incipient
CaCOgs scale deposits are reversible if intervention is carried out in time. Moreover, water chemistry models and
simulations were conducted to gain a deeper understanding of the underlying mechanisms, particularly
regarding the late response of the permeability and conductivity.
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1. Introduction

Pressure-driven dense membrane filtration (i.e., reverse osmosis
(RO) and nanofiltration (NF)) is deployed in inland locations to supply
potable or process water from conventional freshwater resources, like
surface- [1,2] and groundwater [3-5]. Moreover, dense membranes are
the core technology to provide water from unconventional resources,
such as brackish water, treated wastewater effluents [6,7], and agri-
culture runoffs [8,9]. Typical treatment objectives range from full
desalination to targeted or combined removal of hardness [3,5,10],
sulphate [8,11,12], nitrate [4], chloride, organic matter [1,2], and
micropollutants [13], such as PFAS [2,14,15] and pesticides [1]. A
significant bottleneck of inland desalination is the disposal of the
concentrated waste stream (i.e., brine) [16,17], which is the main cost
driver [18] and associated with environmental concerns [19]. Subse-
quently, a high recovery is required to minimize the brine flow and
ensure economic operation [17,20,21], which might be additionally
demanded due to limited water extraction rights. However, the recovery
is usually constrained by the occurrence of membrane scaling [18,22].

Membrane scaling is the precipitation of supersaturated sparingly
soluble salts, such as calcium carbonate (CaCOs3) [23-26], calcium sul-
fate (CaSO4) [8,9,11,27], silica (SiO3) [28] or calcium phosphate, e.g.,
as hydroxyapatite (Cas(PO4)3)OH) [20,29,30] onto the membrane
[31-33]. Membrane scaling reduces the permeability [31,32,34] due to
the formation of a dense mineral layer with a high hydraulic resistance
[31] and will lead, depending on the mode of operation, either as con-
stant pressure or constant flux, to lowered product water (permeate)
quantity or higher necessary applied pressure, respectively. The mineral
layer will additionally increase the hydraulic pressure drop [33].
Moreover, the salt passage increases [35], which leads to lowered
permeate quality [31]. Lastly, scaling increases cleaning intervals and
shortens the lifetime of the membranes [31,34,35]. Therefore, scaling
needs to be prevented.

Although there are different options to reduce the likelihood of
scaling, the most common scale control method is the dosage of anti-
scalants [10,34,36]. Antiscalants are synthetic organic polyelectrolytes,
such as polyphosphonates and polycarboxylates, impurities that inhibit
the crystallization process at below-stoichiometry concentrations
[36,37]. However, the application of antiscalants comes with certain
drawbacks. For once, purchasing the antiscalants creates additional
operating costs [2,36]. Furthermore, the discharge of brine-bearing
antiscalants is associated with environmental concerns [16,32], partic-
ularly in inland locations [19]. Moreover, antiscalants can be detected in
the permeate [38], raising public health concerns. Antiscalants might
furthermore promote biofouling [39,40]. The study of Mangal et al. [26]
showed that overdosing of commercial phosphonate-based antiscalants
applied to prevent CaCOgs-scaling can lead to the formation of calcium-
antiscalant compounds, e.g., calcium-phosphonates, which build a
fouling layer. Certain water constituents, such as iron and manganese,
may adversely influence the effect of antiscalants [10], and some
research reported that the dosage of antiscalants did not show any gain
in the maximum attainable recovery compared to no antiscalants dosage
[41].

Pre-treatment schemes to remove or reduce scaling ions (e.g., cal-
cium) are other measures to prevent membrane scaling. Possible options
are, e.g., ion exchange [42-44] or precipitation [45]. Moreover, mem-
brane modification, e.g., by surface patterning [46], increasing mem-
brane hydrophilicity [47], and modifying surface charges [29,30], may
increase scaling resistance. Adjusting the mode of operation, e.g.,
discontinuous operation as batch or semi-batch [48,49], as well as flow
reversal [50-52], showed further potential to mitigate scaling.

A simple and effective scaling-mitigation strategy would be a reliable
detection method to identify specific scaling at an early stage before any
performance loss can be detected. This would enable the initiation of
appropriate countermeasures to reduce the impact of the deposits or
even entirely prevent them altogether, e.g. by improving the cleaning
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strategy. Typically, it is assumed that bulk measurements and conven-
tional parameters, e.g., permeability, lack sensitivity to detect scaling at
an early stage [53,54]. Therefore, in literature, sophisticated detection
tools, e.g., ultrasonic reflectometry [55] or electrical impedance spec-
troscopy [53,54] are examined. Various studies investigated early
scaling detection, focussing on optical observation of transparent cells
for early scaling detection [56-61].

Bartman et al. [56] detected the first deposits of CaSO4-minerals
before the permeability significantly decreased (< 5 %) using a trans-
parent RO-cell observed with real-time imagining. Supekar et al. [58]
applied Raman spectroscopy to detect CaSO4-scaling within a flow cell.
The earliest detection of CaSO4 was indicated by an increase in peak
intensity at a decrease of 3.2 % in permeate flow rate [58]. Raman
spectroscopy allows distinguishing between different scalants [58]
facilitating subsequent cleaning strategies. However, applying flow cells
for incipient scaling detection [56,58] has certain drawbacks. For once,
the hydrodynamics of spiral-wound elements differ from those of the
deployed flat-sheet membranes, presumably restricting transferability
[8]. Moreover, typically, only a small section is observed, potentially
missing other nascent nuclei-cluster [8].

Interestingly, already in 2000, van de Lisdonk et al. [62] showed a
comparable simple possibility of early scaling detection using an addi-
tional membrane element (“ScaleGuard”) fed with RO-concentrate from
a full-scale installation. Due to the slightly higher recovery (1 to 4 %
increase compared to the last element) and the monitoring of a single
element compared to monitoring a six-element pressure vessel, the
scaling monitor could successfully detect scaling before it occurred in
the last element of the full-scale installation [62]. Recently Schwiebert
et al. [8] presented a practical and straightforward method for early
scaling detection using bulk concentrate turbidity measurement. The
study showed prevention of CaCO3- and CaSO4-scaling using turbidity to
detect incipient scaling for a synthetic agriculture run-off solution
treated with batch-RO [8].

This study addresses significant research gaps by investigating CaCOs
scaling using both pilot and lab-scale spiral-wound elements with a real
water matrix. In contrast to conventional approaches based on flat sheet
membranes and synthetic, already highly concentrated feedwaters, this
study uses a continuous flow reflecting real-world conditions.

The study uses standard equipment to monitor key membrane pa-
rameters such as permeability, salt retention, and pressure loss, as well
as quality measurements in the bulk concentrate like pH, electrical
conductivity (EC), and turbidity. By using a real water matrix, the study
tackles complex challenges such as multiple scalants and combined
fouling due to organic constituents.

The objectives of this research are, (i) to assess the impact of CaCO3
scaling on standard scaling parameters; (ii) to identify a suitable
parameter for early CaCOs scaling detection; (iii) to evaluate the feasi-
bility of this parameter as an early warning signal in long-term experi-
ments; (iv) to develop models and simulations explaining the observed
results. This approach enhances the transferability of findings to prac-
tical applications, providing valuable insights into mitigating scaling in
membrane desalination.

