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ABSTRACT
A recently discovered phenomenon in which crystalline structures grown from evaporating drops of saline water self-eject from super-
hydrophobic materials has introduced new possibilities for the design of anti-fouling materials and sustainable processes. Some of these
possibilities include evaporative heat exchange systems using drops of saline water and new strategies for handling/processing waste brines.
However, the practical limits of this effect using realistic, non-ideal source waters have yet to be explored. Here, we explore how the presence
of various model aquatic contaminants (colloids, surfactants, and calcium salt) influences the self-ejection phenomena. Counterintuitively,
we find that the addition of “contaminant” chemistries can enable ejection under conditions where ejection was not observed for waters
containing only sodium chloride salt (e.g., from smooth hydrophobic surfaces), and that increased concentrations of both surfactants and
colloids lead to longer ejection lengths. This result can be attributed to decreased crystallization nucleation time caused by the presence of
other species in water.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0142428

INTRODUCTION

Mineral fouling from inorganic precipitants (also called scale
formation or scaling) is a leading source of equipment failure in
both desalination and thermoelectric power generation,1–6 with one
recent estimate attributing ∼24% of the total operation costs in a
reverse osmosis plant to fouling.1 Mineral fouling is also problem-
atic in any heat exchange processes utilizing water,6–8 but especially
so for processes in which phase change (i.e., evaporation) leads
to supersaturation of dissolved solutes.9 Nevertheless, evaporative
heat exchange using water is ubiquitous in the industry due to the
large rates of heat transfer associated with latent heat and to the
widespread availability of water. In addition, increasing demands for
freshwater has led to a growing trend of using seawater as a working
fluid for heat exchange despite increased costs of fouling and fouling
mitigation.10–12

Ocean water, industrial waste brines, and other sources of
untreated water contain multiple different chemistries including the
near-ubiquitous presence of dissolved salts/minerals. The mineral
composition of ocean water varies slightly across the world, but has
salinity ranging from 33 to 36 g/L with an approximate ion concen-
tration of 19.2 g/L Cl−, 10.7 g/L Na+, 1.3 g/L Mg2+, 2.7 g/L SO4

2−, 0.4
g/L Ca2+, 0.4 g/L K+, 0.03 g/L inorganic carbon minerals (HCO3

−,
H2CO3, etc.), and 0.07 g/L Br−.13 Ocean water also contains signifi-
cant amounts of particulates, organics, and biomass;14 each of which
can be problematic for fouling. Industrial brines, such as those pro-
duced by oilfields, also contain significant amounts (2–500 g/L) of
dissolved minerals, residual oils, organics, and surfactants.15–18

Surface engineering is a promising strategy for reducing
or eliminating fouling, as it can be applied to any material
and eliminates requirements for chemical addition and/or pre-
treatment.3,11,19–25 Previous investigations have shown that fouling
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can be reduced by altering surface energies,26–29 addition of a protec-
tive lubricating layer,26,30 deposition of zwitterionic polymers,22,31,32

and designing materials with micro-patterned chemistries.24,33

Despite substantial progress in this area, anti-fouling material coat-
ings often underperform in real conditions due to the presence
of multiple classes of foulants in a given water source. For exam-
ple, the simultaneous elimination of both biofouling and mineral
fouling is challenging because surface strategies to eliminate one
may induce vulnerability to the other. Similarly, the presence of
surfactants alters energetic interactions and can, thereby, lead to
coating failure.34 Coating failure due to multiple chemistries is also
possible in waters that only contain dissolved minerals as well, as
different crystallization mechanisms, crystal habits, and chemical
interactions lead to different energetics between crystals of dif-
ferent chemistries and the underlying solid.28,35 Thus, a material
that successfully eliminates crystallization of one salt (for exam-
ple, gypsum or halite), may, nevertheless, be vulnerable to another
(e.g., calcite or silica).4,35

Superhydrophobic (SH) surfaces, which are created by a com-
bination of a micro- and/or nano-scale texture with a hydrophobic
surface chemistry,36 have generally been unsuccessful in eliminat-
ing mineral fouling.11,37,38 One reason for this failure is the ability of
crystals to grow within micro-scale textures39–41 and, thereby, reduce
surface hydrophobicity and disrupt stability of the air trapped within
the surfaces.42,43 However, a recently discovered phenomenon intro-
duces new possibilities for superhydrophobicity as an anti-scaling
surface strategy.38,39,44,45 This effect, called either the crystal critter
effect39 or simply self-lifting crystals,38 occurs when saline drops of
water are evaporated on hydrophobic materials with textures that do
not allow for crystal intrusion. Crystal structures self-eject as a con-
sequence of evaporative flux combined with a lack of adhesion to the
substrate.

