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Abstract

Recent studies revealed that the bulk scale nucleation has a heterogeneous character with
nano/microdust impurities acting as scale templates in aqueous medium. Thus, the scale
inhibition phenomenon is associated exactly with nano/microdust surface blockage by
antiscalant molecules. Meanwhile, little is known about the nature of dust impurities. Therefore,
the present report is focused solely on the study of suspended solid matter occurring in reagent
grade water and in some tap water samples by means of particle counter technique, ICP analysis,
DLS, SEM and X-ray diffraction. A particle counter was used to demonstrate that foreign solid
particles sized over 100 nm are inevitably present in any reagent grade chemicals in amounts
from 102 to >10° units per 1 ml (from 10° to >108 per dm3), including water for ion
chromatography (Sigma—Aldrich), KCI (Sigma—Aldrich) and HNO3z for microelectronics
(Avantor Performance Materials Ltd). At the same time, DLS revealed for HNOs that the
microfraction (>100 nm) registered by a particle counter constitutes less than several per cent
of the solid impurities sized below 100 nm. It was found that a common laboratory practice of
dust removal via 200 or 220 nm filters provides a substantial decrease in the concentration of
microparticles but only slightly affects the fraction below 200 nm, to say nothing of
nanoparticles (1 nm <size < 100 nm). Moreover, this operation does not provide even complete
removal of the fraction sized over 200 nm. Meanwhile, deionized water demonstrates a
significantly lower concentration of solid impurities larger than 100 nm (320 per 1 ml) than
distilled water (4300 per 1 ml). A combination of ICP, SEM and X-Ray diffraction analyses of
distilled water produced from Moscow tap water indicated that the elemental composition of
microparticles includes Si, O, Ca, Fe, and Al. A comparison of microparticle (size >100 nm)
content in tap water samples taken in different cities worldwide demonstrates that there is no
significant difference between them. The particle concentration ranges from 280 000
(Amsterdam) to 440 000 (Rome) units per 1 ml which is almost within the 20% measurement
error. Thus, the problem of micro/nanodust occurrence in distilled/deionized water is common
for many laboratories worldwide involved in water treatment studies.
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1. Introduction

Nucleation is the first step of any industrial scale formation process [1-4]. Although many
classical and nonclassical nucleation theories have been developed, nucleation mechanism
continues to be one of the most poorly understood and disputable phenomena over the past
half century [1, 2]. Meanwhile, this step is of key importance for scale inhibition process
understanding as far as the threshold effect of antiscalants is attributed exactly to the
nucleation phase of scaling [5, 6].

Generally, the bulk crystallization in an agueous supersaturated solution of a sparingly
soluble salt may pass two different routes of initial nucleation: homogeneous and
heterogeneous [3]. The former mechanism assumes spontaneous aggregation of
corresponding ions, while the latter one suggests, that nucleation takes place at solid
colloidal impurities (nano/microdust), occasionally present in aqueous medium. These
impurities are expected to serve as crystallization centers [7, 8]. Despite the fact that the
heterogeneous scenario in the bulk is energetically more favorable than the homogeneous
one, the latter pathway is broadly accepted and dominates in water treatment science [9-17].
However, recent results of Gromov [18] and of our research group [19-21] clearly indicate
that (i) the dominant scale formation mechanism in a bulk aqueous solution has a
heterogeneous character with foreign solid impurities acting as nucleation centers, and (ii)
scale inhibition phenomenon is associated exactly with nano/microdust surface blockage by
antiscalant molecules. Thus, an antiscalant—nanodust interaction becomes of key importance
in water treatment science.

Meanwhile, little is known on the nanodust nature so far. There are just a few reports
on nano/microdust present in natural waters [7, 8] and in ultrapure chemicals [22—24].
Unfortunately, the chemical composition of uncontrolled solid matter impurities is poorly
described there. Thus, present paper represents a case study of solid impurities in distilled
water and in deionized water obtained from Moscow municipal water supply system and
then used in everyday laboratory practice [19-21], particularly in scale inhibition
experiments.

