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Abstract
Mineral components in tap water generally contaminate sanitary ware. In this
study, various cations (Mg, Ca, and Al) were added to an aqueous solution con-
taining silica to prevent water stains on sanitary ware. The particle size in the
aqueous solution was measured and observed to increase for all cations. To cre-
ate artificialwater stains, a solution containing the cations and silicawas dropped
onto glass and allowed to dry. When these water stains were removed by sliding,
the removal rate was higher for the water stains that contained the cations. This
trendwas attributed to the formation of precipitates owing to the reaction of silica
with the added cations in the aqueous solution. The formation of these precipi-
tates possibly increased the particle size and brittleness of water stains owing to
their sparse structure. These findings provide insights into silica-scale removal,
which can improve the cleanliness of sanitary ware and reduce the frequency of
maintenance.

KEYWORDS
silica, surface, thin films

1 INTRODUCTION

Toilets are an essential part of human hygiene, and
their significance has been highlighted by various stud-
ies. Huuhtanen and Laukkanen1 reported the importance
of improving toilet hygiene in developing countries. Main-
taining toilet hygiene is necessary to minimize the risk of
pathogen transmission.2 Inadequate toilet hygiene inflicts
health hazards and decreases the number of tourists
attracted to an area.3 Therefore, toilet hygiene extends
beyond the appearance and cleanliness of toilets and has
become an issue with a high social impact.
Stains on sanitary ware originate from human metabo-

lites. This problem has been addressed by various research
approaches and sanitary-ware manufacturing techniques.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2024 The Authors. International Journal of Ceramic Engineering & Science published by Wiley Periodicals LLC on behalf of American Ceramic Society.

For example, Wang et al.4 reported that spraying poly-
dimethylsiloxane on sanitary ware enhances its surface
lubricity and resistance to stains caused by human
metabolites.
In addition to human metabolites, other major sources

of sanitary contamination include water stains. Sanitary
ware is typically cleaned using tap water, which contains
many mineral components such as Si, Ca, and Mg; water
stains are formed when these components adhere to the
sanitary ware surface.5 Tap water is used in toilets and also
in faucets and sinks in ordinary households. Therefore,
water staining is inevitable in everyday life.
McCartney et al.6 observed that water staining is caused

by the aggregation and polymerization of silicic acid in
water that is used in heat exchangers of geothermal power
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plants; these polymers adhere to and accumulate on solid
surfaces and have become a considerable challenge in
the industry. Various approaches involving silica-scale
inhibitors have been proposed to prevent industrial water
staining.
Neofotistou and Demadis7 examined the applicability

of polyamide-based dendrimers as silica-scale inhibitors.
Amjad and Yorke8 reported that cation-based copoly-
mers are effective silica scale inhibitors. Harrar et al.9
demonstrated the effectiveness of cation-based copolymers
and surfactants as silica-scale inhibitors for geothermal
power applications. Spinthaki et al.10 used dispersants
and inhibitors to prevent silica particles from bonding
to each other. Gallup11 investigated the use of several
commercial organic additives as anti-scaling agents for
silica. Gill12 demonstrated that acrylic acid/2-acrylamido-
2-methylpropylsulfonic acid copolymers effectively inhibit
silica scaling at high concentrations of silica solutions.
These studies reveal that silica-scale inhibitors effec-

tively reduce silica deposition. However, silica-scale inhi-
bition on glass surfaces, such as in sanitary ware, has not
been examined thus far. Previous studies have primarily
focused on large heat exchangers, whereas applications
involving small amounts of water (e.g., commercial sani-
tary ware) have not been considered.
In this study, we examine the removal of water stains

via the addition of Al, which has been reported to pre-
cipitate silica, and cations such as Mg and Ca, which are
present in tap water. Moreover, the phenomena occur-
ring in solutions containing monomeric silica are verified
by measuring the particle size and zeta potential when
the solutions are dropped onto a glass substrate-like
surface.

