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Abstract: A common issue in studies on liquid-phase chemical processes is that the natural solid
nanoimpurities present in reagent-grade chemicals are ignored. Little is known about these impurities’
nature, sizes, concentrations, and behavior, yet they significantly affect the efficiency of antiscalants
in municipal and laboratory solutions. Recent research has focused on: (i) estimating nanoimpurity
concentrations in in-house deionized water and semiconductor-grade isopropanol using “light
sheet” optical ultramicroscopy, and (ii) visualizing antiscalant sorption on these impurities. Using
a fluorescent-tagged antiscalant aminobis(methylenephosphonic acid) (ADMP-F), we tracked its
affinity to particulate matter in deionized water and reagent-grade KCl solutions. Our study showed
that the total concentration of nanoparticles with a size larger than 20 nm is about 10° units/mL in
deionized water and 10° units/mL in isopropanol. Extrapolation of these values to a size >1 nm
resulted in concentrations of 10'! and 108 units/mL. The addition of KCl or ADMP-F significantly
increased foreign nanoparticle populations. ADMP-F is selectively adsorbed by only some impurities,
while most antiscalant molecules remain as true solution. To our knowledge, this is the first instance
of fluorescently labeled aminoalkylphosphonates being able to differentiate particulate matter traces
in reagent-grade purity solutions. Therefore, the role of nanoparticles as crystallization centers should
be seriously reconsidered, especially in their important application in scale inhibition.

Keywords: fluorescent antiscalants; aminophosphonic acid; deionized water; isopropanol; nano/micro
impurities; ultramicroscopy; nanoparticle concentration

1. Introduction

The spread and impact of hazardous engineered nanoparticles on humans and the
environment is a global concern [1-3]. Huge efforts have been made recently towards the
elaboration of various safety measures, assessment of the risks associated with the pro-
duction and circulation of engineered nanomaterials, and the detection and quantification
of nanoparticles in the environment [4-6]. At the same time, little is known about the
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nature, sizes, and concentrations of natural solid impurities, inevitably present both in the
reagent-grade purity liquid chemicals used everyday in laboratories and industrial aquatic
systems, e.g., desalination plants, cooling water facilities, municipal tap waters, etc. [7-9].

Solid particle impurities sized >100 nm are commonly detected at concentrations
ranging from 300,000 to 400,000 units per mL in the urban waters of various cities in the EU,
USA, and Russia. In our previous study [9], we demonstrated the presence of microparticles
sized >100 nm in purified waters of different purification levels: in-house deionized water
(320 units/mL), in Sigma-Aldrich water for chromatography (3000 units/mL), in electronic-
grade nitric acid from Avantor Performance Materials (4700 units/mL), and in some other
laboratory samples. However, the concentration of nanoimpurities (<100 nm in size),
unfortunately, was not assessed due to the lack of an adequate measurement technique.

Meanwhile, it has been demonstrated that such impurities have a serious impact on
water electrolysis [10], nucleation efficiency in crystallization processes [11-14], and the re-
sults of scale inhibition tests [15,16]. Moreover, the hypothesis has recently been put forward
that some organic reactions, run both in aqueous and nonaqueous mediums, are catalyzed
exactly by small quantities of “solvophobic admixtures” that provide the specific structuring
of reactants on their surface [17,18]. Thus, the problem of natural nanoimpurity quantifica-
tion, formulated in the present study, may form the basis, not only for scale inhibition and
crystallization processes, but also for a much broader spectrum of chemical applications.

As far as no truly pure chemicals exist, solid nanoimpurities are present in most
research-grade compounds of p.a. purity, even after special in-lab purification proce-
dures [19]. Thus, the estimation of the concentration of solid nanoparticles in pure liquids
becomes a highly relevant task. However, the most sensitive modern tools of quantitative
measurement of nanoparticle (NP) concentration, developed for electronic-grade water,
are only applicable to fractions larger than 50 nm [20]. Some manufacturers report the
possibility of measuring the concentration of particles that are over 20 nm [21] and even
over 10 nm [22-24]. However, the most active and abandoned solid impurities correspond
to the fraction ranging from 1 to 10 nm [9,14].

Therefore, this present study focuses on forward scattering-based particle counting
methods for measuring the total concentration of particulate matter, including the fraction
below 20 nm, in in-house deionized water of everyday laboratory use and in extra pure
isopropanol. The idea is to use several particle counters with different thresholds to determine
the particle concentration and then extrapolate the resulting dependence of the total particle
content from the size range of >20, >30, >100, >200, >300, and >500 nm to a size of >1 nm.