The growth of a typical “crystal critter” is shown as a func-
tion of time in Fig. 1(a). A 5 μl drop of saline water (saturated
with NaCl) adapts an initial contact angle (θo) after being placed
on a nano-textured SH substrate heated to 85 ○C (see section titled
Experimental). At first, crystals form at the air/water interface due to

evaporation.37 As evaporation progresses, the remaining water will
eventually de-wet from the SH surface due to preferential wetting of
the newly formed hydrophilic halite crystals. The time at which this
occurs is called the lift-off time (tL) because crystal growth after this
point occurs primarily in the vertical direction between the crystal
structure and substrate. On SH surfaces, this growth leads to the for-
mation of crystalline legs that lift the entire crystalline mass off of
the substrate due to continued evaporative flux at the solid surface.
These crystalline legs grow to a height (h) by the time evaporation
is complete (tE) and will grow longer and faster at higher tempera-
tures.39 In contrast to the critter/ejection effect, a drop evaporated
under the same conditions except utilizing a smooth, hydrophobic
surface simply forms an igloo-like structure without ejecting,37,39 as
shown in Fig. 1(b).

While this evaporation-reliant phenomenon is likely not a
suitable technique for preventing fouling of surfaces in contact
with water in bulk, it does introduce a number of interest-
ing possibilities for sustainable process design. For example, one
could imagine new evaporative heat exchange processes in which
saline waters—perhaps from desalination of waste brines—could
be used in place of freshwater without pre-treatment. A more
direct application may be manufacturing salt-resistant materials
for coastal structures and upper portions of marine vessels to
eliminate damage caused by crystal growth from evaporating sea
spray.11,46–48 Other possibilities include improved materials for
evaporative distillation49–51 or methods for treating industrial waste
brines; for example, concentrated brines from oil/gas drilling rigs,
where 18 gallons of brine are produced for each gallon of oil.52

Collection of ejected crystal mass as a by-product of these pro-
cesses could also enable the recovery of useful minerals such
as lithium.15,53

Despite the numerous possibilities for this interesting phe-
nomenon, failure modes for self-ejection must be understood before
it can be practically relevant. A previous work has established some
criteria for this effect. First, micrometer-scale textures (<10 μm)
prevent ejection due to crystal intrusion into the texture (i.e., the
same reason that SH materials have failed in previous anti-fouling

FIG. 1. Dynamics of evaporative ejection. (a) Growth and ejection of a crystal structure during evaporation of a 5 μl saline drop on a nano-textured superhydrophobic
substrate heated to 85 ○C. (b) Growth of a crystal structure without ejection during evaporation of a 5 μl saline drop on a smooth, hydrophobic substrate heated to 85 ○C.
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studies).39 Only nano-scale or smooth textures that prevent crys-
tal intrusion and prevent contact line pining are able to induce the
crystal critter effect. Although the legs driving the ejection grow to
shorter overall lengths on the smooth materials than on the nano-
textured ones,38 any amount of ejection should be sufficient for
enabling the aforementioned processes. Another limitation is the
specific hydrophobic chemistry used to create the surface.38 Coat-
ings that result in similar contact angles, nevertheless, will have
disparate chemistries/energetics that can lead to crystal adhesion
and elimination of the effect.38,54

The aforementioned criteria that dictate whether crystals will
self-eject can be condensed into a single criterion: the contact line
of the evaporating drop must not pin to the substrate prior to the
lift-off time. However, many questions remain on what will lead to
contact line pinning under realistic conditions. Of particular impor-
tance is the role of non-ideal water chemistry that will be ubiquitous
for any waters sourced from either the environment (briny ground
waters and ocean water) or from industrial processes (reverse osmo-
sis waste brines and industrial waste brines). Because real-world
source waters will not be pure solutions of sodium chloride alone, we
investigate how the addition of “contaminant” chemistries including
calcium salts, surfactants, and colloidal particles influence ejec-
tion on both smooth hydrophobic surfaces and on nano-textured
superhydrophobic (nano-SH) surfaces.

