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H I G H L I G H T S  

• High-throughput method to benchmark scaling kinetics and test the performance scale-inhibitors 
• Evaluation of the antiscaling potential of green additives under different application conditions 
• Performance of chelating agent and a threshold inhibitor in delaying CaSO4 precipitation 
• Direct route to a more rational design of antiscaling technologies  
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A B S T R A C T   

The detrimental effects of inorganic scaling in industrial and domestic applications are often mitigated with scale 
inhibitors. Increasing environmental awareness and stringent regulations require developing more sustainable 
antiscalants. Testing of suitable candidates is often the rate-limiting step in development cycles, therefore we 
developed a high-throughput methodology to rapidly evaluate the antiscaling potential of new additives under 
different application conditions. Using this method we determined the performance of two potential green ad
ditives – a chelating agent and a threshold inhibitor – in delaying CaSO4 precipitation over a wide range of 
supersaturations, temperatures and salinities. The threshold inhibitor strongly delayed CaSO4 scaling, but its 
performance is highly dependent on the physicochemical conditions, with the appropriate application window 
comprising low salinities and mild temperatures. In contrast, the chelating agent showed a lower inhibiting 
capacity, but its performance remained relatively constant throughout the entire matrix of physicochemical 
conditions. Noteworthy, we also observed that at intermediate salinities the absolute induction time for CaSO4 
precipitation is dramatically prolonged, offering a sustainable strategy to mitigate scaling. Overall, our method 
allows simultaneously benchmarking the scaling kinetics and testing the scale-inhibiting performance of addi
tives, providing a direct route to a more rational design of antiscaling technologies.   

1. Introduction 

Inorganic scaling is a major issue in many industrial and domestic 
applications and involves the precipitation of metal carbonates, sulfates, 
oxides and hydroxides from solution induced by temperature changes, 
evaporation or pressure decrease [1]. These incrustations usually form 
at heat exchanger surfaces, inside pipes, and on membranes during 
distillation (MD) or reverse osmosis (RO), drastically reducing the effi
ciency of desalination units [2–4], heat exchangers [5], and facilities for 

oil and gas recovery [6,7]. Feed water (pre)treatment is routinely used 
to mitigate scale formation in water-intensive systems such as desali
nation units or home care appliances [3,7,8], including: (a) pH adjust
ment of the solution, (b) use of ion exchangers to remove scale-forming 
(“hardness”) ions like Ca2+ or Mg2+, (c) addition of chelating agents, or 
sequestrants, causing a decrease of the effective supersaturation due to 
complexation of the scale-forming ions, and/or (d) addition of small 
amounts of water-soluble additives that actively suppress scale forma
tion. While the first approach is very effective in avoiding carbonate 
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scales, it fails to control for example sulfate scales due to the weak pH 
dependence of the solubility of these minerals; moreover, low pH tends 
to accelerate corrosion and is detrimental for boron elimination from 
seawater. The second method can reduce, or fully eliminate, scale for
mation but requires the regeneration of the ion exchange resins, which 
may increase the operational costs considerably. In the case of hardness 
ion sequestration (third approach), relatively high concentrations of 
chelating agents (usually matching those of the cations in case of 1:1 
complexes) are needed to effectively suppress scaling, which results in 
both higher operating costs and a larger environmental impact [7,8]. 
The last, and often the most cost-effective, approach involves the addi
tion of sub-stoichiometric amounts (typically in the ppm range) of 
water-soluble additives to the process water [9]. These so-called 
“threshold inhibitors” fall into two categories: (i) non-polymeric (in) 
organic species such as magnesium, pyrophosphate, or phosphonates 
ions, and (ii) polymeric compounds like polycarboxylates, poly
phosphates, polyphosphonates and copolymers containing monomers 
with different additional functional groups (e.g. sulfonates). These ad
ditives are primarily developed to delay crystal nucleation and/or 
growth by interacting with cations and/or anions constituting the 
minerals, present either on their surfaces or dissolved in solution. 
Further effects of such inhibitors may also include modifications of the 
crystal habit, which for example reduces their propensity to adhere to 
equipment surfaces or block membranes [1]. 

Unfortunately, most high performance antiscaling agents are 
(intentionally or unintentionally) are not readily biodegradable (e.g. 
polymers with acrylic backbones) and, as a consequence, they usually 
persist for many years after their disposal in the environment. In addi
tion, phosphorus-based inhibitors are of particular concern because they 
can serve as nutrients to organisms and thus cause eutrophication (e.g. 
[10]). Increased environmental awareness, as well as discharge limita
tions, has encouraged both industrial and academic researchers to 
develop antiscalants that readily biodegrade and have low molecular 
mobility to reduce their environmental impact [11–13]. However, the 
design and subsequent synthesis of any such new classes of “green” 
additives with acceptable levels of performance and cost-effective dose- 
response profiles can be a daunting and time-consuming task. One 
crucial, and often limiting step in typical development cycles is to test 
the performance of the newly synthesized scale inhibitors across a wide 
range of relevant operational conditions, including ionic strength, pH, 
temperature, pressure, hydrodynamic regimes, and/or scaling mecha
nisms (i.e. surface-induced versus homogeneous). Although a suite of 
approaches exists to test the performance of antiscalants, most of these 
methods are rather tedious and only assess a limited matrix of physi
cochemical parameters (focusing solely one a specific application, e.g. 
only for RO), let alone their combination with other potential in
gredients in more complex antiscalant formulations [14–16]. Hence, 
there is a need for high-throughput tools to evaluate the scaling poten
tial of different mineral phases and to determine the corresponding 
universal (i.e. across multiple applications) operational window of new 
antiscalants, in order to provide profound assessment of their perfor
mance and thus enable rational selection of promising candidates on the 
way from the laboratory to the industry. 

