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Abstract
The dynamic light scattering (DLS) special technique is used to study the bulk
supersaturated gypsum aqueous solutions during the induction period in 0.2 mol·dm–3 NaCl
at pH 9 and 25°C. It is based on the standard SiO2 nanoparticles (Ludox TM40) injection
into the supersaturated gypsum solution. These nanoparticles act as an internal indifferent
light scattering intensity reference and provide a semiquantitative measurement of a
relative gypsum particles content in a blank solution and in the system treated with aminotris(methylenephosphonic acid), ATMP. It is found that ATMP sufficiently reduces the
number of gypsum nuclei, spontaneously formed in the supersaturated solutions. In a
parallel way the chemical forms of antiscalant in the experimental systems have been
modeled. A tentative nonconventional mechanism of scale inhibition is proposed. It
assumes that the active crystal formation centers already exist in any analytical grade
aqueous solution in the form of solid nanoimpurities with a size ranging from one to
several hundred nm. The ATMP antiscalant competes with Ca2+ and SO24 for these
centers and blocks them. Therefore the number of gypsum growth centers diminishes
significantly. Thus the concentration of corresponding CaSO4·2H2O particles gets reduced
at least 10-fold. The collision rate of such particles decreases 100-fold. This explains both
induction time prolongation by ATMP and sub-stoichiometry of its efficacy.
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1. Introduction
Scaling is a very common problem in boilers and heat exchangers, evaporation plants, RO
facilities and oilfield applications [1–4]. A widely used technique for controlling scale
deposition is an application of chemical inhibitors [2, 5–8]. Commonly used commercial
antiscalants are represented mostly by three chemical families: polyphosphates,
organophosphonates and organic polyelectrolytes (polyacrylates (PA), and polycarboxysulfonates (PCS)). Among these the organophosphonates are dominating recently at the
world market [9]. Irrespective of the broad, successful, and long-term antiscalant
applications, the mechanisms of scale inhibition still appear the matter of discussions [10–
16].
An excellent recent review [17] summarizes the main steps of scale formation and
inhibition mechanisms. The precipitation of a crystalline substance from a solution onto
the site of scale formation requires three simultaneous factors: supersaturation, nucleation,
and adequate contact time, followed then by the nucleus growth, aggregation, scale
deposition and a further growth of the deposit macrocrystals. The inhibitors can alter
crystal surface properties and influence the electrical double layers causing changes in
nucleation, growth retardation, agglomeration, and crystal morphology.
However, our recent observation of zeta-potentials of CaCO3 and CaSO4·2H2O scales
[18, 19] formed in NACE brines [20] in the presence of conventional inhibitors, reveal that
antiscalants do not change the interfacial electrostatic charge values relative to the blank
solutions. Moreover, the zeta-potentials for all reagents appear to be insufficient to prevent
scale particles aggregation. This result is in a good agreement with an independent study of
CaCO3 stabilization by bisphosphonate molecules [16]. Thus, the electrostatic factor is not
a universal explanation of an antiscalant efficacy.
At the same time, we have found for a gypsum scale in the NACE brines that the
more effective antiscalants do not change the morphology of gypsum, while the less
effective one (phosphonobutane-1,2,4-tricarboxylic acid, PBTC) does [19]. As far as the
change of the crystal morphology is usually interpreted as a direct approval of the
inhibition mechanism, one could expect that the most effective antiscalant should cause the
maximal distortion, while the least effective one would reveal the minimal change in the
crystal morphology if any. Our observation conflicts this statement. Therefore the
supposition that a decreased growth rate of the deposited crystals by blocking the active
sites of growth by an antiscalant molecule is also not the case for a particular situation.
Formation of calcium complexes with an antiscalant molecule under a large excess of
calcium ions in the systems studied [18, 19] is also an inadequate explanation for scale
formation inhibition in NACE brines. In [18, 19] we have supposed that the possible
mechanism of scale inhibition in a bulk solution is associated with the reduction of initial
number of nucleation centers.
Present study is therefore focused on the dynamic light scattering (DLS) technique
application to the bulk supersaturated gypsum aqueous solutions during the induction
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period. The latter is denoted as the time between the generation of a supersaturated state
and the first observed precipitate. To reach the goal a special measurement technique was
elaborated. It is based on the standard nanoparticles injection into the supersaturated