In addition, the fluorescence-labeled antiscalant (2-(6-morpholino-1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)yl)ethylazanediyl)bis(methylenephosphonic acid) (ADMP-F) [25],
which is an analog of the commercial antiscalant aminotris(methylenephosphonic acid)
(ATMP), was used to study the interaction with solid nanoparticles (Figure 1).
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Figure 1. Chemical structure of ATMP and ADMP-F (a); the absorption A (blue line) and emission
(green line) spectra of 0.01 mM ADMP-F in water (b) for Aex = 400 nm, slit 2/2. The fluorescent
ADMP-F fragment is indicated with green color.
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2. Materials and Methods
2.1. Materials

All experiments were run in certified laboratory rooms (ISO 14644-1, class 8) with a
limited dust microparticle air phase content, controlled by an air particle counter, Particle
Measuring Systems Inc., Boulder, CO, USA with analytical channels 0.3, 0.5, and 5.0 pm.
In addition to the usual procedure of washing with acid and base solutions, all glassware
(flasks, pipettes, beakers, etc.), as well as ultramicroscopy cuvettes, were rinsed at least
three times with deionized water with controlled low nano- and microparticle content
before use.

An electronic grade purity isopropanol 13-5 (IP) was used as-purchased from EKOS-1
Co., Moscow, Russia. It was kept in a special double-capped plastic bottle before use. It
was then poured directly into quartz cuvettes for ultramicroscopy or into an SLS particle
counter cell. Both quartz cuvettes and the cells were triply pre-washed using the same
isopropanol portions. No pipettes were used in order to prevent additional contamination
by nanoparticles emitted from the pipette walls. The IP sample was analyzed using the
ISP-MS technique (iCAP 6300 Duo, Thermo Fisher Scientific, Waltham, MA, USA) for
25 elements, 8 of which are presented in Table 1, while the rest had maintenance on the
level of 10~7%. The total solid residue was 0.0002%, and basic substance content constituted
99.83%. Thus, IP fits well with the quality of ultra-pure reagents.

Table 1. Isopropanol and deionized water samples characterization by ICP-MS.

Element Deionized Water *, ppm Isopropanol *, ppm
Al 0.0000 0.0001
Ca 0.0335 0.0009
Fe 0.0004 0.0002
Mg 0.0031 0.0000
Mn 0.0001 0.0001
P 0.0008 0.0000
S 0.0009 0.0054
Si 0.0320 0.0009

* Concentrations of As, B, Ba, Cd, Co, Cr, Cu, Ni, K, Na, Pb, Sr, Zn, and Sb are less than 0.0002 ppm in water and
less than 0.0001 ppm in isopropanol.

The in-house deionized water (Laboratory Reagent Water Type I, ASTM D1193-
06(2011), 0.056 uS/cm; pH 5.75) was obtained from the twice-distilled water, which un-
derwent an ion exchange procedure followed by microfiltration (Simplicity UV, Merck
Millipore SAS, Darmstadt, Germany). The water sample was analyzed using the ISP-MS
technique for 25 elements, 8 of which are presented in Table 1, while the rest had main-
tenance on the level of 1077%. The total solid residue was below 0.0005%. Therefore,
deionized water fits the quality of an ultra-pure reagent. Further, it was also used for the
preparation of the KCl and ADMP-F solutions.

A solid sample of high purity KCI (99.0-100.5%; CAS 7447-40-7; Sigma-Aldrich,
Burlington, MA, USA) was used to prepare 0.1 mol/L solution with a pH 5.15 in in-house
deionized water.

The fluorescent-tagged antiscalant (2-(6-morpholino-1,3-dioxo-1H-benzo[de]isoquinolin-
2(3H)yl)ethylazanediyl)bis(methylenephosphonic acid) (ADMP-F, Figure 1) was synthe-
sized according to the literature [25]. ADMP-F was dissolved in in-house deionized water
to give 5 mg/mL aqueous solution (pH 4.95) and was kept in a quartz beaker before use. A
dosage of 5 mg/L was used to assess (i) the contribution of nanoimpurities introduced by
the antiscalant itself, and (ii) the interaction of the antiscalant with natural nanoimpurities
present in the basic solvent (water) or in a model KCI aqueous solution. It is important to
note that while the specific effects may vary with different antiscalants at the same dosage,
the underlying mechanism remains consistent.
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2.2. Instruments

Three different counters were used to achieve the purpose of this study (Table 2).
A particle counter, SLS-1100 (Particle Measuring Systems Inc., Boulder, CO, USA), was
used for particles larger than 100 nm [21]. At the same time, the numerical concentration
of nanoparticles lager than 20 nm was measured using the NP counter characterization
system NP VISION LLC, Moscow, Russia. Particle concentration measurements are based
on ultramicroscopy using a 100 mW laser working at A = 650 nm. Videos were recorded via
a CMOS camera operating at 50 frames per second (fps) and evaluated via the NP Vision
Software. The particles were observed in a focused laser beam in a sample volume about
400 pm long, 30 pm wide, and 10 pm deep. Concentration measurements were taken at
each frame of the recorded video and then averaged.