2 EXPERIMENTAL PROCEDURE

2.1 Sample preparation

Because tap water generally contains varying amounts
of silica, we prepared an artificial solution containing
a specific amount of silica. In this study, aqueous solu-
tions containing Ca, Mg, and Al cations were prepared for
artificial water-stain formation.
Initially, 1.0 g of anhydrous silicic acid (SiO2) and 4.0 g of

sodium carbonate (Na2CO3) weremelted at a high temper-
ature (1200◦C) in a Pt dish. The molten liquid was diluted
with distilled water to prepare 1 L of silica-containing
water.
In this study, the silica concentration was maintained at

200 ppm, and 0, 5, and 10 ppm of Al was added using an
aluminum nitrate solution (Sigma–Aldrich). Calcium was
added as calcium nitrate (Fujifilm Wako Pure Chemicals

F IGURE 1 Experimental method of sliding test.

Co., Ltd.). Magnesium was added as magnesium nitrate
(Fujifilm Wako Pure Chemical Co., Ltd.). Finally, nitric
acid (Sigma–Aldrich) was used to adjust the pH of the
solution to 2, 4, or 7. Fifty microliters of each prepared
silica-containing aqueous solution was dropped onto a
glass substrate from a height of 2 mm. Subsequently, the
substratewas placed in a constant temperature andhumid-
ity chamber (55◦C, 50%) to enable the water droplets to dry
and form a silica scale. To set the concentrations of Mg
and Ca, we referred to documents of the JapaneseMinistry
of Education, Culture, Sports, Science, and Technology
reporting water supply components13; the maximum val-
ues of Ca and Mg in Japanese tap water are 84.8 and
20.0 ppm, respectively (converted from mg/100 mL). Four
levels were selected to alternate the parameters between
the following values: Ca: 40 and 80 ppm; Mg: 9.7 and
19.4 ppm.

2.2 Sliding test

To quantify the silica-scale removal rate, sliding tests were
performed using a rotary grinder (Figure 1). The rotation
speed during sliding was 10 rpm; the pressure and water
volume were 7.65 kPa and 11.5 mL/s, respectively. Each
sample was tested for 0, 60, 120, 180, 240, and 300 s. After
sliding, the volume was measured using a color three-
dimensional (3D) laser microscope (VK-9700, Keyence
Japan Corp.). Multiple images of the entire water stain
were captured, and the image data were combined using
an image combination application (VK-H1J1, Keyence
Japan Corp.) to obtain 3D information of the entire water
stain. The resulting image was analyzed using the volume
and surface area measurement mode of a shape analysis
application (VK-H1A1, Keyence Japan Corp.) to directly
determine the volume of the water stain.

2.3 Zeta potential measurement

The zeta potential indicates whether the particles con-
stituting the system are electrostatically positively or
negatively charged. If the particle system is positively
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F IGURE 2 Shape change after droplet drying at various pH
and Al concentrations.

or negatively charged, repulsion between the particles is
expected to occur. The zeta potential was measured using
a Zetasizer Zero instrument (Spectris Co., Ltd.).

2.4 Particle size measurement

Employing the same equipment and conditions described
in Section 2.3, the particle size distribution was deter-
mined through dynamic light scattering. In this method, a
laser beamwas initially irradiated on particles in Brownian
motion. The particle size was evaluated by measuring the
scattered light corresponding to the speed of the Brownian
motion of the particles.

3 RESULTS AND DISCUSSION

3.1 Effect of Al addition on zeta
potential and particle size

Figure 2 shows an optical micrograph of the silica scale
and photographs of the samples for which the pH of the
solution was varied between 2, 4, and 7, and the con-
centration of added Al ions was varied between 0, 5,
and 10 ppm. A water stain was formed on each sam-
ple after the silica-containing aqueous solution was dried.
A coffee-ring effect14 was observed at all pH values and
Al concentrations. In previous studies, particle aggre-
gation was observed as the zeta potential approached

F IGURE 3 Particle size at different Al concentrations.

