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Abstract: Deposits of calcium sulfate scale on the surfaces of industrial equipment in distillation
facilities, reverse osmosis desalination plants, in oil and gas industries lead to significant clogging
of pipes and membranes and to a serious increase in production costs. For the mitigation of scale
formation, the wide spectrum of antiscalants is applied. The present work is dedicated to the study
of calcium sulfate deposition from supersaturated aqueous solutions in the presence of polyacrylic
antiscalant with fluorescent marker (naphthalimide fragment) PAA-F1, which provides traceability
of the scale inhibitor and a better understanding of its efficacy. A paradoxical phenomenon is
being described here. Antiscalant causes a change in the crystal phase from bassanite to gypsum,
significantly reduces the amount of deposit, but does not reveal the presence of its molecules either at
the kink, step, or at selected edge sites of deposited crystals. Contrary to the predictions of the theory,
it either stays in the aqueous phase, or forms its own separate phase Ca-PAA-F1. It is demonstrated
that the antiscalant does not block the surfaces of calcium sulfate nuclei or crystal surfaces, but
rather the foreign particles of nanodust with particle sizes around 1 nm, naturally occurring in any
aqueous solution. As a result, the number of calcium nucleation sites is reduced, and the rate of
scale formation decreases without any apparent antiscalant-scale interaction. On the grounds of
the current experiment, the substoichiometric effect of scale inhibition obtained an alternative, quite
stoichiometric explanation.

Keywords: gypsum; nucleation; scale inhibition; antiscalants; fluorescence; inhibition mechanisms;
antiscalant visualization

1. Introduction

Calcium sulfates are among the most common scalants in water desalination plants [1,2],
water distillation facilities [3], geothermal power plants [4] and in the oil and gas indus-
try [4,5], causing significant clogging of pipes and membranes and significantly increasing
production costs. Depending on the particular conditions, they crystallize as gypsum, calcium
sulfate hemihydrate (bassanite), and/or anhydrite [6]. One of the most effective and widely
accepted tools to mitigate calcium sulfate scale formation is the use of scale inhibitors [7].
Thus, both the crystallization roots of calcium sulfate deposition from supersaturated aqueous
solutions [8-31] and the retardation of scale by various additives [7,32-52] have been the
subject of intensive studies over the last 50 years. The former reports consider a wide range
of supersaturation degrees [19,20,28], ionic strength values [14,18,26], calcium/sulfate mole
ratios [19,24,28], temperatures [11,14,17], and pH values [39], while the latter communica-
tions evaluate numerous candidates for calcium sulfate scale inhibition, including various
phosphonates [30,38,39,43,45,48,52], polycarboxylates [33,35,37,43,44], chelating agents such
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as EDTA [49,50], citric acid [50] and many others for various industrial water treatment
technologies, a wide range of antiscalant dosages and different types of scale.

Significant progress has been made since the initial studies of Nancollas [8,11],
Packter [9] and Amjad [32,33]. In particular, the originally considered one-step process of
gypsum crystallization has been shown to occur via a four-step solution-based nucleation
and growth of the CaSOy4-2H;0O phase [21]. In a supersaturated aqueous solution, the
reaction between Ca®* and SO,?~ ions begins with the rapid formation of primary
solid species about c.a. 3 nm in length (first step), followed by their arrangement into
domains in the second step, which self-assemble into large aggregates in the third
step. Within the aggregates, these well-defined primary species begin to grow (step
four), and through structural rearrangement crystallize into gypsum. At the same
time, different intermediate phases are expected to form as precursors to gypsum:
amorphous calcium sulfate and/or nanocrystalline bassanite [21,51]. Depending on
the supersaturation degree, the first stage in the bulk solution is treated as either a
heterogeneous or as homogeneous process [53,54]. The latter mechanism assumes the
spontaneous association of calcium and sulfate ions into solid nano-aggregates, while
the former one is induced by the presence of foreign surfaces such as dust particles,
bubbles, or foreign molecules.

Recent views on the role of antiscalants [55] admit that they can affect any of
the aforementioned steps of gypsum crystallization. There is a general agreement
that scale inhibitors can act in a bulk aqueous medium by several possible routes
simultaneously [6,7,34,45,55,56]. They can: (i) increase scale solubility by masking
calcium cations via formation of soluble complexes; (ii) adsorb onto sparingly soluble
salt nuclei (this reduces the rate at which nuclei cross the critical size barrier, the
“threshold effect”, and thus reduces the rate of scale nucleation); (iii) adsorb onto dust
particles and isolate them from calcium and sulfate ions (this also reduces the number
of nucleation sites); (iv) impart a significant electrostatic charge to the scale nuclei,
retarding their aggregation by electrostatic repulsion between sparingly soluble salt
colloids; and (v) adsorb onto growing crystals and block the crystal growth centers
(sometimes changing the crystal habit and slowing further crystal growth). However,
the relative contribution of each mechanism in specific cases (evaporation, reverse
osmosis, oilfield facilities, etc.) is usually unclear.

