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The undesired precipitation of minerals from solution poses challenges in various industrial and
domestic applications, including water treatment, desalination, dishwashers and boilers. To mitigate
this, threshold inhibitors - small quantities of water-soluble additives—are commonly employed to
inhibit the precipitation of inorganic phases. However, concerns about the persistence of traditional
additives like phosph(on)ates) in natural environments and stricter regulations warrant the
development ofmore sustainable alternatives.Wepresent ahigh-throughput approachusing aUV-Vis
spectrophotometer and automated data analysis to assess the scale inhibiting potential of numerous
candidates and their combinations. The robustness and versatility of this method were validated by
measuring the kinetics of alkaline-earth metal carbonates precipitating from simulated hard waters
and seawaters across an extended range of experimental parameters. This approach allows for
straightforward evaluation and quantification of each antiscaling additive’s effectiveness and
operational range, enabling direct comparison of different additives and blends of additives.
Moreover, it facilitates the study of scaling processes in both bulk solutions and at liquid/solid
interfaces. By providing a rapid and reliable means of screening potential additives and formulations,
our versatile toolboxwill expedite the identification of effective scale inhibitors, thereby contributing to
the advancement of sustainable practices in various industries reliant on water treatment and mineral
precipitation control.

Uncontrolled precipitation of inversely soluble inorganic salts still represents
a major challenge for important industrial applications such as water treat-
ment, desalination, energy production, oil recovery, and others [e.g., ref. 1].
This so-called scaling, or inorganic fouling, also causes serious issues inmany
domestic appliances such as dishwashers and boilers [e.g., ref. 2]. Usually,
scaling occurs when an aqueous solution becomes supersaturated with
respect to one or more mineral phases, as a consequence of changes in
temperature, pressure, and/orflow. Inorganic compounds relevant to scaling
are diverse and include carbonates, sulfates, silicates and oxides [e.g., ref. 3].
Mineralization of these insoluble compounds can severely damage
equipment and/or result in critical reductions of productivity, necessitating
costly downtimes of facilities for cleaning or repair.

A variety of chemical strategies are commonly employed to prevent, or
at least mitigate, the formation of scale under process conditions. The most
prominent approaches make use of (i) ion exchangers to remove one or
more of the ions involved in scaling [e.g., ref. 4], (ii) sequestrants that form
complexeswith at least one of the ions [e.g., ref. 5], or(iii) small quantities of
water-soluble additives to suppress mineral precipitation [e.g., ref. 6]. The
latter concept is by far the most effective and efficient approach. It relies on
the influence of so-called threshold inhibitors that are primarily designed to
maintain strong interactions with cations present on the mineral surface,
through which they greatly delay the precipitation reaction even at sub-
stoichiometric concentrations. Such specific interactions can also cause
significantmodifications of the habit of the formedmineral particles, which
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may alter the propensity of these particles to adhere to the surface of dif-
ferent parts of the equipment (e.g.,filters, tubewalls or heat exchangers) and
thus lead to less severe incrustation. While a wide variety of powerful
antiscaling agents have been developed over the years, many of these sub-
stances are currently being scrutinizedwith respect to their ecological profile
in view of increased environmental awareness and stricter regulations for
use in the respective applications. One prominent example in this context
are phosphonates, which provide superior antiscaling performance in e.g.,
dishwashing processes, but also pose critical environmental issues with
regard to eutrophication [e.g., ref. 7]. Consequently, there is a persistent
need in the scale inhibitor market for new chemistries that meet the criteria
of sustainability (e.g., concerning biodegradation), but still achieve accep-
table levels of performance at cost-competitive dose [c.f. refs. 8,9].

One of the limitations in the (re)discovery of effective “green” anti-
scalants is to probe their potential in preventing scale formation under
realistic conditions9. The most common approach to do so is based on bulk
assays of batch processes, for example by tracking solute depletion (e.g.,
based on conductivity measurements or elemental analysis) or by char-
acterizing changes in crystal size and morphology via ex- or in-situ
microscopy (e.g., optical, scanningelectron, or scanningprobe) as a function
of time (e.g., ref. 10). This, however, only allows a limited number of con-
ditions to be tested and, as such, there is a clear need formethods that probe
scale formation for various antiscalant chemistries across an extended space
of parameters, yielding reproducible data in a short period of time. From the
acquired data, it should moreover be straightforward to deduce the per-
formance and the operational window of the tested additive(s). In this
respect, a promising approach is the use of turbidity measurements to
determine the induction time of scale precipitation in the presence of
antiscalants (e.g., refs. 11–14).

In this work, we have addressed this need and present a high-
throughput method for rapid screening of mineral precipitation in the
presence of threshold additives under controlled physicochemical condi-
tions. The method is based on absorbance measurements using a multi-cell
UV-Vis spectrophotometer and comprises automated procedures for a
standardized and robust analysis of the obtained data. We demonstrate the
versatility of the approach by screening the effectiveness and efficiency of
different antiscaling additives in delaying the precipitation of alkaline-earth
metal carbonates from simulated hard waters and seawater. Although the
main focus of our study was placed on precipitation processes occurring in
the bulk of the solution (contained in UV-Vis cuvettes), we also performed
first tests to apply the setup formonitoring scaling on surfaces, namely glass
coated with poly(ethersulfone), a common material used as a support for
reverse osmosismembranes. The antiscaling agents selected for the proof of
concept include neat poly(acrylic) acid as well as industrially modified
variants thereof, poly(aspartic) acid etidronic acid, amino-tris(methylene-
phosphonic acid) and poly(styrenesulfonate). Data acquired for these
additives were evaluated using a custom-designed script enabling their
quantitative comparisonwith respect to antiscaling performance for various
physiochemical conditions, both as individual scale inhibitors and in binary
combinations. The developed script can easily be adapted tomeet particular
needs ofmore complex experiments, rendering the entire setup a promising
platform to conduct systematic studies needed to further our understanding
of the mechanisms underlying scale formation and its prevention.

Results and discussion
Automated data analysis
The first step of the automated data analysis routine was to determine the
characteristic parameters tind,A’infl andAscale from the obtained absorbance
curves (cf. Fig. 1a). In some cases, the absorbance curves displayed distin-
guishable sigmoidal subsections (Fig. 1b, c), which indicate the occurrence
of discrete precipitation events (i.e., multistep nucleation). To account for
this, our workflow includes a procedure to automatically identify and locate
these sigmoidal subsections. Two approaches were used to separate these
regions: firstly, subdivisions into sigmoidal time periods were established by
searching for negative values in the first derivative, where two regions of

higher absorbance are separated by one of lower absorbance (Fig. 1b). To
avoid that this procedure becomes too sensitive to noise, both time intervals
had to be separated by a minimum number of, e.g., 10, data points with a
negative value of dA/dt. Secondly, time periodswere also subdividedwhen a
negative inflection point, where dA/dt runs through a minimum and d2A/
dt2 = 0, was found (Fig. 1c). Again, such features were only considered if the
concerned region comprised a minimum number of, e.g., 10, data points
above a threshold value for A’infl (e.g., >2% of the maximum value of A’infl

Fig. 1 | Examples of the three types of absorbance profiles observed in this work.
These profiles include the first and second derivatives as well as the three char-
acteristic parameters (tind,A’infl andAscale): (a) single-stage nucleation event, (b) two
nucleation events that are separated from each other by negative values of dA/dt, (c)
two nucleation events that are solely separated by a negative inflection point.
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over themeasured timeperiod).Moreover, to avoid subdivisionof the entire
transmittance profile into too many subsections, a maximum of three sig-
moidal curve sections with the highest values of Ascale were accepted, and if
possible, merged with neighboring subsections that were rejected.