zero.15,16 According to these studies, coffee rings were
formed or deposited uniformly when the zeta potential
was below 20mV.Moreover, particle agglomeration via the
coffee-ring effect can be explained using the Derjaguin–
Landau–Verwey–Overbeek (DLVO) theory. Based on this
theory, the particles are expected to be uniformly deposited
inside the coffee ring as the zeta potential approaches zero;
however, this was not observed in the present study.
Figure 3 shows the particle size measurements in silica-

containing water when Al was added; peaks are observed
at both 10 and 5 ppm of Al at pH 4. At pH 4, the parti-
cle size increased with increasing Al concentration up to
10 ppm. Sheikholeslami et al.17 observed that the addition
of sodium aluminate to an aqueous solution containing sil-
ica decreased the silica concentration, because silicic acid
was flocculated and precipitated in this solution. More-
over, they reported that the addition of Al resulted in water
softening via the following reaction:

Al2SiO5(OH)4 + 6H+ ⇔ 2Al
3+
+ 2Si(OH)4 + H2O (1)

Equation (1) indicates that Al ions react with silicic acid
to precipitate kaolinite; this phenomenon is ascribed to the
substitution of SiwithAl. Similarly, Tokoro et al.18 reported
that co-precipitation occurred by the intervention of Al
ions in aqueous solutions containing silica; when Na and
Al were added to a system of silicate andwater, and the ini-
tial Si/Almolar ratio was greater than 2, poorly crystallized
kaolinite precipitated according to Equation (1).
Figure 4 presents the zeta potentials measured upon

adding Al. The point at which the zeta potential became
zero, that is, the equipotential point, changed under the
influence of Al. The addition of 5 ppm of Al decreased
the zeta potential to 15.9 mV at pH 4. Moreover, at pH
4, the addition of Al was expected to result in stronger
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F IGURE 4 Zeta potential at different Al concentrations.

aggregation between the particles, considering the
decreasing zeta potential. When the zeta potential
approached zero, cohesive forces were predominant. In
contrast, when the zeta potential moved to positive or
negative values, the electrostatic repulsive forces between
the particles became predominant. Furthermore, a strong
relationship was observed between the coffee-ring effect,
which results in water stains, and the DLVO theory.15,16
The particle size distribution results (Figure 3) suggest
that agglomeration according to the DLVO theory occurs
at the point of electrical neutrality within the pH range
of 3–4. In this region, Al-ion addition demonstrated the
highest agglomeration effect, and the average particle size
was expected to be the largest.
Therefore, in this study, Al-ion addition presents the

possibility of the flocculation and precipitation of silica
in an aqueous solution. The precipitation mechanism is
indicative of water softening, suggesting that the precipi-
tate contains kaolinite.

3.2 Effect of Ca addition on zeta
potential and particle size

Figure 5 presents the particle size as a function of pH for
different levels of Ca addition. The particle size increased
at pH 4 when the amount of added Ca was increased
from 40 to 80 ppm. This increase in the particle size was
attributed to the agglomeration and precipitation of silica
in the aqueous solution.
Silica removal by the addition of Ca and Mg ions has

been previously investigated.19,20 In these studies, the
amount of total dissolved solids (TDS) was found to influ-
ence silica removal via the addition of Ca and Mg. TDS

F IGURE 5 Particle size at different Ca concentrations.

F IGURE 6 Zeta potential at different Ca concentrations.

indicates the total amount of inorganic salts dissolved
in water containing Ca and Mg, and these values affect
silica-scale removal.
Furthermore, silica-scale formation was reported to be

inhibited by co-precipitation. Particularly, the TDS value
was substantially increased because the Ca concentra-
tion increased during the study. A higher TDS value
implies stronger silica scale inhibition, resulting in co-
precipitation and the formation of silica-containing flocs,
which increases the average particle size.
Figure 6 shows the increase in the zeta potential with

the increasing addition of Ca. Accordingly, the equipoten-
tial point is shifted. The equipotential point is observed
at approximately −3.7 mV when 80 ppm of Ca is added.
At pH 4, the zeta potentials for 40 and 80 ppm of Ca
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F IGURE 7 Particle size at different Mg concentrations.