To this end, we have designed a high-throughput approach that relies 
on a standard time-resolved UV/Vis spectrophotometer and automated 
data analysis. This benchtop method provides quantitative information 
on the progress of mineral precipitation reactions and the delaying ca
pacity of added antiscalants, from which their respective optimal 
operational window can be extracted in a straightforward manner. To 
illustrate the usefulness of this approach, we have evaluated the per
formance of two types of potential “green” scale inhibitors, namely poly 
((methyl vinyl ether-alt-maleic acid) (PM) and gluconic acid (GA), in 
preventing mineral precipitation in the CaSO4-NaCl-H2O system. We 
used this mineral system for a first case study because (i) calcium sulfate 
scales (i.e. gypsum, bassanite or anhydrite) are one of the most 
commonly encountered incrustations in e.g. desalination units over a 

wide range of operational conditions [2,3,8,17–19], and (ii) their solu
bility is pH-independent and as such, CaSO4-based scales cannot be 
removed by acid cleaning procedures. Thus, the only effective strategy 
to mitigate calcium sulfate scaling is through the addition of chelators 
and/or threshold inhibitors during the water (pre-)treatment stages. We 
selected PM and GA as additives to be tested because (i) they represent 
two types of antiscalants, i.e. a threshold inhibitor and a chelator, and 
(ii) these molecules have not yet been extensively tested as additives for 
scale prevention. Hence, this allows us to test the ability of our method 
to quantify, and compare, the inhibitory effects of potential alternative 
(and ideally more sustainable) antiscalants. To establish a comprehen
sive picture, we first evaluated the CaSO4 scaling potential and then 
determined the antiscaling performance of both additives as a function 
of solution salinity (ionic strength), temperature and supersaturation, in 
order to delineate their optimal operational windows. 

2. Materials and methods 

2.1. “Green” scale inhibitors 

At present no consensus definition of the term “green inhibitor” ex
ists in the literature (i.e. legislation) and the requirement for any such 
classification will depend strongly on the region/country in question. In 
general terms, a scale inhibitor can be considered as environmentally 
benign when the following criteria are met (e.g. [20,21]): (1) excellent 
(or at least acceptable) scale inhibition performance, (2) low to very low 
mammalian toxicity, (3) low water hazard class (usually linked to 
biodegradability, low bioaccumulation potential and low aquatic 
toxicity), and (4) chemistry free of phosphorus, nitrogen and heavy 
metals. Regarding the additives used for this study (see Table 1), D- 
gluconic acid is a well-known sustainable additive meeting all criteria 
mentioned above. In the case of PM, specific information about biode
gradability, bioaccumulation and aquatic toxicity is not available at the 
moment; however, this polymer qualifies as highly biocompatible, 
biodegradable and is routinely used for drug delivery and other 
biomedical applications (e.g. [22–24]). 

Both poly(methyl vinyl ether-alt-maleic acid) (PM) and D-gluconic 
acid (GA) were obtained from Sigma-Aldrich. Their chemical formula, 
structure, molecular weight (MW), and biological impact profile (for 
GA) are summarized in Table 1. Stock solutions of each additive were 
prepared by dissolving PM and GA, respectively, in deionized water 
(18.2 mΩ cm− 1) and subsequent filtration through 0.22 μm membranes. 

Table 1 
Characteristics of the antiscaling agents used in this study. logPow stands for the 
octanol/water partition coefficient, LC0 the maximum concentration causing no 
mortality, and LD50 the lethal dose causing 50 % of mortality.  

Additive Poly(methyl vinyl ether-alt- 
maleic acid) 

D-Gluconic acid 

Acronym PM GA 
Formula [CH2CH(OCH3)CH(CO2H) 

CH(CO2H)]n 

C6H12O7 

Structure 

MW (g mol− 1) 216,000 196 
Biodegradation n/a 98 % after 48 hb 

Bioaccumulation n/a logPOW − 1.87c 

Aquatic toxicity n/a LC0 > 100 mg/L 
Mammalian toxicity (acute 

oral toxicity) 
LD50 (rat) >5000 mg/kga n/a  

a [24]. 
b [25]. 
c [26]. 
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2.2. Precipitation of calcium sulfate 

Reagent grade chemicals and grade A glassware were used to prepare 
stock solutions of calcium chloride, sodium sulfate and sodium chloride 
by dissolving the desired amount of CaCl2⋅2H2O, Na2SO4 and NaCl (>99 
%, all received from Sigma-Aldrich) in deionized water (18.2 MΩ cm− 1). 
These stock solutions were filtered through 0.22 μm membranes and 
stored at the desired temperature prior to mixing. 

Calcium sulfate precipitation experiments were carried out by add
ing a fixed volume of the Na2SO4 stock solution (e.g. 1 mL) to the same 
volume of CaCl2 stock solution under continuous stirring. In all cases, 
equimolar solutions were mixed to obtain 2 mL aliquots with final CaSO4 
concentrations ranging between 0.03 and 0.15 M (see Table 2). These 
solution compositions were chosen to represent typical conditions found 
in seawater and brackish feed water [3,27,28], and to also cover higher 
concentrations (>0.13 M) that occur at later stages of MD or RO water 
recovery processes [3,4,27,29]. In experiments containing additives, a 
defined volume of a stock solution of inhibitor was added to the sodium 
sulfate solution prior to mixing with the calcium chloride solution, 
maintaining a constant final concentration of 5 ppm PM (equivalent to 
23 μM; see the Supporting Information (SI) and Fig. S3 for details) at all 
studied conditions (cf. Table 2), while the amount of added GA was 
matched with the respective final Ca2+ concentration. All precipitation 
experiments were conducted at three different levels of background 
salinity (0.3, 2.0 and 5.0 M NaCl) and four different temperatures (20, 
40, 60 and 80 ◦C) (cf. Table 2). The experiments at low concentration of 
NaCl (0.3 M) served as a benchmark to be able to quantify the impact of 
salinity on the nucleation kinetics of CaSO4 at higher background ionic 
strength. 

2.3. Solution speciation 

The saturation state (S) of the solution with respect to a given CaSO4 
phase is defined as the ratio of the actual activity products and the 
thermodynamic solubility product of the mineral phase (Ksp). For gyp
sum, the main phase to form under all studied conditions [30,31], except 
80 ◦C and 5 M NaCl, the precipitation reaction can be written as follows: 

Ca2+ + SO4
2− + 2H2O ↔ CaSO4⋅2H2O (1)  

at 80 ◦C and 5 M NaCl bassanite is forming and can be written as follows: 

Ca2+ + SO4
2− + 1

/
2H2O ↔ CaSO4⋅1

/
2H2O (2) 

The saturation index is defined as the decadic logarithm of the 
saturation state (log10S). The saturation index for each condition was 
calculated with the PHREEQC code, using the phreeqc and pitzer data
bases for low (0.3 M NaCl) and high salinity (2.0 and 5.0 M NaCl) so
lutions, respectively [32]. Protonation and complexation constants for 
the interaction of GA with Ca2+ ions were obtained from the Andra 
thermodynamic database [33]. 