Meanwhile, the uncertainty can be eliminated by the application of fluorescent-tagged
antiscalants [56—64]. Indeed, the visualization of phosphonates and polyacrylates during
gypsum crystallization in a series of experiments within 2019-2023 provided unique in-
formation that contradicted the conventional theory of scale inhibition. Already the first
communication, focusing on the localization of the fluorescent-tagged bisphosphonate
HEDP-F (1-hydroxy-7-(6-methoxy-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)heptane-
1,1-diyldi(phosphonic acid)) localization during gypsum deposition [58] described a para-
doxical effect. It was found that, contrary to the popular belief, HEDP-F does not interact
at all with CaSO4-2H,O crystals at ambient temperature, but does retard, nevertheless,
gypsum scaling from supersaturated solution in a batch test. In this study, the antiscalant
formed its own separate solid phase Ca-HEDP-F, while the gypsum crystals showed no
traces of scale inhibitor on their surface.

Later, the similar phenomenon was independently reported for both static and dy-
namic conditions of gypsum crystallization at ambient temperature in the presence of
HEDP-F [59,60] and fluorescent-tagged polyacrylate PAA-F1 [60]. This effect has been
explained in terms of “antiscalant—solid nanoimpurities” interactions [56,58]. At the same
time, it was noted that, in a static test, performed according to NACE recommendations
TMO0374-2007 (24 h heating of supersaturated gypsum solution at 70 °C), HEDP-F was
found both inside and on the surface of CaSO4-2H,0O crystals [58]. Thus, the mechanisms
of gypsum scale inhibition at ambient and elevated temperatures appear to be different.

Polycarboxylates are known to be effective scale inhibitors for calcium sulfate scale
deposits [33,35,37,43,44]. In order to gain further fundamental understanding of gypsum
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crystallization in the presence of polymers and of the inhibition mechanisms, it is of
particular interest to use fluorescently labeled reagents to highlight their actual location.
The key objectives of the present study are: (i) to evaluate the efficacy of the fluorescent-
tagged polyacrylate PAA-F1 [64], Figure 1, at different supersaturation levels in a static
batch experiment, and (ii) to gain insight into the inhibition mechanisms by visualizing the
scale inhibitor by controlling it in both aqueous and solid phases.

COOH

OMe
PAA-F1

Figure 1. Molecular structure of naphthalimide-tagged polyacrylate PAA-F1.

2. Materials and Methods
2.1. Materials

Deionized water and reagent-grade quality chemicals were used for the preparation
of calcium chloride and sodium sulfate stock solutions. CaCl, solution was prepared
from CaCOj3 (GOST 8253-79, 99.0%) with HCl (GOST 14261-77, p.p.s. 20-4, 37%). NapySOy4
(GOST 21458-75, RU; 98.94%) and in-house deionized water (DI water; Laboratory Reagent
Water Type I, ASTM D1193-06(2011), 0.056 uS/cm) was used in the current study for the
preparation of gypsum stock solutions. The water passed a preliminary analysis by a
particle counter technique before use (Table 1). These data show that an in-house deionized
water complies well with the international standards and does not affect the natural level
of foreign particle content, contributed by CaCl, and NaySO4. Most of particulate matter is
therefore introduced by CaCl, and Na;SOy4 and increases with SI growth, Table 1.

Table 1. Characteristics of the Blank experiments I, IIl and V.

Cumulative Initial Particle

[Cal;nit, [Calgn, [CaSOqlinit, . . Crystal Form
Sample mol-grl:r3 mol.d m“73 % itV gy Concentration, Units per 1 mL pH O?ISediment
>100 nm >200 nm >300 nm
DI water - - - 1290 £ 20 89 £5 41 +4 5.65 -
100%
I 0.13 0.030 50 43 4760 + 150 3720 £+ 150 2470 + 130 6.6 CaS0,-0.5H,0
I 0.07 0.024 45 3.0 2560 £ 130 2000 £ 130 1330 + 300 6.4 100%
’ ’ ’ ’ CaS04-0.5H,0O
100%
\Y% 0.05 0.023 32 22 1830 £ 120 1430 £ 100 950 £ 90 6.1

CaSO4 '0.5H20
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Naphthalimide-tagged polyacrylate PAA-F1 was synthesized by our group as de-
scribed elsewhere [64]. It has molecular mass of 4000 Da, and the naphthalimide moiety
constitutes 0.5 mass %.