Subsequently, the absorbance values were normalized by the max-
imum andminimum values, i.e.,Anorm = (A- min(A)) / (max(A) - min(A)),
and net an induction time was assigned to the data point that had at least 4
succeeding data points where both the normalized Anorm and dA/dtnorm
were above a threshold of 5%of their respectivemaximumvalue (within the
given sigmoidal section). Then, a more accurate value of the induction time
was determined by calculating the point whereAnorm intersects a horizontal
baseline through local linear interpolation of the data across a range of four
data points from the estimated inductionpoint. For each resulting induction
time, the corresponding values for A’infl, i.e., the maximum rate of absor-
bance increase at the inflection point, andAscale =Amax-Amin, i.e., the degree
of total absorbance increase, were determined. Finally, the section with the
largestAscale valuewas considered tobe themainprecipitation step.Wenote
that this approachalsoworks if the absorbance increases from thebeginning
of the experiment on, because aminimumstarting value for dA/dtwas used.

To compare the effectiveness of different antiscaling additives, several
precipitation experiments were conducted at various concentrations, which
provide characteristic values for tind,Ascale andA’infl as described above. It is
assumed that the dependency of the induction time on the additive con-
centration is (predominantly) controlled by kinetics15 and can therefore be
fitted with the Arrhenius-type model given by Eqs. 1, 4 and 5. This fit

provides an integral parameter, <ΔUi >, which reflects changes in the acti-
vation energy for nucleation in the presence of an additive. Additives
causing a larger increase in activation energy, thus giving higher <ΔUi>
values, can be considered as better antiscalants. The other parameters,Ascale

andA’infl, which correlate with the amount of mineral scale formed and the
rate of nucleation respectively, are expected to decrease with increasing
additive concentrations. The characteristic concentration, c*, at whichAscale

andA’infldecrease significantly, was determined empiricallywith an integral
breath method16 (Supplementary Fig. 1).

Figure 2 summarizes the main steps of the data processing routines
based on algorithms written in Python 2.0 (a detailed description of the
workflow can be found in the Supplementary Information and Supple-
mentary Fig. 2). In essence, two types of files are required as input for the
script: (1) raw absorbance curves produced by the UV-Vis spectrometer,
and (2) data files containing the physicochemical conditions of the
experiments including the used additive concentrations. The script includes
various functionalities, which in the first place allow sorting and selecting
data, then calculating the derivatives and induction points (also for multi-
step nucleation), and finally summarizing the calculated parameters in
grouped tables. At this stage, several types of graphical visualizations are
available: (i) normalized, smoothed and averaged absorbance plots with
standard deviations represented as shaded area, (ii) plots of tind, A’infl and
Ascale versus additive concentration, as well as (iii) heat and synergy maps.
The flexibility of our Python script enables a profound comparison of the
performance of additives at various physicochemical conditions and for
different types of salinities (e.g., HW or SW). The script can also handle
systems containing two, or more, different types of additives. It can further
be adapted to meet particular needs of more complex experimental settings
(e.g., to mimic dishwasher solutions containing soil components like pro-
teins or fats etc., or seawater treated in desalination plants that may bring
about various organic molecules or bacteria).

Influence of type of used UV-Vis cuvettes on the measured
induction times
To validate our high-throughput setup and identify technical features that
may impact the results, we performed precipitation experiments in five
different types of cuvettes (seeMethods) and compared the induction times
measured for scaling from HW solution in a first test case at T = 23 °C,
aragonite saturation indices of 1.71 and various concentrations of poly-
acrylic acid in a range between 0.00 and 0.03 ppm. For these conditions the
main scaling phases were elongated aragonite crystals and cubic calcite
crystals. To illustrate differences between the used cuvette types, the mea-
sured induction times are divided by the average induction time and
represented with a so-called violin plot in Fig. 3. In such a plot, the height of
the shape reflects the value distribution, while its width represents the fre-
quency. The largest variation of induction times is observed for optical glass

INPUTS
UV-Vis absorbance curves
Physicochemical conditions
Additive concentrations

Groups statistics tables with tind, A'infl and Ascale

`
Normalized / smoothed absorbance plots
tind, A'infl and Ascale vs additive concentration 

Data loading, sorting and selection
Calculation of derivatives and inductions times

Synergy coefficients
Heat maps and synergy maps

PYTHON SCRIPT

OUTPUTS

Fig. 2 | Flow chart presenting the main concepts and steps of the Python script
developed for advanced data processing.

Fig. 3 | Violin plot of induction times measured in
different types of UV-Vis cuvettes. The induction
are normalized to the respective average value and
show the distribution (height) and the frequency
(width) of the values. QS quartz glass high perfor-
mance, OGoptical glass, OS special optical glass, UV
quartz glass, BF borosilicate glass.
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cuvettes (OG), followed by borosilicate cuvettes (BF). The most compact
shapes along the vertical direction, reflecting the highest degrees of repro-
ducibility, are observed for high-performance quartz glass (QS) and special
optical glass (OS) cuvettes. The superior reproducibility obtained with QS
cuvettes could be related to the excellent stirring stability. Consequently,
these cuvettes were used for all further measurements conducted with the
Lambda 35 spectrometer. Measurements with the AT spectrometer did not
require the use of special cuvettes for stirring – even with the OG cells the
induction time distribution was much narrower than for experiments with
PE (data not shown),most probably due to themore stable stirring behavior
achievedwith theATdevice.Theseobservationshighlight the importanceof
well-defined conditions and propermixing to obtain reproducible data for a
stochastic process such as homogeneous nucleation from solution.

At this point, it should be noted that the hydrodynamic conditions
prevailing in 3.5 mL cuvettes as those used here do not necessarily represent
the circumstances in real-world applications (e.g., dishwashers or desali-
nationunits). Thismight lead to significantdifferences in the absolute effects
observed for certain additives in each of the distinct settings. However, we
are confident that relative trends in the behavior of antiscalants as well as
potential synergies between multiple additives should still be valid at the
different scale, supporting the use of fast screening tools like the present
setup for accelerated development cycles.