2. Theoretical background

To facilitate the interpretation of the later presented results, general
basics of crystal formation and in particular on CaCOs-precipitation are
outlined in this chapter.

2.1. Basics of crystallization

Scale formation starts with nucleation, i.e., the transformation from
an ion-containing solution to a new thermodynamic solid phase [32] by
clustering of ion pairs to pre-nuclei from about 1000 atoms [63], fol-
lowed by an ordering step to larger nuclei (>3 nm), which collectively
describes nucleation [64]. Nucleation is a reversible process, i.e., nuclei
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may grow further or dissolve until a critical nuclei or cluster size is
reached [63,64]. After reaching a critical nucleus size, further growth
yields in crystals larger than 100 nm [63], i.e., the crystal growth phase.
Nucleation, i.e., the nascent stage of crystal precipitation [65], can be
described thermodynamically, with the difference of chemical potential
(Au) as the driving force for nucleation [32]. Since mass transfer is al-
ways from high to low chemical potential, the solutions’ chemical po-
tential in nuclei formation is higher than the solids’ potential [32]. The
saturation index (SI) is often used to describe the chemical potential of
the solution and the solid. The saturation index is the decadic logarithm
fraction of the ion activity product (IAP) to the solubility product (Ksp)
of the respective ions and salt [66]:

IAP
SI = IOgloK_sp (@D)]

Other forms describing the saturation index are possible, e.g., as a
natural logarithmic form [32,64] or even in non-logarithmic forms.
Therefore, caution is needed when comparing different SIs from litera-
ture. However, for all forms of saturation indices, the following applies:
If the IAP > Kgp, the solution is oversaturated (or supersaturated) [64].
In the case of IAP = Kgp, the solution is in equilibrium, while when
IAP < Kgp, the solution is undersaturated [64]. Therefore, the formation
of nuclei, i.e., membrane-scaling, is possible from a thermodynamic
point of view at a supersaturated state.

In general, nuclei formation is distinguished into homogenous and
heterogenous pathways [67]. Homogenous nucleation describes nuclei
formation from a bulk solution, whereas heterogenous nucleation in-
cludes additional (solid) surfaces [64,67]. Thermodynamically, hetero-
geneous nucleation is more favorable since the interfacial energy
between the additional surface and the nuclei is reduced compared to
bulk nucleation, i.e., interfacial energy between the nuclei and the so-
lution [64]. Therefore, surfaces lower the threshold difference in
chemical potential, i.e., saturation index, for nucleation [64]. Relating
the fundamentals of nucleation on membrane scaling leads to a differ-
entiation between bulk (homogenous) and surface (heterogenous)
driven scale formation in membrane processes [27,34,68,69]. For ho-
mogenous scale formation, crystals are formed within the bulk and de-
posit onto the membrane, while in heterogenous surface formation,
nuclei form directly on the membrane [69]. However, heterogeneous
nucleation is not necessarily triggered at the membrane surface. Sus-
pended particles within the bulk can act as surface, too, leading to
heterogenous nucleation within the bulk [23,70]. Typically, homoge-
nous nucleation is predominant at high supersaturation, whereas
heterogenous nucleation is expected at lower supersaturation [71].
Benecke et al. [11] summarized studies suggesting either homogenous,
heterogenous or their combination as cause of scale formation.

Besides thermodynamic considerations, i.e., saturation indices, ki-
netics play an essential role, too. Although analyzing the susceptible
water allows us to compute the respective saturation, it gives no infor-
mation about the stability of a supersaturated solution [24]. This means
that a supersaturated solution does not necessarily lead to precipitation
on a technical scale but that a certain elapsed time or a minimum su-
persaturation is necessary. The elapsed time from reaching a supersat-
urated state until a (measurable) physical change of the solution is
labelled, among other things, as nucleation or induction time, experi-
mental induction period or crystallization induction time [50,72-74].
The longer it takes to see a measurable change, i.e., the longer the in-
duction time, the less likely is the occurrence of membrane scaling [74].
The induction time depends on the method of detection [65], which
covers a wide range, e.g., the appearance of visible crystals, decrease of
the conductivity in the solution, an increase in turbidity [72,73] or for
carbonate salts a dropping pH [24], see chapter 2.2. However, Mitrouli
et al. [23] suggested that the concept of induction time does not apply to
technical systems, arguing that the inevitable presence of particles
promotes heterogenous nucleation, drastically lowering the induction
time to an unmeasurable level, as demonstrated in their study for
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CaCOg3-scaling.

2.2. CaCOgs-precipitation

Calcium carbonate- (CaCOg3) precipitation is one of the most relevant
scalants in dense membrane filtration [34,70,75]. The formation of
CaCOs is a multiple-chemical reaction involving all inorganic carbon
species, i.e., CO2/HCO3, HCO3, CO%’. The reaction involves in total
four partial reactions which can be summed up to Eq. (2) [64]:

Ca** 4 2HCO5~ < CaCOs(s) + CO4(g) + H,0 2

Eq. (2) shows that the precipitation of 1 mol CaCO3 consumes 1 mol
of Ca** and 2 mols of HCO3. As known for all types of scalants, their
precipitation will thus lead to lower electrical conductivity (EC) since
dissolved constituents are transformed into a solid, leading to increased
turbidity due to increased particle concentration. However, special
about CaCOs-scaling is the release of CO5 and consumption of HCO3.
Therefore, precipitation will decrease the pH, and consequently, the
dissolution of CaCO3 will increase the pH. Thus, the pH can be used to
identify and to measure the induction time of CaCOj precipitation
[24,74]. The study of Waly et al. [24] defined a drop of at least 0.03 pH
units as reaching the induction time.

The solubility of CaCO3 decreases with increasing temperature and
pH. Therefore, an increase in recovery not only increases the ion activity
product, as with all other sparingly soluble salts, but also increases the
concentrate-pH, thus reducing the CaCOs-solubility and shifting the
total inorganic carbon (TIC) fractions to HCO3 and CO%’, and conse-
quently increasing the supersaturation of CaCOs. Due to this pH de-
pendency, lowering the pH, e.g., purging of CO, [76] and thus
increasing the CaCOs-solubility, is an effective measure to minimize
CaCOgs-scaling [31].

In general, the solubility of CaCOs is significantly lower than that of
other sparingly soluble salts, e.g., CaSO4 [31]. There are various forms of
CaCOgs-minerals. However, the most stable form is the cubical-shaped
calcite, i.e., having the lowest solubility product [31].

3. Material and methods
3.1. Feed water, experimental equipment and procedure

In all experiments, the plants were continuously fed with potable
water (supply area North of Duisburg [77]). The water is supersaturated
with calcite, with an average Slcaicite Value of approximately 0.4. The
saturation indices (SI) were calculated using PhreeqC (Version 3.1 with
database PHREEQC.DAT [66]) following Eq. (1). Detailed analyses of
the feedwater are summarized in chapter 1.1 of the Supplementary
Information.