2.2. Scale Formation Procedure

The modified static batch NACE test [65] was used in the present work: no background
NaCl was added, and the supersaturation degree was variable, varying from 2.2 to 4.3.
The stock solutions of CaCl, (10.5% mass) and NaySO;4 (10.0% mass) were prepared and
filtered before use (450 nm; mixed cellulose ester membrane filters, Whatman GmbH).
Then, a set of five blank supersaturated gypsum solutions with 1:1 calcium/sulfate mole
ratio and initial calcium sulfate concentrations of 0.125 (sample I), 0.086 (sample II), 0.070
(sample III), 0.063 (sample IV) and 0.049 (sample V) mol-dm 3 was prepared, heated at
70 &£ 1 °C for 24 h, and then cooled to 25 °C. An aliquot of the resulting solution was
filtered (blue ribbon filter paper) and analyzed by a standard EDTA titration procedure
for the residual calcium content in the aqueous phase. The supersaturation degree (SI)
was calculated as the ratio of the initial calcium concentration ([Calipjt, mol-dm—3) to the
final concentration ([Calg,, mol-dm~3) in the blank run: SI = [Calinit/[Calsn. Thus, the
following SI values were studied: 4.3 (I), 3.6 (II), 3.0 (III), 2.6 (IV) and 2.2 (V). In parallel,
the % of [CaSO4] complexes was calculated for each particular SI value using the SPECIES
software [65] and corresponding stability constants, Table 1. The sediments were isolated,
dried and examined by scanning electron microscopy (SEM) and X-ray diffraction (XRD).
The cumulative data from the blank experiments are presented in Table 1.

In the same way a series of five experiments Ia-Va was carried out in the presence of
10 mg-dm~3 of PAA-F1, Table 2. In all cases, PAA-F1 was primarily added to the NaySO,
solution. The sediments were isolated, dried and examined by SEM and XRD. In parallel,
the isolated liquid phase was analyzed by spectrofluorimetry for the residual PAA-F1
content and by EDTA titration for residual calcium concentration. In addition, the liquid
samples in equilibrium with the sediment, if any, were collected and analyzed by confocal
luminescence microscopy (FM) the next day after each experiment. An antiscalant efficacy
(AE) was estimated according to Equation (1):

CCaing _ Ccablunk

AE = .
Ccutotul _ CCabhmk

100 1)

where C,/*" is the initial concentration of calcium in the aqueous phase, mg-dm—3, Cc, 8

is the final concentration of calcium in the aqueous phase in the presence of the antiscalant,
mg-dm’?’, and Ccab lank is the final concentration of calcium in the aqueous phase in the
corresponding blank experiment, mg-dm 3.

Table 2. Results of experiments, performed in the in presence of 10 mg~dnf3 PAA-F1.

[Calinit, [Calgn, o [PAA-F1]ini, [PAA-F1lgnal, Residual PAA-F1 in Crystal Form

Sample mol-dm—3 mol-dm—3 SI pH AE, % mg-dm—3 mg-dm—3 Aqueous Phase, % of Sediment

Ta 0.125 0.031 43 6.5 22404 102+ 0.1 6.8 +0.2 67 +2 100% CaSO4-2H,O

Ia 0.086 0.034 3.6 6.1 16.3+£0.8 104 £ 0.1 78 +£0.2 75+1 100% CaSO4-2H,O

la 0.070 0.044 3.0 6.2 42 +1 10.3 £ 0.1 94 +03 88 +2 100% CaSO4-2H,O

IVa 0.063 0.059 2.6 6.1 88 +4 10.3 +0.1 9.4 +0.1 92+1 Due to high AE, no

sediment found, suitable
Va 0.049 0.049 22 6.1 99.5 £ 0.5 102+ 0.1 10.0 £ 0.2 98 £2

for XRD analysis

2.3. Liquid and Solid Phase Characterization Methods

After separation, rinsing and air drying at 50 °C, the precipitated solids were
characterized by SEM (Hitachi TM-3030, Tokyo, Japan) and powder XRD (Bruker D8
Advance diffractometer; Cu KD; Ni-filter; LYNXEYE detector, Billerica, MA, USA). XRD
phase identification was performed using the Joint Committee on Powder Diffraction
Standards (JCPDS) database, and relative phase content was estimated using Topaz
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R software (Bruker AXS). Sample examinations by SEM were performed at 15 kV
accelerating voltage in a charge-up reduction mode with the crystal phase placed on a
double-sided conductive tape.