Table 2. Characteristics of particle counters used in this present study.

Particle Manufacturer Mele Suriig Characteristics
Counter Principle
. . Size * range: from 100 nm to over 500 nm;
Laser light scattering .
. . ¢ channels: 100, 200, 300, 500 nm; maximum
Particle Measuring Systems  counts in the flow of . .
SLS-1100 .. concentration: 15,000 particles/mL; zero count:
Inc., Boulder, CO, USA. liquid through the . - .
capillary tube <50 counts; partlcle concentration measurement
priary ’ error: £10%.
NP VISION LLC Nanoparticle
NP Counter . counter via Nanoparticles size range: >20 nm.
Moscow, Russia. .
ultramicroscopy.
Homemade “light Institute of Spectroscopy of the Nanoparticle Nanoparticles size range: >30 nm; along with

sheet” ultramicroscope

(LSUM device)

Russian Academy of Sciences, ~ Tracking Analysis elastic scattering ultramicroscopy the device has
Moscow, Troitsk, Russia. via ultramicroscopy.  an option of fluorescence detection at A > 450 nm.

* Size is denoted as hydrodynamic diameter.

Measurements of the concentration of analyzed NPs with hydrodynamic diameters
larger than 30 nm in the solution and their distributions over the hydrodynamic radius were
carried out using a highly sensitive laser ultramicroscope “light sheet” ((LSUM) developed
at the Institute of Spectroscopy of the Russian Academy of Sciences, Moscow, Troitsk) [26].
The microscope enabled the reliable visualization of single NPs, detected via inelastic light
scattering in the solutions under laser irradiation at a wavelength of 405 nm with a laser
emitter power of up to 50 mW. NPs were observed in a laser beam focused into a “light
sheet” less than 5 um thick and about 30 um high. The signals were measured using a
highly sensitive scientific sSCMOS camera (pco.edge 5.5-M) operating at up to 100 frames
per second (fps). The sizes of the NPs were estimated by analyzing their Brownian motion
trajectories (Nanoparticle Tracking Analysis (NTA)-method) using original software de-
veloped by G.Silaev, Troitsk, Russia. Measurements of the NP concentration in solutions
were made by counting, and subsequently averaging, the number of individual NP images
registered in each frame of the recorded video. LSUM has also an additional option to
measure fluorescence signals of NPs at A > 450 nm. Fluorescence signals were observed
using an LP450 optical filter.

Various regression methods were used to estimate the number of nanoparticles beyond
the detection limits of the described instruments and technics. The use of nonlinear
approximation methods was found to be optimal with the following Equation (1):

logN = —a:In(Sy) + b (1)

where

N denotes the number of nanoparticles in the sample;
Sn indicates the size of the nanoparticles;
a, b denote variational coefficients in equation.
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Parameter fitting was carried out using Microsoft Excel LTSC and Origin 2019b soft-
ware. As a result, the equation of the curve corresponding to the smallest deviation from
the experimental data was chosen as the solution. Error levels did not exceed the deviations
observed for the experimental data.

3. Results and Discussion
3.1. Solid Nanoimpurities Content Assessment in Deionized Water and Isopropanol

The number N of particles in 1 mL of solvents, measured by different devices, are
presented in Table 3. Some typical images, obtained with an LSUM device, are shown in
Figure 2a,b. The analyzed nanoparticles are visualized in the plane of the “light sheet”
as individual bright spots on a dark noise background. However, it should be noted that
these structures/particles are not directly imaged and only act as point scatterers. Thus, the
scale bar in Figure 2 indicates the observation area, but not the real particle sizes, although
for a set of the same type heterogeneities in accordance with Rayleigh’s law, the scattered
light intensity is directly proportional to D®, where D corresponds to the particle diameter.
Some spots appear larger, some smaller, due to either different positions in the beam or the
different chemical nature of a certain particle. At the same time, an observation of spots
depends also on the detection limit of the particular device. In our case, the lower limits
correspond to D = 20 nm (NP Counter), 30 nm (LSUM device), and 100 nm (SLS-1100).
Thus, the particles smaller than 30 nm are invisible in Figure 2 images.

Figure 2. Visualization of single nanoparticles in solvents using light sheet ultramicroscope (LSUM
device) via inelastic light scattering at room temperature in isopropanol (a); in deionized water (b);
and in 0.1 mol/mL KCl solution in deionized water (c). The scale bar indicates the scale of captured
area of images, while the focal depth is approximately 2.5 pm.