Within the study, two different plants were operated (Fig. 1). The
fully automated four inch (4") pilot plant (4" represents the diameter of
the used membrane elements), depicted in Fig. 1 a) to ¢), was built by the
company Cornelsen Umwelttechnologie GmbH (Essen, Germany). The
plant is equipped with two 4" spiral-wound Suez-AK elements [78] in
series (15.8 m? installed membrane surface). It should be noted that the
AK series is now distributed by Veolia; see [79]. The plant was operated
in feed and bleed mode, i.e., with constant concentrate recirculation and
discharge, to achieve high recoveries with a single-stage design. A
recirculation pump (RCP) (PN-SNA Grundfos) was integrated to operate
with an internal recirculation loop. The high-pressure pump (HP) is a
positive displacement pump (BN 1-24 Seepex/Ingersoll Rand). In all
streams, pressure and flowmeters are integrated (not depicted in Fig. 1),
e.g., to determine permeate flux (Jp), transmembrane pressure (TMP),
pressure loss (Ap) and permeability (P). The quality parameters pH, EC,
turbidity and temperature are monitored online in the feed- and in the
concentrate stream. In addition, the permeate-EC (ECp) is monitored to
determine the EC-retention. In the internal recirculation line, EC is
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Fig. 1. Membrane plants: a) to c) 4" pilot plant and 2.5" lab plant (d and e). Simplified P&IDs (c and e) display only the quality measurements.

monitored online for the concentrate (ECc) and the inner feed (ECg ). All
measuring equipment was supplied by Endress+Hauser GmbH+Co KG.

Fig. 1 d) and e) depict the 2.5" lab plant. The fully automated plant
was built by the company SIMA- tec GmbH (Schwalmtal, Germany). The
2.5" plant is equipped with one 2.5" spiral-wound element. In total, three
different membranes were used - the XLE 240 Pro (2.6 m?) [80], the
BW30 Pro 2540 (2.6 m?) [81], both from DuPont and the Veolia AK2540
TM membrane (2.5 m?) [79]. The 2.5" plant was operated in feed and
bleed with external concentrate recirculation since it is equipped with a
single HP pump (CRNE-HS, Grundfos). A detailed list of the devices for
quality measurements for the 4" and 2.5" plant can be found in Table S6
(Supplementary Information).

All experiments were operated at constant flux and constant
concentrate discharge flow, resulting in a constant recovery. The
crossflow velocity in the 4" plant was set from 0.1 m/s to 0.071 m/s from
the front of the first to the back of the second element. System related,
the crossflow for the 2.5" plant was higher with 0.135 to 0.127 m/s from
front to the back of the single element. This velocities were adjusted to
reflect real conditions in full-scale operation, as e.g., reported in Vrou-
wenvelder et al. [82].

Table 1 summarizes the experiments conducted and their numbering

in the paper. In this study, the term LMH is used as the unit of displayed
fluxes and is a short form of (L /mz*h)' No antiscalants were applied in

any of the experiments.

New membranes were first rinsed for 2 h with potable water, then
operated at recoveries without risk of scaling and different fluxes for
compaction. Thereafter, the membranes were operated for a minimum
of 48 h at recoveries without any risk of scaling. The flux was adjusted to
the respective flux of the subsequent scaling experiments (20 to 35
LMH), while permeability and salt-retention were monitored to evaluate
whether compaction had been completed. After each scaling experi-
ment, the plants, including the elements were cleaned. Depending on the
severeness, the cleaning protocol included forward flushing and acid-
alkali-acid chemical cleaning in place (CIP). Following each cleaning
step, permeability and salt-retention were determined to evaluate the
cleaning success. The cleaning protocol is described in detail in chapter
1.3 of the Supplementary Information.

3.2. Lab analysis

Relevant cations (Ca®*, Mg?*, Na*) and anions (SO3~, Cl~, NO3)
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Table 1
List of experiments.
Plant Experiment ID Operation mode Membrane
Flux (LMH) Recovery
4" plant 4'(1) 20 90 % AK85-P (Suez/Veolia)
4"(2) 23 90 %
2.5" plant 2.5"(1) 35 85 % XLE (DuPont)
2.5"(2) 25 85 % for 33.8 days then increased to 90 % AK (Veolia)
2.5"(3) 28 Increased from 85 to 92 %
2.5"(4) 20 82.5 % BW30 (DuPont)
2.5"(5) 20 Different recoveries (75 to 82.5 %) with concentrate-pH triggered forward flush

The double prime mark () represents the unit inch and displays the diameter of the used membrane elements with 2.5 and 4" representing roughly 6.4 and 10.2 cm, respectively.
LMH is an abbreviation for L/(m?*h) displaying the permeate flux. Experiment 4'(2) and 2.5"(3) are provided in the Supplementary Information, chapter 2.1 and 2.4.

were analyzed using ion chromatography. Moreover, organic carbon, in
the form of dissolved organic carbon (DOC), inorganic carbon as total
inorganic carbon (TIC) as well as HCO3 were determined. Selected
precipitates were analyzed with scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDX). Furthermore, elec-
trical conductivity (EC) and pH were determined via handheld devices,
when samples were collected from the plants. Detailed information
about lab analysis are summarized in the Supplementary Information
chapter 1.2.

3.3. Calculations

The permeability was corrected by the temperature and the osmotic
pressure (n). Temperature correction functions (TCF) are membrane-
specific and were obtained from the specific membrane supplier; see
[33]. Correction for osmotic pressure of bulk and permeate was con-
ducted based on the measured EC with:

ECbulkl‘(M' (T -+ 320)

925.000 )

TBulk =

T represents the temperature in °C. ECpy is the arithmetic mean of
the inner feed (ECg;) and the concentrate (ECc). In the case of the 2.5"
plant only the concentrate conductivity was online monitored, and the
inner recovery was relatively low. Thus, it can be assumed that ECc is
approximately ECpyx. The permeate osmotic pressure was calculated
with ECperm. The transmembrane osmotic pressure (TMn) was calculated
by:

TM7r = Tpuk — Zperm. @

The temperature and osmotic pressure corrected permeability can
thus be calculated applying Eq. (5):

_ Qu*Ay "*TCF  Jp,*TCF

Pc= -
¢~ "TMP—TMz TMP— TM=n O

Qp is the volumetric permeate flow, Ay the membrane surface and Jp
the permeate flux. The term (TMP — TMr) is the net transmembrane
pressure available for the permeate transport through the membrane.

Further on, corrected permeabilities were occasionally normalized to
a reference permeability (P¢y). Unless otherwise described, the refer-
ence point was set when the EC retention stopped increasing in the
respective experiment (after the membrane has been compacted, stable
salt retention and permeability are achieved). Concentrate-pH and -EC
were occasionally normalized, too. In this case, the reference point was
set when the system reached a steady state, i.e., a constant pH and EC or
their maximum values were achieved (see example in Fig. S4 in the
Supplementary Information).

