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Abstract

:

The primary nucleation mechanism of the gypsum in a bulk aqueous medium was identified as a heterogeneous one for 0.05 and 0.03 mol·L−1 CaSO4·2H2O solutions and 25 °C. By means of a particle counter and dynamic light scattering (DLS) technique, solid nano/microimpurities were found, and controlled in stock brines for gypsum supersaturated solutions preparation. It is demonstrated that the common procedure of reagent grade 0.10 mol·L‒1 CaCl2 and Na2SO4 aqueous solutions filtration via 200 nm membranes is capable to reduce the foreign solid microimpurities content (size > 100 nm) from 106 to 103 units in 1 mL, but fails to affect the more numerous nanofraction (size < 100 nm). Thus, the gypsum nucleation takes place in presence of a significant amount of “nano/microcodust” templates, and has a heterogenous character. The induction time, measured by conductivity for the similar supersaturation levels, reveals a well detectable dependence on nano/microdust concentent: an increasing background particle concentration substantially decreases the induction period at a constant saturation state and temperature, and thus increases the nucleation rate. Therefore, the gypsum nucleation reaction starts tentatively through the fast heterogeneous formation of well-defined, primary nuclei via [Ca2+], [SO42‒], and [CaSO4]o species sorption on the surface of “nano/microdust” particles. Thus, the “nano/microdust”, naturally occurring in any high purity chemical, plays a key role in sparingly soluble salts nucleation in the bulk aqueous medium.
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1. Introduction


Gypsum crystallization has been a matter of intensive research since the end of XIX Century [1]. From the systematic studies of van’t Hoff [2] to more recent reports [3,4,5,6], there are over 6000 publications in this field, accounted for by Chemical Abstracts. An interest in gypsum crystallization is due to the broad spectrum of its applications, including both positive and negative ones. The formation of calcium sulfate minerals (gypsum, anhydrite, and bassanite) is a common process in both natural and engineered settings. It plays a key role in the global sulfur cycle in the environment, and has been employed since antiquity in construction and architecture [3]. At the same time, the gypsum scale formation is a serious concern in reverse osmosis desalination and in oilfield technologies [7,8]. Thus, it is not surprising that the mechanisms of gypsum nucleation and growth in supersaturated aqueous solutions became a matter of intensive research during the past century [3,4,5,6,9,10,11,12,13,14,15,16,17,18,19,20,21]. These efforts resulted in a very impressive evolution of the views on gypsum formation mechanisms in aqueous solutions from a single-step process within the classical nucleation paradigm [9] to a far more complex picture of the process than previously assumed [3].



Indeed, in a set of recent excellent sophisticated studies, Stawski, Van Driessche, and co-authors [3,19,20,21] have demonstrated that gypsum appears to fall into a category of materials that do not follow classical nucleation and growth theories. Particularly, using truly in situ and fast time-resolved small-angle X-ray scattering, this research group managed to quantify the four-stage solution-based nucleation and growth of CaSO4·2H2O [20]. The reaction starts through the fast formation of well-defined, primary species of 3 nm in length (stage I), followed in stage II by their arrangement into domains. The variations in volume fractions and electron densities suggest that these fast forming primary species contain Ca-SO4-cores that self-assemble in stage III into large aggregates. Within the aggregates these well-defined primary species start to grow (stage IV), and fully crystallize into gypsum through a structural rearrangement.



However, we have noticed, that both single-step and multi-step mechanisms of a bulk gypsum crystallization in supersaturated aqueous solution [3,4,9,13,14,15,16,18,19,20,21] are built on the assumption, that a pre-nucleation step occurs via spontaneous homogeneous association [22,23] of several ion pairs of calcium-sulfate complexes [CaSO4]o as well as calcium and sulfate ions. Such [CaSO4]no aggregates are treated as solute precursors of further gypsum nuclei formation and growth. Meanwhile, the general theory assumes along with spontaneously formed homogeneous associates a bulk heterogeneous nucleation as a result of foreign impurity presence: traces of naturally dispersed solid particles [24]. The latter route is thermodynamically more favorable than a homogeneous one, and such particles should evidently serve as natural precursors (templates) for crystals formation.