It was found that both solvents contained a significant number of particles bigger
than 20 nm and these heterogeneities were (i) real objects with macroscopic lifetimes,
not fluctuations, and (ii) discrete objects (not bicontinuous phases with large correlation
lengths). Indeed, each spot, as registered in Figure 2, had its track. They all entered the
field of view of the light beam, remained there, clearly indicating Brownian motion, and
then left it. None of them reflected spontaneous density fluctuations of the solvent (water,
isopropanol) or of the aqueous solution (KCl; ADMP-F). This result is in good agreement
with the observations of Sedlak and Rak [27].
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Table 3. Nano/microimpurity concentrations in deionized water and isopropanol.

Cumulative Particle Concentration, Number N of Particles in 1 mL

Fraction Size, nm Deionized Water Isopropanol Counter
N logN N logN
>500 23+1 14 15+1 1.2 SLS-1100
>300 48 +2 1.7 30 +2 1.5 SLS-1100
>200 141+ 6 22 96 + 8 2.0 SLS-1100
>100 1530 + 13 3.2 782 + 10 29 SLS-1100
>30 (4+1)x10° 5.6 <10* <4 LSUM device
>20 (3+1) x 10° 6.5 (54 3) x 10° 5.7 NP Counter
>1 (1.2 £0.6) x 101 11.1 (8 + 4) x 108 8.9 extrapolation

The numbers, (4 1) x 10° and (3 £+ 1) x 10°, of foreign particles in 1 mL for deionized
H,O, obtained with the LSUM device and NP counter, are in reasonable agreement with
estimations by Mullin [28]: “Aqueous solutions as normally prepared in the laboratory
may contain >10° solid particles per cm? of sizes <1~pum”. Bearing in mind the detection
limits, the particle size distribution diagram is also in good agreement with the SLS 1100
measurement results (Figure 3a). Ultra-pure isopropanol demonstrates c.a. one order of
magnitude fewer nanoimpurity concentrations relative to deionized water (Table 2). This is
also in qualitative agreement with the relative content of chemical elements (Si, Fe, Ca, P, S,
etc.) in water and isopropanol, Table 1.

Size distribution of nanoparticles

0.004

o
o
It
N

Relative pa

0 100 200 300 400
Hydrodynamic radius, nm

Size distribution of nanoparticles

o o o
o o o
o o o
o o o
H (o)} <

Relative particle counts, a.u.

0 2000 4000 6000 8000 10,000
Hydrodynamic radius, nm

Figure 3. Number-weighted size distributions of foreign nanoparticles in deionized water (a) and in
0.1 mol/mL KCI aqueous solution (b); room temperature, LSUM device.
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A sequential build-up of cumulative particles, number N, in 1 mL for fractions with
sizes >500, >300, >200, >100, >30, and >20 nm provides a unique possibility to make
an extrapolation of solid impurity concentrations to a direct undetectable range >1 nm
(Figure 4). This gives rather reasonable values of (1.2 + 0.6) x 10! particles per mL for
water and (8 + 4) x 10® particles per mL for isopropanol.

9.0
8.0
7.0
6.0
5.0 |
4.0 .. deionized water

3.0 e y=—1.644In(x)+11.163
2.0 Fo
1.0

0.0
0 2100 2200 =300 2400 =500

Fraction size range, nm

log N

y=—1.298In(x)+8.987

Figure 4. Correlation of particle size and cumulative particle concentration logN, where N denotes
the total number of particles in 1 mL exceeding the specified size.

This estimate is based on the assumption that the size distribution trend of nano/
microimpurities observed in the 20 to 500 nm range is also applicable to the 1 to 20 nm
fraction, which is hypothetically present in the samples. Indeed, the fact that the number
of impurities with a size over 100 nm constitutes only 0.1% of those in the range from 20
to 100 nm makes such an assumption reasonable. This enables us to estimate the lower
limit of solid concentrations in any aqueous solution prepared on the basis of deionized
water. Such an assumption is supported by our previous studies on 0.1 mol/mL CaCl,
and NaySO4 aqueous solutions, where the fractions of solid impurities with particle sizes
ranging from 0.9 to 5 nm have been detected by DLS, and are found to dominate in the
particle distribution mode by number [14]. The same fraction was also registered using the
DLS technique in electronic grade purity nitric acid [9].

However, even a directly measured value of 3 x 10° particles/mL in deionized water
for impurities larger than 20 nm should offer researchers heterogeneous alternatives to
the concept of homogeneous reaction pathways in aqueous solutions [29-31]. Regardless,
it is virtually impossible to obtain a solvent completely free of foreign matter unless
reverse osmosis is used. Careful ultrafiltration can hardly reduce the number of solid
nanoimpurities in the aqueous phase to <10° units per mL, although such an operation
may make the solution more or less immune to bulk heterogeneous nucleation.