Additionally, the permeability (Pc,s) considering concentration po-
larization (CP) was calculated. The CP-factor § which represents the
relation of the membrane concentration (cy) to the bulk concentration
(culk), was integrated:

Jp*TCF
Per = Tvp — prini ©
The bulk retention was calculated by Eq. (7).
E
Rej.zcuc = 100%* (1 - C""’"-) (7)
Chuik

The hydraulic pressure loss between feed and concentrate was
determined based on the differential pressure between the inlet of the
pressure vessel and the outlet of the pressure vessel.

Data analysis was performed using Python 3 scripts within the web
application Jupyter Notebook. Used functions are summarized in
chapter 1.4 of the Supplementary Information.

Error analysis considered systematic errors by comparison of sample-
values with known standard solutions and the accuracy of measure-
ments was assessed on the basis of mass balances. Detailed information
regarding the error analysis can be found in chapter 1.4 of the Supple-
mentary Information.

3.4. Water chemistry model and simulations

A PhreeqC (Version 3.1 with database PHREEQC.DAT) model was
created based on the concentrate composition of Experiment 4"(1)
before scaling was observed. The model was used to investigate dynamic
changes experienced due to CaCOs-precipitation in three simulations. In
Simulation 1 the influence of changing pH on the distribution of species
and the conductivity was investigated, simulating pH-values between
7.2 and 9.2. In Simulation 2, in total 2 mM of CO, were added to the
solution in 1000 steps using the reaction term. Finally, seven points in
time shortly before and during the scaling event of Experiment 4"(1)
were selected in Simulation 3 to simulate the behavior of the concen-
trate while CaCOg precipitation. Precipitation of CaCO3 was simulated
by forcing the solution to reach certain saturation indices of calcite
(SIcalcite) using the equilibrium phases term. The respective Slcajcite Was
iterated based on the measured concentrate-pH. Detailed information
can be found in chapter 3 of the Supplementary Information.

4. Results and discussion
4.1. Scaling detection

Fig. 2 depicts a CaCOs-scaling event in Experiment 4"(1), starting
approximately after 30 h of operation. Initially, the permeability
decreased slightly (linear fit yellow dashed line) and stabilized over time
(grey dashed line), see Fig. 2 a). The scaling event is characterized by a
dropping permeability (red dashed line) and a decreasing concentrate-
pH and -conductivity (EC), see Fig. 2 b). Interestingly, a decrease in
concentrate-pH and -EC was accompanied by an increase in perme-
ability, which persisted for approximately one and a half hours (blue
dashed line) before it began to decline again (red dashed line). It took
nearly four hours for the permeability to drop below its initial value
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Fig. 2. Experiment 4"(1) operated at 20 LMH and 90 % recovery

a) Permeability curve with linear fits for decline b) Detailed view of scaling
point for permeability, concentrate conductivity (EC) and pH; c) and d) Com-
parison of concentrate-EC and -pH; e) to f) comparison of different parameters
for scaling detection; grey dotted and black dashed line represent the point in
time of 0.03 pH drop and the temporal permeability maximum.

prior to the increase.

Three further temporary increases in permeability (after 36.4, 39.5
and 42.5 h) were detected. These permeability increases are discussed in
detail in chapter 4.3. Another example of a permeability increase within
a scaling event was observed in Experiment 4 (2), which is described in
the Supplementary Information, chapter 2.1. Besides the clear signs for
CaCOg3-scaling from online monitoring, i.e., drops in concentrate-pH,
concentrate-EC, and permeability, the presence and analysis of pre-
cipitates in the concentrate samples also confirmed CaCOs-precipitation;
see chapter 2.5 of the Supplementary Information.

Fig. 2 ¢) and d) provide a more detailed view and comparison of
concentrate-pH and -EC. Both parameters gave an earlier
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(approximately one hour) and more significant scaling sign than the
permeability (the first permeability maximum is represented by the
black dashed line). Moreover, the pH started to decline well in advance,
whereas the EC fluctuated without a significant downward trend. The
dropping pH accelerated over time and can be divided into three zones:
low decrease (green) to high decrease (orange).

The pH started to decrease slightly about 10 h before the sharp drop
in pH and EC. Moreover, the heavy drop of pH was about 5-10 min
earlier than that of EC, see Fig. 2 d). In the study by Waly et al. [24], a
drop of at least 0.03 pH units was defined as induction time, which
would be reached after approximately 22 h, well before the permeability
response (after about 30 h).

Fig. 2 e) to h) compare the concentrate-pH with other typical pa-
rameters for scaling detection (EC-rejection, hydraulic pressure loss and
concentrate turbidity). The grey dotted line represents the induction
time according to a drop of at least 0.03 units and the black dashed line
the permeability maximum. Both retention and pressure loss showed the
first signs of scaling later than the pH. On the other hand, the
concentrate-turbidity showed an early increase (even before the pH; see
chapter 2.2 of the Supplementary Information), which could indicate the
formation of particles and, thus, incipient scaling. However, the
turbidity signal increases constantly and does not show a strong bend, as
is the case with the pH and EC values of the concentrate. Moreover,
other experiments showed that false or no warnings were issued during
the monitoring of turbidity in the case of scaling (Supplementary In-
formation; chapter 2.2 Fig. S3 b). This is presumably explained by the
nature of an optical measurement, which is prone to the accumulation of
solids onto the measurement cell. In addition, treating real feedwaters is
associated with high fluctuations of turbidity, e.g., for surface waters
due to seasonal rainfall events [83]. Since feed turbidity fluctuations
influence the concentrate turbidity measurement even more (due to the
hydraulic concentration factor), the experience with false and missing
warnings in the case of scaling and the more timely, reliable and often
significant response of the concentrate-pH, the turbidity measurements
were not further investigated in this study. However, concentrate
turbidity might be considered an effective tool for early scaling detec-
tion for non-pH effective scalants, such as CaSO4 [8]. Moreover, as later
explained in chapter 4.3, the constant increase of turbidity in Fig. 2 h)
might indicate incipient CaCOgs-crystals transported to the bulk and
rinsed out. Another possible indicator of scaling might be the concen-
trate temperature, since the formation of CaCOs is an exothermic reac-
tion. An example for temperature monitoring is included in chapter 2.3
of the supplementary Information.

Fig. 3 shows Experiment 2.5"(1) with a scaling event after around 31
h of operation. Coinciding with the experiments with the 4" plant the
earliest signs of CaCOs-scaling is the concentrate-pH drop followed by
the concentrate-EC (Fig. 3 b) significantly before the permeability drop.
As with the 4" plant (Fig. 2 a) the permeability dropped initially at a
relatively low rate (linear fit yellow dashed line) and then reached a
plateau (slight increase blue dashed line) for approximately two hours
(Fig. 3 a). Then a heavy permeability decline was noticed (red dashed
line). In contrast to the 4” experiment no significant permeability in-
crease was noticed, but a slight increase shortly before the heavy
permeability drop (linear fit blue dashed line).