Unfortunately, the bulk heterogeneous scenario of nucleation is usually not considered in crystallization experiments, as it is believed, that a commonly used filtration with 200 to 400 nm filters [14,15,16,18,20], provides a complete removal of foreign solid dispersed matter from stock solutions, prepared from high purity chemicals, applied further for supersaturated solution preparation. Moreover, some research groups do not report any filtration at all, considering the use of pure chemicals enough to guarantee the lack of solid impurities [10,11,12,13]. Meanwhile, it is not the case. The recent studies of gypsum crystallization by Fan and Pashley [25], based on the Spectrex laser particle counter test, indicated, that the normal double distilled water, left exposed to laboratory air, contains a large number of contaminant particles: more than 14,000 counts per mL of less than 3 μm in size. It was demonstrated that the induction time was obviously affected by the presence of foreign particles in the system [25]. However, the particle counter used in [25] was unable to detect particle below 500 nm size. Our recent studies [26] indicated a presence of foreign solid particles (sized over 100 nm) in some reagent grade chemicals after 220 nm membrane filtration in amounts from 102 to ≥105 units in 1 mL. They are in a good agreement with the statement of Mullin [27], that it is not possible to achieve complete absence of foreign particles, although careful filtration can reduce the amount to less than 103 units per mL.



Therefore, an objective of a present study is to figure out an impact of natural solid foreign impurities (further denoted as nano/microdust) on the kinetics of gypsum crystallization. To reach the goal a combination of a particle counter technique, dynamic light scattering (DLS) and electro conductivity (EC) is applied. As far as we know, this is the first communication in this field. Besides the work of Fan and Pashley [25] with very rough estimations, we failed to find a publication where the concentration of nano/microdust was controlled after the stock solutions have passed a filtration via 200 or 220 nm filters. In fairness it should be noted that before 2019 our research group was not an exception in this list.




2. Materials and Methods


2.1. Reagents


CaCl2 (Sigma-Aldrich ASC reagent, ≥96.0%), Na2SO4 (GOST 21458-75, RU; 98.94%) and in-house deionized water (Laboratory Reagent Water Type I, ASTM D1193-06(2011), 0.056 μS/cm) have been used in current study. This water was used for the stock solutions preparation, and passed preliminary analysis before use by a particle counter technique (Table 1) and by ICP (Table 2). These data reveal, that an in-house deionized water corresponds well to the international standards, and does not affect the natural level of foreign particles content, contributed by CaCl2 and Na2SO4.




2.2. Instruments


Element analysis of water samples was performed operating iCAP 6300 Duo (Thermo Scientific, Waltham, MA, USA) instrument. Analysis was performed for 6 elements. The results were compared with Sigma-Aldrich Catalogue water sample (Water for ion chromatography, Cat. #00612, lot BCCC3484).



The resultant gypsum crystals morphology was examined with scanning electron microscope (SEM), Hitachi TM3030, Tokyo, Japan. The sample examinations by SEM were performed using 15 kV accelerating voltage in a charge-up reduction mode; crystal phase was located on a carbon conducting tape, double-coated; the working distance 4.1 mm.



Particle counter SLS-1100 (Particle Measuring Systems Inc., Boulder, CO, USA) was used for quantitative characterization of suspended solid impurities concentration of the particles sized ≥100 nm. This instrument provides a particle concentration measurement within the size range from 100 nm to 1 mm. Due to a high concentration of particles in the nonfiltered solutions, the corresponding stock solution probe was diluted 100-fold by deionized water, then the measurement was performed, and the results are recalculated back to initial concentration. For the gypsum solutions, the direct experimental measurements were not performed, as the measurement time was comparable with the nucleation period. Thus, the nano/microparticle concentration at the moment, when calcium and sulfate brines get mixed, was taken as the mean value of corresponding stock solutions.



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



Specific conductivity was measured at 25 °C with HI 8733 conductivity meter (Hanna Instruments, Salaj, Romania), in a glass beaker (100 mL), equipped with magnetic stirrer. The precise determination of the induction time was done by the determination of the inflection point of the specific conductivity-time curve.