Fluorescence microscopy (FM) measurements were performed with a laser scanning
confocal microscope LSM-710-NLO (Carl Zeiss Microscopy, Jena, Germany), with a
%20 Plan-Apochromat objective (NA = 0.8) for both liquid and solid samples. Antiscalant
fluorescence was recorded in the 470-600 nm wavelength range, when excited by a
458 nm laser. The liquid samples were placed on the Petri dish with a glass bottom
0.16 mm thick and are presented as 2D images. Although PAA-F1 exhibits fluorescence
in the blue region of the spectrum, the fluorescence channel was assigned the green
pseudocolor because the dynamic range of human color perception for green is much
wider than for blue. Thus, in our report, the original blue emission of PAA-F1 is altered
for an artificial green pseudocolor.

The mass concentration of PAA-F1 in the test solutions was measured by spectroflu-
orimetric analysis (Shimadzu RF-6000 (Shimadzu, Kyoto, Japan) spectrofluorimeter) in
10 mm cuvettes. The fluorescence intensity of the solution was registered at 460 nm, using
an excitation wavelength of 375 nm. To establish the calibration curve for a mass concentra-
tion range of PAA-F1 between 0.5 and 15 mg-dm 3, six solutions with concentrations of
0.5,1.0,2.5,5.0,10.0 and 15.0 mgdm_3 were prepared from the stock solution of PAA-F1.
The solutions were analyzed immediately after preparation. The fluorescence intensity of
the solution was measured at 460 nm. The calibration curve is plotted in the coordinates
“fluorescence intensity—mass concentration of PAA-F1” (mg-dm~3). The slope is described
by the function y = a-x. The calibration response is fitted by the method of least squares.

The SLS-1100 particle counter (Particle Measuring Systems Inc., Boulder, CO, USA)
was used to quantitatively characterize the suspended solid contaminant concentration
of the particles sized >100 nm in stock solutions. This instrument provides a particle
concentration measurement in the size range from 100 nm to 1 mm. Due to the high
concentration of particles in the filtered solutions, the corresponding stock solution probe
was diluted 100-fold with deionized water, the measurement was performed, and the
results were recalculated back to the initial concentration. For gypsum solutions, direct
experimental measurements were not performed because the measurement time was
comparable to the nucleation time. Therefore, the nano-/microparticle concentration at
the moment of mixing of calcium and sulfate brines was taken as an average value for the
corresponding stock solutions, Table 1 (Cumulative Initial Particle Concentration).

The liquid phase was monitored by dynamic light scattering technique (DLS) for
qualitative characterization of suspended solid contaminants within the particles size
(hydrodynamic diameter) range of 1 to 1000 nm. DLS measurements of sulfate and
calcium stock solutions were performed using the dynamic light scattering technique at
25 °C with a Malvern Nano ZS instrument, Malvern Instruments Ltd., Worcestershire,
UK (A = 633 nm, operating power 4 mW) at ® = 173°. The results are presented in Table 3.
In addition, the size of the polymer itself (PAA-F1 particles) was measured with this
technique in DI water and in CaCl, solutions at two different pH values, Table 4.

Table 3. DLS analysis of sodium sulfate and calcium chloride concentrates.

Aqueous 5 olutiort Fractions Distribution by Number Fractions Distribution by Intensity
Solution Studied Concentration,
mol-dm—3 Mean Size, nm  Relative Content, %  Mean Size, nm  Relative Content, %
1.0+0.2 13£5
NapSOy 0.07 0.8+0.2 100 160 4 40 8745
CaCl, 0.09 07£02 100 1002 0+7

400 =40 90 +7
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Table 4. DLS analysis of 10 mg-dm~3 PAA-F1 solutions.