2.4. Determination of induction times 

The most relevant experimental parameter to consider during inor
ganic scaling is the induction time, tind, which can be defined as the time 
elapsed between the onset of supersaturation and the formation of 
critical clusters, i.e. stable nuclei that subsequently grow (or transform) 
into crystals. In the case of precipitation from solution, this interval 
primarily depends on the saturation index and other physicochemical 
parameters of the solution such as temperature, hydrodynamic regime 
(e.g. stirring rate), presence of foreign particles, or viscosity. However, 
experimentally it is very challenging to capture the formation of the first 
nuclei. In order to be detected, these nuclei need to grow until they (i) 
reach an observable size, which will depend on the temporal and spatial 
resolution of the used technique, or (ii) induce a detectable change in the 
solution speciation, which will depend on the sensitivity of the used 
probes (e.g. immersed conductivity or ion-selective sensors). Conse
quently, the experimentally determined (apparent) induction period is 
usually the result of several separate contributions [34,35]: (1) a certain 
relaxation (or equilibration) time, tpnc, required for the system to ach
ieve a quasi-steady-state distribution of molecular clusters (e.g. the 
formation of pre-nucleation clusters); (2) the time elapsed until these 
molecular clusters have developed into nuclei, tnuc; and (3) the time 
required for the nuclei to grow to a detectable size, tgr. The measured 
induction time can therefore be expressed as: 

tind = tpnc + tnuc + tgr (3) 

At present it is still difficult, if not impossible, to isolate these sepa
rate quantities. The relaxation time, tpnc, depends to a great extent on the 
viscosity of the medium and, hence, diffusivity. In solution, this process 
is assumed to be very fast (e.g. [36]), and should occur virtually 
instantaneously in the case of CaSO4 [37,38]. The nucleation time, tnuc, 
is mainly controlled by the solution supersaturation, and to a lesser 
extent by other physicochemical parameters such as temperature and 
salinity. Finally, the growth time, tgr, depends on the size at which nuclei 
become detectable (i.e. the spatial resolution of the used detection 
method) and the growth rate applicable to this early stage of evolution. 
The latter contribution is difficult to estimate since the growth rate of a 
nucleus cannot be approximated by that of a macroscopic crystal, but in 
general it tends to be several orders of magnitude faster (e.g. [39]). 
Taking into account the sensitivity of currently available observation 
techniques, we can conclude that for sparsely soluble salts and the 
experimental conditions used in this work, the overall induction time 
will be dominated by the time required to form a stable nucleus, i.e. tind 
~ tnuc [34–36,40]. 

Using the classical nucleation theory (CNT), analytical expressions 
for the nucleation time as a function of the supersaturation have been 
previously derived ([40] and references therein), allowing to extract 
characteristic kinetic and thermodynamic information of the nucleation 
process. Most of these models rely on the basic assumption that the 
initial formed nuclei have identical properties as the final macroscopic 
crystals (the so-called “capillary assumption” of CNT). However, 
extensive experimental and computational research during the past 

Table 2 
Experimental conditions chosen for studying calcium sulfate precipitation at 
varying final CaSO4 concentrations, salinities and temperatures (resulting in 
different final supersaturation indices (log10S) with PM and GA as scale 
inhibitors.  

CaSO4 

(M) 
T (◦C) NaCl (M) log10S (− ) PM (M) GA 

(M)  

0.150 20 – 40 – 60 – 
80 

0.3 – 2.0 – 
5.0 

0.76–1.12 2.3 ×
10− 5 

0.150  

0.140 20 – 40 – 60 – 
80 

0.3 – 2.0 – 
5.0 

0.71–1.08 2.3 ×
10− 5 

0.140  

0.125 20 – 40 – 60 – 
80 

0.3 – 2.0 – 
5.0 

0.63–1.01 2.3 ×
10− 5 

0.125  

0.100 20 – 40 – 60 – 
80 

0.3 – 2.0 – 
5.0 

0.46–0.87 2.3 ×
10− 5 

0.100  

0.095 20 – 40 – 60 – 
80 

0.3 – 2.0 – 
5.0 

0.43–0.83 2.3 ×
10− 5 

0.095  

0.085 20 – 40 – 60 – 
80 

0.3 – 2.0 – 
5.0 

0.34–0.76 2.3 ×
10− 5 

0.085  

0.075 20 – 40 – 60 – 
80 

0.3 – 2.0 – 
5.0 

0.25–0.68 2.3 ×
10− 5 

0.075  

0.065 20 – 40 – 60 – 
80 

0.3 – 2.0 – 
5.0 

0.14–0.59 2.3 ×
10− 5 

0.065  

0.055 20 – 40 – 60 – 
80 

2.0 – 5.0 0.02–0.15 2.3 ×
10− 5 

0.055  

0.050 20 – 40 – 60 – 
80 

0.3 – 2.0 – 
5.0 

0.00–0.41 2.3 ×
10− 5 

0.050  

0.040 20 – 40 – 60 – 
80 

0.3 0.22–0.26 – –  

0.030 20 – 60 0.3 0.02–0.05 – –  
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decade has shown that for many sparsely soluble salts, this is not 
necessarily the case and more complex, so-called “non-classical”, 
nucleation mechanisms involving multiple precursor and/or interme
diate phases are at play [41]. In the case of CaSO4, such a multistep 
pathway has been experimentally observed for both gypsum and bas
sanite nucleation, where the formation of the respective crystalline 
modification was found to be preceded by a disordered CaSO4 phase 
[37,38,42]. For the purpose of the present work, we consider the 
measured induction times as being representative of the first detectable 
formation of phase-separated particles in solution, the nature of which is 
not necessarily equal to that of the final crystalline phase. 