Besides of a normal washing procedure with acid and base solutions all the glassware (flasks, pipettes, beakers, etc.) as well as DLS cuvette and conductivity measurement cells have been washed at least triply with deionized water with controlled low nano/micro particles content before use. In the latter case some blank experiments have been run to check the capability of conductivity cell walls to emit the residual nanoparticles, left from the previous measurement. In all cases, the conductivity measurements of filtrated solutions preceded those of nonfiltrated.




2.3. Gypsum Nucleation Measurements


All experiments were run in a certified laboratory room (ISO 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 µm.



The nucleation mechanisms of gypsum were detected, based on induction time (tind) measurements in the batch experiments. The induction times were measured at two different supersaturations (SI) via specific conductivity ϰ [16,28], and are correlated with concentration of natural solid micro-impurities fraction with particle sizes >100 nm in the samples. To reach the goal, the two types of calcium and sulfate brines of equal concentration have been prepared: A and B, Table 3.



The type A corresponds to initial solution of either Na2SO4 or CaCl2. The type B represents the same A brines after the common procedure of filtration (200 nm; Hydrophilic PTFE Millipore Millex-LG membrane). The B type solutions filtration was performed at a special laboratory filtration unit, equipped with 24 mm diameter syringe attachments Millex-LG (Millipore) under the excessive pressure 1 bar, provided by extra pure gaseous argon. Each sample was prepared using a virgin membrane, which passed a special pretreatment before use. It was washed by three portions (60 mL) of deionized water. Then, the fourth one was analyzed by a particle counter. If the particle concentration in a 500 nm channel did not exceed 5 units in 1 mL, then the membrane was recognized to be ready for use. This procedure was done in order to eliminate the possibility for the membrane to emit its own solid impurities into aqueous phase.



Then, the stock solutions (50 mL each) have been mixed in 1:1 volume ratio to give 0.05 and 0.03 mol·L‒1 supersaturated gypsum solutions, and immediately analyzed in a parallel way for conductivity and for light scattering (DLS). The mixing was done in less than 30 s, and maximum reproducibility was thus achieved.



The value of gypsum solubility in water depends drastically on the background NaCl. Thus, the solubility values provided by [29,30] for 25 °C and 0.1 mol·L‒1 NaCl (gypsum solubility 0.022 mol·L‒1) and 0.05 mol·L‒1 NaCl (gypsum solubility 0.019 mol·L‒1) have been used in a present study. The selected initial gypsum concentrations (0.05 and 0.03 mol·L‒1) correspond therefore to supersaturation indexes SI 2.3 and 1.6 respectively, where SI is denoted as SI = (gypsum initial concentration, mol⋅L‒1)/(gypsum solubility, mol⋅L‒1). However, these can be easily recalculated for another saturation level and another definition of SI.



For a better control of the reaction conditions, all the parameters that may affect kinetics, were kept constant. Every reaction run was carried out in the same glass vessel. All equipment was washed triply by deionized water between experiments. The reaction mixtures were agitated with an adjustable speed magnetic stirrer; the agitation rate was set to 700 rpm, and the same magnetic stirrer bar was used in every case. The measuring electrodes were always placed at the same position to minimize the variations occurring in the hydrodynamics of the reactions. Each experiment was run in two replicates.




2.4. Chemical Speciations


Chemical speciation modeling was used for a better conductivity data interpretation. This was done for a homogeneous formation of aquatic complexes [CaSO4]o, using SPECIES software, v.2.2 [31,32] and a stability constant from IUPAC DATABASE [33] for 25 °C and ionic strength I = 0.10 mol·L‒1 for the equilibrium (1):


Ca2+ + SO42‒ ⇆ [CaSO4 ]osolution



(1)




which precedes the further step of crystal CaSO4·2H2O formation (2)


[CaSO4 ]osolution ⇆ CaSO4·2H2O



(2)







For a present work, we have found in [33] and used a value, reported by Craggs et al. [34] for equilibrium (1) logK(Ca + SO4) = 1.39.





3. Results


3.1. Stock Solutions Characterization


The stock 0.10 mol·L‒1 solutions of high purity chemicals Na2SO4 and CaCl2 in a deionized water reveal a high content of solid microimpurities larger than 100 nm in 1 mL: 370,000 and 480,000 respectively, Table 3. Thus, both salts emit a lot of solid particles into the stock solution. This is in a good agreement with our previous data on KCl (Sigma-Aldrich, 99%) dissolution in deionized water [26] (268,000 ± 2000 units in 1 mL with size >100 nm) and with the report of Fan and Pashley [25] for 0.02 mol·L‒1 gypsum solution (15,350 units in 1 mL with size >500 nm).