Homogeneous mineral precipitation from hard water in the pre-
sence of antiscalants
Automated analysis of absorbance profiles. Examples of the
smoothed and background-corrected absorbance plots measured for
calcium carbonate scaling from hard water (HW) in the absence and
presence of Sokalan®CP 50(0–5 ppm) and PSS (0–50 ppm) at pH 8.2 and
60 °C are shown in Fig. 4. Underthese conditions, the HW solution
without additive (blue curve) displays a single nucleation step, analogous
to the example presented in Fig. 1a, with the following three stages: (i)
initial flat part—metastable supersaturated solution; (ii) signal increase—
onset of nucleation followed by growth of the nuclei; (iii) plateau of the
signal—end of the nucleation and growth phase. In the presence of the
modified poly(acrylic acid), a progressive increase of the induction time
from 0.3 to 71 min is observed when the additive concentration is
increased from 0 to 5 ppm (Fig. 5a). Importantly, Sokalan® CP 50 also
changes the mechanisms of precipitation, as evidenced by two steps of
turbidity increase already at 1 ppm polymer. Although the particular
interactions leading to this behavior are beyond the scope of this work, it
is conceivable that the modified poly(acrylic acid) stabilizes nanoscale
CaCO3 precursors and prevents their transformation into larger crys-
talline CaCO3 particles. At a polymer concentration of 5 ppm, the
observed singular increase in absorbance is still significantly above the
level of noise, but Ascale is 3.4 times lower compared to the signal mea-
sured in the control experiment without antiscalant. It seems reasonable

to assume that the polymer inhibits the precipitation reaction so strongly
that only the first precipitation step can be observed during the mea-
surement time of 10 h. For the same experimental conditions, a quite
distinct behavior is observed for PSS (Fig. 5b). The induction time is not
delayed, even at high additive concentration (50 ppm), while for the same
time interval significantly more material seems to precipitate than in an
additive-free run (indicated by Ascale values). Moreover, there are two
domains of different precipitation kinetics (reflected by dA/dt) during
scaling at 50 ppm PSS, with faster rates during the onset of precipitation
(0 to1 min) and slower growth at later stages (1 to 10 min).

Similar experiments were conducted for all other additives at different
HWconcentrations, pHvalues and temperatures in a total ofmore than 700
experiments (see Methods). Based on visual assessment of turbidity plots
such as those shown in Fig. 5, an initial pre-selection can be made to
eliminate additives that do not significantly delay or influence the pre-
cipitation process. For promising candidates, our automated data analysis
routine allows a further rapid evaluation of effectiveness at different phy-
sicochemical solution conditions. More specifically, an operational window
can be delimited for any given antiscalant through the comparison of tind,
A’infl andAscale values. Forwell-performing additives, themaximumvalue of
Ascale will decrease with increasing additive concentration, and above a
critical concentration of antiscalant, the amount (if any) of precipitated
material will be insufficient to cause an absorbance increase distinguishable
fromthenoise level. This critical concentration is additive-specific, but itwill
also depend on the sensitivity of the used spectrophotometer: for example,
due to higher noise level in the data collected and/or worse reproducibility
caused by imperfect stirring, the experiments will be limited to lower
additive concentration ranges. However, such effects do not change the
overall trends observed for the selected additives on the two different
spectrophotometers, and thus the determination of operational windows is
considered to be independent of the used equipment.

An example of the output of our automated data analysis routine is
summarized in Fig. 4. It becomes immediately apparent that etidronic acid
(EA) outperforms all other antiscalants in HW at pH 8.2 and 60 °C. For
dosages ranging from 1 to 5 ppm, the phosphonate always caused the
longest induction time (Fig. 4a) and reduced the slope at the inflection point
to low values already at 1 ppm (Fig. 4b). The polycarboxylates Sokalan® PA
25 Cl, Sokalan® CP 50 and PAsp also showed considerable retardation of
nucleation anddecelerated growthwith similar degreesof efficiency. PSS, on
the other hand, did not change the induction time and instead increased the
precipitation rate. Comparing the five additives based on the Ascale para-
meters paints a different picture at first glance, where the polycarboxylates
seem to reduce the amount of formed mineral scale more efficiently than
EA.However, it has to be considered thatAscale depends on the total time of
the experiment and therefore, it can only be used for comparison of anti-
scalant effectiveness if the precipitation reaction has (nearly) been com-
pleted (i.e., a plateau in the absorbance curve is reached) during the

Fig. 4 | Output of automated analyses of absorbance data collected during
mineral scale formation in the presence of different additives.Data were obtained
fromHWat pH8.2 and 60 °C in the presence of: etidronic acid (EA), Sokalan®PA25
Cl, PAsp, Sokalan®CP 50 and PSS. a Induction time, (b) slope at the inflection point,

and (c) apparent amount of formed scale as a function of additive concentration
(0–5 ppm). The dotted lines in (b) and (c) are based on polynomial fittings and are
mere guides for the eye, i.e., they do not have an implicit physicalmeaning. Error bars
indicate the standard deviations.
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investigated period of time. Indeed, experiments in the presence of EAwere
always monitored over much longer intervals than those with the other
additives. Hence, the inhibiting potential of EA in terms of Ascale is under-
estimated when compared to the polycarboxylates.

The data shown in Fig. 4 is limited to only one set of physicochemical
solution conditions. Although the flexibility of our Python routine allows
simultaneous representations of various conditions, too many curves in a
single 2D plot complicate the rapid identification of the operational win-
dows for the different additives. To improve the visualization of multiple
conditions for various additives, the option of calculating a heat map (or
shadingmatrix) is also available in the data analysis scheme.Heatmaps are a
visual aid to assess how strongly additives alter the induction time (tind), the
slope at the inflection point (A’infl) and/or the amount of material pre-
cipitated (Ascale) at a selected antiscalant concentration as a function of the
prevailing physicochemical conditions. The heat maps were constructed by
normalizing the values for each parameter (tind, A’infl, Ascale) separately and
represent them with a color code, where red corresponds to an additive
badly performing (i.e., low value) for a given parameter, while green indi-
cates the opposite. An example is presented in Fig. 6 for data obtained from
HW at three different pH values (8.2, 9.2 and 10.2) and two temperatures

(40 and 60 °C). An additional example of a heat map including all five
additives for one set of physicochemical conditions (pH 8.2 at 60 °C) is
shown in Supplementary Fig. 3.