Thus, we demonstrated that the content of foreign solid nanoparticles is high even
in solvents of reagent purity class, not to mention municipal water and feed waters of
desalination plants. Consequently, any single molecule of reactant in such a solvent
is likely to be near a solid surface in the bulk liquid, with distances in water ranging
from 0 to 1000 nm. Therefore, these nanoimpurities should be considered as possible
natural precursors of crystallization for any mineral scale. Our results aim to clarify the
misconception that working with reagent purity substances excludes bulk heterogeneous
nucleation, and to provide some evidence that scale formation can occur not exclusively
through the spontaneous homogeneous nucleation mechanism



Crystals 2024, 14, 650

8 of 15

3.2. Solid Nanoimpurities Content Assessment in Aqueous Solutions of KCI and ADMP-F

The dissolution of KCl in deionized water increases the concentration of foreign
particles in water from 3.7 x 10° to 3.1 x 107 particles (larger than 30 nm) per 1 mL
(Figure 2c, Table 4). Indeed, a comparison of Figure 2b,c and Figure 3a,b demonstrates that
the dissolution of any reagent-grade purity solid salt in deionized water leads, inevitably,
to a significant increase in solid impurity concentration. In the particular case of KCl, the
relative content of particles with size >100 nm becomes higher, as shown in Figure 3b.

Table 4. Nano/microimpurity concentrations in KCl and ADMP-F solutions in deionized water
according to ultramicroscopy, performed with an LSUM device.

Particle’s Detection Cumulative Particle

Sample Concentration, Number N of
Mode . .
Particles in 1 mL
Deionized water Light scattering (3.7 £1.9) x 10°
o Light scattering (1.6 +0.1) x 108
L ADMP-F
5mg/m MP-Fin deionized water Fluorescence (2 +15) x 10°
0.1 mol/mL KCl in deionized water Light scattering (3.1 £0.3) x 107
0.05 mol/mL KCl and 2.5 mg/mL Light scattering (6.2 +2.9) x 107
ADMP-F in deionized water Fluorescence (1.3 + 1.0) x 100

It is noteworthy that the conventional laboratory procedure of filtering the solution using
200 nm membranes to “remove dust” leaves most of the solid nanoparticles listed in Table 4 in
the aqueous phase as potential crystal nucleation centers when the solution is supersaturated.

The most striking results were obtained using fluorescent-labeled antiscalant ADMP-F
solution (Figure 5, Table 4). It was found that the dissolution of 5 mg ADMP-Fin 1 L of
deionized water increases solid impurity content a thousand times, up to 1.6 x 10% units in
1 mL. The usual light scattering mode (Figure 5a) reveals numerous impurities. However,
the image drastically changes in the fluorescent light scattering mode (Figure 5b). First of
all, the background becomes uniformly light due to individual molecules of the fluorophore.
At the same time, some bright spots, indicated by black arrows, are also registered. These
were assigned to the solid impurities that have adsorbed ADMP-F.

Figure 5. Images of single nanoparticles in ADMP-F solution in deionized water (5 mg/mL), obtained
with a light sheet ultramicroscope by inelastic light scattering detection (a) and by detection of
fluorescence emission at A > 450 nm (b) at room temperature (LSUM device). The arrows denote
solid particles that have adsorbed ADMP-F. The scale bar indicates the scale of the captured area of
the images, while the focal depth was approximately 2.5 pm.
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Although some of the small faintly glowing particles present in Figure 5a may be lost
in the light background of Figure 5b, the number of ADMP-F-bearing solids is smaller than
the total content of particle impurities. The LSUM device gives only N = 2 x 10° units
in 1 mL, although this value is underestimated (Table 4). Thus, the antiscalant covers the
surface of only a small part of all particles larger than 30 nm present in the aqueous phase.

The most interesting data have been obtained for the 1:1 volume mixture of 0.1 mol/mL
KCl and 5 mg/mL ADMP-F solution in deionized water (Figure 6, Table 4). The usual
light scattering mode reveals 6.2 x 107 units in 1 mL (Figure 6a). At the same time, the
fluorescent light scattering mode gives 1.3 x 10° ADMP-F bearing particles in 1 mL. This is
almost an order of magnitude more than in the ADMP-F initial solution (2 x 10°). The result
indicates that ADMP-F is selectively adsorbed by some natural solid impurities, presentin a
true solution of any inorganic salt, but some types of particles do not interact with ADMP-F
at all. To the best of our knowledge, this is the first report on natural “nanodust” particle
differentiation worldwide. Thus, an important clarification should be made to previous
publications on bulk heterogeneous crystallization [14,25,28]: not all types of nanoparticles
present in the liquid phase are equally suitable for crystal nucleation and scale inhibition.
Generally, it would suffice to selectively remove or mask, via preliminary sorption of
antiscalants, only those solid substances that most efficiently initiate crystallization. The
challenge lies in identifying which specific substances are targeted by the scale inhibitor.
We hypothesize that iron hydroxo/oxides and aluminum hydroxo/oxides significantly
contribute to the nucleation rate. However, substantial work is still required to substantiate
this hypothesis.