The filtration procedure (200 nm filter) provides a c.a. 100-fold reduction of the total amount of native suspended particles, larger than 100 nm. A similar result was also obtained in [25] for particles, sized >500 nm. Notably, quite logically the content of fractions >500 nm and >300 nm in our work is diminished more drastically. At the same time the 200 nm membrane is retarding also the particles, smaller than 200 nm. Meanwhile, from 1000 to 4000 of particle units, lager than 100 nm, still remain in aqueous phase. Thus, it is reasonable to suppose that the fraction sized below 100 nm is rather significant. Unfortunately, this fraction is not detectable by a particle counter used in this study. However, the DLS technique provides some semi-quantitative assessment of this “invisible” for a particle counter nano-fraction content, as shown in Figure 1 and Figure 2.



Two different particle size distribution modes have been used: by number, and by intensity. 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 0.1 mol·L‒1 Na2SO4 stock solution (Figure 1-left) 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 (Table 3), 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 particle 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. For example, the green, blue, pink, and red bands at Figure 1(left) represent the sequential measurements (scans), taken with 30 s delay one after another. These reveal a chaotic distribution of particle sizes, although the fractions with a mean size around 1 nm, 100 nm and 4000 nm are reproduced rather well. A similar situation can be observed in Figure 2 (left), although the bimodal distribution was dominating in this case. Anyhow, these data reflect correctly the presence of both nano- and microfractions of solid impurities both in sulfate and calcium brines.



At the same time, the distribution by number (Figure 1-right) demonstrates that the nanoparticle fraction dominates over microparticles. In this mode, only nanofraction remains visible, indicating at least 106-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 R6, where R corresponds to a particle radius [35,36], when R ≤ λ/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 would be lost in noise.



For the 0.1 mol·L‒1 CaCl2 stock solution (Figure 2) a similar relationship between particle size distribution by intensity and by number is observed. Thus, both B-type solutions contain approximately 109 nano/micro particles in 1 mL. In our opinion, this residual (after 200 nm filtration) content of solid nucleation templates excludes a spontaneous homogeneous mechanism of gypsum crystallization. At the same time, the difference in a total particle concentration between A and B solutions represents only a small change on the “tip of the iceberg”. Therefore, one shouldn’t expect too drastic changes in induction time as the microfraction concentration gets reduced from 105 to 103 units in 1 mL. However, such changes still appeared to be detectable, as shown in Table 4.




3.2. Gypsum Nucleation


After the stock solutions get mixed, the nucleation at SI = 2.3 starts immediately, Figure 3. The dominating light scattering band shifts fast from 1 nm size to 1000 nm size. Notably, the type B solution reveals c.a. 1 min lag relative to the type A (Figure 3). However, the solution A remains optically transparent within the first 6 to 8 min. Then the slight turbidity arrives, and after 20 min the solution becomes completely muddy. The B solution stays transparent during first 12–13 min, and a well-expressed turbidity arrives after 20 min of experiment. The full-fledged gypsum crystals, isolated 24 h later (Figure 4), correspond to the typical gypsum morphology, and reveal no differences in size and shape between A and B solutions. For SI = 1.6 the type A solution remains transparent much longer relative to SI = 2.3 case, and the first gypsum crystals arrive c.a. 150 min later. At the same time the type B solution at SI = 1.6 exhibits the first visible crystals only c.a. 18 h after the brines get mixed.



The conductivity measurements are very useful and common for the gypsum induction time (tind) estimations [27,37,38,39]. Thus, this method was chosen for gypsum nucleation monitoring in the bulk aqueous phases with different nano/microdust content, Figure 5. A dependence of conductivity on time after the sulfate and calcium brine get mixed, in all cases looks very typical: for a certain period it remains constant (plateau), then it starts to decrease due to the calcium and sulfate ions mutual binding and nonconductive species formation via equilibria (1) and (2). The moment of the curve deviation from the plateau is treated as induction time. Notably, for SI 2.3, the conductivity becomes constant after 75 min, and for SI 1.6 after 170 min. In both cases A and B solutions reach similar levels.