Fig. 3 ¢) depicts the concentrate-pH and -EC of Experiment 2.5'(1)
over time. The pH started to drop approximately 10 h before the
permeability drop. The grey dotted line represents the drop of 0.03 pH
units as the induction time [24]. The induction time based on the
concentrate-pH was thus reached approximately one hour before a
heavy drop of concentrate-pH and -EC was noticed. Furthermore, bulk
EC-rejection and pressure loss did not indicate scaling in advance (Fig. 3
d). The rejection started to drop concurringly with dropping
concentrate-EC. Therefore, the concentrate-pH is also highly suitable for
the early scaling detection in the 2.5" plant. Moreover, additional data in
Fig. S5 of the Supplementary Information show that pH-monitoring of
concentrate samples in open-beaker tests could be a viable tool for the
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Fig. 3. Experiment 2.5"(1) Operated at 35 LMH and 85 % recovery:

a) Permeability over time, b) comparison of permeability and concentrate-pH and -EC over time c) detailed comparison of concentrate-pH and -EC, d) Rejection and
pressure loss over time; grey dotted line represents the concentrate-pH drop by 0.03 units.

early CaCOj3-scaling detection, too.

Fig. 4 a) shows Experiment 2.5"(2), which was operated for over a
month. A moderate and constant permeability decline was observed
from the beginning on (linear fit blue dashed line with R? = 0.97). The
decrease in permeability is unlikely to be due to CaCOs-scaling, as the
concentrate-pH showed no downward trend. Possible reasons could be
colloidal fouling or biofouling, since, as it is typical for fouling, salt
passage and pressure loss also increased over time (not shown) [84-86].
After 33.8 days of operation, the recovery was increased from 85 to 90
%, resulting in CaCOs-scaling, as evidenced by a decrease in both
permeability and concentrate-pH.

Fig. 4 b) zooms into Fig. 4 a) and depicts the scaling point after the
recovery increase. Again, the concentrate-pH gave the earliest sign of
CaCOgs-scaling. While the permeability dropped with the same slope as it
did before for multiple hours, the pH decreased almost simultaneously
with the increasing recovery. Without scaling, the pH increase due to the
increasing concentration of HCO3 would have been comparable to that
of the concentrate-EC (see Fig. S4 of the Supplementary Information).
The EC loss due to CaCOj3 precipitation is overcompensated by the
increasing EC due to the increasing recovery (see also Fig. S2 in the
Supplementary Information). Since the solubility of CaCOs is relatively
low [31], EC-response in a high strength concentrate is low for the
precipitation of CaCO3. Approximately seven hours after the first scaling
sign, a forward flush was initiated. As expected for the low recovery (<
10 %), the concentrate-EC almost immediately reached the feed-EC.
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Fig. 4. Experiment 2.5(2): a) Permeability curve over 34.5 days (broken axis)
with linear fit for permeability decline b) Scaling point after recovery increase
from 85 to 92 % (grey dashed line) and initiated forward flush (solid grey line);
Operated until forward flush at 25 LMH.
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However, the concentrate-pH increased drastically, and it took nearly
seven hours until the pH approached the feed-pH (discharged brine was
also measured with handheld pH device, which confirmed the increase).
Although the washout of the CP layer might partly explain the pH in-
crease, this would not explain the long duration of the pH peak.
Therefore, it is likely that CaCOj3 is dissolving to Ca®* and HCOg3, con-
nected to a pH increase, by reversing Eq. (2). This would also explain the
relatively high increase of permeability, which is for once due to the
dissolution of the CP layer (lowering the osmotic pressure at the mem-
brane), but presumably CaCO3-nuclei that have formed are also sheared
off the membrane and then dissolved due to the high concentration
gradient caused by flushing with feedwater. The same pH increase after
a scaling event with subsequent flushing was demonstrated in experi-
ment 2.5(3), see Supplementary Information Fig. S6.

This is an indication that the inherent flushing in discontinuous
operation could prevent scaling, firstly by lowering the concentration
and increasing the driving force of dissolution of crystals, and secondly
by removing incipient deposits from the membrane through a higher
crossflow. It is therefore claimed that the concentrate-pH is a powerful
and robust tool, not only, as shown, for continuous operation, but in
particular for discontinuous processes, such as batch- and semi-batch
operation (e.g. closed-circuit RO). Firstly, to detect early CaCOs-
scaling under transient conditions at an early stage, and secondly, to
control the inherent flushing of discontinuous processes. For instance, in
closed-circuit RO operation, concentrate-pH could be used to discrimi-
nate a critical duration of a closed-circuit interval indicative of incipient
scaling before concentrate-EC, permeability, pressure loss, or retention
respond. Finally, in the case that in a flushing mode CaCOs is dissolving,
the concentrate-pH could be used to determine the flushing time until
dissolution is finished, i.e., feed and concentrate-pH roughly match.
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4.2. Scaling mitigation by early detection

The experience gathered in early detection was applied to mitigate
scaling by timely intervention: in the event of a continuously decreasing
concentrate-pH, a forward flush was triggered (temporarily lowering
recovery and flux significantly). To reduce the effect of overlapping
fouling as experienced in Experiment 2.5(2), the flux was lowered to 20
LMH. In the first step, the limiting recovery for the BW30 membrane was
determined to be 82.5 % (SIcgicite = 1.95-2.0) by conducting Experiment
2.5"(4): Quickly after reaching the maximum concentrate-EC (approxi-
mately 2.35 mS/cm), CaCOs-precipitation was evident, indicated by the
dropping concentrate-pH. Again, concentrate-pH indicated scaling
significantly earlier than decreasing permeability, concentrate-EC or
rejection. The results can be found in chapter 2.6 of the Supplementary
Information.

Fig. 5 a) shows the permeability curve of the longtime (> 65 days)
scaling Experiment 2.5"(5), in which the concentrate-pH was used to
trigger forward flushing. The experiment was operated at varying re-
coveries (75 to 82.5 %) and constant flux (20 LMH). The critical re-
covery (82.5 %) was in total ten times applied. Fig. 5 b) to e) give
examples of the applied CaCOs-scaling prevention by forward flushing
initiated by the concentrate-pH. The observed constant small perme-
ability loss (linear trend blue dashed line) is, as in Experiment 2.5"(2),
presumably related to fouling and not to CaCOs-scaling. However, due
to the lowered flux (from 25 to 20 LMH), the permeability loss in
Experiment 2.5"(5) is almost three times lower. Moreover, in contrast to
Experiment 2.5"(2), no increase in pressure loss or salt passage over time
was noticed.

In Fig. 5 c), the recovery after forward flushing was set to 80 %,
which, in contrast to previous and subsequent adjustments, resulted in
strong signs of precipitation, indicated by a drop in the concentrate-pH.
However, the performed forward flush prevented significant perme-
ability loss.
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Fig. 5. Experiment 2.5"(5): Long time operation with concentrate-pH triggered forward flushing operated at 20 LMH and recoveries of 75 to 82.5 %: a) Permeability
over time; b) to e) examples of scaling mitigation after reaching the critical recovery (82.5 %); f) Scaling point with delayed forward flush. Grey dotted line:
concentrate drop by 0.03 pH-units; solid line initiated forward flush and dashed line increase of recovery to 75 %.
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Calculating the induction times by applying the drop of 0.03 pH units
[24], the average induction time for the runs shown in Fig. 5 b) to d) was
10.3 h. The general decreasing trend from 13 to 7.5 h from b) to d),
respectively, might indicate that despite the forward flushes some
crystals attach to the membrane, which lower the induction time acting
as a seeding. Moreover, the temperature rose over the whole experiment
by approximately 2 K, which reduces the solubility of CaCOs,

To assess whether some crystals deposited onto the membrane would
develop into membrane scaling with longer induction times, the process
was continued for >1100 h (from approximately 400 to 1500 h) at a
recovery of 75 % (Slcalcite = 1.71). However, there were no signs of
scaling. On the contrary, the overall permeability decreased to a lesser
extent, i.e., after 1000 h the measured permeability curve was no longer
below, but above the linear fouling trend (Fig. 5 a). The recovery was
then again increased to the critical recovery (Fig. 5 e), and the same
early signs of precipitation were detected, which triggered a forward
flush.