EXPERIMENTAL
Substrate preparation

Two substrates were used here, smooth silica and a nano-
scaled texture similar to the one described previously.39 Nano-
scale topologies were produced using the black silica recipe55

via reactive-ion etching. Following etching, a hydrophobic silane
(1H,1H,2H,2H-perfluoro-octylsilane) chemistry was grafted to each
substrate via vapor phase deposition over a period of 6 h before
experimentation.

Solution preparation

Saturated sodium chloride solutions were prepared by dissolv-
ing an excess amount of salt into DI water and mixing at room
temperature until dissolution reached the solubility concentration.
Solutions containing multiple salts were mixed by adding all salts
either in excess (for supersaturated solutions) or to the concentra-
tions specified. Polystyrene nanoparticles with a nominal size of
100–200 nm diameter from Spherotech were used as model colloidal
contaminants.

Experiments

5 μl drops of saline solution were placed on a substrate heated
to 85 ○C in an environmentally controlled lab. Although lower tem-
peratures can also lead to ejection, 85 ○C was selected due to the
robustness of the phenomena at this temperature.39 Selected exper-
iments were also performed at lower temperature conditions (see
the supplementary material, Fig. S1) and at other concentrations
of sodium chloride (supplementary material, Figs. S2 and S3). Each
condition was repeated between 3 and 5 times. Drops were recorded
throughout the duration of evaporation.

Figures and data

Data and optical images presented in the text were extracted
from experimental videos. The leg heights given in Fig. 2 were mea-
sured as the total length of vertical growth in between the substrate
and crystal structure between the lift-off time and total evapora-
tion time. In the cases where structures grew non-uniformly (for
example, some critters grew at an angle; others toppled over and
continued to grow at a new location), the first legs to appear were
used for measurements. Minor edits to the brightness, contrast, and
saturation of some optical images were made to improve figure clar-
ity and uniformity in Figs. 1 and 2. Error bars shown in Fig. 3
indicate standard deviation. Data given in Fig. 3 are available in table
format in the supplementary material.

RESULTS AND DISCUSSION

Crystal self-ejection is triggered by a wetting transition in which
water de-wets from the superhydrophobic surface in favor of wet-
ting the newly formed crystal globe. Thus, any contact line pinning
caused by deposition or crystallization at the substrate (as opposed to
at the air/water interface or in the bulk) prior to de-wetting threatens
to disrupt the ejection phenomena. This potential failure is clearly
important for real-world applications where water sources will not
be ideal and will contain multiple chemistries. To probe this, we
explored how the presence of (1) an ionic surfactant sodium dodecyl
sulfate (SDS), (2) saturated calcium sulfate, and (3) colloidal parti-
cles in a solution of saturated sodium chloride influences the ejection
process on substrates heated to 85 ○C (Fig. 2).

Motivated by the possibility that surfactant-induced changes in
wettability could alter crystal adhesion and, thereby, prevent ejec-
tion, we tested salt solutions with two different concentrations of
SDS [1 and 10 mM, Figs. 2(b) and 2(c), respectively]. The criti-
cal micellar concentration for SDS is 8 mM. Counterintuitively, the
addition of SDS to the saturated salt solution triggered lift-off sig-
nificantly earlier in the process on the smooth surfaces despite a
reduction in the drop contact angle from 121○ to 111○ (see Table
S3 in the supplementary material). The 10 mM SDS concentra-
tion also had a profound influence on the final morphology of
the crystal structure for both the smooth and nano-SH surfaces.
On the nano-SH surface, the crystal structure maintained an entire
ring of contact with the substrate rather than having several small
contact points, resulting in the growth of a cylindrical structure.
This result can be explained by a reduced surface tension lead-
ing to more contact between the substrate and crystal structure
prior to leg growth.