2. Experimental

2.1. Reagents

Two types of water were studied: in-house distilled and in-house deionized one. The distilled
water was obtained via common distillation procedure operating a common industrial
distiller (DE-4 TZMOI, Russia), and municipal Moscow tap water. This distillate is further
denoted as distilled water (DI water). It was analyzed for Al, Fe, Ca, Mg, Si, Zn, K and Na
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content by ICP, and for solid particles content by a particle counter. Then the DI water
(100 ml) was filtered manually through 0.2 uM hydrophilic polytetrafluorethylene (PTFE)
Millipore Millex-LG filter. The filtered DI water was re-tested for microelements and
particles content. The differences in microelement concentrations were assigned to the solid
particles. Millipore Millex-LG filter was then dried for 7 days at ambient temperature,
dismantled and analyzed by SEM. A virgin Millipore Millex-LG filter was used as a blank
reference sample.

The deionized water was obtained from the DI water, which passed an ion exchange
procedure, followed by microfiltration (Simplicity UV, “Merck Millipore SAS”). This one
served as a reference for DI water. Another water reference sample was obtained from
Sigma—Aldrich (Water for ion chromatography, Cat. #00612, Lot BCCC3484) and used
without any further treatment.

Besides, several tap water samples from different European and US municipalities were
taken during a summer season of 2019. They were analyzed for solid impurities content by
particle counter technique for comparison with the Moscow tap water.

In addition, the 70% nitric acid (Avantor Performance Materials Ltd.) for
semiconductors with limited suspended microparticle content, and a solid sample of high
purity KCI (99.0-100.5%); CAS 7447-40-7; Sigma—Aldrich) were used as reference
compounds. The latter was used as 0.1 mol-dm=3 solution in an in-house deionized water.

All experiments were run in a certified laboratory room (I1SO 14644-1, class 8) with a
limited dust microparticle air phase content, controlled by an air particle counter Particle
Measuring Systems Inc. with analytical channels 0.3; 0.5; 5.0 um.

2.2. ICP analysis

Element analysis of water samples was performed operating iCAP 6300 Duo (Thermo
Scientific) instrument. Analysis was performed for 7 elements. The results were compared
with the Sigma-—Aldrich Catalogue Sigma—Aldrich water sample (Water for ion
chromatography, Cat. #00612, lot BCCC3484).

2.3. SEM analysis

Solid impurities morphology and chemical composition were examined with scanning
electron microscope (SEM), Hitachi TM3030, coupled with energy dispersive X-Ray
spectroscopy (EDS) analysis unit Quantax 70. The sample examinations by SEM were
performed using 15 kV accelerating voltage in Charge-Up Reduction Mode; crystal phase
was located on filter and the working distance was 4.1 mm.

2.4. Particle counter analysis

Particle counter was used for quantitative characterization of suspended solid impurities
concentration of the particles sized >100 nm. The concentration and size of solid particles
in water samples were measured by a particle counter SLS-1100 (Particle Measuring
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Systems Inc.) This instrument provides a particle concentration measurement within the size
range from 100 nm to 1 mm.

2.5. X-Ray crystal characterization

An attempt was made to use X-Ray diffraction analysis (XRD) for suspended solid matter
characterization that was retarded on the filters. In order to reach the goal amounts of 5 liter
of water or 50 ml of aqueous solution of particular chemical was subjected to pass through
0.2 um Hydrophilic polytetrafluorethylene (PTFE) Millipore Millex-LG filter with an area
of 5cm?. The pieces of dried filter with some solids detained by its surface have been
analyzed with Bruker D8 Advance diffractometer (Cu KD; Ni-filter; LYNXEYE detector).
The XRD phase identification was done with Joint Committee on Powder Diffraction
Standards (JCPDS) database, and relative phase content was estimated with Topaz R
software (Bruker AXS). However, the total amount of deposited particles appeared to be not
sufficient to provide the diffractograms of the required quality. Thus, these data are not
considered further.

2.6. Dynamic light scattering

Liquid phase was monitored by the dynamic light scattering technique (DLS) for qualitative
characterization of suspended solid impurities within the particles range from 1 nm to
1000 nm. DLS experiments were performed at 25°C with Malvern Nano ZS instrument
(A=633 nm, operating power 4 mW) at ®=173°.