Interestingly, although the saturation index slightly increased
(SIcalcite = 1.98) due to the higher temperature, the induction time
increased to 24 h, which is more than double the previous average. One
possible explanation could be a fouling layer that interacts with the
membrane surface. Steiner et al. [29] suggested that negatively charged
membrane surfaces, e.g., due to negatively charged carboxyl groups,
attract calcium ions, acting as nucleation-sites. The accumulation of a
fouling layer could thus occupy or lower the accessibility of negatively
charged carboxyl groups for calcium ions, reducing the proneness to
CaCOgs-scaling. In contrast, Thompson et al. [87] found that CaSOg4-
scaling in the presence of a previously developed biofilm had a greater
surface coverage and crystal number than CaSOy4-scaling in the absence
of a biofilm. This effect could be investigated in further studies, e.g., by
measuring the zeta-potential before and after the formation of a fouling
layer.

Finally, the recovery was again increased to 82.5 %, but this time
without immediate intervention by forward flush to investigate the
scaling scenario. Fig. 5 f) shows the resulting scaling point of this
experiment. The grey dotted line represents the point of induction time
when the pH dropped by 0.03 units. The permeability started approxi-
mately four hours later to decrease significantly. Ten hours after
reaching the induction time and a permeability loss of around 30 %, a
forward flush was initiated (grey solid line) for several hours. However,
the forward flush did not show a significant improvement in the
permeability which only increased due to the lowered CP. Interestingly,
after stopping the forward flush and setting a recovery of 75 % (grey
dashed line) heavy scaling signs were present, i.e., decreasing pH and
permeability, although previously, no signs of scaling were found for the
same conditions over extended periods (> 1100 h). Therefore, it is likely
that the membrane was partially covered with scale, which was not
removed by the forward flush, and led to secondary nucleation and thus
drastically lowered the necessary saturation and induction time.

In each time when the critical recovery was applied a clear induction
time was noticed. This means that, after the recovery was increased and
the system reached a steady-state, all relevant parameters (permeability,
salt-retention, concentrate-pH and -EC) were constant for a certain
period (between 7.5 and 24 h before the pH dropped by 0.03 units).
Forward flushing presumably resets the induction time, as reported for
flow reversal [50-52], too, allowing to operate the plant repeatedly at
the edge to scaling. This is in contrast to the observations of Mitrouli
et al. [23], who did not detect an induction time for CaCOs-scaling. On
the other hand, an undetected induction time could be related to a high
supersaturation state if a steady state is not reached before precipitation,
as seen in Experiment 4"(2) in Fig. S2 (Supplementary Information).

Moreover, it is astonishing that relatively high saturations, e.g., at a
recovery of 75 % with a Slcaicite = 1.71 can be reached without signs of
CaCOs-scaling over >45 days. This is in particular interesting, since the
plants were operated with constant concentrate recirculation and
discharge (feed and bleed), which leads to much higher hydraulic
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retention times of the concentrate, see Table S5 (Supplementary Infor-
mation). Compared to conventional designs where high recoveries are
achieved by implementing multiple stages, the hydraulic retention time
of the concentrate was in the experiments up to 30 times higher.
Therefore, the experiments represent a worst-case scenario in terms of
scaling, and yet, no scaling was experienced at high supersaturation
without dosing antiscalants. One possible explanation could be the
relatively high feed DOC (2-4 mg C/L, see chapter 1.1 of the Supple-
mentary Information). Components of the DOC, e.g., humic substances
may act as a natural antiscalant and increase the induction time [88,89]
by blocking active crystal growth sites [90]. For the given feed water, a
presence of humic substances is expected (Supplementary Information
chapter 1.1).

4.3. Model development and simulation of experimental data

From the presented results, various questions arise, e.g., why does
the concentrate-pH react earlier than other parameters? Why does the
permeability react considerably later (Fig. 3) than pH and EC, and in
some cases, even increases before it starts to drop (permeability bumps
in Fig. 2 and Fig. S2), although precipitation within the bulk is evident?
In the following, these open questions are addressed by various water
chemistry models, simulations and estimations of the concentrations
directly at the membrane using the concentrate composition of Experi-
ment 4"(1) (see detailed description in chapter 3 of the Supplementary
Information).

As discussed before, the solubility of CaCOs is relatively low [31],
explaining the initially relatively low response of the EC. However,
when looking at Experiment 4"(1), it is remarkable that the concentrate-
pH dropped by 0.15 units within eight hours and at the same time no
significant downward trend but mainly fluctuation of the concentrate-
EC was noticed. Considering that the formation of 1 mol of CaCOs3
leads to the consumption of 1 mol of Ca®" and 2 mol of HCO3, see Eq.
(2), and that Ca®* and HCOj3 induce an equivalent conductivity of 53.7
and 36.5 pS/cm * (meq/L) 1, respectively [33], the late concentrate-EC
response is surprising. To investigate possible reasons, three simulations
based on a developed PhreeqC model were conducted.

At first, the influence of the concentrate-pH on the distribution of
species and the concentrate-EC was investigated in Simulation 1. Fig. 6
depicts the influence of the pH on the distribution of selected calcium
and TIC species. It shows that the EC has a maximum at approximately
pH 7.6, and then starts to decline with an increasing pH, although the
solution composition is, besides the varied pH, constant. The progres-
sion of the EC follows in a good approximation, the HCO3 curve. The
HCO3 concentration decreases at lower pH (lower 7.7) due to an
increasing fraction of dissolved CO,, while at higher pH, the concen-
tration reduces primarily due to the formation of aqueous complexes
(CaCO35) and partly due to shifting of the TIC to CO%". For Ca®' a
steady decline with increasing pH is observed, predominantly explained
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Fig. 6. Simulation 1: Influence of pH on the distribution of species and the
conductivity of the concentrate 4'(1). The grey box represents the drop of pH in
the scaling event of 4"(1).
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by the increase of the aqueous complex CaCOj3 4. Therefore, the con-
centration of Ca®" and HCO3 decreases at higher pH mainly due to the
formation of aqueous complexes, and since (uncharged) complexes do
not contribute [91] or contribute less to the EC (charged complexes), the
concentrate-EC decreases with increasing pH at otherwise same condi-
tions. The grey transparent box of Fig. 6 shows the area in which the
concentrate-pH of Experiment 4"(1) dropped from 8.2 to 7.6, which
yields, according to Simulation 1 (only pH is varied), to a conductivity
increase of roughly 50 pS/cm, primarily explained by less aqueous
complexes at lower pH-values. It should be noted that, within the
concentrate of Experiment 4’(1), many more aqueous complexes are
present, e.g., CaS04aq, MgS0O4,aq and NaSOj ,q. Fig. 6, however, only
depicts the complexes which are highly influenced by the pH.