gypsum solution. These nanoparticles act as an internal indifferent light scattering intensity
reference, and provide a semiquantitative measurement of a relative gypsum particles
content in a blank solution and in the system treated with an antiscalant. As far as we
know, this is the first report with an estimation of a sparingly soluble salt initial nucleus
content.
In a parallel way the chemical forms of antiscalant in the experimental systems have
been modeled using a chemical speciation approach for a better understanding of DLS
observations.
2. Experimental
2.1 Materials
Analytical grade chemicals were used for brine preparations. Stock solutions of calcium
chloride, sodium sulfate, and sodium chloride were prepared from the respective crystalline
solids (Aldrich; EKOS-1, Russia) using distilled water. The distilled water, a standard
sodium hydroxide aqueous solution, and the final brines were filtered through 0.045 μm
Millipore Nylon filters, and then through 0.020 μm filters (Whatman Inorganic membrane
filters Anotop 10 Plus). All initial solutions were tested by DLS for the presence of
background nanoparticles. It was found that all of them have 1 nm size particles and a
much smaller amounts of 200 to 400 nm particles. These exist as impurities in all samples
and are characterized by Malvern correlation coefficients from 0.05 to 0.08.
Reagent grade solid aminotris(methylenephosphonic acid) (ATMP; H6atmp, H6L) was
supplied by a manufacturer OAO “Khimprom”, Novocheboksarsk, Russia. Its purity was
checked by NMR and then ATMP was used without further purification.
The standard nanodispersions of SiO2 (Ludox TM40, GRACE Davison) and
polystyrene (Malvern) were used as internal references of light scattering intensity. TM40
represents a 45.6% (mass) aqueous solution of SiO2 sol with an average particle diameter
of 40 nm (monomodal) and pH 9. The diluted TM40 sample (0.027 mg·dm–3, pH 9) reveals
a zeta-potential within –21 mV. The 0.2 mg·dm–3 polystyrene sample demonstrates 300–
400 nm particle size (monomodal) with a zeta-potential of –42 mV. Both concentrated
dispersions are known to be stable towards aggregation and are capable to keep their initial
particle size distribution unchanged for a period ranging from several months to several
years.
The desired concentrations of inhibitor and references were obtained by dilution with
nanofiltrated deionized water, bearing pH 9 (NaOH).
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2.2 Brine and sample preparation
The brines were chosen in such a way that the final gypsum supersaturated solution would
have a minimal difference relative to the TM40 reference (pH 9). Two synthetic brines
were prepared with distilled water and NaOH: a calcium-containing brine (CaCl2·2H2O,
0.152 mol·dm−3 and NaCl, 0.2 mol·dm−3, рН 9) and a sulfate-containing brine (Na2SO4,
0.152 mol·dm−3 and NaCl, 0.2 mol·dm−3, рН 9). Being mixed at 1:1 volume ratio, these
brines give a 0.076 mol·dm−3 supersaturated calcium sulfate solution with pH 9 and
0.2 mol·dm−3 NaCl. By the end of the precipitation process the ionic strength of this
solution was around 0.35 mol·dm−3, provided mostly by NaCl.
According to [21] the solubility of CaSO4·2H2O in 0.2 mol·dm−3 NaCl aqueous
solution corresponds to 0.025 mol·dm−3 or 4.3 g·dm−3 at 25°C. Therefore 0.076 mol·dm−3
of gypsum in 0.35 mol·dm−3 NaCl at pH 9 and 25°C gives a saturation index SI~3.
In our blank experiments 2 ml of the sulfate brine was mixed with 0.3 ml of distilled
water (pH 9) and then 2 ml of calcium brine was added to this mixture. Alternatively, 2 ml
of the sulfate brine was mixed with 0.3 ml of ATMP solution (pH 9) and then 2 ml of
calcium brine was added to this mixture. This corresponds to 7 mg·dm−3 or
0.024 mmol·dm−3 content of ATMP in the scale formation system. Then 1 ml of each
mixture was sampled and transmitted into the Malvern polystyrene cuvette for DLS
measurements. After one and the same period of time (100 or 120 minutes) a portion of
0.025 ml of TM40 was added directly to cuvette with a transparent supersaturated gypsum
solution and the DLS measurement immediately started.
2.3 DLS measurements
Liquid phase was monitored by the dynamic light scattering technique. DLS experiments
were performed at 25°C with Malvern Nano ZS instrument (λ=633 nm, operating power
4 mW) at Θ=173°. The refractive index n (1.3397), the viscosity η (1123.0 μPa) and the
density d (1.062 g·dm−3) of 0.2 mol·dm−3 NaCl aqueous solution were measured and used
to characterize the solvent. All the brines and antiscalant solutions were clarified by
0.045 μm Millipore Nylon filters to remove dust and checked by DLS technique for the
presence of nanoparticles, and then by 0.020 Whatman inorganic membrane filter Anotop
10 Plus. The same operation was done with calcium and sulfate solutions before they were
mixed. The samples of saturated calcium sulfate solutions were analyzed for solid phase
particle size and ζ-potential. Preliminarily, the reference nanosols (TM40, polystyrene) as
well as ATMP solution in the calcium brine were studied. The results are presented in
Table 1.