Next, we probed the influence of saturated calcium sulfate
(CaSO4), as sparingly soluble calcium salts are particularly problem-
atic for mineral fouling.34,35,56 In the ocean and many other environ-
mental waters, calcium compounds such as calcite and gypsum are
often present at a concentration near their solubility limit and will
precipitate rapidly following evaporation (or other perturbations to
solubility). A previous work has also shown that calcium sulfate can
anchor to a substrate under conditions where sodium chloride does
not,28 leading to the possibility that calcium sulfate could disrupt the
effect via contact line pinning (see the supplementary material, Fig.
S3, in which prior precipitation of calcium salt is able to pin the con-
tact line when the concentration of sodium chloride is sufficiently
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FIG. 2. Influence of contaminant chemistries on crystal ejection from smooth hydrophobic and from nano-textured superhydrophobic surfaces at 85 ○C. (a) Saturated NaCl
alone, (b) sat. NaCl with 1 mM SDS, (c) sat. NaCl with 10 mM SDS, (d) sat. NaCl and sat. CaSO4, (e) sat. NaCl with 1% w/v polystyrene nanoparticles, and (f) sat. NaCl
with 2.5% w/v polystyrene nanoparticles.

low). However, we find that saturated calcium sulfate does not pre-
vent ejection [Fig. 2(d)] but does influence the final morphology of
the deposit, as with the SDS.

The final contaminant tested was colloidal particles
(polystyrene, nominal size of 100–200 nm in diameter) added

at concentrations of 1.0% w/v and 2.5% w/v, shown in Figs. 2(e)
and 2(f), respectively. Rather than preventing ejection, the addition
of particles seems to actually promote the growth of crystalline
legs such that particulate contaminants are ejected along with the
sodium chloride structure. This result is particularly surprising for
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FIG. 3. (a) Total evaporation time for each chemistry on smooth and rough nano-
SH surfaces. The lift-off timescale is shown by the dashed lines for visualization of
the ratios between the lift-off and overall evaporation times. (b) Averaged height of
critter legs for each chemistry on smooth and rough nano-SH surfaces.

the highly concentrated solution containing 2.5% concentration
of particles, where contact line pinning due to particle deposition
at the initial contact line due to the coffee-ring effect may be
expected.57 However, self-ejection still occurs for drops containing
particles even when sodium chloride concentrations are reduced
(supplementary material, Fig. S2).

Importantly and somewhat unexpectedly, none of the tested
contaminant chemistries disrupts the ejection effect, and instead,
seem to promote ejection and leg growth. These effects are mea-
sured via a decreased amount of time before lift-off (tL) compared
to the overall evaporation time (tE) and an increased overall ejection
length (h), as shown in Figs. 3(a) and 3(b), respectively. The most
significant effect is observed for the drops containing the surfactant.
At an SDS concentration of 1 mM, the ratio of the lift-off time to
the total evaporation time is moderately decreased compared to the
sodium chloride control. Similarly, the overall ejection length has
a moderate increase. However, the 10 mM SDS concentration has
a significantly smaller timescale ratio and a correspondingly much
greater ejection length than both the sodium chloride control and
all other samples.

The ratio of lift-off to evaporation timescales for samples evap-
orated on the smooth hydrophobic surfaces containing polystyrene
particles is increased compared to that for pure sodium chloride [the

FIG. 4. Relationship between the time spent in the growth phase and height of the
critter legs.

ratio between the dashed area and overall area shown in Fig. 3(a)],
and it appears that there is a concentration-dependent effect in
which the higher concentration of beads (2.5% w/v) exhibits a higher
ratio of timescales than the lower concentration (1% w/v) sam-
ples. Thus, ejection seems to be delayed by the presence of colloidal
particles, though this does not disrupt leg growth. It is possible
that further increases to the particle concentration could eventu-
ally lead to disruption of the self-ejection effect; however, the 2.5%
w/v concentration selected here is already far more turbid than any
environmental water source (see supplemental videos). The over-
all ejection length is not significantly altered by the presence of
either calcium salt or colloidal particles for either the hydrophobic
or superhydrophobic surface [Fig. 3(b)].