3. Results and Discussion

Based on the logical assumption that a true complete characterization of suspended solid
matter in reagent grade chemicals is hardly possible due to a broad variation of such
impurities chemical composition, our study is limited to the water, used by our research
group in scale formation studies. Indeed, chemical composition of such solid impurities
depends in general on manufacturer, purification technique etc., as well as on the difficulties
of their characterization against the background of water-soluble impurities. Although the
emphasis is done on distilled water and on deionized water, derived from Moscow municipal
tap water, the results might be of interest for researchers from around the globe. At the same
time, this supplement study is intended to put some additional light on our previous and
future results in scale inhibition. We understand that our present study embraces mostly a
larger fraction of the particles present (sized >100 nm). Even though, it is believed to become
a particular step forward in our knowledge of solid matter impurities, present on ppm/ppb
level in chemicals.

3.1. Aqueous phase characterization by ICP, DLS and particle counter technique

The ICP data, presented in Table 1, indicate that both distilled and deionized water prepared
from Moscow tap water, and then used in the present study, fit the standards of pure
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chemicals [25]. Actually, both of them have the same content of microelement impurities,
as the water sample, provided by Sigma—Aldrich.

The differences in Al, Fe and Ca concentration between the distilled water samples
before and after filtration, demonstrate that these elements are partly (Al, Fe) or completely
(Ca) present in the form of solids, retarded by the filter material, unlike K and Na, which
exist completely as water soluble species (Na*, K¥). At the same time, residual Al and Fe
content in the filtered DI water cannot be definitely assigned either to solid, or to aqueous
phase. Both forms are possible. According to Table 1, Al and Fe may penetrate the filter
material as nanosolids with sizes below 200 nm, as well as in the form of ions. Tentatively
the nature of solid impurities in distilled water can be assigned to Al/Fe hydroxo/oxides and
to calcium carbonate (Ca). Notably, an increase in Na and Zn content in filtrate relative to
initial DI water (Table 1) demonstrates that the membrane material itself is capable to emit
some impurities. Si was not detected by ICP analysis. However, it was found on filter
surfaces after water filtration through 0.2 um Millipore Millex-LG filter.

Solid state characteristics of impurities in analytical grade laboratory chemicals are
usually overlooked, mainly because they are present in low concentrations. Thus, it is a
challenge for a researcher. The results presented in Tables 2 and 3 reveal clearly that
microparticles with a size over 100 nm are inevitably present in any high purity aqueous
sample in significant amounts ranging from 102 to 10° units in 1 ml, or from 10° to 108 in
1 dm?3. Notably, the distilled water produced in our laboratory has the solid contaminants of
the same order of magnitude as the Sigma—Aldrich sample, while our deionized water
contains such impurities in a 10-fold smaller amount.

Table 1. Water samples characterization by ICP.

Element content, ppm

Element Distilled water Sigma-Aldrich water
Distilled water ~ after 200 nm  Deionized water
filter treatment Catalogue [25] Found
Al 0.0047+0.0005 0.0040+0.0004  0.0012+0.0001 <0.005 0.0010+0.0001
Fe 0.0018+0.0002 0.0010+0.0002  0.0013-+0.0001 <0.005 0.0011+0.0001
Ca 0.0006+0.0001 Not found Not found <0.01 0.0005+0.0001
Na 0.0007+0.0002  0.0024+0.0002 Not found <0.01 0.0005+0.0001
K 0.0017+0.0003  0.0017+0.0002 Not found <0.01 0.0026+0.0002
Zn 0.0007+0.0001 0.0012+0.0001  0.0005+0.0001 <0.005 0.0005+0.0001
Si Not detected Not detected Not detected Not specified 0.0005+0.0004

Unfortunately, most of commercial particle counters do not cover the nano-range
(1 nm < size <100 nm) providing 30 nm < size <100 nm at the best [26]. However, an
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extrapolation of data, presented in Table 2 indicates clearly that the number of nanoparticles
in 1 ml exceeds substantially that one of microparticles. At the same time, it should be noted
that all the background solid suspended particles, listed in Tables 2 and 3 correspond to the
ppb level, e.g., their presence fits qualification “reagent grade”. The data presented in
Tables 2, 3 demonstrate that filtration with 200 nm filter reduces the total number of solid
microimpurities from two-fold (DI water) to hundred-fold (KCI solution), but it fails to
provide a complete foreign particles sized larger than 200 nm removal, to say nothing of the
fractions sized between 1 and 200 nm.