Int. J. Corros. Scale Inhib., 2018, 7, no. 1, 9–24

13

Table 1. The characteristics of internal reference nanodispersions and of ATMP in calcium brine at 25°C.
Fraction
Hydrodynamic
diameter, nm

Fraction Relative
Light Scattering
Intensity*, %

Zeta-potential,
mV

0.10 mg∙dm–3 TM40 in an aqueous
0.2 mol∙dm–3 NaCl solution, pH 9

40±10

100

−21±5

0.20 mg∙dm–3 polystyrene aqueous
solution, pH 9

350±50

100

−42±5

75 mmol∙dm–3 CaCl2∙2H2O with
0.008 mmol∙dm–3 ATMP in an
aqueous 0.2 mol∙dm–3 NaCl solution,
pH 9

800±200

100

+7±1

Dispersion

* Size distribution by intensity.

2.4 Chemical speciation modeling
Chemical speciation modeling was done using SPECIES software [22] and stability
constants from IUPAC DATABASE [23] with data selected for 25° and ionic strength 0–
0.3 mol·dm−3. The preference was given to the critically selected IUPAC stability constants
[24]. The solubility of sparingly soluble CaSO4∙2H2O [21], Ca3(atmp)·3H2O [25] and
Ca5(Hatmp)2·5H2O [25] was included as well as the stability constant for the formation of
a soluble species [CaSO4]0 [26].
3. Results and Discussion
3.1 DLS study of indifferent nanosols
Table 1 reveals that the particle sizes of TM40 do not intercept with those of polystyrene.
Thus the system TM40/polystyrene was chosen to test the adequacy of relative particle
content and relative light scattering intensity. For this purpose, a set of TM40/polystyrene
mixture samples with a constant polystyrene content (17 mg·dm−3) and various TM40
concentrations ranging from 0.045 to 0.70 g·dm−3 in a constant aqueous solution volume of
1.2 ml at pH 9 were prepared. It was found that the binary sol solutions demonstrate an
excellent bimodal size distribution for all the mixtures studied, Figure 1. If not specially
specified, the relative integral light scattering intensity I (distribution by intensity) was
used in the particle size distribution diagrams.
In a binary solution TM40 is indicated as a 40 nm light scattering band, while
polystyrene revealed a 350 nm band, as they both have in the individual solutions. At the
same time, no aggregation of mixed colloids was observed for at least 24 hours, Figure 2.
This experiment proves the high TM40 colloidal stability and its ability to serve as an
internal standard.