For an A type supersaturated gypsum initial concentration 0.05 mol·L‒1 it is found that tind = 8 min, Figure 5a, while for B type solution tind = 16 min, Figure 5a. The curve 5a corresponds well to the data reported by Sipos et al. [36]. Meanwhile, the curve 5b demonstrates evidently, that a decrease in nano/micro particles content for one and the same SI leads to a well detected increase of tind.



This effect becomes more pronounced for 0.03 mol·L‒1 gypsum concentration. The difference between A (tind = 9 min) and B (tind = 20 min) solutions is increasing up to 11 min, Figure 5c,d. These data show that an increase of background particle concentration in A solution relative to B case substantially decreases the induction period at a constant saturation state and temperature, and thus increases the nucleation rate. Therefore, it becomes obvious, that (i) concentration of nano/microdust particles has a key impact on the gypsum nucleation process along with supersaturation SI and temperature [16,18], and therefore, (ii) the nucleation mechanism is likely heterogeneous. Indeed, in presence of c.a. 109 readymade solid nano/micro templates in 1 mL (sized from 1 to 200 nm), the alternative pathway of gypsum nuclei formation via spontaneous homogeneous aggregation of [Ca2+], [SO42‒], and [CaSO4]o species becomes highly improbable [27]. Although, according to chemical speciations up to 40% of calcium exists in the form of uncharged species [CaSO4]o, Table 4. Such species are normally treated as building blocks of homogeneous aggregates [CaSO4]no, that are supposed to get transformed then into heterogeneous nuclei of gypsum [40]. On the other hand, the same [CaSO4]o species are quite capable to absorb fast on “nano/microdust” particle surface along with either [Ca2+] or [SO42‒] ions.





4. Discussion


The data presented in Table 4 reveal a clear qualitative relationship between tind and the number of background foreign solid particles. Although the true induction period is hardly possible to measure, as it depends on the technique employed to measure it [18,25,27], the knowledge of its relationships with process parameter, such as the number of background foreign solid particles (fraction with size >100 nm) at constant temperature and constant supersaturation, can give some important information about the crystallization process.



Our data are in a good agreement with the known facts of gypsum crystals formation enhancement by the artificially implemented nanoparticles [41], by solid impurities in saline waters [42] and in laboratory-prepared solutions [25,27]. Besides, they are the direct consequence of the bulk nucleation theory [24,43], that gives preference to the bulk heterogeneous nucleation in presence of solid impurities if any, over spontaneous homogeneous nucleation. Moreover, they are strongly supported by our previous data on the mechanisms of gypsum [44,45,46,47] and barite [48] scale inhibition. Indeed, on the grounds of fluorescent-tagged antiscalants, it was demonstrated that, despite expectations, the scale inhibitor does not interact with gypsum deposits, but isolates the solid impurities in aqueous phase from sulfate and calcium ions [44,45,46,47].



An uncontrolled nano/microdust content may provide some additional and reasonable explanation to the large diversity of gypsum surface tension data, ranging from 4 to 1000 mJ·m‒2, and reported by different research groups, see [17,49,50,51] and references there. Actually, none of these studies has provided control of solid impurities, while measuring induction times. Meanwhile, our data indicate that, along with the supersaturation (well controlled parameter), the content of nanoimpurities also changes (noncontrolled parameter) and impacts the nucleation kinetics in a similar way.



Generally, our data go far beyond the gypsum crystallization case. They have relevance to any inorganic salt crystallization. Our present research is intended to draw attention to the role of background solid matter, always present in any chemical compound used in Chemistry labs.