For the heat map shown in Fig. 6, a limit of 1 ppm was selected to
compare the effectiveness of Sokalan® PA 25 Cl, EA and Sokalan® CP 50
under different solution conditions. However, even at this low additive
concentration, precipitation of mineral scale was completely prevented in
many cases, especially forEA.Therefore,numerical valueswere added in the
colored rectangles to indicate the highest additive concentration (if <1 ppm)
for which nucleation was still detectable with the used setup. In the red-
yellow-green color bar scale, dark green rectangles represent effective
antiscalants (long tind, lowA’infl and/or lowAscale), while poorly performing
additives (short tind, high A’infl and/or high Ascale) are highlighted in dark
red. This visual “traffic light” approach helps to directly translate experi-
mental data into optimal working conditions. For example, green color
prevails in the case of EA, regardless of pH and temperature and usually
below the appointed 1 ppm, differentiating its performance from the two
poly(acrylic acid)-based products. This suggests that for the tested solution
conditions, the phosphonate has the best antiscaling features when applied
as single additive, even at low dosage. It should be noted, however, that the
inhibition of bulk scaling is not the only function of such additives in real-
world applications, where other effects like scale or soil dispersionmay play
an equally important role.Theheatmap inFig. 6 alsohighlights that all three
additives perform significantly better at lower temperature (40 °C)—
although the supersaturation of the solutions with respect to CaCO3 phases
was adjusted to the same or similar level at both investigated temperatures
(see Methods). This emphasizes that soluble additives can change their
antiscaling behavior in a subtle manner depending on the chosen condi-
tions. Such differences are readily revealed by the automated data analysis
routine developed in this work.

Synergistic effects. Many modern formulations do not contain single
antiscaling agents, but rather comprise multiple active components to
address different needs in an application and optimize the overall per-
formance. In such “additive cocktails” synergistic effects may occur, i.e.,
the effectiveness to inhibitmineral precipitation is dramatically increased
beyond the simple sum of individual contributions [e.g., ref. 9 In many
cases, synergies are found empirically or may be overlooked despite their
existence within a certain window of compositions. Thus, modern for-
mulation development requires fast screening and automated analysis
tools like the methodology established in the present work to unveil
potential synergistic relationships within a chosen set of additives. Heat
maps as shown above can help to reveal if the combination of additives
brings better (i.e., synergy) or worse performance at any given con-
centration. However, this type of representation can quickly become too
complex and difficult to interpret, especially when comparing different
concentration ratios of additives. To overcome this issue, amore intuitive
graphical representation of the net effectiveness of “antiscaling cocktails”
can be obtained by plotting a 3Dmap of induction time values measured
for different additive ratios and concentrations. An example of synergy
trends observed for a combination of Sokalan® PA 25 Cl and EA (in HW
at pH 8.2 and 60 °C) andmodeled using Eq. 7 are shown in Fig. 7a. In this
plot, the x and y axes range from 0 to 5 ppm and represent the con-
centrations of used EA and PA 25 Cl, while the z axis gives average values
of the experimentally determined induction times for both individual
additives and their combinations.

To evaluate thedegreeofpotential synergybetween the twoadditives in
binary mixtures, Eq. 7 was used to fit the experimentally determined
induction time data. The result of the fitting procedure is reproduced in the
form of a three-dimensional triangular surface plot (gray-shaded plane)
shown in Fig. 8a. In this plot, flat areas linking points of the same con-
centration indicate compositional space where no synergistic effect occurs,
whereas local convex shape would hint at positive interactions between the
two additives and a net performance beyond the sum of individual con-
tributions. In turn, concave surfaces would be associated with a negative

Fig. 5 | Time-dependent absorbance profiles obtained during the formation of
mineral scale from hard water in the presence of additives at different con-
centrations. a Sokalan®CP 50, 0–5 ppm, pH 8.2, 60 °C; (b) PSS, 0–50 ppm, pH 10.2,
60 °C. Shaded areas indicate the standard deviations, while the solid line represents
the corresponding mean values. An offset of the curves along they-axis was intro-
duced for the sake of clarity.
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interference between the additives, where one antiscalant disrupts the per-
formance of the other. In the given example of binary mixtures of EA and
Sokalan® PA 25 Cl, neither positive nor negative synergy is observed, as flat
lines (within the margin of error) can be drawn between the points of the
selected concentrations and the slopes increase monotonously towards the
pure EA end member. This demonstrates that under the tested conditions,
the induction time is simply the sum of the two effects observed in
experiments with the single additives. Although this is (usually) not a

desired result, the chosen examplenonetheless highlights thepotential of the
presented approach to identify synergistic interactions in complex anti-
scaling formulations.

The Arrhenius-type model underlying the analysis discussed above
also yields<ΔUi>as an integral parameter reflecting the antiscalingpotential
of a given additive across the entire range of conditions studied (cf. Equa-
tions 4 and 5). <ΔUi>values determined for different additives in the HW
system are compiled in Table 1. The low antiscaling potential found for PSS
(0.1) is consistent with the lack of changes in the induction time discussed
for this polymer above. The polycarboxylates Sokalan® PA 25 Cl, Sokalan®
CP 50 and PAsp all show similar <ΔUi>values (1.3–1.5) in line with their
comparable performance in the present HW tests. Finally, etidronic acid
outcompetes the other antiscalants (<ΔUi > = 2.5) under the chosen con-
ditions, confirming the insights extracted from the heat maps shown in
Fig. 6 and Supplementary Fig. 3. Along similar lines, the value of the cross-
term<ΔUij>can be leveraged as a measure for the additional antiscaling
potential (i.e., synergy) brought about by the combination of two additives.
Theparameter calculated for the 1:1mixture of EAandSokalan®PA25Cl is
within the error equal to zero (−0.03), which confirms the lack of any
synergistic effect for this particular antiscalant combination. The remaining
fitting parameters derived from the Arrhenius-type model are listed in
Supplementary Table 1.

The contributionof each antiscalant component to the synergy integral
coefficient of the mixture can be further explored by plotting the individual
effects and their cumulative sum, as shown in Fig. 8b. Again, the experi-
mentally determined combined influence of the two additives (green
symbols and line in Fig. 8b) is well described by the individual inputs from
the polymer (purple) and the phosphonate (red), whereby the latter com-
ponent shows much stronger impact on the net antiscaling performance.
Importantly, the 1:1 mixture of EA and Sokalan® PA 25 Cl achieves nearly
the same inhibiting efficiency as pure EA. However, it offers the additional
advantage of reducing the phosphonate content by half. This reduction is
desirable from an environmental perspective.

Homogeneous and heterogeneous mineral precipitation from
seawater in the presence of antiscalants
To further demonstrate the versatility of the newly developed high-
throughput methodology, we applied the setup and analysis routines to
study the influence of different antiscaling agents on the precipitation of
solidmineral phases fromsynthetic seawater (SW)—a critical process on the
surface of reverse osmosis membranes. For this purpose, induction times
were determined for two different types of modified poly(acrylic acid)

Fig. 6 | Performance heat map calculated for dif-
ferent additives.The heatmap includes data of three
different additives (Sokalan® PA 25 Cl, etidronic
acid and Sokalan® CP 50) at a maximum con-
centration of 1 ppm. For conditions where pre-
cipitation was completely suppressed at 1 ppm, the
highest possible concentration of the additive is
given in the respective box.