Figure 6. Images of single nanoparticles in a mixed ADMP-F (2.5 mg/mL) and KCl (0.05 mol/mL)
solution in deionized water (0.05 mol/mL) obtained via a light sheet ultramicroscope (LSUM device)
by recording inelastic light scattering (a) and fluorescence emission at A > 450 nm (b) at room
temperature. The arrows point to solid particles that have been adsorbed by ADMP-F. The scale bar
indicates the scale of the captured image area at a depth of focus of about 2.5 pm.

3.3. Tentative Concentration, Nature, and Role of Natural Solid Nanoimpurities in Aqueous and
Nonagqueous Solutions

An extrapolation of the cumulative number of solid impurities to the range over 1 nm
gives the lowest level estimates of numerical values of their total content in 1 mL as N = 10!!
for deionized water and c.a. 10° for extra pure isopropanol, respectively (Table 3). In the
approximation, where all particle sizes are considered to be 1 nm, it turns out that any single
molecule dissolved in such deionized water is close to the solid surface, with a maximum
distance of about 1300 nm. The dissolution of any pure substance in these solvents greatly
increases the particulate matter content and shortens the maximal distance. Our previous
assessment of particulate matter units in 0.09 mol/mL CaCl, using different techniques
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led to 1012 particles in 1 mL with a size of c.a. 1 nm [32]. Recent data for 0.1 mol/mL KCl
solution (3 x 107 particles in 1 mL with size >30 nm, Table 4) are in qualitative agreement
with those published in [9], bearing in mind the higher purity of KCl relative to CaCl, and
a different detection range. Thus, any molecules or ions prone to chemical interaction with
each other in the bulk aqueous solution occur inevitably within “walking distance” with
solid surfaces of impurities that may accelerate or slow down this reaction.

The solid impurities in deionized water are surely very diverse in chemical and phase
composition. This follows from the fluorescence data (Figures 5 and 6). ADMP-F molecules
are selectively sorbed by only about 10% of the solid units present in the mixed solution of
ADMP-F and KCl. Among the chemical elements present in the water, the most suitable
candidate is iron (Table 1). Indeed, despite the small content (0.0004 ppm), this element is
capable of forming insoluble species Fe(OH);*°!'d at 5.2 < pH < 11 (Figure 7). This chemical
characterization diagram was obtained from iron hydrolysis constants taken from the
TUPAC Stability Constants Database [33] operating SPECIES Software (Academic Software,
Timble, UK) [34] for 25 °C and ionic strength I = 0 mol/mL. Equilibrium constants for
Fe3*, FeOHZ*, Fe(OH),*, Fe(OH), ~, water soluble Fe(OH);31%d and solid Fe(OH);°lid
species were used. The latter may correspond to different forms of iron hydroxo/oxides,
e.g., amorphous FeO(OH), hematite Fe;O3, and magnetite Fe304. Some diversity of con-
stants, presented in [33] by different research groups, makes precise modeling complicated.
Nevertheless, at pH 5.8 from 12% to 78% of total iron (0.0004 mg/mL) exists in the solid
form. Thus, even traces of iron in deionized water are able to provide the presence of
colloidal particles. Notably, this kind of solid impurity is very pH-sensitive: below pH 5,
almost all natural iron is represented exclusively by water-soluble species (true solution),
while at pH 7, most of it exists in a solid form. Any fluctuations in total iron content make
these boundaries flexible. Another type of solid impurity should include silica and silicates
of different dispersity (quartz, kaolinite, montmorillonite, illite, etc.), as shown in Table 1. In
addition, the presence of colloidal MnO; and fine carbon particles cannot be excluded. At
the same time, chemical speciations analyses do not reveal the presence of CaCOj3, gypsum,
or CaHPO4-2H,0 solid species in the procedures for the detection of calcium, phosphorus,
and sulfur in deionized water (Table 1).
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Figure 7. Mole fractions (mole %) of iron(IIl) in deionized water as a function of pH at 25 °C and
zero ionic strength for [Fe3*] =7 x 10~ mmol/mL (0.0004 mg/mL); SPECIES software(Academic
Software, Timble, UK) [34].