S . H Fractions Distribution by Number Fractions Distribution by Intensity
ample
P P Mean Size, nm Relative Content, % Mean Size, nm Relative Content, %

. 4.0 380 + 60 100 280 + 50 100
PAA-FL in DI water 7.0 270 + 50 100 280 + 40 100
PAA-F1in 0.07 mol-dm—3 4.0 440 £ 170 100 530 + 190 100
CaCl, solution 2 7.0 420 + 150 100 500 + 160 100
PAA-F1 in 0.125 mol-dm 3 4.0 480 + 110 100 510 £110 100
CaCl, solution P 7.0 380 + 120 100 430 £120 100

2 Corresponds to calcium content in IIT and ITTa samples; ? Corresponds to calcium content in I and Ia samples.

Chemical equilibrium modeling was performed using SPECIES software [66] and a
set of stability constants [67]. Among these, the random calcium complex formation
constant with sulfate ion [29] logKc, = 1.3, was taken for 25 °C and ionic strength
I=0.1-0.2 mol-dm~3. This provided an estimate of the percentage of [CaSO4]” species in
the total calcium content at the moment, when the calcium and sulfate solutions are mixed.
The results are presented in Table 1.

A mean distance between the smallest solid impurities with sizes around 1 nm in stock
concentrates of 0.07 Nay;SO4 mol-dm 2 and 0.09 mol-dm 3 CaCl, solutions was estimated
on the basis of probability theory [68] using the online calculator Wolfram Alpha [69]. The
procedure is described in a SUPPLEMENT.

3. Results
3.1. DLS Studies of PAA-F1 Solutions

The DLS data, presented in Table 4, demonstrate that PAA-F1 molecules form stable
aggregates with a mean hydrodynamic diameter between 300 and 500 nm. Meanwhile, a
single molecule of polyacrylate with molecular mass of 4000 Da has a length of no more
than c.a. 12-13 nm if it has a fully stretched configuration. Thus, the observed size of
PAA-F1 particles should correspond to aggregates of a rather large number of macro-
molecules. In particular, the size of these aggregates is not affected by pH variation, or
by the presence of calcium ions: the corresponding changes do not exceed the experi-
mental errors of the mean size measurements with the DLS technique. The formation of
calcium complexes with PAA-F1 in aqueous solution cannot be excluded, as a separate
phase Ca-PAA-F1 was detected in this work, and in our previous studies [60]. However,
the chelating fragments of each polyacrylate (-CH,CH(COOH)CH,CH(COOH)- and
(-CH,CH(COOH)CH(COOH)CHj3-) can only form eight- or seven-membered cycles
with calcium ions, respectively. Such complexes do not exhibit high thermodynamic
stability. The corresponding formation constants (logKc,1,) of calcium complexes with a
low molecular weight analog (succinic acid) at 25 °C are in the range of 1.0 to 2.0 [67]. A
complex formation model of 0.135 mmol-dm 3 of succinic acid (H,L) complexing with
50 mmol-dm 3 of Ca?*, using SPECIES software [66] for 0.1 mol-dm~2 ionic strength,
25 °C and logKc,p = 1.15, logKyy, = 5.25 and log o1, = 9.27 gives 37% of L binding with
calcium at pH = 6 and 40% binding at pH = 6.5. Therefore, antiscalants in Nay;SO4 solu-
tions initially represent rather stable and probably loose aggregates of PAA-F1 molecules
with an average size of 300 nm, which become partially saturated with calcium ions
when CaCl, solution is added.

3.2. Blank Experiments

The blank experiments revealed rather fast formation of deposits in the form of
needle-like crystals of calcium sulfate hemihydrate (bassanite) in the whole range of
SI used, Figure 2. It is noteworthy that the values of [Ca]g, increase steadily from
0.023 to 0.029 mol-dm 2 as the SI increases from 2.2 to 4.3, Table 1. This is in good agree-
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ment with the well-known fact that calcium sulfate solubility increases with increasing
ionic strength, provided by Na* and C1~ ions [70].

Figure 2. SEM images of calcium sulfate crystals, isolated from I (a,b), III (¢,d), and V (e,f) samples
from blank experiments.
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3.3. Experiments with PAA-F1

The application of the antiscalant PAA-F1 leads to the drastic changes in the crystal
form of the sediment and in the rate of its formation, Table 2. Instead of bassanite, gypsum
crystals with a completely different morphology are formed, Figure 3. At the same time,
PAA-F1 shows a high efficacy in gypsum scale inhibition, Table 2, which steadily decreases
from 99 to 2% as SI increases. Both effects are well known for polyacrylates [6,33,35,37,55].
However, the unique ability to track the location of the scale inhibitor due to the implemented
fluorescent fragment indicates a paradoxical phenomenon, which contradicts conventional
views of scale inhibition mechanisms [56,56,63].

Figure 3. SEM images of calcium sulfate crystals, isolated from Ia (a), Ila (b), IIla (c) and IVa (d)
samples of experiments, performed in the presence of 10 mg-dm 3 PAA-F1.