Fig. 7 | Screening of three selected antiscalants during mineral scale formation
from synthetic seawater at 40 °C and variable salinity andpH. aComparison of the
induction timesmeasured as a function of additive concentration at salinities of 8.5%
(main plot: pH 8.0 (full lines) and 9.1 (dotted lines)) and 6.5% (inset: pH 9.1 only).
Error bars indicate the standard deviations. b Performance heat map calculated for
the three different additives (ATMP, Sokalan® RO 100 and Sokalan® RO 3500) at a
maximum concentration of 1 ppm. For conditions where precipitation was com-
pletely suppressed at 1 ppm, the highest possible concentration of the additive is
given in the respective box.
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(Sokalan® RO 100 and Sokalan® RO 3500) as well as the low molecular
weight additive amino-tris(methylenephosphonic acid) (ATMP). An
overviewof thedata obtained forhomogeneousprecipitation fromsynthetic
seawater at two different levels of salinities (6.5 and 8.5%) and pH (8.0 and
9.1) in the presence of the three selected additives is shown in Fig. 7. For all
tested conditions the main scaling phase was calcium carbonate.

In terms of induction times (Fig. 7a), the best antiscaling performance
is observed for Sokalan® RO 100 at pH 9.1 and a salinity of 8.5%, while
ATMPshows theweakest scale inhibition at pH8.0 and a salinity of 8.5%. In
general, at a constant salinity of 8.5% all three additives were found more
effective at higher pH (9.1 compared with 8.0), with a clear ordering of
antiscaling potential according to Sokalan® RO 100 >Sokalan® RO
3500 >ATMP at both studied pH levels. Again, differences in antiscalant
performance at distinct levels of pH are per se not expected, because the
solution composition (i.e., the calcium and (bi)carbonate content) was
adjusted to establish the same degree of supersaturation with respect to
aragonite. In turn, at a constant pH of 9.1 the additives Sokalan® RO 3500
and ATMPgain effectiveness when the salinity (and, with it, the degree of
supersaturation) is reduced to 6.5%, whereas Sokalan® RO 100 shows
somewhat decreased scale inhibition power (see inset in Fig. 7a). All these
effects can again be recognized at a glance from the corresponding heatmap
shown in Fig. 7b, from which the respective operational window can be
deduced for each studied additive.

Under realistic application conditions, the formation of mineral scale
does often not occur homogeneously in the bulk of a solution (as implicitly

assumed in the experiments discussed above), but rather proceeds pre-
ferentially throughheterogeneous nucleation on foreign surfaces such as the
inner walls of tubings or the surfaces provided by reverse osmosis mem-
branes or heat exchangers. Tomimic this situation in our UV-Vis setup, we
introduced thin andoptically transparent substrateswith twodifferent types
of surface chemistry (glass before and after coatingwith PES) andmeasured
the induction times of surface-mediated precipitation at 40 °C under static
conditions (i.e., no stirring) fromSWat a salinity of 8.5% and a pHof 9.1. In
a first step, turbidity changes were monitored over time for blank glass and
PES-coated glass in contact with pure SW solution in the absence of any
antiscalant, while in a second step 0.1 ppm Sokalan® RO 100 was added to
the seawater for scaling on PES-coated glass. Although absorbance curves
with similar shapes are observed on both substrateswithout added polymer,
a significant increase of the turbidity occurs almost immediately on thePES-
coated glass, indicating a shorter induction time compared to untreated
glass (Fig. 9). This notion is confirmed by complementary light microscopy
images (Supplementary Fig. 4), which showamore dispersed distributionof
relatively large (>5 μm) crystals on blank glass, while the PES-coated surface
is coveredwith ahighdensity of considerably smallerparticles (<1 μm).This
indicates a higher heterogeneous nucleation rate andmay be caused by non-
uniformities of the PES coating (i.e., chemical and/or structural defects).
Addition of 0.1 ppm Sokalan® RO 100 reduces the nucleation rate and the
amount of precipitate deposited on PES-coated glass (cf. Fig. 9), but also
changes the morphology of the formed crystalline particles, which adopt
rounded shapes and seem to be more evenly separated across the substrate
(Supplementary Fig. 4). Although more experimental work is required to
draw concrete conclusions on antiscalant effects at interfaces, these pre-
liminary results constitute a proof of concept for applicability of ourUV-Vis
methodology to screen additives for heterogeneous crystallization control.

Concluding remarks
Making the proper choice of single or multiple additives for a given set of
operational conditions is paramount to optimize the performance of for-
mulations for scale inhibition in different types of processes and applica-
tions. If theoperational conditions change,most likely the additive(s) and/or
its/their dosage(s) will have to be adapted aswell, and vice versa. Theflexible
high-throughput method developed in this work allows formulators to
swiftly determine the effectiveness of antiscaling additives over a wide range
of experimental conditions (different temperatures, pH values, salinities
etc.). The large variety of user-friendly calculation and visualization tools

Fig. 8 | Induction times measured for mineral precipitation from HW at pH 8.2
and 60 °C in the presence of different amounts of EA and Sokalan® PA 25
Cl (PAA). a Three-dimensional plot illustrating the influence of the concentrations
of EAandPAA (x and y axes) on themeasured induction time (z axis) in experiments
with single additives (red: EA, purple: PAA) and binary mixtures (green: 1:1, blue:

1:3, green: 3:1) The gray-shaded plane represents the results of data fitting based on
the Arrhenius-type model given by Eq. 7. b Individual nucleation-inhibiting con-
tributions and their cumulative sum for a 1:1mixture of EA andPAA.Dots represent
experimental data and curves are obtained from Eq. 7. Error bars indicate the
standard deviations.

Table 1 | Integral coefficients <ΔUi> characterizing the anti-
scaling potential of individual additives in the HW system and
ΔUij as a measure for synergistic effects in the 1:1 mixture of
etidronic acid (EA) and Sokalan® PA 25 Cl (see text for details)

coef

<ΔUi > PA 25 Cl 1.53 ± 0.62

<ΔUi >CP 50 1.33 ± 0.53

<ΔUi > EA 2.49 ± 0.52

<ΔUi > PSS 0.10 ± 0.41

<ΔUi>PAsp 1.42 ± 0.57

<ΔUij>EA+ PA 25 Cl -0.03 ± 0.56
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provided in the form of an open-source Python code further more enables
an intuitive and detailed evaluation of the performance patterns of single
additives as well asmulti-component systems. This approach can be used to
probemineral precipitation in the bulk of a solutionor at surfaces. It can also
be easily adapted to meet particular needs of more complex experiments or
to more closely simulate real-world working conditions, e.g., by including
dirt components relevant to dishwasher applications or organics from
seawater in desalination processes. As such, the methods presented in this
study will contribute to accelerated development cycles in antiscaling
research and may also support rationally driven concepts for next-
generation antiscalant formulations with sustainable property profiles.