Indeed, those research groups that claim a homogeneous nucleation mechanism, are expected to specify at least: (i) the class of certified clean rooms according to ISO 14644-1 Standard [52], that have been used in their study; (ii) the reagents purity and the procedure of nano/microdust removal; and (iii) the instrumental means of nanoparticles concentration control in the stock solutions. Actually, we have failed to find so far a report on a homogeneous nucleation mechanism, that specifies all the listed above issues. Meanwhile, it is reasonable to note, that the particles-free chemicals do not exist in Nature. Even for the inorganic acids, specially prepared for semiconductors, the manufacturers do not specify the concentration of nanoimpurities, sized below 100 nm. However, our recent data reveal, that the concentration of microparticles (size > 100 nm) in such extra-pure chemicals is still high and may constitute c.a. 5·103 units in 1 mL [26]. On the other hand, the appropriate tools for an accurate quantitative measurement of the fine fraction (1 nm < size < 30 nm) content in an aqueous phase are also missing [53,54,55]. As far as we know, the lowest limit of nanoimpurities tracking is now 25 nm (NanoCount 25+). Thus, the most numerous fraction with 1 nm < size < 25 nm (Figure 2 and Figure 3) is quantitatively undetectable. Moreover, any research group that aims to diminish the level of nano/micro impurities in the stock brines, has to work not with a single particle counter, but with a set of such instruments. At least one instrument has to control the range of 100 to 500 nm, while the second one would be needed to measure the fraction ranging from 25 to 200 nm. Thus, at present moment the mission of nano/microdust complete removal and/or control is hardly feasible.



At first glance, our data conflict the gypsum formation mechanisms proposed by Stawski, Van Driessche and co-authors [3,19,20,21]. However, this is not the case. Our results are quite compatible. According to Stawski and co-workers the gypsum deposition reaction starts through the fast homogeneous formation of well-defined, primary species of 3 nm in length (stage I). We agree with such a step, but with a single refinement: the gypsum deposition reaction starts through the fast heterogeneous formation of well-defined, primary species via [Ca2+], [SO42‒] and [CaSO4]o species sorption on the surface of “nano/microdust” particles. As can be seen from Figure 1 and Figure 2 the dominant fraction of such a dust corresponds to 1 or 2 nm size. Thus, the fast formation of gypsum core on these solid templates may truly result in primary species of 3 nm in length. Then, everything goes according to the stages, proposed by Stawski and co-authors.




5. Conclusions


By means of a particle counter and DLS technique, solid nano/microimpurities were found, and controlled in stock brines for gypsum supersaturated solutions preparation. It is demonstrated that the common procedure of reagent grade CaCl2 and Na2SO4 aqueous solutions filtration via 200 nm membranes is capable to reduce the microimpurities (size > 100 nm) content from 106 to 103 units in 1 mL, but fails to affect the more numerous nanofraction (size < 100 nm). Thus, the gypsum nucleation takes place in the presence of a significant number of nano/microcodust templates, and has therefore tentatively a heterogeneous character. This fact is undeservedly not taken into consideration, when gypsum crystallization is usually described.



The induction time, measured by conductivity for the similar supersaturation levels, reveals a well detectable dependence on nano/microdust concentration: an increasing background particle concentration substantially decreases the induction period at a constant saturation state and temperature, and thus increases the nucleation rate. Therefore, the gypsum nucleation reaction starts tentatively through the fast heterogeneous formation of well-defined, primary nuclei via [Ca2+], [SO42‒] and [CaSO4]o species sorption on the surface of “nano/microdust” particles both in filtered and non-filtered supersaturated gypsum aqueous solutions.
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Figure 1. Some consecutive measurements of a particle size distribution by intensity (left) and by number (right) in 0.10 mol·L‒1 Na2SO4 stock solution (Sample type B), detected by DLS; the green (first scan), blue, pink, red, brown, swamp green, dark blue, dark brown (last scan) bands correspond to the sequential measurements (scans), taken with 30 s delay one after another. 
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Figure 2. Some consecutive measurements of a particle size distribution by a light scattering intensity (left) and by number (right) in 0.10 mol·L‒1 CaCl2 stock solution (Sample type B), detected by DLS; the swamp green (first scan), blue, pink, brown, dark blue, dark brown (last scan) bands correspond to the sequential measurements (scans), taken with 30 s delay one after another. 
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Figure 3. Gypsum mean particle size change within the induction time for A (left) and B (right) supersaturated solutions (0.05 mol·L‒1): 3 min (a); 4 min (b); 6 min (c); 10 min (d) and 15 min (e) after the stock brines get mixed. 
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Figure 4. SEM images of gypsum crystals isolated from (a) (nonfiltered) and (b) (filtered) gypsum solutions 24 h after sulfate and calcium brines get mixed. Scale marker corresponds to 100 µm. 
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Figure 5. Dependence of conductivity on time for 0.05 (left) and 0.03 (right) mol·L‒1 gypsum supersaturated aqueous solutions at 25 °C, prepared from nonfiltered (a,c) and filtered (b,d) stock brines (squares and circles correspond to different replicate measurements). 
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Table 1. In-house deionized water characterization by a particle counter.
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Sample

	
Conductivity 25 °C; μS/cm

	
pH

	
Cumulative Number of Foreign Particles in 1 mL

	
Ref.