As previously established,39 the height of the crystal legs can be
correlated with the amount of time spent in the “growth phase” (i.e.,
the lift-off time subtracted from the total evaporation time, tE − tL).
This relationship is shown in Fig. 4 for individual experiments. In
general, drops evaporate faster on the smooth hydrophobic surfaces
than they do on the rough superhydrophobic ones, leading to overall
lower ejection lengths on average for the smooth surfaces. The only
exception to this rule is for the 10 mM SDS case, where drops evap-
orated on both smooth and rough surfaces led to ejection lengths
greater than all other chemistries.

It is interesting that the presence of the surfactant leads to faster
ejection from the substrate than solutions of only sodium chloride,
as lowered surface tension and lowered wettability may be expected
to disrupt or delay ejection. The addition of 10 mM SDS changed
the contact angle on the nano-textured superhydrophobic surface
from 164○ to 140○ and from 121○ to 111○ on the smooth hydropho-
bic surfaces. Because this effect is particularly pronounced with the
addition of high concentrations of the surfactant despite the asso-
ciated decrease in surface tension, we conclude that ejection is not
disrupted by increased wettability between the liquid and substrate.
Instead, we hypothesize that the altered solubility of sodium chlo-
ride in the presence of contaminants and/or enhanced nucleation
is responsible for enhanced ejection. Sodium chloride solubility is
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altered by the presence of the surfactant, just as surfactant solubility
is influenced by the presence of salt.58,59 Indeed, videos of evapo-
rating drops containing the 10 mM SDS show almost immediate
precipitation of sodium chloride (see the supplementary material,
videos 1 and 2), while the first nucleation of salt crystals occurred
after about 7–8 s of evaporation for solutions of pure sodium chlo-
ride (see the supplementary material). This interpretation is further
supported by a recent finding that ejection can be disrupted at
lower salt concentrations when other compounds (namely, poly-
acrylamide) precipitate prior to sodium chloride,60 and by additional
experiments conducted for non-saturated salt concentrations (see
the supplementary material). Because higher concentrations and
the presence of other contaminants promote self-ejection, ideal
source waters for evaporative heat transfer processes based on
the critter effect include any hypersaline brine such as industrial
waste brines.18

To further probe the applicability of self-ejection for manag-
ing industrial brines, we also investigate the suitability of the effect
for brines whose primary component is not sodium chloride. The
critter ejection effect works particularly well for sodium chloride
because it does not adhere to the substrate during the initial phase of
evaporation and crystallizes readily. Thus, other high-surface energy
salts should also exhibit ejection behavior on low-surface energy
SH surfaces,4 with the caveat that these salts must fit a somewhat
narrow range of criteria. First, the salt must crystallize readily and
begin to precipitate soon after the supersaturation concentration
has been exceeded. Salts with kinetically limited crystallization may
fail to form the initial salt structure to be ejected. Another cri-
terion for self-ejection is that the salt must be soluble enough to
form three-dimensional crystal structures. Thus, salts must have
a high saturation concentration, Csat (Csat for sodium chloride at
room temperature = 360 g/L). However, the salt also cannot be
too soluble, as highly soluble (hygroscopic) salts such as MgCl2
(Csat = 540 g/L) have a tendency to adsorb water vapor, which
may prevent complete evaporation/crystallization at temperatures
below 100 ○C.

Additional experiments were performed on the nano-SH sur-
faces at 85 ○C using three highly soluble salts that fit the aforemen-
tioned criteria: potassium chloride (KCl, Csat = 340 g/L), ammonium
chloride (NH4Cl, Csat = 360 g/L), and copper sulfate (CuSO4, Csat
= 320 g/L). Both KCl and NH4Cl formed legs, though the total ejec-
tion length was significantly shorter than that for NaCl. However,
copper sulfate failed to eject despite matching all of the previ-
ously established criteria, and, instead, formed a globe-like structure
during crystallization on the SH surfaces.