Int. J. Corros. Scale Inhib., 2018, 7, no. 1, 9–24

14

Figure 1. Particle size distribution for the ТМ40/polystyrene mass ratio 25 (a) and 2.5 (b);
SiO2 is taken as a scattering material.

Figure 2. Particle size distribution for the ТМ40:polystyrene mass ratio 16:
10 minutes (a) and 24 hours after sols mixing (b).

Within the concentration range of diluted ТМ40 solutions (from 0 to 0.2 g·dm−3) an
ideal linearity between Ludox relative light scattering intensity and its mass content in a
binary colloidal solution was recorded, Figure 3. However, it was not the case for more
concentrated solutions, although no aggregation was observed. Thus diluted TM40
solutions (0.027 g·dm−3) were chosen for the further experiments with gypsum.
Unfortunately, injection of a reference TM40 sol to the calcium brine in order to
estimate the content of heterogeneous impurities was hardly possible, because the high
excess of calcium ions enhances the aggregation of TM40 particles. The same problem was
found for the ATMP solutions in a calcium brine. However, distilled water (pH 9) and the
sulfate brine revealed no interaction with TM40. The “calcium brine – sulfate brine” and
“calcium brine – sulfate brine – ATMP” systems after one hour of equilibration
demonstrated no interaction with TM40 within at least 30 minutes after its injection.
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Figure 3. The dependence of TM40 DLS intensity relative to the polystyrene scattering band
versus the TM40 mass content in the binary colloidal solution.

3.2 Ca – ATMP equilibria study
ATMP is known to form insoluble compounds with calcium ions [24,25,27,28]. Thus it
was reasonable to study the binary Ca–ATMP system light scattering under the large
excess of calcium ions over ATMP. Figure 4 reveals a fast formation and further growth of
big aggregates, which tentatively correspond to Ca3(atmp)·3H2O [25]. Within the first
10 minutes after ATMP injection into the calcium brine the average hydrodynamic particle
diameter increases from ca. 500 nm to 800–900 nm. However, the solution stays
transparent for many days and demonstrates no precipitation, although the zeta-potential of
the system is low (+7±1 mV).

Figure 4. Particle size distribution for the ATMP in calcium brine 2 (a), 5 (b) and 10 (c)
minutes after ATMP injection: [Ca2+] = 75 mmol·dm−3; [ATMP] = 0.02 mmol·dm−3;
pH 9; 0.2 mol·dm−3 NaCl.
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This observation is consistent with chemical speciation diagram, Figure 5. Indeed, at
pH 9 almost all ATMP molecules exist in the system as insoluble solid form. Only below
pH 7 such species as [CaHL]3−, [CaH2L]2− and [CaH3L] – capable to absorb effectively on a
gypsum surface are dominating in the solution.

Figure 5. Speciation diagram of ATMP (H6L) for a binary Ca – ATMP aqueous system,
calculated for [Ca2+]=75 mmol·dm−3; [ATMP]=0.02 mmol·dm−3; 25°C; 0.2 mol·dm−3 NaCl.