Table 2. Water samples characterization by a particle counter.

Cumulative number of foreign particles in 1 ml

Sample pH
>100nm >200nm >300nm  >500 nm

In-house distilled water; 3 uS/cm 5.65 4300+40  1390+20  640+10 236+9

In-house distilled water after filtration;
200 nm, 4 uS/cm

In-house deionized water; 0.056 uS/cm  6.30 320+10 60+10 23+8 9+3
Water, Sigma—Aldrich, 1.8 uS/cm* 5.60 3040+20 630+10 170+20 130+10
*The solid particles content is not specified.

5.80 2490+70 130+10 53+8 22+4

Anyhow the data for 0.1 mol-dm KCI solution in deionized water, and for the same
sample after filtration with 200 nm filter (Table 3) indicate, that ultrapure water and
ultrapure chemical from Sigma—Aldrich do not guarantee absence of suspended particles in
a sample. In these relevance the numerous reports on homogeneous crystallization of
gypsum and calcium carbonate, studied without a proper nanodust control [12—17] look very
arbitrary. Moreover, even those reagents for semiconductors that are specially focused on a
maximal decrease of solid impurities (nitric acid, Table 3) still contain such particles in
sufficient amounts. Thus, it is obvious, that any ultrapure aqueous solution always contains
foreign nano- and micro-particles.

Notably, the dissolution of high purity KCI in deionized water results in a dramatic
increase of microparticle concentration relative to deionized water, Table 3. This high
particle content is sufficiently diminished by filtration (200 nm). However, such a filtration
does not compensate initial increase: the residual particle concentration in 0.1 molar KCI
solution still remains 5-fold higher than that one for deionized water.

On the other hand, the differences in microelements concentration (ICP) between DI
water, filtrated DI water and deionized water being compared with corresponding particle
concentration (particle counter) give some space for the microdust large particles fraction
chemical characterization.
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Table 3. Nitric acid and KCI aqueous solution samples characterization by a particle counter.

Cumulative number of foreign particles in 1 ml
Sample pH

>100 nm >200 nm >300 nm >500 nm

70% Nitric acid (Avantor
Performance Materials Ltd.)

0.1 mol-dm— KClI
in deionized water

0.1 mol-dm™= KCI

in deionized water after 6.05 1500450 2446 10+4 6+3
filtration; 200 nm

<1 4700+80 300+10 40+8 30+5

6.25 268 000+2000 32000+800 14 000+600 7 000+90

DLS analysis fails to detect suspended solids in deionized water, in distilled water, and
in filtrated KCI agueous solution due to their low concentration (below 5000 particle counter
detectable units in 1 ml). Meanwhile, in nitric acid with similar particle concentration (4700
particle counter detectable units in 1 ml) and in non-filtered KCI solution (268 000 particle
counter detectable units in 1 ml) some unstable light scattering bands are detected, Figure 1.
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Figure 1. Sequential replicates of DLS particle size distribution by intensity (a,c) and by
number (b,d) for nitric acid (a,b), and KCI solution in deionized water (c,d).
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Two different particle size distribution modes have been used: by intensity, and by
number. The former is more sensitive to the fine particles, while the latter one—to the larger
ones. Here, each band corresponds to a certain replicate measurement. For the nitric acid
(Figure 1a) an intensity distribution reveals presence of both nanoparticle fraction (size
below 100 nm) and microparticle fraction (size above 100 nm). The latter one corresponds
to those particles that are already detected by a particle counter, while the former one
indicates also presence of those particles, which are beyond the particle counter sensitivity.
A poor reproducibility of size distribution arises from the low particles concentration: each
moment a spontaneously formed combination of solids within the laser beam is changing.
This effect is negligible for high particle concentration, but it becomes critical for the low
particle content. Thus, the bands are “wandering” within a certain sizes range. Anyhow,
these data reflect correctly the presence of both nano- and microfractions of solid impurities
In nitric acid.

Table 4. Cumulative number of suspended particles (thousands in 1 ml) in a municipal tap water
measurement channel.