The failure of copper sulfate to form legs can be rationalized
by the solubility differences between experimental conditions and
the conditions under which solutions were prepared. Experiments
were performed at 85 ○C, while solutions were mixed to their satu-
ration concentration at room temperature (20 ○C). Thus, the mass
of salt dissolved in each drop prior to evaporation experiments cor-
responds to their room temperature solubility concentration. The
drops heat up to the substrate temperature upon being placed on
the heated SH substrates, and, thus, the effective solubility concen-
tration changes. For sodium chloride, this difference is minimal,
with a Csat of 360 g/L at 20 ○C and Csat of 380 g/L at 85 ○C. Thus,
only a small amount of water needs to evaporate (∼5% of the total
volume) before the concentration of sodium chloride in the drop

FIG. 5. Other salts. Leg growth plotted against the difference in solubility concen-
trations between room temperature and 85 ○C for each salt. Optical images show
resultant deposits formed for these salts formed at 85 ○C.

reaches 380 g/L and crystals begin to precipitate. In contrast, both
potassium chloride and ammonium chloride exhibit much larger
changes in solubility with increasing temperature, with KCl increas-
ing from 340 g/L at room temperature to ∼590 g/L at 85 ○C and
NH4Cl increasing from 360 g/L at 20 ○C to ∼650 g/L at 85 ○C. Thus,
about 40% of the drop volume must evaporate before KCl begins
to precipitate, and a 45% volumetric reduction must occur before
NH4Cl reaches saturation and begins to precipitate. Of the salts
tested here, CuSO4 had the most dramatic increase in solubility
with temperature, with Csat ∼ 790 g/L at 85 ○C. Thus, almost 60%
of the water must evaporate before crystals begin to form. This,
combined with the slower kinetic growth of CuSO4 compared to
the other salts, led to the lack of ejection for this chemistry. Ejec-
tion height as a function of the difference in solubility concentra-
tion between experimental and preparation conditions is shown in
Fig. 5, along with insets showing the emergent crystal structures. For
salts with a more dramatic solubility–temperature relationship, the
increased temperature and associated change in solubility concen-
tration delay crystallization and, therefore, delay ejection and lead
to shorter legs.

The result that minerals other than sodium chloride are able
to eject may have implications beyond the development of sus-
tainable processes described in the introduction. The study of
mineral crystallization at surfaces has traditionally been limited
to either bulk experiments in which the weight and surface cov-
erage of minerals are periodically measured, or to atomic force
studies investigating crystallization on the nanoscale. Because the
ejection phenomenon gives an indication about micro-scale pro-
cesses (i.e., whether or not crystals are intruding into the tex-
ture and/or adhering to the surface), this effect could potentially
be used as a quick probe of anti-scaling performance of a given
material/water combination. Materials that successfully induce ejec-
tion for a given water chemistry may merit further investigation for
their anti-fouling potential, while unsuccessful materials could be
dismissed.
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CONCLUSIONS

Taking advantage of crystalline self-ejection from superhy-
drophobic materials can enable new technologies that simultane-
ously preserve fresh water (i.e., by enabling brines to replace purified
water in industrial heat transfer), prevent fouling, and create a use-
ful function for hard-to-manage waste brines from desalination
plants and/or oilfields. We have demonstrated that self-ejection is
not disrupted by the presence of co-contaminants in the solution
along with saturated sodium chloride salt. Rather, self-ejection is
enhanced due to co-contaminants altering the nucleation timescale
of sodium chloride. Self-ejection is also not limited to sodium chlo-
ride brines and is applicable to a range of salts falling within specific
solubility criteria. These findings are important for realizing the
development of new sustainable processes utilizing waste brines, as
we demonstrate that non-ideal waste brines containing calcium salts,
particulate matter, and surfactants are still suitable for processes
using crystalline self-ejection. In addition, experiments exploring
the self-ejection of crystalline foulants can also serve as a macro-
scopic probe of how successful a given material is at preventing
fouling/adhesion.

SUPPLEMENTARY MATERIAL

The supplementary material for this work contains experimen-
tal data, control experiments at different temperatures and non-
saturated salt concentrations, and SEM images of crystal structures.
Video 1 (MOV): Evaporation/ejection of saline drops on smooth
surfaces. Video 2 (MOV): Evaporation/ejection of saline drops on
nano-SH surfaces. Video 3 (MOV): Evaporation/ejection of water
drops containing saturated (1) potassium chloride, (2) ammonium
chloride, and (3) copper sulfate.
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