The protonated species of Ca–ATMP complexes have been isolated and structurally
characterized: [CaNa6(Hatmp)2(H2O)10][Na(H2O)6]2·4H2O [29], [CaH4atmp(H2O)]·3.5H2O
[30, 31]. Both these structures indicate no Ca–N bonding. Therefore the chelate rings are
too big to provide effective chelation and high complex stability. However at pH 9 and
under a large excess of calcium ions a more stable complex [CaL]4− would dominate in a
solution. Its interaction with excessive calcium ions would lead to formation of a sparingly
soluble Ca3(atmp)·3H2O salt.
However, in the presence of equimolar amounts of Ca2+ and SO42- ions almost all
calcium concentrates in CaSO4∙2H2O as far as it is less soluble than Ca3(atmp)·3H2O.
Therefore, according to the speciation model, in a 75 mmol·dm−3 gypsum solution at pH 9
ATMP is represented by [CaHL]3− and [CaL]4− species, Figure 6, but not as
Ca3(atmp)·3H2O.
On the other hand, one should not exclude the formation of Ca3(atmp)·3H2O particles
along with CaSO4∙2H2O ones at the first moment of calcium and sulfate brines contact with
each other in the presence of ATMP, followed by a slow redistribution of phosphonate
forms. However, these Ca–ATMP particles are expected to have negligible light scattering
intensity relative to the band of the background CaSO 4∙2H2O due to their insignificant
mass content in the system studied.
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Figure 6. Speciation diagram of ATMP (H6L) for a gypsum–ATMP aqueous system
calculated for [Ca2+] = [ SO24 ] = 75 mmol·dm−3; [ATMP] = 0.02 mmol·dm−3; 25°C;
0.2 mol·dm−3 NaCl.

3.3 Calcium sulfate supersaturated solutions study
After both calcium and sulfate brines get mixed in an uninhibited (blank) experiment at
25°C, the supersaturated solution remains transparent for 2 to 3 hours, and then some
visible small gypsum crystals start to appear in the solution bulk. These crystals grow
quickly and form a sediment at the bottom of the glass beaker. Within the first 5 minutes
after the brines have contacted each other, DLS indicates the formation of a monomodal
fraction with a hydrodynamic diameter (size) of 700±200 nm, Table 2. Within the next 120
minutes the size increases up to ca. 800±300 nm and a small fraction of a bigger particle
size (~5000 nm) appears. Thus, the formation of big gypsum particles is detected
practically immediately after the saturated solution is prepared. However, the bulk liquid
phase remains transparent, although the measured zeta-potential of these particles
(−12±3 mV) is small and unable to prevent particle aggregation.
Injection of 0.027 g·dm−3 TM40 to the blank solution after 120 minutes equilibration
results in a separate TM40 band (48±20 nm) and a more intense band of CaSO4∙2H2O
(400±150 nm) with a relative gypsum:TM40 scattering intensity ratio of 2.7±0.3,
Figure 7a. This ratio and the particle sizes remain constant for 30 minutes, proving that no
significant aggregation of TM40 and gypsum takes place. For the sake of clarity, the
normalized integral light scattering intensity IN is used in Figure 7: the TM40 band integral
intensity I and its peak intensity are taken equal to unity.
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Table 2. The characteristics of gypsum dispersions with TM40 reference added (рН 9, 0.2 mol·dm−3 NaCl,
25°C).
Time,*
min

[Ca2+]0 ,
mol·dm−3

[ SO42 ]0,
mol·dm−3

ATMP0,
mmol·dm−3

TM40,
g·dm−3

Size,
nm

DLS
I, %

Assignment

5

0.07

0.07

0

0

700±200

100

Gypsum

120

0.07

0.07

0

0

800±300
5300±300

94±2
6±2

Gypsum
Gypsum

27±2
72±2
1±2

TM40
Gypsum
Gypsum

125

0.07

0.07

0

0.027

48±20
400±150
5300±400

5

0.07

0.07

0.02

0

380±200

100

**

100

0.07

0.07

0.02

0.027

46±10
600±200

88±2
11±3

TM40
**

125

0.07

0.07

0.02

0.027

48±10
550±200

88±2
10±1

TM40
**

1320

0.07

0.07

0.02

0.027

49±10
380±200

87±2
12±1

TM40
**

* Time from the moment the calcium and sulfate brines got mixed.
** Gypsum, or Ca3(atmp)·3H2O or both.