In Simulation 2, the amount of CO, was determined to lower the pH
from 8.2 to 7.6 as observed in Experiment 4”(1), see Fig. 2. Fig. 7 shows
that roughly 2 mM of CO is necessary to reach a pH of 7.6. Moreover, it
reveals that the majority of CO5 will react to HCO3 due to the high buffer
capacity of the concentrate.

The reasons for the initial low to no concentrate-EC response in the
scaling event of Experiment 4(1) can thus be summarized as follows:
The released CO reacts mainly in the well-buffered concentrate to form
HCO3 (Fig. 7) and thus partially compensates for conductivity lost
through precipitation. On the other hand, as the concentrate-pH de-
creases, e.g., from 8.2 to 8.05 (grey area of Fig. 6), the number of
aqueous complexes decreases, resulting in an increase in Ca%* and HCO3
(further results in chapter 3.1 of the Supplementary Information), which
partly offsets the lower EC value caused by precipitation. This confirms
the experimental data where the pH gave earlier and more significant
signs of precipitation than EC.

In Simulation 2, the solution is only adjusted by adding CO5 and does
not consider that the concentrations of Ca’' and HCO3 decrease.
Therefore, Simulation 2 will slightly overestimate the amount of COy
since it does not consider a decrease of buffer capacity due to precipi-
tation of HCO3. Simulation 3 was performed to analyze the changing
solution composition for seven selected points in time from no-scaling
(pH = 8.2) to heavy scaling conditions (pH = 7.6) of Experiment 4"
(1). The simulation provides the solution composition (e.g. EC, calcium
and TIC concentration) for the respective pH values and predicts that a
total of 1.83 mM of CaCOs3 will be precipitated to lower the pH from 8.2
to 7.6. It also supports the results of Simulation 2 by showing that the
TIC is not reduced by a factor of two of the molar release of CaCOs,
according to Eq. (2), but is approximately equimolar to the precipitated
CaCOg, since the released CO, mainly forms HCO3 (Table S9 Supple-
mentary Information).

Fig. 8 a) compares the simulated progression of concentrate-EC and
Slcalcite (Simulation 3) with the measured concentrate-pH and EC. The
simulation forecasts that the concentrate-EC will only drop by 22 pS/cm,
representing a decrease of roughly 0.5 %, when the pH drops by 0.15
units (from 8.2 to 8.05). At the same time, the measured concentrate-EC
fluctuates with a slight decreasing trend (3884 puS/cm +14 pS/cm), with
a maximum fluctuation range of 77 pS/cm. Therefore, in contrast to the
concentrate-pH drop of 0.15 units, the concentrate-EC change due to
incipient precipitation cannot be distinguished from fluctuations.
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Fig. 7. Simulation 2: Influence of released CO, on pH and inorganic carbon
species in the bulk concentrate of 4"(1).
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Fig. 8. a) Simulation 3: Comparison of measured and simulated concentrate-EC
and simulated Slcgcite for seven points (dashed lines are not simulated and are
included solely for better orientation); b) Normalized and corrected perme-
abilities: temperature (blue), temperature and osmotic pressure in the bulk
(black) and at the membrane with p = 1.9 (grey). All measured permeabilities
are rolling means (n = 5); Dashed lines give the linear fit for the permeability
decline and grey dotted line represents the drop of 0.03 pH units.

Interestingly, if only the induced conductivity of ions is taken into ac-
count, the EC-drop would greatly overestimate the conductivity loss
from 8.2 to 8.05 at about 80 pS/cm (see chapter 3.2 of the Supple-
mentary Information). This showcases the previously revealed influence
of the aqueous complexes, and that the released CO5 will partially react
to form HCO3 and thus solely applying Eq. (2) will not reflect on the
experimental data.

After an excellent fit of the first five simulated concentrate-EC values,
the simulation predicts a much lower EC-decrease than measured. Since
the simulation is based on the concentrate-pH, one possible explanation
for the deviation is the precipitation of sparingly soluble salts that do not
affect the pH, in addition to the CaCO3-precipitation. However, other
supersaturated salts in the concentrate are pH-affective salts, e.g.,
dolomite, but due to their concentration and the measured pH-response,
they are probably not relevant for the strong decrease in the
concentrate-EC. Gypsum (CaS04:2H20), on the other hand, is slightly
undersaturated in the bulk and likely supersaturated within the CP-layer
and its precipitation will not (significantly) affect the solution pH.
Considering a CP-factor p = 1.9 (the selection of the value is justified
later), CaSO4 will be supersaturated. Moreover, formed CaCOgs-particles
could act as surface for heterogenous nucleation within the CP layer.

Zarga et al. [92] investigated the co-precipitation of CaCO3 and
CaS04 and found that, with a calcium to sulfate surplus (molar ratio of
calcium to sulfate of roughly 1.7), CaCO3 nucleates first, indicated by
pH, alkalinity and slight Ca?* drop followed by gypsum precipitation
without affecting pH and alkalinity, but with a significant drop of the
calcium concentration [92]. This corresponds to the experiments of the
present study with a high calcium surplus (molar ratio of 3.7) and a first
relatively low EC drop explained by CaCOs-precipitation.

The later measured high EC drop, which is not predicted by the
simulations, see Fig. 8 a), could thus be connected to CaSO4
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precipitation. Since the solubility of CaSO4 is much higher than that of
CaCOg3 [92], its precipitation would yield in a much more pronounced
EC response. In addition, the analyzed precipitates from concentrate
samples of Experiment 2.5"(2), taken before scaling occurred, showed,
in addition to oxygen (~74 %) and calcium (~25 %) also sulfur (~0.5
%) as significant element in the sum spectrum (all other elements below
0.17 %). This indicates a possible precipitation of CaSO4 in addition to
CaCOj3 (see chapter 2.4 of the Supplementary Information). Unfortu-
nately, no samples of the concentrate were collected during the scaling
event for further analysis. Therefore, this should be investigated in
further studies by means of membrane autopsies of scaled membranes to
identify other precipitated salts. However, chemical cleaning of scaled
membranes typically showed best permeability recovery by applying
acids suggesting mainly CaCOs precipitates on the membrane (see
Supplementary Information chapter 2.7). Further results of Simulation 3
are summarized in chapter 3.2 of the Supplementary Information.