First of all, the most astonishing result is related to the absence of antiscalant on the
surface or inside the gypsum crystals. This follows from the two independent observations.
Fluorescence is not found at the kink, step, or selected edges of gypsum crystals, Figure 4.
Only a few traces of PAA-F1 can be observed on the surface of macrocrystals, Figure 4d.
On the rest of the images, the fluorescence is concentrated in tiny spherical particles, which
we assigned to the separate Ca-PAA-F1 phase based on our previous work with a similar
reagent PAA-F2 [60]. This can be clearly seen in the images “a” and “b”, Figure 4. This
observation is supported by the independent measurements of the PAA-F1 concentration
in the aqueous phase, Table 2. In fact, in all our experiments, most of the antiscalant mass
(from 67 to 98%) remains in the aqueous phase. The most striking result is related to the
Ia sample. In this experiment, when it seems that the antiscalant is not able to provide
inhibition in a high excess of calcium sulfate, and should be completely consumed by the
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gypsum phase at least in the form of an adsorption layer on CaSO4-2H,0O crystals, 67% of
PAA-F1 remains in solution, and the remaining 37% are concentrated in their own phase
Ca-PAA-F1. Thus, contrary to the popular belief, the change in the morphology of calcium
sulfate cannot be explained by the direct interaction of the antiscalant with calcium.

100 pm S 100 um

Figure 4. Two-dimensional images of calcium sulfate crystals in equilibrium with mother liquor in
the presence 10 mg-dm~—3 of PAA-F1 in Ia (a,b), ITa (c), ITlla (d), Va (e) and Va (f) samples. The green
color indicates location of PAA-F1.
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Another paradox is related to the substoichiometric effect. In our experiments, the
molar concentration of calcium sulfate changes from 0.05 to 0.13 mol-dm~2, while the
corresponding solubilities at 25 °C are 0.023 and 0.030 mol-dm~3, respectively. Thus,
in the case of the Va sample, 10 mg-dm 3 PAA-F1, which provides 98% inhibition,
should retain 0.027 mol-dm~3 in the aqueous phase. The molecular mass of the ma-
jor chelating fragment of PAA-F1 (-CH,CH(COOH)CH,CH(COOH)-) corresponds to
144 Da. Thus, 10 mg-dm~2 of PAA-F1 contains approximately 0.07 mmol-dm 2 of such
fragments (the presence of 0.5% mass of fluorescent fragment in PAA-F1 molecule
can be neglected). This means that about 0.07 mmol of such chelating fragments
must somehow interact with at least 0.027 mol of calcium sulfate species (Ca%*, SO,2~,
[CaSO4]%) to keep them from forming a solid phase. However, the molar ratio [calcium sulfate
species]/[chelating agent fragments of PAA-F1] ~3900 makes it impossible for the antiscalant
to prevent deposit formation by sequestration. Such a mechanism is definitely not possible.

Meanwhile, this situation is complicated by the fact that these chelating fragments
are concentrated in aggregates of macromolecules that have c.a. 300 nm average diameter,
Table 4. A significant part of carboxyl groups seems to be inside this aggregate, and is hardly
available for contacts with calcium ions, or with [CaSO,]° species. On the other hand,
such aggregates have low mobility and are not able to provide a “threshold effect”, e.g., to
adsorb on the spontaneously forming nuclei of calcium sulfate solids, and not to let them
grow beyond the critical size, or to form some nuclei, isolating gypsum nuclei from the bulk
solution, Figure 5. This has been a very common opinion recently [6,44,55,71-73]. Likewise,
it is extremely unlikely that PAA-F1 can stabilize gypsum nuclei by electrostatic repulsion.
We have shown that under similar conditions, gypsum solids have zeta potentials much
lower than that required for electrostatic stabilization [43].

300 nm

Figure 5. A widely accepted, but unrealistic scheme of gypsum scale inhibition by polyacrylates;
yellow and green circles correspond to calcium and sulfate ions, respectively.

Thus, our results do not fit any of the generally accepted mechanisms mentioned in
the Introduction section with the exception of antiscalant sorption on dust particles, which
occurs naturally in any aqueous solution. To our knowledge, this is the only mechanism
that provides a consistent explanation for all our observations.