City
Measurement
channel, nm Obzor City, Straubing, Moscow, City of Playa Pula City,
Bulgaria Germany Russia Paraiso, Spain Croatia
>100 420 420 300 320 420
>200 120 93 53 250 240
>300 38 28 14 146 100
>500 15 11 6 102 47
Rimini, Amsterdam, San Francisco, Rome, Nice,
Italy Netherlands USA Italy France
>100 300 280 366 437 380
>200 160 110 140 140 230
>300 53 36 52 38 110
>500 24 16 25 15 57
*+20%

At the same time, the distribution by number (Figure 1b) demonstrates that nanoparticle
fraction dominates microparticles. In this mode, only nanofraction remains visible,
indicating at least 10°-fold excess of nanoparticles number over that one of microparticles.
Indeed, according to Rayleigh’s law, the light scattering intensity increases roughly in
proportion to R®, where R corresponds to a particle radius [27, 28], when R<A/15. Thus,
even traces of larger particles would be visible in the background of dominating small ones
in the intensity mode, while in distribution by number they will be lost in noise.
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Figure 2. Sequential replicates of DLS particle size distribution by number (b,d,f) and by
intensity (a,c,e) for tap water sampled in Moscow (a,b) in San Francisco (c,d) and in Rome

(e,f).

However, a different situation was registered for KCI solution. In this particular case,
no significant differences between distributions by number and by intensity were observed,
Figure 1c,d. It means that solid KCI contains a sufficient amount of microsolid impurities
(100 nm<size <1000 nm), and they dominate other fractions, including nanoparticles. The
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latter nevertheless become visible as small nano-shoulders of some bands. Anyhow, the data
presented in Figure 1, demonstrate that an undetectable by a particle counter nanofraction
may drastically exceed the number of microparticles (HNOj3 case), or may be comparable
with them (case of KCI in water).

A comparison of tap water samples, taken in different European cities, indicates that
the mean microimpurities content is nearly the same. For the particles with size >100 nm it
varies from 280 000 in 1 ml (Amsterdam) to 440 000 (Rome). This difference slightly
exceeds the experimental error of 20%. A random sample set, presented in Table 4, does not
claim to be complete or universal, but it indicates that similar solid background impurities
might happen in any laboratory worldwide that uses tap water distillation or deionization
and a subsequent preparation of laboratory solutions.

As far as suspended particles concentration is high, DLS reveals a well reproducible
particle size distribution. Herewith, both modes (by number and by intensity) match well
each other. Some examples are presented in Figure 2. Notably, a relative content of fine
nanofractions and microfractions may vary significantly in different cities. In Moscow tap
water the microparticles are dominating, Figure 2a,b, while in the corresponding sample
from Rome (Figure 2e,f) the nano-fraction prevails. Meanwhile, in water from San Francisco
the nano- and micro-fractions are comparable with each other.

3.2. Solid phase characterization by SEM-EDS and XRD

In order to put some light on the suspended matter nature, the SEM-EDS and XRD analysis
of water sample sediments, collected at filters, was performed. We realize that such analysis
Is partial and not a comprehensive one, because nanosolids are not retarded by 200 nm filters,
commonly used in water treatment studies [9, 12, 13, 17, 29-33]. Even though, we find this
information valuable.

SEM images of virgin filter and of a treated filter are presented in Figure 3. It can be
seen that after 100 ml DI water filtration, the corresponding image (Figure 3b,c) reveals
some solid particles of sub-micrometer size, although some of them are larger than 1 pm.
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Figure 3. SEM images of PTFE filter surface: virgin sample (a), the same sample after 100 ml
distilled water filtration (b,c). Scale bar corresponds to 10 um.
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Meanwhile, the top layer membrane pores are as large as 6 um, and some sediment
particles below 0.5 um size are retarded by the inner membrane layers. This can be seen in
Figure 3c. Thus, some of them are not accounted by EDS analysis, Figure 4.
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Figure 4. A map of element distribution: SEM-EDS images of PTFE filter surface after
100 ml of distilled water filtration.