	
≥100 nm

	
≥200 nm

	
≥300 nm

	
≥500 nm






	
In-house deionized water

	
0.056

	
6.3

	
320 ± 10

	
60 ± 10

	
23 ± 8

	
9 ± 3

	
Present work




	
Water for ion chromatography, Cat. #00612; Sigma-Aldrich

	
1.8

	
5.6

	
3040 ± 20

	
630 ± 10

	
170 ± 20

	
130 ± 10

	
[26]




	
In-house distilled water

	
<2.0

	
5.7

	
Particles are not detected due to the limitations of a particle counter used in this work

	
14,000

	
[25]
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Table 2. In-house deionized water characterization by ICP.
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Element

	
Element Content, ppm




	
In-House Deionized Water; Present Study

	
Water for Ion Chromatography, Cat.#00612; Sigma-Aldrich [26]






	
Al

	
0.0011 ± 0.0001

	
0.0010 ± 0.0001




	
Fe

	
0.0012 ± 0.0001

	
0.0011 ± 0.0001




	
Ca

	
Not found

	
0.0005 ± 0.0001




	
Na

	
Not found

	
0.0005 ± 0.0001




	
K

	
Not found

	
0.0026 ± 0.0002




	
Zn

	
0.0006 ± 0.0001

	
0.0005 ± 0.0001
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Table 3. The stock solutions characterization by a particle counter.
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Sample *

	
Concentration,

mol·L‒1

	
Sample

Type

	
pH

	
Cumulative Number of Foreign Particles in 1 mL




	
≥ 100 nm

	
≥ 200 nm

	
≥ 300 nm

	
≥ 500 nm






	
Na2SO4 solution

	
0.10

	
A

	
6.7

	
(370 ± 60)·103

	
(92 ± 20)·103

	
(30 ± 6)·103

	
(13 ± 2)·103




	
B

	
6.6

	
(40 ± 8) ·102

	
54 ± 10

	
13 ± 3

	
4 ± 2




	
0.06

	
A

	
6.6

	
(300 ± 60)·103

	
(80 ± 20)·103

	
(20 ± 5)·103

	
(8 ± 1)·103




	
B

	
6.6

	
(30 ± 6)·102

	
35 ± 8

	
10 ± 3

	
4 ± 2




	
CaCl2 solution

	
0.10

	
A

	
9.8

	
(480 ± 70)·103

	
(180 ± 40)·103

	
(81 ± 20)·103

	
(40 ± 8)·103




	
B

	
9.8

	
(90 ± 3)·102

	
23 ± 4

	
9 ± 3

	
4 ± 2




	
0.06

	
A

	
9.7

	
(330 ± 60)·103

	
(50 ± 10)·103

	
(20 ± 5)·103

	
(9 ± 2)·103




	
B

	
9.7

	
(15 ± 3)·102

	
50 ± 10

	
20 ± 4

	
10 ± 3








* Prepared using deionized water, see Table 1.
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Table 4. The gypsum solutions characterization.






Table 4. The gypsum solutions characterization.





	
Gypsum Initial Conc., mol·L‒1

	
% of [CaSO4]o

Complexes *

	
Gypsum Solution Type

	
Cumulative Number of Foreign Particles (≥100 nm) in 1 mL

	
Induction Time, min.






	
0.06

	
42

	
A

	
(430 ± 70)·103

	
8 ± 1




	
B

	
(30 ± 7)·102

	
16 ± 1




	
0.03

	
33

	
A

	
(300 ± 60)·103

	
9 ± 1




	
B

	
(20 ± 6)·102

	
20 ± 1








* Calculated by speciation software.
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