4. Discussion
4.1. Mechanism of Calcium Sulfate Nucleation in Bulk Solutions

A precise quantitative determination of all solid impurities with sizes above
1 nm is hardly possible nowadays. For semi-quantitative estimation, we have used a com-
bination of particle counter (quantitative measurement of particles with diameter > 100 nm),
Table 1, and a relative abundance of different fractions, provided by the DLS technique,
Table 3. Sample I was selected for particulate matter assessment because it provided
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the most reproducible DLS results. The mean concentration of foreign particles larger
than 100 nm in the 1:1 volume mixture of stock solutions of Sample I is estimated to
be approximately 5000 units per 1 mL, or 5 x 10° units per 1 dm3. However, all these
particles are not detected in DLS mode registration by number. Only one stable band
is detected, related to the fraction of approximately 1 nm, Table 3. This indicates, that
the concentration of this fraction in number of particles per 1 mL is much higher than
that one of sizes >100 nm. Meanwhile, in the registration mode by intensity the light
scattering bants for 1 nm and 160-400 nm fractions become comparable, with the latter
dominating, Table 3. Then, for simplicity we make some assumptions: (i) all particles are
spherical; (ii) there are only two fractions in the system with mean sizes of 1 and 100 nm;
(iii) the concentration of the second one is known and corresponds to 5000 units per 1 mL;
(iv) a relative light scattering intesity of 1 and 100 nm light scattering bands in intensity
mode is equal. Thus, using the Rayleigh scattering law (the scattering is proportional to
the radius to the sixth power), it is possible to calculate the concentration of particles,
belonging to the 1 nm fraction: approximately 5.10%° units per 1 mL. This means, that in
any cubic volume of the bulk solution with a 100 nm edge there would be an average of
five particles with a hydrodynamic diameter of 1 nm. As a next step, we calculated the
distribution of such particles in the bulk solution, SUPPLEMENT. The average distance
between the particles was found to be about 32 nm. Thus, the longest distance from
any calcium sulfate species (Ca?*, SO4%~, [CaSO4]°) to soilid impurity would not exceed
16 nm. Therefore, the solid crystallization centers are within “walking distance” for any
ionic and molecular species of gypsum.

It is then quite natural that the solid impurities would serve as centers of heterogeneous
bulk nucleation of calcium sulfate, Figure 6. This figure presents the proposed scheme of
such nucleation with the actual scale of the dimensions in the drawing: the red sphere
corresponds to the idealized nanoimpurity particle with a diameter of 1 nm, while the
yellow and green spheres symbolize Ca?* and SO4%~ ions, respectively. The associated
yellow and green spheres represent [CaSOy4]" complexes. Obviously, any solid impurity
particle is capable of adsorbing several [CaSO4]° and/or Ca2* species, and initiating the
further formation of calcium sulfate nuclei. Such a scheme is in good agreement with the
heterogeneous mechanism of the bulk nucleation of sediments [53,54], which is energetically
much more favorable than the spontaneous homogeneous one. In our opinion, it is the
most realistic and well-founded explanation for our experiments.

Figure 6. The proposed scheme of calcium sulfate nucleation by nanodust particles (red spheres);
green spheres correspond to sulfate ions, yellow spheres—to calcium cations.

4.2. Mechanism of Calcium Sulfate Sulfate Scale Inhibition by PAA-F1 in Bulk Solutions

The only scheme that can explain all of the above paradoxes is shown in Figure 7.
This scheme assumes that the antiscalant does not block the surfaces of calcium sulfate
nuclei or crystal surfaces, but rather the foreign particles of nanodust. In terms of the large



Minerals 2023, 13, 559

12 of 17

aggregates of PAA-F1 molecules, the scheme is as shown in Figure 8: the PAA-F1 aggregate
accumulates particulate matter. Then, the number of calcium nucleation centers available
for gypsum crystal nucleation is reduced, and the rate of scale formation decreases. At the
same time, under the high excess of calcium ions, the nanodust saturated aggregates of
PAA-F1 form their own Ca-PAA-F1 phase, Figure 9. An estimated accumulation of foreign
nanoparticles in Ca-PAA-F1 crystal is shown in the scheme, presented in the right part of
Figure 8. Nanodust species are enlarged tenfold for better visibility. Thus, according to
the proposed scheme, PAA-F1 can provide scale inhibition without any direct interaction
with either the scale-forming ingredients or with the scale surface. It fits well with the
heterogeneous bulk nucleation pathway [53,54]. On the other hand, an idea of nanodust
accumulation by the aggregates of PAA-F1 molecules is in good agreement with reports
of efficient heat transfer surface fouling mitigation by the wood pulp fibers and synthetic
fiber suspensions [74,75], which could also be responsible for nanodust accumulation. At
the same time, the current study provides further confirmation of our recent results on the
key role of particulate matter in calcium sulfate nucleation [76] and in the suppression of
antiscalant activity [77].