Induction times of calcium sulfate precipitation in the absence and 
presence of additives were determined by monitoring the change in 
transmittance of supersaturated solutions at different CaSO4 concen
trations, background salinities and temperatures (cf. Table 2). Changes 
in absorbance were monitored using time-resolved UV–Vis spectro
photometry performed on an Agilent Cary 300 instrument at acquisition 
times ranging from 1 to 6 s per data point. Measurements were carried 
out at a wavelength of 500 nm in disposable 3 mL polystyrene cuvettes, 
which were placed into multicell (6×) module that was temperature- 
controlled by means of a Peltier element (see Fig. S1 in the SI). During 
the induction time measurements, the supersaturated solutions were 
continuously stirred with magnetic stirrer bars (8 × 3 mm) in order to 
avoid gravitational setting of the formed solid phase(s). Measurements 
were repeated at least six times for each studied set of conditions and the 
results are given as average values with corresponding one-sigma stan
dard deviations. 

2.5. Automated data analysis 

As discussed above, the time elapsed between the generation of a 
supersaturated solution and the first change in absorbance detected with 
UV/Vis spectrophotometry was taken as the induction time. This key 
parameter was determined automatically from the time-resolved 
absorbance curves using custom software written in R [43]. The first 
step was to minimize the inherent noise of the experimental absorbance 
curves by computing a smoothing spline function. From the first deriv
ative of the resulting curve, tind was taken as the first time when the 
derivative reached a value >2 % of its overall maximum. This threshold 
was selected such that the corresponding derivative value was appre
ciably different from the background (theoretically zero), and used 
consistently for all analyzed curves. 

The obtained induction time values were plotted as a function of 
supersaturation and fitted using the general nucleation rate equation 
provided by CNT [40]: 

tind =
1

JV
=

1

aSlog(S)exp
(
− W*

kBT

) (4)  

W* =
bγ3

27(kBT)3log2(S)
(5)  

where J is the nucleation rate, V the solution volume, S is the saturation 
state, W* the work to form a critical cluster, kB the Boltzmann constant, T 
the temperature and a and b are parameters which contain information 
about the kinetic and thermodynamic properties of the forming solid 
phase. For the purpose of fitting the experimental induction times as a 
function of supersaturation, Eqs. (4) and (5) can be rewritten as (with A 
= log(a)): 

log(tind) = − A − log(S) − log(log(S) )+
bγ3

27(kBT)3log2(S)
(6)  

with 

X =
1

log2(S)
,Y = log(tind) (7)  

and B = bγ3/27(kBT)3, we obtain: 

Y(X) = A − X− 1/2 +
1
2

log(X)+BX (8) 

This equation was employed to compute the fitting of tind as a 
function of S (to do so log10S was converted to logS), using a non-linear 
weighted least-squares method, where the weighting function was 
introduced to take into account the experimental errors. The fit un
certainties were calculated by applying the method for propagation of 
uncertainties in Eqs. (4)–(8). The fitted dependence of induction time on 
supersaturation was primarily used to automatically quantify the effects 
of additives on the nucleation of calcium sulfate under the various 
studied conditions. In addition, the fitting was also used to extract 
interfacial energies and kinetic parameters of the nucleation process of 
CaSO4 in the absence and presence of additives. 

2.6. Characterization of the final solid phases 

Phase identification of the formed precipitates was performed by 
Raman spectroscopy and powder X-ray diffraction (PXRD). At the end of 
the reaction, the solid phase was isolated by vacuum filtration using a 
0.22 μm membrane filter. Raman analyses were carried out with a 
confocal Raman microscope (LAbRAM HR, Horiba, Japan), equipped 
with a diode laser emitting at 532 nm and a CCD detector. The laser 
beam was focused onto the sample through a 50× objective. In this way, 
Raman intensities (in counts per second, cps) were measured as a 
function of incoming wavenumber at a resolution of <3 cm− 1. PXRD 
diffractograms were acquired using a PANalytical diffractometer (X'Pert 
Pro) equipped with Bragg-Brentano configuration, a PIXcel multi
channel detector, programmable divergence slits, and a Cu anode 
providing Kα1 and Kα2 radiation. Patterns were collected from 5 to 80◦

(2θ) and analyzed with the XPowder software package [44], using the 
ICDD-PDF2 database. 

The size and morphology of the formed solid particles were char
acterized using scanning electron microscopy (SEM). For this purpose, 
filters carrying the isolated calcium sulfate crystals were mounted on 
SEM stubs and sputter-coated with gold. Samples were examined using a 
Quanta 400 environmental scanning electron microscope operating at 
20 kV. 

3. Results and discussion 

3.1. Precipitation of CaSO4 as a function of concentration, temperature 
and salinity 

In order to be able to evaluate the ability of an additive to delay the 
precipitation of calcium sulfate from solution, it is imperative to first 
characterize this process for a pure system without additives. To 
establish a comprehensive benchmark, induction times were determined 
for precipitation at final CaSO4 concentrations of 0.03–0.15 M (all su
persaturated with respect to gypsum) temperatures of 20, 40, 60 and 
80 ◦C, and background salinities of 0.3, 2.0 and 5.0 M NaCl. In Fig. 1, the 
measured induction times are represented as a function of the initial 
calcium sulfate concentration in solution for the three studied salinities 
and four temperatures. These data immediately reveal that CaSO4 pre
cipitation is delayed at increased salinity (Fig. 1a), while higher tem
peratures result in lower induction times (Fig. 1b). The former trend is a 
direct consequence of the increased solubility of gypsum at higher 
salinity, as already reported in previous studies [45,46]. The retarding 
effect is more pronounced in solutions containing 2.0 M NaCl compared 
to 0.3 and 5.0 M NaCl (cf. Fig. 1a), in full agreement with reported 
gypsum solubility data as a function of salinity (Fig. 1c). The delaying 
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effect of increased salinity is most significant at low CaSO4 concentra
tions: for example, at 0.05 M CaSO4 and 2.0 or 5.0 M NaCl, precipitation 
is completely inhibited for at least 700 min over the entire range of 
temperatures, while at 0.3 M NaCl nucleation already takes places after 
~20 min (cf. Fig. 1a). On the other hand, the observed trend in induction 
times as a function of temperature at fixed salinity (cf. Fig. 1b) cannot be 
explained solely by taking into account temperature-dependent varia
tions of gypsum solubility. For example, in the case of 0.3 M NaCl, the 
lowest solubility is expected at 20 ◦C (Fig. 1d), yet at higher tempera
tures the measured induction times are much shorter (cf. Fig. 1b). 
Hence, at a fixed salinity induction times appear to be controlled by 
faster reaction rates with increasing temperature, confirming previous 
observations [46,47]. 