3.4 Calcium sulfate supersaturated solutions in the presence of ATMP study

ATMP was added to the sulfate brine, the mixture equilibrated for 5 minutes under manual
shaking, and then the calcium brine was added. In the presence of ATMP (0.02 mmol·dm−3
or 7 mg·dm−3) the monomodal fraction of particles with hydrodynamic diameter of ca.
400 nm appears immediately in the bulk transparent solution after both calcium and sulfate
brines get mixed, Table 2. The measured zeta-potential of these particles (–12±5 mV) is
small and unable to prevent the aggregation if particles. Its numerical value is almost the
same as in the blank experiment. However, unlike the blank experiment, the supersaturated
gypsum solution reveals no crystal formation for more than 1400 minutes.
Injection of 0.027 g·dm−3 TM40 to the samples of gypsum inhibited solution taken
after 100 and 120 minutes equilibration indicates a separate TM40 band (48±20 nm) and a
less intense band, which corresponds to the 600±150 nm particle size fraction, Table 2,
Figure 7b. This ratio as well as particle sizes remain constant for 30 minutes, proving that
no aggregation of TM40 and gypsum takes place. The relative gypsum:TM40 light
scattering intensity ratio after 120 minutes equilibration was found to be much lower than
in a blank experiment: 0.10±0.03.
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Figure 7. Particle size distribution for the gypsum saturated solution in the presence of
0.027 g·dm−3 of TM40 125 minutes after the brines are mixed for uninhibited (a) and
inhibited (b) experiments: [Ca2+] = [ SO24 ] = 75 mmol·dm−3; [ATMP] = 0.02
mmol·dm−3; pH 9; 0.2 mol·dm−3 NaCl.