Methods
Preparation of hard water
Synthetic hard water (HW) was prepared at a hardness of 21°dH according
to the German Hardness scale, with a Mg:Ca ratio of 3:1. Stock solutions
were prepared by dissolving the following commercially available salts (Carl
Roth, France) in deionized water: MgCl2 ∙ 6H2O and CaCl2 ∙ 2H2O
(“cationic” stock solution) and NaHCO3 (“anionic” stock solution). The
concentration of the added salts was adjusted to ensure a constant super-
saturation indexwith respect to aragonite (SIaragonite = 1.71, calculated using
the PHREEQC code17) for different pH values (8.2, 9.2 and 10.2) and
temperatures (40 and 60 °C) (see Table 2). The selected experimental
conditions were chosen to represent typical working conditions of domestic
appliances such as dishwashers or laundry machines. Before starting the
experiments, a specific amount of NaOH was added to the anionic stock
solution to adjust the pH of the final hard water to the desired target value.

Preparation of synthetic seawater
Synthetic seawater (SW) was prepared by dissolving the following com-
mercially available salts (Carl Roth, France) in deionized water: NaCl,
Na2SO4, KCl, NaHCO3, Na2CO3, KBr, H3BO3, NaF (“anionic” stock
solution) and NaCl, KCl, MgCl2 ∙ 6H2O, CaCl2 ∙ 2H2O, SrCl2 ∙ 6H2O
(cationic stock solution), according to the recipe of Kester et al. 18 Two
different levels of salinity (6.5% with SIaragonite = 1.73 and 8.5% with
SIaragonite = 1.92) andpHvalues (8.0 and9.1)were selected forhomogeneous
precipitation tests (see Table 3). These tests were performed at 40 °C to
accelerate the precipitation kinetics. While the pH of a typical seawater
ranges between 7.5 and 8.4 and the total salinity usually amounts to about
3.5%19, we selected a higher pH value that is representative of those used in
desalination plants to improve the effectiveness of the boron removal pro-
cess during single pass reverse osmosis20,21 and higher salinities typical of

brines formed in reverse osmosis systems.We shouldnote thatwehave only
selected a few conditions that can be encountered during seawater desali-
nation to test our setup. However, if we were to investigate for example
scaling in the second step of a two-pass reverse osmosis system, lower
salinities should be considered.

Antiscaling agents
The following polymeric antiscalants were provided in technical quality by
BASF SE: Sokalan® PA 25 Cl (neat poly(acrylic acid), used in dishwashing
formulations), Sokalan® CP 50 (modified poly(acrylic acid), used in dish-
washing formulations), Sokalan®RO 100 (modified poly(acrylic acid), used
in reverse osmosis processes), and Sokalan®RO3500 (modified poly(acrylic
acid), used in reverse osmosis processes). For comparison, neat poly(-
aspartic acid) and poly(styrene sulfonate) (PSS) were purchased from
Alamanda Polymers and Sigma-Aldrich, respectively. As prominent low
molecular weight antiscalants, 1-hydroxyethane-1,1-diphosphonic acid
(also referred to as etidronic acid (EA), used in dishwashing formulations)

Table 3 | Composition of the synthetic seawater stock solu-
tions (C: cationic solution, A: anionic solution) and super-
saturation indices (SI) calculated for aragonite at the different
chosen pH values and salinities

Solutions Concentration in stock solutions [g/L]

NaCl 44.43 58.11 58.11

Na2SO4 14.89 19.47 19.47

KCl 1.26 1.64 1.64

NaHCO3 C 0.48 1.36 0.63

Na2CO3 0.24 0.68 0.32

KBr 0.36 0.48 0.48

H3BO3 0.10 0.13 0.13

NaF 0.01 0.02 0.02

NaCl 44.43 58.11 58.11

KCl 1.26 1.64 1.64

MgCl2 ∙ 6 H2O A 40.23 52.61 52.61

CaCl2 ∙ 2 H2O 5.64 15.80 7.38

SrCl2 ∙ 6 H2O 0.09 0.12 0.12

temperature (°C) 40 40 40

salinity (%) 6.5 8.5 8.5

pH 9.1 8.0 9.1

SIaragonite 1.73 1.92 1.92

Table 2 | Concentrations of MgCl2 ∙ 6 H2O, CaCl2 ∙ 2 H2O and
NaHCO3 in hard water stock solutions (C: cationic solution, A:
anionic solution) and supersaturation indices (SI) calculated
for distinct calcium carbonate phases at the different chosen
pH values and temperatures

Solutions Concentration in stock solutions [g/L]

MgCl2 ∙ 6H2O C 0.76 0.25 0.13 0.55 0.20 0.12

CaCl2 ∙ 2H2O C 1.65 0.53 0.29 1.20 0.43 0.27

NaHCO3 A 1.70 0.55 0.29 1.23 0.44 0.28

pH 8.2 9.2 10.2 8.2 9.2 10.2

temperature (°C) 40 40 40 60 60 60

SIaragonite 1.71 1.71 1.71 1.71 1.71 1.71

SIcalcite 1.84 1.84 1.84 1.83 1.83 1.83

SIACC −0.51 −0.51 −0.51 −0.71 −0.71 −0.71

ACC amorphous calcium carbonate.
Fig. 9 | Absorbance curves measured during heterogeneous nucleation. Mineral
scale forming from synthetic seawater on blank glass (blue), PES-coated glass (green)
and PES-coated glass in the presence of 0.1 ppm Sokalan® RO 100 (red). Solid lines
represent average values, while the shaded areas indicate the standard deviations.
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and amino-tris(methylene phosphonic) acid (ATMP, used used in reverse
osmosis processes) were obtained from Sigma-Aldrich and Nalco (Per-
maTreat® PC-191). The characteristics of all selected additives are sum-
marized in Table 4. Their effectiveness in suppressing the formation of
alkaline-earth metal carbonate incrustations has been evaluated as a func-
tionof temperature andpH.Also, the existence of possible synergistic effects
between the additives in binary combinations has been tested at pH 8.2 and
60 °Cusing hardwater solutions. The particularmeasurement conditions as
well as the number of successfully conducted experiments using our high-
throughput method are given in Table 4.

Experimental setup for antiscalant screening
The formationof anew (solid) phase in the bulkof a solution (homogeneous
case), or on a surface inside of a cuvette (heterogeneous case), will cause an
increase in the absorbance of the solution due to a combination of increased
light absorption, scattering and reflectivity. Changes in the absorbance (A)
during the precipitation of minerals from HW or SW solutions in the
presence andabsence of additiveswere recordedusing twomulticellUV-Vis
spectrophotometers (PerkinElmerLambda 35(PE) orAgilentTechnologies
Cary 3500 (AT))providing temporal resolutions ranging from1 s to 0.1min
perdatapoint.A schematic viewof the setup is shown inSupplementaryFig.
5.Allmeasurementswere carriedout at awavelengthof 540 nmusing6 (PE)
or 7 (AT) cuvettes simultaneously. Temperature was controlled using a
Peltier-thermostatted multicell module PTP-6 (PE) or an integrated air-
cooled Peltier system (AT).