The solid phase(s) present at the end of the precipitation reaction 
were identified by Raman spectroscopy. Under all studied experimental 
conditions, phase-pure gypsum was formed (see Fig. S2 in the SI) – 
except for precipitation at 80 ◦C and 5.0 M NaCl, where Raman spectra 
showed two main peaks at 435 and 1016 cm− 1 (Fig. S1), indicating the 
presence of calcium sulfate hemihydrate (i.e. bassanite) along with 
minor amounts of gypsum (small peak at ~1138 cm− 1), which was most 
likely formed during isolation by vacuum filtration at room tempera
ture. This preferred primary precipitation of bassanite at 80 ◦C and high 
salinity corroborates experimental results obtained in previous work 
[30,31]. At this point, it is important to note that based on thermody
namic arguments (i.e. solubility) only, anhydrite should be the main (i.e. 
stable) solid phase to form at temperatures above 50 ± 5 ◦C (e.g. [48]). 

Nevertheless, it is well known that up to 80 ◦C, gypsum is the only solid 
phase to precipitate, while high salinities (>3 M NaCl) favor the for
mation of bassanite [30,31]. Direct precipitation of anhydrite from so
lution indeed only occurs at temperatures above 120 ◦C (e.g. [30,49]). 
With time, initially formed gypsum and bassanite will convert to 
anhydrite at temperatures >(50 ± 5) ◦C in contact with an aqueous 
solution, but this process is very slow and may take >2 years [30]. This 
highlights that nucleation kinetics largely determines which calcium 
sulfate phase will precipitate under a given set of physicochemical so
lution conditions [30,31,42]. Consequently, it is of paramount impor
tance to consider this aspect when developing effective antiscaling 
strategies. 

3.2. Kinetics of calcium sulfate nucleation 

To uncover the intrinsic influence of ionic strength and temperature 
on the kinetics of CaSO4 nucleation, the measured induction times need 
to be compared while taking into account the supersaturation with 
respect to the forming solid phase. Following the classical nucleation 
rate equation (cf. Eq. (6)), tind values were plotted as a function of 
nominal supersaturation for all experimental conditions investigated 
(Fig. 2). Fig. 2a shows the dependence of the induction time on super
saturation at four different temperatures and a fixed salinity of 0.3 M 
NaCl. It is obvious that higher temperatures lead to shorter induction 
times, which decreases as the temperature increases. 

Similar behavior was observed in experiments conducted in the 

Fig. 1. Precipitation of calcium sulfate under various conditions in the absence of antiscaling additives. (a) Induction times as a function of CaSO4 concentration at 
0.3, 2.0 and 5.0 M NaCl and 20 ◦C. Note that at 0.3 M NaCl, the induction time for a 40 mM CaSO4 solution is (854 ± 23) min, while for a 30 mM CaSO4 solution no 
precipitation was observed after 6000 min. (b) Induction times as a function of CaSO4 concentration at 20, 40, 60 and 80 ◦C at 0.3 M NaCl. (c) Solubility of gypsum as 
a function of salinity at 20 ◦C (adapted from [48] and references therein). Solubility values calculated for the experimental conditions studied in the present work are 
indicated as crosses. (d) Solubility of gypsum (calculated with PHREEQC) as a function of temperature at three different salinities. 
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presence of 2.0 and 5.0 M NaCl (see Fig. S4 in the SI). When induction 
times are plotted as a function of supersaturation at different back
ground salinities (Fig. 2b), it becomes evident that the kinetics of cal
cium sulfate nucleation also depend strongly on the ionic strength of the 
solution. With increasing concentration of background electrolyte, the 
induction times are significantly reduced. Hence, CaSO4 nucleation 
seems to be accelerated in the presence of NaCl – a finding confirmed by 
experiments performed at all other temperatures (see Fig. S5 in the SI). 

Fitting the data shown in Fig. 2a and b using Eq. (6) yields the 
effective interfacial free energy (γeff) of the initially formed solid phase 
for the different temperatures and salinities investigated in this work. 
The results (Fig. 2c) indicate only a minor, if any, dependence of γeff on 
temperature and salinity. For example, at 20 and 40 ◦C γeff appears to 
decrease with increasing salinity. However, the relatively large error 
bars associated with γeff values and the uncertainty of CaSO4 solubility 
(and thus nominal supersaturation) at high salinities and temperatures 
[48] call definite conclusions into question. This is also reflected in the 
existing literature, where apparently contradictory observations are 
reported about the dependence (or lack of dependence) of γeff on tem
perature and salinity (e.g. [45–47,49,50]). In any case, CNT does not 
predict any significant influence of temperature and salinity on the 
interfacial free energy [40]. To resolve this issue, induction times should 
be measured for a broader range of supersaturation and the solubility at 
high salinities and temperatures needs to be determined accurately. This 
will be subject of a forthcoming study. 

While the role of the interfacial free energy in the rate equation of 

classical nucleation theory (Eq. (6)) is a frequently addressed topic, the 
pre-exponential kinetic factor, A, has received far less attention. 
Nevertheless, several studies have highlighted the relevance of this 
parameter for the resulting nucleation rate (e.g. [51,52]). In essence, the 
kinetic factor depends on the solute density of the liquid phase, the rate 
of attachment of atoms/ions/molecules to the critical cluster, and the 
Zeldovich factor, which describes the curvature of the free energy 
landscape at the top of the barrier. The lack of detailed analyses of the 
kinetic factor in previous studies is probably related to the fact that both 
the molecular attachment rate and the Zeldovich factor are difficult to 
determine experimentally. In Fig. 2d, the A values obtained from fitting 
the experimental data are plotted as a function of salinity and temper
ature, showing that temperature has a non-negligible effect on the pre- 
exponential factor. Typically, A increases with temperature– fully in line 
with the trends observed for the induction times as a function of the two 
parameters (cf. Fig. 1). Nonetheless, as already mentioned above, a more 
precise determination of γeff and A as a function of the physicochemical 
solution conditions is needed for a profound account of the relative 
importance of both parameters. 