The energy-dispersive analysis (EDS) study of the virgin filter surface exhibited only
membrane material elements presence: F (65 at.%) and C (35 at.%). The same surface after
100 ml of DI water permeation demonstrated besides F and C also Ca (0.8 at.%), Si
(0.6 at.%) and O (4.3 at.%), Figure 5. Notably, the at.% ratio of F/C decreases from 1.86 to
1.76. This was assigned to the increase of carbon content due to some calcium carbonate
deposition. At the same time, some Si was found on membrane surface. This indicates
presence of either SiO, or of some silicate solid impurities. It should be noted, that the
mapping of individual elements, Figure 5, reveals a different distribution of Ca and Si, e.qg.
these elements are concentrated in different particles. This fact reveals clearly that the
suspended solid matter is not uniform, but represents a mixture of chemically different
particles. Tentatively these are CaCO3 and SiO..

Figure 5 demonstrates also that both these compounds have different mean size.
Evidently, CaCOs is represented by the larger particles, while SiO, by the smaller ones.
Meanwhile, Si is distributed over membrane filter surface more uniformly than Ca, and its
locations coincide with the background membrane elements (F, C) location, e.g. the spots of
a higher membrane fibers density.
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Figure 5. SEM-EDS images of PTFE filter surface showing silica (a) and calcium (b) fouling
after 100 ml distilled water filtration.

The lack of Fe and Al on membrane surface may be explained by a more fine dispersion
of corresponding solids relative to those, represented by Ca and Si. Tentatively Fe and Al
bearing particles due to their smaller sizes penetrate deep inside the membrane. Thus, these
are retarded by the inner layers of filter and are not detected by the membrane top layer
analysis by SEM-EDS technique.

Therefore, the joint ICP, SEM-EDS and particle counter analysis indicate that the solid
matter impurities in the distilled water are not uniform by chemical composition and sizes.
Tentatively it corresponds to the mixture of CaCQO3, SiO, and Fe/Al hydroxo/oxides with a
mean particle size CaCO3;>SiO,>Fe/Al hydroxo/oxides. Notably, this observation refers
only to the solid micro-impurities (size>100nm), while the ‘“nanodust” fraction
(1 nm<size<100 nm) still remains a challenge for the recent methods of particle
characterization. It is reasonable to suppose, that at least partly its chemical composition is
formed by the finest fractions of solid micro-impurities, identified in the present study
(CaCOg, SiO; and Fe/Al oxides). However, some other constituents, typical for air pollution:
feldspar (K[AISi3Og]), clay minerals (muscovite (KAI;[AISizO10](0OH),); illite
(Ko.75(H30)0.25)Al2(SizAl)O10((H20)0.75(0H)o.25)2; kaolinite (Al4[SisO10](OH)s), etc.) [7] are
also possible.

In any case, recent study indicates, that the listed above solid impurities may and do
serve as ideal scale nucleation natural precursors of inorganic scale in a bulk aqueous
medium. This was clearly demonstrated by us for barite crystallization [20]. The data on the
role of natural solid impurities concentration in gypsum crystallization is currently in press
[34] and a paper on further development of our studies of CaCOj crystallization [35] is in
preparation.

Conclusions

By means of particle counter technique, solid microimpurities were found in all high purity
reagents studied, e.g. in distilled and deionized water produced from Moscow tap water, in
pure water supplied by Sigma—Aldrich, in nitric acid for semiconductors (Avantor
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Performance Materials Ltd.) and in KCI (Sigma—Aldrich) 0.1 molar solution in deionized
water. The microparticle (size>100 nm) concentration varies from 102 to 10* units in one
ml. At the same time, DLS technique demonstrated, that nanoparticles (1 <size<100 nm)
concentration is at least 100-fold higher, than that one of microparticles. All these solid
impurities are doomed to become the ideal scale nucleation natural precursors of inorganic
scale in a bulk aqueous medium.

A common procedure of dust removal via microfiltration (200 nm filter) is capable to
reduce the microparticle concentration, but fails to remove completely even the fractions
with sizes above 200 nm.

The chemical composition of solid impurities in distilled and deionized water derived
from Moscow municipal tap water includes, but is not reduced entirely to CaCO3, SiO, and
Fe/Al hydroxo/oxides with a mean particle size CaCO3 > SiO, >Fe/Al hydroxo/oxides.

The particle counter analysis of tap water from different cities around the globe
indicates that microparticles content is approximately the same for different geographic
regions, apparently due to similar water purification techniques and similar internationally
accepted standards. Thus, the problem of laboratory chemicals and solvents purification
from crystal nucleation natural precursors is also common, although not yet broadly
recognized.
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