Figure 7. The possible idealized scheme of solid impurities (red spheres) being blocked by PAA-F1
molecules (blue ribbon); green spheres correspond to sulfate ions, yellow spheres—to calcium cations.

The heterogeneous mechanisms of scale formation and scale inhibition in the bulk
aqueous medium have recently been gaining wider acceptance [29,36,57]. Unfortunately,
the issues of the chemical nature of nanoimpurities and their variability from sample
to sample have been little studied [78]. One possible type of such solid impurity may
be calcium carbonate as a component of the CaCl, reagent. Recent crystallographic
studies [79,80] report that calcite can provide a good background for calcium sulfate
deposition on its surface. It is then reasonable to assume that something similar could happen
at the nanoscale level. In any case, much work remains to be conducted in this area.

At the same time, shifting the focus of inhibition from “scale—antiscalant” to
“antiscalant—nanodust” interaction eliminates the problem of substoichiometry. In fact,
10 mg-dm 3 of PAA-F1 with a molecular mass of 4000 Da corresponds to 2.4 x 10'® molecules
in one dm~—2 with a size of about 12 nm. On the other hand, the concentration of
1 nm nanodust particles in our case is 5 x 10'® units per one dm~3. This means that
the particle/antiscalant ratio is 1:2. A single molecule of PAA-F1 is not able to bind
10° calcium ions, but it is quite capable of isolating 2 nanodust particles from these
calcium ions. Thus, the substoichiometric effect gets quite a stoichiometric explanation.
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Figure 8. The proposed scheme of antiscalant efficacy due to sorption of solid impurities by aggregates
of FAA-F1 molecules before (a) and after (b) the sorption takes place; red circles correspond to solids
with the size of 1 nm, and blue ribbons correspond to PAA-F1 molecules (the size of solid impurities
in the picture has been increased tenfold for better visibility, and the size of antiscalant has been
increased three times).

Ca-PAA-F1

CaSO,-2H,0

Figure 9. Two-dimensional fluorescence image of CaSO4-2H,0O and Ca-PAA-F1 solids in the Ia exper-
iment (a), and the proposed scheme of foreign nanoimpurities (indicated by red circles) accumulation
by Ca-PAA-F1 particles (b).
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Our results are inconsistent with the major tenets of classical nucleation theory
(CNT) [53,54,81] and of the “non-classical” pre-nucleation cluster (PNC) pathway [82].
However, if a heterogeneous step of PNC adsorption by the solid nanoimpurity is
assumed as an inevitable step of scale formation, and a competing process of solid
nanoimpurity isolation from PNCs by antiscalant is considered, then the contradictions
between our mechanism and the PNC pathway disappear. Thus, our interpretation of
the inhibition of calcium sulfate deposition by PAA-F1 can be considered as a further
refinement of the PNC pathway.

5. Conclusions

A paradoxical phenomenon of calcium sulfate deposition retardation in the presence
of fluorescent-tagged polyacrylate PAA-F1 is described. Antiscalant causes a change in the
crystal phase from bassanite to gypsum, significantly reduces the amount of precipitate,
but does not show up at the kink, step, or selected edges of deposited crystals. Contrary
to the predictions of the theory, it either remains in the aqueous phase, or forms its own
separate phase Ca-PAA-F1.

It is demonstrated that the only scheme that allows one to explain the aforementioned
paradox assumes that antiscalant does not block the surfaces of calcium sulfate nuclei or
crystal surfaces, but rather the foreign particles of nanodust with particle sizes around
1 nm, naturally present in any aqueous solution. It is these particles that are responsible for
nucleation and further growth of the deposit phase. Therefore, an antiscalant blocks these
nanodust particles rather than the surface of sparingly soluble salt crystals. The number
of calcium nucleation centers is then reduced, and the rate of scale formation decreases
without any apparent antiscalant-scale interaction.

On the basis of the current experiment, the substoichiometric effect of scale inhibition
obtained an alternative, quite a stoichiometric explanation. As a consequence, it is necessary
to refine some theoretical foundations of scale inhibition.

The chemical and physical nature of nanodust is still unclear and difficult to quantify
and analyze. Therefore, much work has to be conducted to gain insight into its properties.
Alternatively, a strategy of combined action of flocculants, antiscalants, magnetic fields and
ultrasound seems to be a matter of choice.

Supplementary Materials: The following supporting information can be downloaded at: https:
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