3.3. Kinetics of calcium sulfate nucleation in the presence of “green” 
antiscalants 

To determine the operational window of the selected green scale 
inhibitors, series of precipitation experiments were carried out using the 
same experimental conditions as for the pure system, but adding a fixed 

Fig. 2. Kinetics of calcium sulfate nucleation in the absence of additives. (a) Induction times as a function of supersaturation for different temperatures at 0.3 M NaCl. 
(b) Induction times as a function of supersaturation for different salinities at 20 ◦C. (c) Effective interfacial free energies and (d) pre-exponential factors A obtained by 
CNT-based analysis of the induction time data for the first formed solid phase. Red symbols indicate the conditions (5.0 M NaCl, 80 ◦C) where bassanite was obtained 
as main solid phase. Shaded areas in (a) and (b) represent one-sigma standard deviations. 
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amount of 5 ppm PM and GA concentrations equimolar to calcium. 
Exemplarily, Fig. 3 shows induction times measured at 20 ◦C/0.3 M 
NaCl and 60 ◦C/2 M NaCl in the absence and presence of additives. As 
expected, the induction times for CaSO4 precipitation were prolonged 
under the influence of PM and GA at all investigated experimental 
conditions. In particular, strong delay of nucleation was observed at low 
supersaturations and in the presence of PM. In the case of the com
plexing agent GA, the difference in induction time to the reference 
experiment without additive is less pronounced and remains approxi
mately constant over the entire supersaturation range studied (despite 
the higher molar concentrations of GA used, as compared to PM). 

The data shown in Fig. 4 already provides direct insight on the 
antiscaling performance of the two additives as a function of the phys
icochemical solution conditions. However, to better illustrate how 
salinity and temperature affect the ability of PM and GA to inhibit CaSO4 
precipitation, we chose to plot the ratio of the logarithmic induction 
times determined in the presence of additive and for the pure system as a 
function of supersaturation. This analysis was done for both additives at 
all temperatures and salinities probed in this study, yielding the results 
shown for PM and GA in Figs. 4 and 5, respectively. 

From the profiles in Fig. 4, several important aspects of the anti
scaling potential of PM at different solution conditions can be extracted: 
(i) at low to medium salinity (black and red traces in Fig. 4), PM is an 
effective inhibitor below a certain threshold supersaturation; (ii) at high 
salinity (green traces in Fig. 4), PM does not inhibit gypsum precipita
tion noticeably; (iii) within the observed operational window, PM is 

most effective at low salinity; (iv) up to 60 ◦C temperature does not 
significantly influence the antiscaling potential of PM, although at 2 M 
NaCl there appears a maximum in the antiscaling potential at 40 ◦C. 
Equivalently, the main antiscaling characteristics of GA can be directly 
inferred from Fig. 5: (i) for the studied conditions GA is not a strong 
inhibitor of CaSO4 precipitation; (ii) its antiscaling potential is more or 
less independent of supersaturation; iii) at high salinity and medium 
temperatures, the antiscaling potential is slightly increased (green traces 
in Fig. 5b and c). 

3.4. Inhibition mechanisms of PM and GA 

The results presented above show that a trace quantity of PM 
markedly delays the precipitation of calcium sulfate in both low- and 
medium- saline solutions, whereas equimolar amounts of GA have a 
rather limited impact on the scaling behavior. The influence of anti
scaling additives on the precipitation of inorganic minerals is tradi
tionally explained by three mechanisms (e.g. [1,3,7,8]): (i) 
complexation with crystal lattice ions by additive molecules in solution; 
(ii) adsorption of the additive on the surface of nucleated particles; and/ 
or (iii) changes in ionic strength of the medium and related variations of 
the solubility of the precipitating phase caused by the presence of the 
additive. The range of experimental conditions explored in this study 
allows us to consider and discuss all of these three potential 
mechanisms. 

In the case of GA, which is a well-known complexing agent of Ca2+

Fig. 3. Induction times as a function of supersaturation in the absence (blue) and presence of (a,c) 5 ppm PM (red) and (b,d) equimolar concentrations of Ca2+ and 
GA (green) at 20 ◦C and 0.3 M NaCl (a,b) or 60 ◦C and 2.0 M NaCl (c,d). Shaded areas represent one-sigma standard deviations. 
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(e.g. [53]), we observed a small – yet still significant – retarding effect 
on the precipitation of gypsum, as shown in Fig. 5. However, recalcu
lation of these plots using the effective supersaturation, i.e. accounting 
for the Ca2+ ions sequestrated by GA (Figs. 6 and S6; calculated using 
PHREEQC) reveals that for the experimental conditions used in this 
study, the retarding effect can be entirely ascribed to the Ca2+

complexation. Hence, it seems safe to conclude that GA does not inter
fere directly with the nucleation pathway of calcium sulfate, i.e. neither 
the pre-exponential factor nor the effective interfacial free energy is 
affected by the presence of GA. 

With PM as antiscaling agent, complexation can in turn not be 
responsible for the observed inhibiting effect on gypsum precipitation, 
since calculations with PHREEQC indicate that only a marginal fraction 
(≪0.1 %) of the free Ca2+ ions is bound by PM. Due to the low con
centration of additive used (2.3 ⋅ 10− 8 M), the ionic strength of the so
lution will likewise also not be significantly changed. Thus, following 
the traditional view on the mechanisms of threshold inhibitors, 
adsorption on the surface of forming nuclei remains as key interaction to 
account for the inhibiting effect of PM. To obtain experimental support 
for the surface adsorption mechanism, the morphology of gypsum 
crystals precipitated in the presence of PM at low and high salinity was 
characterized using SEM (Fig. 7). In the absence of the additive, typical 
needle- and plate-shaped morphologies of gypsum were formed (Fig. 7a, 
b). Addition of 2.3 ⋅ 10− 8 M (5 ppm) PM does not induce noticeable 
morphological changes (Fig. 7c,d). However, the influence of PM on the 
growth behavior of gypsum crystals becomes evident at significantly 

higher additive concentrations, 0.93 × 10− 7 M 200 ppm), where bulky 
crystals with jigsaw-like edges are obtained (Fig. 7e,f). Importantly, this 
habit modification, arguably induced by adsorption of PM on the 
growing crystal surfaces, occurs both at low (0.3 M) and high (5.0 M) 
background salinity. This stands in contrast with the nucleation inhi
bition potential of PM as a function of salinity, which decreases mark
edly with increasing NaCl concentration (cf. Fig. 4). 