However, one question remains: why, despite clear signs of bulk
crystallization, is a certain lag time experienced before distinct in-
dications of membrane scaling occur? For instance, the simulated
Slcalcite in Fig. 8 a) dropped within 15 h by 0.16 units representing
almost 60 mg/L of precipitated CaCOs while neither an accelerating
permeability decrease nor an increasing pressure loss nor a decreasing
retention (e.g., Fig. 2) were experienced during the same period. On the
contrary, within the same time (approximately 15 to 30 h of operation),
the permeability initially began to decrease less and then increased
drastically (grey and blue dashed line in Fig. 2 a), while the signs of bulk
precipitation (decrease in concentrate-EC and -pH) intensified (Fig. 2 b).
Furthermore, to the best of our knowledge, a permeability increase, i.e.,
permeability bump, (as presented in Fig. 2 and in Fig. S2 in the Sup-
plementary information) or a delayed permeability response (Fig. 3) has
not been discussed in the scientific literature so far, although the same
phenomena can be seen in figures of other CaCOs-scaling studies [25].
For example, in Fig. 2 of the study of Tzotzi et al. [25] a moderate drop
in permeability is followed by an increase (first permeability bump), a
heavy decrease and a further increase (second permeability bump),
which was also seen in the present investigations. However, possible
reasons for the increase are not discussed by the authors [25]. One
possible explanation of the bump could be an increase in the net
transmembrane pressure (see Eq. (5)) due to the lowered osmotic
pressure in the cause of precipitation. This temporary increase could
initially mask the decreasing permeability due to the first deposits of
CaCOs3 on the membrane.

To prove this hypothesis in the present study, the permeabilities are
not only corrected by the osmotic pressure, as shown in Eq. (3) to (5),
but additionally by assuming a CP layer using Eq. (6). As depicted in
Fig. 8 b), the bump is significantly more pronounced without correction
of bulk osmotic pressure (blue curve), though a clear bump is visible also
with correction based on the concentrate-EC (black curve). However, a
CP layer results in higher concentration at the membrane compared to
the bulk. Therefore, measured changes of the bulk, and thus the applied
correction functions, will underestimate the change directly at the
membrane, e.g., the effect of precipitation on the driving force. Thus, a
CP factor of p = 1.9 was assumed to further correct the permeability
which smoothened the bump (grey curve). The fitted p value agrees well
with the expected range reported in the literature, for example as
observed for the Reynolds number in laminar flow [93], as well as for
calcium and relevant aqueous complexes [94]. Moreover, it only de-
viates by about 1.5 % from the permeability calculated from the mem-
brane supplier data sheet at standard conditions with neglectable CP
(see calculations in the Supplementary Information chapter 2.8).

Considering CP in the permeability calculation further on reveals
that imminent signs of bulk precipitation reflect also on amplifying
permeability loss. Fig. 8 b) shows that approximately 10 h before the
heavy permeability drop, the decrease in permeability has already
doubled (black vs orange dashed line as linear fit). Roughly simulta-
neously the concentrate-pH reached the induction time based on a drop
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of 0.03 units (grey dotted line).

Without considering CP, this trend is not visible (black and blue line)
and indicates an increase rather than a decrease in permeability.
Moreover, Fig. 2 a) shows that the decrease in permeability initially
flattens, stabilizes and then increases shortly before and within a scaling
event (yellow, grey and blue dashed line), when CP is not considered.
Therefore, CP effects mask initially the loss of permeability caused by
deposits on the membrane.

Moreover, it is likely that permeability loss due to initial scale de-
posits is reversible. Formed deposits can dissolve again, as in the case of
the timely intervention where a significant and sustained increase in the
concentrate-pH was observed when a forward flush was performed (see
Fig. 4 b). This is likely attributed to the initial formation of deposits
consisting of relatively small particles on the membrane surface. Onuma
et al. [95] found that within the first few hours of precipitation, nano-
dots (5-10 nm) dock onto surfaces before larger particles (20-30 nm)
cover the surface. Moreover, in incipient scaling, functional groups are
potentially covered first, e.g., negatively charged carboxylate groups
with positively charged calcium ions [30]. Therefore, forward flushing
can dissolve small crystals, shear them off the membrane or trigger back-
diffusion into the bulk, resulting in stable permeability over long oper-
ating period. This can be seen in Fig. 5, when forward flushing is applied
in time. In addition, formed nuclei might initially only partly cover the
membrane and are presumably partially transported to the bulk by
diffusion and then to a certain extent discharged with the brine or may
dissolve when concentrate is mixed with fresh feed.

After a certain lag time, a heavy permeability drop is experienced,
which is typically not recoverable, as seen in Experiment 2.5"(5) when
the forward flush was conducted 10 h after reaching the induction time
(Fig. 5 f). Elevated time increases the likelihood of larger [95] and more
particles, which cover more surface and can attach not only to charged
surfaces but directly to the membrane polymer. Moreover, they act as
further nucleation sites for other deposits (e.g., CaSO4) and for sec-
ondary nucleation, which can trigger a chain reaction, explaining the
severe permeability drop and the inefficiency of forward flushing. The
assumption of a certain lag time until irreversible scaling occurs could
also explain the difference between the results of the 4" and 2.5" systems.
Although the same feedwater was used, the limiting recovery of the 4"
plant was in general higher than of the 2.5" plant, despite the 2.5" plant
was operated at higher cross flow velocity (see chapter 3.1). If the sys-
tem volume is related to the installed membrane-surface (m%oumen/
MPembrane) the ratio of volume to membrane area is six times greater for
the 2.5" plant, which results in a significantly higher hydraulic retention
time (HRT) of the concentrate (see Table S5 Supplementary Informa-
tion). Flushing out formed incipient nuclei is much more likely at low
HRTSs, and thus in the 4" plant, which might explain the longer lag time.
This could also explain the constant increase in turbidity in the brine
pipe (Fig. 2 h) which indicates an increasing concentration of washed-
out particles.

Since the feed and bleed operation with concentrate recirculation
chosen in the present study is rather atypical for industrial applications,
it can be assumed that the identification of incipient scaling could be
further facilitated in a conventional RO multi-stage operation with a
significantly lower HRT of the concentrate.

5. Conclusion

This study demonstrates the effectiveness of early CaCOs-scaling
detection by pH measurement using pilot- and laboratory-scale plants
with spiral-wound RO membranes and a real water matrix.

A decrease in bulk concentrate-pH correlates reliably with CaCOs-
scaling, earlier and more accurately than other parameters such as
conductivity (EC), turbidity, permeability, salt retention, and hydraulic
pressure drop. The delayed and less pronounced response of
concentrate-EC is attributed to buffering effects and complex dissocia-
tion, as revealed by water chemistry models. On the other hand, the
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delayed permeability response can be assigned to concentration polar-
ization effects, which also explain the observed temporary permeability
increase during scaling events.

Incipient CaCOs-scaling is reversible. Therefore, timely intervention
with forward flushing effectively counteracts the onset of CaCOs-
scaling, as demonstrated in long-time experiments. Utilizing pH-
triggered forward flushing enabled stable operation for >65 days at
high recoveries (Slcalcite Up to 2.0) without antiscalants.

Monitoring the concentrate-pH is thus a practical tool for CaCOs-
scaling mitigation, optimizing or even obviating antiscalant dosing, and
determining critical recoveries for RO and NF systems prone to CaCOs-
scaling.

These findings suggest high applicability of the proposed method for
early scaling detection for discontinuous operation such as semi-batch or
batch RO warranting further investigation.
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