For bulk precipitation experiments (i.e., the homogeneous case), the
cationic stock solution, containing the desired amount of an additive (0 to
50 ppm), was preheated inside the temperature-controlled cuvette holder of
the UV-Vis spectrophotometer, while the anionic part (containing the
necessary amount of NaOH for pH adjustment) was preheated in an
external temperature-controlled water bath. Once the desired temperature
was reached for both solutions, the anionic solution was injected into the
cuvettes at a 1:1 volume ratio with respect to the cationic solution. The UV-
Vismeasurementwas started immediately aftermixing of the two solutions.
During all bulk precipitation experiments, the solution in the cuvettes was
continuously stirred by means of an immersed magnetic bar. A blank

sample was measured simultaneously to correct (if needed) for machine
artefacts and signal instability. Data collection was carried out until a stable
plateauwas reached in the absorbance signal or up to amaximumof 20 h of
measurement. Each experiment was repeated at least 6 times to be able to
extract meaningful averages.

Surface-induced precipitation (i.e., the heterogeneous case) was
studied with untreated and poly(ethersulfone)-coated glass slides placed
in cuvettes filled with SW solutions. Polymer-coated glass was prepared
by dissolving 0.5 g PES(poly(oxy-1,4-phenylenesulfonyl-1,4-pheny-
lene), Sigma-Aldrich) in 25 mL N-methyl-pyrrolidone (NMP, Sigma-
Aldrich, >99%). Standard microscopy glass slides were cut to a width of
7 mm and thoroughly cleaned with concentrated sulfuric acid, water and
ethanol. After drying in a flow of compressed air, the clean glass slides
were immersed into the PES solution for 30 s. Subsequently, excess
coating solutionwas removed using paper tissue and the coated substrate
was dried with compressed air. Finally, the glass substrates were further
dried over night at 220 °C to remove all remaining NMP. A 2mm long
flexible silicon rubber hose with an inner and outer diameter of 6 and
10 mm, respectively, was used to immobilize the glass substrate inside of
a UV-Vis cuvette perpendicular to the light path. Both the rubber hose
and the non-coated glass slide were washed with 1M hydrochloric acid
(prepared from concentrated HCl (Roth, 37%)), deionized water and
ethanol (Sigma Aldrich, ≥99.8%), followed by drying in a flow of com-
pressed air. Before each experiment, the anionic and cationic solutions
were preheated to 40 °C and premixed in a separate 5 mL vessels. Sub-
sequently, a fixed amount (2 mL) of the mixed solution was transferred
into the UV-Vis cuvettes using a 5 mL Eppendorf pipette. All surface-
induced precipitation experiments were conducted at 40 °C under static
conditions (i.e., no stirring).

UV-Vis cuvettes
The shape of a time-resolved absorbance curve may depend on the stability
of the stirring system in the UV-Vis spectrophotometer as well as on the
shape and size of the stirrer bar, the cuvette type and the cleaning proce-
dures. Therefore, to ensure meaningful comparison measurements are best
performed using comparable conditions.

Table 4 | Characteristics of the selected antiscaling agents and experimental conditions chosen to study their influence on
scaling from hard water (HW) and synthetic seawater (SW)

Acronym Chemistry MW [g/mol] pKa Type Measurement conditions N° exp.

pH T / °C

PA 25 Cl Poly(acrylic acid) 4000 4.5a HW 8.2, 9.2, 10.2 40, 60 177

CP 50 Modified poly(acrylic acid) HW 8.2, 9.2, 10.2 40, 60 188

EA Etidronic acid 206 1.7, 2.47
7.28, 11.41b

HW 8.2, 9.2, 10.2 40, 60 132

PSS Poly(sodium 4-styrenesulfonate) 70000 1c HW 8.2, 10.2 60 105

PAsp Poly(aspartic acid)
(BASF)

5000 3.73d HW 8.2, 10.2 60 78

PAsp Poly(aspartic acid) (Alamanda) 6800 3.73d HW 8.2, 10.2 60 32

PA 25 Cl+ EA HW 8.2 60 112

CP 50+ EA HW 8.2 60 61

PAsp + EA HW 8.2 60 62

pH Salinity / % T / °C

RO 100 Modified poly(acrylic acid) SW 9.1 6.5 40 24

RO 3500 Modified poly(acrylic acid) SW 8.0, 9.1 8.5 40 52

SW 9.1 6.5 40 16

8.0, 9.1 8.5 40 68

ATMP Amino-tris(methylene phosphonic acid) 299 0.5–1.5e SW 9.1 6.5 40 20

5.0–6.0 8.0, 9.1 8.5 40 76
a20, b21, c24; d25; e26–28.
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The following features of an optical cuvette may affect the reproduci-
bility of the UV-Vis data: (i) choice of the cuvette material, (ii) mechanical
and chemical resistance against scratch formation (as possible sites for
preferential nucleation), (iii) geometry of the bottom part (square or U-
shape, potentially influencing themixing behavior), and/or (iv) the presence
of special material at the bottom to improve stirring stability. Five different
cuvette types, all with an optical path length of 10mm and a volume of
3.5mL,were tested in this study to obtain distributions of induction times in
bulk precipitation experiments using the PE spectrometer. While all mea-
surements were carried out at 540 nm, the entire possible spectral ranges for
the cuvettes are given in Table 5.

Time-resolved absorbance curves
Precipitation of a new (solid) phase will result in an increase in the light
scattered at various angles and, as a consequence, an increased
measured absorbance, due to the difference of the refractive indices of
the newly formed phase and the surrounding liquid. Therefore, this
signal can be utilized to detect the early stage of mineral precipitation
from solution.

Time-resolved absorbance curves acquired during a precipitation
process can be divided into the following three stages, as illustrated by the
example shown in Fig. 1a (I) an induction period inwhich nonewphase has
formed yet and the absorbance remains constant at a close-to-zero level; (II)
the nucleation stage during which new material nucleates and grows,
leading to a detectable increase in absorbance; and (III) a post-nucleation
stage where no significant amounts of new particles are formed anymore
and the absorbance remains constant or decreases due to segregation or
phase transformation. From an individual sigmoidal absorbance profile, a
number of parameters can be derived to characterize the precipitation
process, including the induction time (tind), the rate of absorbance increases
at the inflection point (A’

infl), and the overall absorbance increase (here also
referred to as absorbance scaling parameter, Ascale), as described in more
detail below.