To gain additional insight into the possible inhibition mechanism of 
PM, we have extracted the pre-exponential factor and the effective 
interfacial free energy through fitting the dependence of induction times 
on supersaturation using Eq. (8) (see Fig. S8 in the SI). The results show 
that pre-exponential factor does not change significantly in the presence 
of PM (Fig. S8a), while γeff increases significantly at low and medium 
salinity (Fig. S8b). Hence, PM does not alter the kinetics of the nucle
ation process (e.g. by reducing the attachment rate of the ions/primary 
particles to the initial CaSO4 clusters/nuclei [35,36,40]), but rather 
changes the thermodynamics of the nucleation process (e.g. by 
increasing the interfacial energy of the critical cluster). Commonly, it is 
assumed that such effects are caused by adsorption of additive molecules 
on the forming nuclei [50, and references therein]. This, however, is in 
apparent conflict with the observed increase in effective interfacial en
ergy (cf. Fig. S8), as adsorption should actually lead to (and, among 
others, be driven by) a lowering of the total interfacial free energy 
[52,54]. Moreover, additive adsorption alone can also not account for 
the observed decrease in the inhibiting potential at high salinity (cf. 
Fig. 4), while the ability of the additive to alter the morphology of 

Fig. 4. Ratios of the logarithmic induction times measured for CaSO4 precipitation in the presence and absence of PM as a function of supersaturation at (a) 20 ◦C, (b) 
40 ◦C, (c) 60 ◦C and (d) 80 ◦C. Shaded areas represent one-sigma standard deviations. 
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Fig. 5. Ratios of the logarithmic induction times measured for CaSO4 precipitation in the presence and absence of GA as a function of supersaturation at (a) 20 ◦C, (b) 
40 ◦C, (c) 60 ◦C and (d) 80 ◦C. Shaded areas represent one-sigma standard deviations. 

Fig. 6. Ratios of the logarithmic induction times measured for CaSO4 precipitation in the presence and absence of GA as a function of the effective supersaturation 
(calculated taking into account complexation of calcium ions by GA) at (a) 60 ◦C and (b) 80 ◦C. Shaded areas represent one-sigma standard deviations. See Fig. S7 in 
the SI for corresponding plots at 20 and 40 ◦C. 
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gypsum is retained under the same conditions (cf. Fig. 7). Possibly, PM 
changes the thermodynamics of gypsum nucleation through modulating 
the interaction potentials between the building blocks (ions and/or 
primary particles) of the nuclei [55]. This scenario could also explain the 
observed dependency of inhibition power on salinity (i.e. the loss of 
inhibition at 5.0 M NaCl, cf. Fig. 4): with increasing ionic strength, the 
charge of the carboxylate groups on the polymeric additives will be 
progressively screened, thus reducing any potential electrostatic in
teractions with ions, primary particles and/or clusters (whose interfacial 
charges will likewise be screened by the high salinity). Another potential 
mechanism behind the loss of performance at high salinity is salting out 
of the polymer, i.e. the intramolecular repulsion of the polymer chains is 
switched off and the polymer becomes partially insoluble. However, any 
such considerations are speculative at present and additional detailed 
experimental work is required to confirm or refute the hypothesis. 

Comparing the molecular structures of the two chosen additives (cf. 
Table 1), it is evident that both potential antiscalants carry carboxylate 
groups, which are known to facilitate interactions with calcium ions in 
solution, calcium-terminated faces of crystalline particles as well as any 
of the precursors occurring on the way from dissolved ions to solid 
crystals (e.g. nanoclusters or amorphous phases). Any such interactions 
will likely be supported by further coordination of calcium ions to the 
hydroxy groups present in GA and/or the ether moieties in PM, as re
ported for complexes of calcium and alkylether carboxylates [56]. The 
main difference between the two additives is obviously their molecular 
weight, with the polymeric character of PM enabling multidentate 
binding to calcium-bearing interfaces, which allows the additive to 
become active and effectively inhibit nucleation already at low dosages 
(threshold effect). The affinity of PM towards the relevant interfaces 
might further be driven by the inherent hydrophobicity of its polyolefin 
backbone. GA, on the other hand, lacks the ability to incur cooperative 
binding processes and will therefore mainly act as a complexant for 
calcium ions (chelator effect), although molecular adsorption on cal
cium sulfate surfaces and related modulations of specific growth rates 
cannot be excluded. 

3.5. Absolute delay of gypsum precipitation by PM and GA 

Finally, we also consider the absolute delay in gypsum precipitation 
as a function of the physicochemical solution conditions, as a straight
forward parameter that can more directly be related to real-world ap
plications such as desalination by reverse osmosis or membrane 
distillation. In these settings, the residence time of the feed water and its 
concentrate(s) is the decisive factor determining whether scaling will 

occur or not. More specifically, mineral nucleation and scaling are ex
pected to take place when the residence time exceeds the induction time. 
The main variables influencing the time window for effective inhibition 
of calcium sulfate scaling considered in this work were solute and 
background salt concentrations, operating temperature and type of 
antiscalant. However, it is important to note that in actual applied set
tings, other operational factors such as hydrodynamics, pressure and pH 
of the medium can also be relevant. 