Therefore, even pure deionized water for routine laboratory use usually has a signif-
icant content of solid nanoparticles of different natures at the level of 10'1°-10!! particles
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per 1 mL. This is illustrated in Figure 8a, which comprises some refinement of the scheme
proposed by M. Sedlak [35]. Figure 8a illustrates a set of potential solid impurities found
in deionized water, based on the data presented in Table 1. The figure aims to represent
at least three different types of solids: hydroxo/oxides (red color), the silica-based solids
(swamp color), and some other solids (blue color).

Figure 8. Schematic illustration of possible solid nanoimpurities in deionized water in the absence (a)
and in the presence (b) of ADMP-F. The red particles (marked with *) denote iron hydroxo/oxides,
the swamp-colored particles denote silica-based solids (marked with **); the blue (marked with ***)
are other solids; and the green particles (marked with yellow *) are iron hydroxo/oxides covered
with ADMP-F layer. Green circles indicate “free” ADMP-F molecules, while solvent molecules are
assumed to occupy the rest.

It should be noted that most modern research methods relating to nanoparticle charac-
terization in their liquid phase, such as X-ray Ptychography, Small-Angle X-ray Scattering
(SAXS), Transmission Electron Microscopy (TEM), Field Emission Scanning Electron Mi-
croscopy (FESEM), etc. [36-38], are not applicable to the solutions with trace quantities
of solids, present at the ppb level. The precise identification of the morphology of such
impurities remains challenging. Some of these impurities may be amorphous, and any
attempt to remove the solvent to isolate them as a solid could result in irreversible changes
in morphology or the isolation of chemical forms that do not exist in the liquid state.

Isopropanol reveals two orders of magnitude lower concentrations of nanoimpurities,
although it is still high at 8 x 108. An injection of any reagent-grade chemicals into these
solvents leads to multiple increases in the amount of such impurities. At the same time,
each of the reagents, added to the solvent, inevitably brings its own set of impurities,
which may be partly or totally different from those present in the solvent. This was clearly
demonstrated in the present study for KCl and ADMP-F aqueous solutions. Some of these
nanoimpurities can potentially participate in seemingly homogeneous chemical reactions.

For example, the crystal nucleation in supersaturated aqueous solutions of inorganic
salts is broadly recognized as a heterogeneous process, with solid nanoimpurities acting
as nucleation centers [9,11,12,14-16,28]. At the same time, phosphonic acids are known
to retard an undesirable scale formation of poorly soluble salts [39-41]. It was recently
supposed that the scale inhibition effect is primarily due to the blockage of nanoimpurities
by the antiscalant [16,25,32].

Our current data on the location of the fluorescent marker represent a new step in
understanding this phenomenon. They demonstrate clearly that only a small part of all
nano/microimpurities present in the aqueous phase are blocked by the antiscalant ADMP-F,
which is highly effective in inhibiting the formation of CaCO3 and CaSO4-2H;O scales [25].
Presumably, the nanoimpurities of iron hydroxo/oxides are blocked by ADMP-F to the
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greatest extent, although sorption of this antiscalant by other types of nanoimpurities
should not be excluded. This process is shown in Figure 8b as a change of the red color of
iron hydroxo/oxides species to green, typical for the fluorescence of ADMP-FE. This is in
good agreement with the high affinity of phosphonates to iron(IIl) ions. Another important
aspect is that most of the antiscalant molecules remain in solutions in an unadsorbed form
(in Figure 8b, ADMP-F molecules are indicated by tiny green dots and a lighter image
background compared to 8a). The molecular species of “free” ADMP-F form a depot species
ready to block solid impurities in any salt solution, as demonstrated for KCl (Figure 6).
Additionally, the excess of molecular antiscalant species helps to explain the previously
observed coating of the sediment surface of calcite and gypsum by uniform fluorescent
layers of antiscalant after scale formation [25]. Almost all phenomena related to scale
crystallization and the inhibition of crystal precipitation can receive a quite consistent
explanation on the basis of solid nanoimpurities.