When two stock solutions with a pre-adjusted pH are mixed, the
final mixture—here either hard water or synthetic seawater—becomes
supersaturated with respect to solid calcium carbonate at the chosen
levels of pH and temperature. Depending on the degree of super-
saturation and the interfacial energy of the initially nucleated CaCO3

phase, the onset of precipitation is not necessarily instantaneous, giving
rise to a so-called induction time (tind in Fig. 1a). In this work, we define
tind as the time elapsed between the generation of a supersaturated
solution and the first observed significant increase in the absorbance
signal (Stage I in Fig. 1a). This induction time reflects the transition
from a metastable supersaturated solution to a thermodynamically
more stable state through phase separation. Subsequently, the new
phase continues to nucleate and/or grow (and/or transform), leading to
an increase in the measured absorbance (Stage II in Fig. 1a). The
maximum rate of absorbance increase corresponds to the slope of the
time-dependent absorbance profile at the inflection point (A’infl in

Fig. 1a), while the overall increase in the absorbance signal at the end of
the precipitation process reflects the amount of formed material
(Ascale in Fig. 1a). Given the complexity of the scattering process,
quantifying the amount of precipitated material is difficult.
Nevertheless, these parameters can provide a useful qualitative
comparison between similar samples, with for instance different
concentrations of antiscaling agents. Ideally, antiscaling agents do not
only delay the precipitation process but also reduce the amount of the
formed solid phase(s). As such, an effective antiscalant additive will
be characterized by a prolonged induction time, a reduced slope at the
inflection point and a small quantity of finally precipitated material.

Under realistic conditions, the formation of the final (stable) phase
can take place in several steps, as reported for a variety of mineral
systems in the literature (e.g., refs. 22,23). Suchmultistep crystallization
mechanismsmay ormay not involve ample dissolution-reprecipitation
processes and thus became manifest in our present time-dependent
absorbance measurements in two distinct ways: (i) Significant
dissolution (or sedimentation) of the formed particles between two
nucleation events, leading to negative values of the first derivative of the
absorbance (Fig. 1b); and (ii) no or slow dissolution, resulting in
constant (or slightly increasing) absorbance readings and negative
values in its second derivative (Fig. 1c).

Model for extracting antiscaling effectiveness from
induction times
The effectiveness of antiscaling agents can be rapidly assessed by
measuring induction times as a function of supersaturation and other
physicochemical solution properties such as, pH, temperature or
additive concentration. Recent experimental work suggests that in the
specific case of threshold inhibitors, the nucleation process is delayed
due to a decrease in the probability of (successful) collisions between
atoms/molecules/clusters through e.g., a reduced diffusion rate or
increased steric hindrance15. This implies that such additives increase
the activation energy of the nucleation process. Hence, the relation
between supersaturation and induction time is (in part) governed by
kinetics (i.e., the attachment rate of ions/molecules/clusters) and can
thus be approximated by an Arrhenius-like equation with a linear
relationship between the natural logarithm of the induction time and
the activation energy. The model implemented in our analysis routine
to account for this dependency is of the following general form:

ln tind
� � ¼ ln Sð Þ þ Δ2i � θi ð1Þ

where tind is the induction time, S a scaling constant related to the
activation energy, ϵ = Ea/RT, K the binding constant of the additive to
nucleation species, θ the surface coverage of additive i at the surface of a
particle and 42i a term that describes the change in activation energy
due to the adsorption of an additive i (42i ¼ 4Ea=RTÞ. In some cases
and depending on the type of additive θ was not constrained by a
limiting saturation equilibrium and therefore proportional to the
additive concentration:

θi ¼ K � ci ð2Þ

whereK is an equilibrium constant and ci is the concentration of a particular
additive. In other cases the additive was found to become less effective for
increasing concentrations which could be described by a Langmuir iso-
therm:

θi ¼
K � ci

1þ K � ci
ð3Þ

These equations describe the effect of one or more antiscalants at
certain concentrations under the assumption that each additive acts
independently. To account for different additive concentrations, we

Table 5 | Different types of cuvettes tested with the PE
spectrometer

Material
code

Cuvette material Spectral
range [nm]

N° of measurements

QS High-performance
quartz glassa

200–2500 9

OG optical glass 360–2500 5

OS special optical glass 320–2500 32

UV quartz glass 260–2500 18

BF borosilicate glass 330–2500 12
aIncludes a circular recess at the bottom of the cuvette designed specifically for use with magnetic
stirrers.
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introduce an integral parameter <ΔUi >, which can be used as an
average response to evaluate the effectiveness of an antiscalant and is
defined as follows:

ΔUi

� � ¼
R cmax

i
0

ΔEaðciÞ
RT dciR cmax

i
0 ci dci

¼ without saturation equilibrium : Δμi
� ð4Þ

ΔUi

� � ¼
R cmax

i
0

ΔEaðciÞ
RT dciR cmax

i
0 ci dci

¼ with saturation equilibrium :
2 �Δμi � Ki � cmax

i �ln 1þKi � cmax
ið Þð Þ

Ki � cmax
ið Þ2

�

ð5Þ
where Δμi ¼ Δ2i � Ki . By including a term for the concentration
of the antiscalant in the ‘weighting’ integral, <ΔUi>becomes
independent of the particular (maximum) concentration of additive
used in the experiments—even in the absence of a saturation
equilibrium for θ.

Equation 1 can be further extended to account for a situation
where the influence of multiple additives is not independent and
synergistic effects may occur, which are represented by corresponding
cross-terms:

ln tind
� � ¼ ln Sð Þ þ

Pn
i¼1

Δμi � ci þ
Pm�1

j¼1

Pm
k¼jþ1

Δμjk � ffiffiffiffiffiffiffiffiffiffifficj � ckp

1þPn
i¼1

Ki � ci þ
Pm�1

j¼1

Pm
k¼jþ1

Kjk � ffiffiffiffiffiffiffiffiffiffifficj � ckp
ð6Þ

The square root was placed over the concentration product of the
synergy term such that the synergetic constants μjk and Kik have the
same unit as non-synergetic constants μj andKi. To obtain the effect of
synergy on the induction time the contribution of the individual
additives needs to be subtracted from the equation as illustrated
below:

ln tsynind

� � ¼ ln tmix
ind

� �� ln tpureind

� �

¼
Pn
i¼1

Δμi�ciþ
Pm�1

j¼1

Pm
k¼jþ1

Δμjk�
ffiffiffiffiffiffi
cj �ck

p

1þ
Pn
i¼1

Ki�ciþ
Pm�1

j¼1

Pm
k¼jþ1

Kjk�
ffiffiffiffiffiffi
cj�ck

p �
Pn
i¼1

Δμi�ci

1þ
Pn
i¼1

Ki�ci

ð7Þ

Data availability
The data sets generated and analyzed during the current study are available
from the corresponding authors on reasonable request.

Code availability
Code available from the corresponding author upon reasonable request.
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