Fig. 8 shows a summary of the absolute induction times measured for 
calcium sulfate precipitation at different temperatures (20, 40, 60 and 
80 ◦C), CaSO4 concentrations (0.050 and 0.075 M) and NaCl contents 
(0.3, 2.0 and 5.0 M). These plots reveal that in the presence of 2.0 M 
NaCl at 0.050 M CaSO4 (Fig. 8a), the formation of gypsum is greatly 
delayed (≥400 min) at all temperatures. This inhibition potential is 
somewhat reduced at 0.075 M CaSO4 (Fig. 8b). At both calcium sulfate 
concentrations and all three levels of salinity, induction times increase 
with temperature. In the presence of additives, especially PM, calcium 
sulfate nucleation is further delayed but in fact, the inhibition potential 
of the additives strongly depends on background salinity (Fig. 8c,d): 
most notably, no precipitation was observed after 700 min with 5 ppm 
PM at 20 ◦C and a salinity of 2.0 M, while much shorter induction times 
were determined under the same conditions with 0.3 or 5.0 M NaCl (cf. 
Fig. 8c). This surprising finding suggests that background salinity could 
actually play an important role in controlling gypsum scaling but has to 
be adjusted properly for positive effects to occur. The most appropriate 
range of salinity will correspond to NaCl concentrations where gypsum 
solubility is maximized (i.e. 2.0–4.0 M NaCl, cf. Fig. 1c), while at the 
same time precipitation kinetics are not too fast (considering that 
nucleation kinetics are accelerated at higher background salinity, cf. 
Fig. 2b and d). In this regard, 2 M NaCl seems to be an optimal 
compromise between enhanced gypsum solubility and accelerated pre
cipitation kinetics. Inhibition of calcium sulfate scaling is most effective 
at relatively low supersaturation, as illustrated by the different absolute 
induction times measured at 0.050 and 0.075 M CaSO4 (cf. Fig. 8a vs. b). 
Upon addition of a potent antiscaling additive like PM, the salt-induced 
nucleation delay is maintained also at higher CaSO4 concentrations. 
Hence, combining salinity with additives seems to offer a viable and 
cost-effective route to inhibit or completely prevent mineral precipita
tion under application-relevant conditions. This appears especially 
attractive when taking into account that high-salinity media are inher
ently produced during the desalination process. The only conditions 
where control over gypsum scaling remains challenging are found at 
higher temperatures (≥60 ◦C), due to a combination of accelerated 
nucleation kinetics (cf. Fig. 2a), decreased gypsum solubility (cf. Fig. 1d) 

Fig. 7. SEM images of gypsum precipitated from 150 mM CaSO4 solutions at 20 ◦C in the absence (a,b) and presence of 5 ppm (c,d) and 200 ppm (e,f) PM at 0.3 M (a, 
c,e) and 5.0 M (b,d,f) NaCl. 
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and less effective additives (cf. Fig. 4). 

4. Concluding remarks and future work 

In this work, we have developed a high-throughput benchtop method 
to rapidly determine the optimal operational window of (“green”) 
antiscaling agents. This method was validated by (i) determining the 
scaling potential in the CaSO4-NaCl-H2O at different levels of supersat
uration, temperatures and salinities, and (ii) characterizing the effects of 
two types of commonly used scale inhibitors, a chelating agent and a 
threshold inhibitor, during CaSO4 precipitation across the same space of 
experimental conditions. Although the laboratory setup used for 
measuring induction times for scaling can probably not mimic the cir
cumstances prevailing in industrial facilities such as desalination units, 
the results of these tests do provide direct and reliable information on 
the relative efficacy of the inhibitors because the experiments were all 
performed under identical conditions. To further demonstrate the gen
erality of our methodology, we have tested different mineral systems 
and obtained viable results for the precipitation of CaCO3, BaSO4, 
SrSO4, Ca(OH)2, and CSH – as exemplified for barium sulfate nucleation 
in the presence of inhibiting and accelerating additives in Fig. S9. More 
comprehensive reports of the data collected for the various studied 
systems will be subject of forthcoming publications. 

Aside from establishing the operational window for the two selected 
antiscaling agents, the experimental data collected in this work also 
highlights that adjusting the salinity of the solution can be an simple 
way to dramatically delay calcium sulfate precipitation even in the 
absence of any (polymeric) additive. Another interesting aspect revealed 
by the present results is the fact that the tested inhibitors display a quite 
different performance gradient as a function of solution conditions. In 

the case of the threshold inhibitor PM, we found that the strongest 
inhibiting action occurs at low supersaturation, low salinity and low to 
medium-high temperature, whereas no significant antiscaling effect was 
observed for PM in highly saline media. Based on these findings, we 
propose that PM exerts its inhibiting action by disrupting the initial 
formation and/or aggregation of primary CaSO4 species (i.e. ions and/or 
ion clusters) and thus increasing the initial work required to form nuclei 
– interactions that may be screened once sufficiently high ionic strengths 
are reached. For, GA we observed a rather constant inhibiting potential – 
interesting for application in fluctuating operation conditions –, which is 
the result of the chelating of Ca2+ ions by GA. 

Taken together, the method presented in this work allows for a rapid 
determination of scaling kinetics in a mineral system across a wide range 
of conditions, thus providing important information on the optimal 
operation window of antiscaling agents. This knowledge can likely be 
used to optimize antiscalant dosages in applied systems and conse
quently minimize the environmental impact. Simultaneously, the ob
tained data also shed new light on how additives manage to inhibit 
mineral precipitation, which will aid in the further development of next- 
generation additives with promising performance and sustainability 
profiles. 

Abbreviation list 

A pre-exponential kinetic factor 
CNT classical nucleation theory 
GA D-gluconic acid 
ICDD International Centre for Diffraction Data 
J nucleation rate 
kB Boltzmann constant 

Fig. 8. Comparison of absolute induction times measured for calcium sulfate precipitation (a) 0.050 M and (b) 0.075 M CaSO4 solutions at different temperatures and 
salinities without additives, and in 0.075 M CaSO4 solutions containing (c) PM or (d) GA at different temperatures and background salinities. Open symbols in (a) 
indicate maximum observation times, after which no detectable precipitation had occurred. In (c), no precipitation was detected after 700 min in the presence of PM 
at 2 M NaCl and 20 ◦C, while nucleation occurred after 253 min under the same conditions at 40 ◦C in (d). 
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Ksp solubility product 
LC0 maximum concentration causing no mortality 
LD50 lethal dose causing 50 % of mortality 
log10S saturation index 
M molarity 
MD membranes during distillation 
MW molecular weight 
PDF2 Powder Diffraction File - 2 
PM poly(methyl vinyl ether-alt-maleic acid) 
ppm parts per million 
PXRD powder X-ray diffraction 
RO reverse osmosis 
S saturation state 
SI supplementary information 
SEM scanning electron microscopy 
T temperature 
tind induction time 
tpnc relaxation time to achieve a quasi-steady-state distribution of 

clusters 
tnuc time elapsed to develop nuclei 
tgr time required for the nuclei to grow to a detectable size 
V solution volume 
W* work to form a critical cluster 
γeff effective interfacial free energy 
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