Meanwhile, our data do not exclude the so-called homogeneous pre-nucleation cluster
(PNC) pathway [29-31]. PNCs can adsorb sequentially on some types of solid nanoimpu-
rities and provide further deposit formation at this stage. Otherwise, the crucial role of
sedentary polyacrylate macromolecules in scale inhibition has no reasonable explanation if
a PNC pathway is exclusively considered. In any case, one cannot ignore the presence of a
wide set of natural solid impurities, which represent the ready crystal nucleation centers in
“ walking distance” in the bulk supersaturated aqueous solution of any poorly soluble salt.
We hope that our present results will provide some arguments to the long-term discussion
on whether heterogeneous nucleation or homogeneous nucleation mechanisms control the
scale formation process [14,16,28-31,42—47]. This result is also in good agreement with the
ideas expressed in [41]. It is reasonable to assume that one kind of nanoimpurity would
provide embryos of sparingly soluble salt with one set of crystal fast-growing faces, while
another kind of nanosolid would initiate the less active formation of crystals nuclei and
promote the preferential growth of different faces of the same crystal. Thus, the blockage of
the first kind of impurity by antiscalant may result both in the reduction of crystal growth
rate and a corresponding change in crystal habit

Indirect confirmation of the present results was obtained by us in recent experiments
with wood shavings [48]. The cellulose material selectively sorbed iron and alumina hy-
droxo/oxides, but did not affect other impurities. However, this was sufficient to increase
the efficacy of the antiscalant against gypsum scale formation.

At the same time, our data are far from being limited to the field of crystallization and
scale inhibition. They give independent support to the ideas, expressed by Sedlak [17,19,27,35]
and Kononov [18], on the roles of loose and tight domains for organic reactions in a
liquid medium. Indeed, different types of natural nano/microimpurities in aqueous and
nonaqueous solutions may serve as heterogeneous, well-dissipated catalytic species for
a broad spectrum of chemical reactions that have been, so far, wrongly considered as
homogeneous processes.

Our findings suggest a shift in focus for current scale inhibition research, moving
away from studying antiscalant and scale interactions towards exploring antiscalant in-
teractions with nanoparticles. To date, some water treatment researchers have speculated
that scale nucleation occurs spontaneously in their laboratory samples via a homogeneous
mechanism [29-31,44-47]. Meanwhile, we demonstrate here that the bulk heterogeneous
mechanism is much more likely to take place; even as far as in pure solvents, there is c.a.
over 1,000,000 potential crystallization centers in 1 mL, to say nothing of tap or feed water.
At the same time, we have experimentally demonstrated for the first time that antiscalant
blocks only a few percents of this amount, presumably iron hydroxo/iron oxides. It is
an important step forward relative to previous reports on bulk heterogeneous crystalliza-
tion [14,25,28,32]. Thus, it is more reasonable to look for compounds that block iron or
aluminum hydroxo/oxides rather than the surface of gypsum or calcite.
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Therefore, we firmly believe that significant progress in understanding chemical
reactivity can only be made by expanding and deepening our knowledge of the nature,
concentration, and size of natural nano- and microimpurities in liquid reagents.

4. Conclusions

Using direct particle counting via laser ultramicroscopy, it was found that even high-
purity laboratory solvents, such as deionized water and isopropanol, contain solid nanopar-
ticles larger than 20 nm, with concentrations of 10° and 10° units/mL, respectively. It
was further demonstrated that extrapolating these values to particle sizes larger than
1 nm results in total impurity concentrations as high as 10! units/mL for water and
10® units/mL for isopropanol. Increasing the concentration of the reagent significantly
reduces the distance between the particles. Therefore, the possibility of reagent interactions
in the seemingly homogeneous liquid phase via a heterogeneous mechanism should not be
excluded or disregarded.

It was demonstrated that any reagent-grade purity chemical, added to deionized
water, brings its own set of solid matter nanocontaminants not necessarily matching the
composition of solids present in water.

It has been experimentally confirmed that nanocontaminants represent a mixture of
particles with different chemical natures. One type of impurity tends to adsorb ADMP-F,
while others show very low affinity for this antiscalant, if at all, and leave most of the
ADMP-F molecules “free”. Thus, the fluorescent-tagged aminobisphosphonates are capable
of differentiating the particulate matter traces present in the reagent-grade purity solutions.

ICP-MS, laser ultramicroscopy, and chemical speciation data comparisons allow us to
identify some solid contaminants in water and in KCl aqueous solutions as silica-based
species and iron(Ill) hydroxo/oxides. The latter belongs to the least representative fraction.
However, this exact type of nanocontaminants is likely to be responsible for the bulk
heterogeneous nucleation of calcite, gypsum, and other salts in the supersaturated aqueous
solutions. Thus, this study provides further support for scale inhibition mechanisms,
suggesting that antiscalants block nanoimpurities that serve as crystal nucleation centers.
Moreover, it offers a significant refinement, suggesting that not all nanoimpurities are
blocked, but rather specific types, presumably the most active ones, are targeted.

The role of nanoimpurities must be seriously taken into account, especially in the
case of scale inhibition applications. However, a comprehensive examination of the role of
natural nanoimpurities in chemical processes could undoubtedly open new horizons and
dispel misconceptions across various fields of chemistry and chemical technology.
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