An exact origin of 600 nm fraction is hardly possible to identify. It is likely to be
gypsum. On the other hand the formation of gypsum and of Ca3(atmp)·3H2O mixtures is
also possible, although the total ATMP content is c.a. 3000-fold smaller than that of
gypsum. The key observation here is that the number of particles formed in an inhibited
gypsum solution is evidently one order of magnitude smaller relative to that one present in
a blank solution. This result was reproduced in three replicates with gypsum
uninhibited/inhibited runs particle content ratio variation from 25 to 10.
As far as we know this is the first report on DLS detection of both an indifferent
nano-marker and of the target gypsum nanodispersion. A few communications on DLS
application to the scale formation studies refer to CaCO3 nucleation [32, 33], and are all
focused on the particle size measurements, but not on their content evaluation. The validity
of the marker application is provided by the fact that the gypsum and TM40 particles have
different hydrodynamic diameter “windows”: 200 to 1000 and 10 to 100 nm respectively.
Surely the following conditions should be provided: (i) there should be no interaction of
TM40 and gypsum particles right after the marker injection and within the measurement
time (5 to 15 minutes); (ii) the gypsum particles relative intensity in an inhibited and
uninhibited experiments should be measured at the same time after the moment the brines
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get mixed; and (iii) the gypsum particle size in the inhibited and uninhibited experiments
should be nearly the same. Our experiment meets all these requirements. Three replicates
performed within one week revealed a good agreement. This provides the validity of our
approach.
It should be noted that the successful marker application depends on the selection of
its proper concentration. Otherwise there is a risk to lose the marker band in the noise of
the intensive scale scattering in uninhibited runs, or not to detect scale particles relative to
the intensive background scattering of the marker in the inhibited experiments. The
chemical nature of the marker is also of great importance. Ludox TM40 used in the present
study is not an ideal choice for monitoring of gypsum scaling, as far as it interacts with
calcium brine. In order to eliminate this process the marker was injected to the brine
mixture one or two hours after they have been mixed, and therefore a significant fraction of
calcium was already bound to sulfate ions. Thus the search and selection of more
appropriate markers is a matter of future studies.
3.5 Tentative mechanism of gypsum scale formation inhibition by ATMP
A numerical comparison of an inhibited and uninhibited experiment provides some
grounds for a nonconventional inhibition mechanism for the case, when two brines are
mixed and a supersaturated aqueous solution of a sparingly soluble salt is formed within a
very short period of time. All the chemicals available recently for the preparation of such
brines (“reagent grade”, “puriss.”, “extra pure”, etc.) do not claim the absence of
nanoimpurities. In some special purity reagents for microelectronics such impurities are
limited to a certain level, but they are still present there. For the majority of others, they are
not specified at all. Thus any aqueous solutions prepared from reagent grade chemicals
would contain some solid particles of unclear origin. The number of such particles can be
partly reduced by nanofiltration, but they cannot be eliminated completely. Indeed, we
have registered such particles (ca. 1 nm) by DLS as a “noise” in both brines.
Therefore, the formation of gypsum crystals is likely to be enhanced by such
nanoimpurities, which serve as the crystallization centers of the CaSO4∙2H2O phase.
However, the same nanoimpurities play a similar role in Ca3(atmp)·3H2O formation, or
simply do adsorb ATMP molecules. In both cases ATMP “blocks” the surface of such
crystallization centers from calcium and sulfate ions, and does not let CaSO4∙2H2O crystals
to form. As far as both ATMP and CaSO4 compete for the same set of nanoimpurities, the
number of CaSO4∙2H2O nanocrystals gets sufficiently reduced relative to the blank
experiment. This is clearly demonstrated in Figure 7.
Assuming that the rate of aggregation corresponds to the second-order kinetics
(nanoparticles collision), then the 10-fold decrease in the number of CaSO4∙2H2O particles
in the presence of ATMP relative to the blank experiment, leads roughly to a 100-fold
decrease in the total aggregation rate. Therefore the 180 to 200 minutes induction time in
the blank experiment is expected to be extended by ATMP up to ca. 20000 minutes, or to
2 weeks.
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Our results partially conflict the conventional theories of the homogeneous scale
formation and inhibition in a bulk supersaturated solution. It is widely accepted that the
gypsum nucleation is the initial step. Then ATMP gets adsorbed onto gypsum nuclei, thus
blocking the active crystal growth sites [3, 5, 10–17, 34–39]. This theoretical ground has
stimulated numerous studies on selection of inhibitors that are better adsorbed onto
gypsum, calcite or another scale to form a solid surface [39–44].
Our data reveal a somewhat different situation. The active crystal formation centers
do already exist in any analytical grade aqueous solution in the form of solid
nanoimpurities with a size ranging from one to several hundred nm. The particle
concentration of these nanoimpurities is likely to be comparable with the molar
concentrations of the antiscalant used. Surely these impurities are much better represented
in tap water or in industrial cooling water. In supersaturated gypsum aqueous solutions,
particularly these nanoimpurities act as CaSO4∙2H2O crystal formation centers. Indeed, we
have observed the fast formation of the 500–800 nm particle fraction with a low zetapotential in a blank experiment, which slowly underwent further aggregation to form 4000
to 5000 nm aggregates, followed by their precipitation within a couple of hours.
The ATMP antiscalant competes with Ca2+ and SO24 for these indifferent centers and
blocks them. Therefore the number of gypsum growth centers diminishes significantly.
Thus the concentration of the corresponding CaSO4∙2H2O particles gets reduced 10-fold.
The collision rate of such particles decreases 100-fold. This explains both the induction
time prolongation by ATMP and the sub-stoichiometry of its efficacy.
4. Conclusions
The conclusions drawn from this study are as follows:
1) The application of a proper indifferent nanodispersion as an internal standard of particle
concentration in DLS scale inhibition experiments is feasible. Ludox TM40 may be used
for the gypsum nucleation monitoring in supersaturated solutions at pH 9.
2) It is found that ATMP sufficiently reduces the number of gypsum nuclei formed in
supersaturated solutions.
3) A tentative mechanism of scale inhibition is proposed. The active crystal formation
centers already exist in any analytical grade aqueous solution in the form of solid
nanoimpurities with a size ranging from one to several hundred nm. The ATMP
antiscalant competes with Ca2+ and SO24 for these centers and blocks them. Therefore
the number of gypsum particles diminishes significantly. Thus the rate of further
aggregation of gypsum nuclei gets reduced sufficiently.
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