are −17.28 and −5.18 mV, respectively. The zeta poten-
tial affects particle aggregation. Particularly, as the zeta
potential approaches the equipotential point, the particles
simultaneously approach the aggregate state. Regardless
of whether the zeta potential is positive or negative, the
greater the absolute value, the stronger the repulsion
between particles. This indicates that at pH 4, the interpar-
ticle repulsion according to the DLVO theory is weakened
with the increasing concentration of Ca. This is consis-
tent with the appearance of the peak particle size at pH
4 (Figure 5). The increasing concentration of Ca is con-
sidered to have decreased the repulsion between particles
at pH 4, thereby facilitating electrostatic aggregation. In
addition, the increase in the particle diameter at pH 4 is
attributed to the flocculating effect of Ca.
In this study, the addition of Ca ions is considered to

cause co-precipitation, as in the case of Al-ion addition.
This is also evident from the increase in the average par-
ticle size with the increasing concentration of the added
Ca (Figure 3). Furthermore, the particle size is affected by
the changes in the pH, owing to the simultaneous variation
in the zeta potential between the particles, which conse-
quently alters the cohesive force between the particles.

3.3 Effect of Mg addition on zeta
potential and particle size

Figure 7 shows the particle size distribution at different
levels of Mg-ion addition. When the Mg-ion concentra-
tion is 9.7 ppm, the peak particle size is observed at pH 4.
Additionally, the particle size increases at pH 2 when the
concentration of the added Mg is increased to 19.4 ppm.
Considering silica removal performance, Sheikholeslami

F IGURE 8 Zeta potential at different Mg concentrations.

et al.21 stated that Mg ions flocculated and precipitated
silica; they observed that adding magnesium hydroxide
to aqueous solutions containing silica effectively removed
silica from the solutions.
According to Zhang et al.22, the presence of divalent

ions in aqueous colloidal solutions strongly affects col-
loidal aggregation and reduces the thickness of the electric
double layer on the colloidal surface. This is because the
divalent metal ions neutralize the negative charges on the
colloidal surface. This reduced thickness of the electric
double layer enables colloidal particles to approach and
bond with each other. Consequently, the bonding between
colloids is promoted, and the rate of aggregation is rapidly
increased.
Figure 8 shows that the zeta potential does not substan-

tially change with increasing Mg content. This is possibly
because the concentration of Mg added is lower than that
used in the Ca experiment. As shown in Figure 7, the par-
ticle size at pH 4 does not increase with the increasing Mg
content. Furthermore, at pH 4, the zeta potentials for 9.7
and 19.4 ppm of Mg are −14.54 and −16.0 mV, respectively
(Figure 8); the difference between these zeta potentials
(1.46 mV) is insignificant.
The zeta potential value at pH 2 decreases from 19.64mV

at 9.7 ppm ofMg to 10.56mV at 19.4 ppm ofMg. The results
indicate that the zeta potential approaches the equipoten-
tial point with increasing Mg addition. Figure 7 depicts an
increase in the particle size at pH 2, which is consistent
with the results presented in Figure 8, because the zeta
potential approaches the equipotential point at pH 2, indi-
cating a scenario where the cohesive force according to the
DLVO theory is expected to be active.
In this study, the changes in the zeta potentials of Mg, a

divalent cation, and Ca are ascribed to changes in pH. The
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F IGURE 9 Removal rate at different pH values.

resulting change in particle cohesion possibly increases the
average particle size at pH 2.

3.4 Sliding test at different pH values
without cation addition

The removal rate R of the silica scale is defined as follows:

𝑅 = 1 − 𝑉∕𝑉0, (2)

where V0 is the initial volume of the silica scale, and V is
the volume of the scale 60 min after the sliding test.
Figure 9 shows the results of the sliding tests of water

stains formed by silica-containing water at pH values of
2, 4, and 7 with 0% Al addition. The progress of silica-
scale removal by sliding is observed: the volume of the
silica scale decreases with increasing sliding time at all pH
values. The removal rate of the silica scale increases with
decreasing pH. According to Choppin et al.,23 silica-scale
polymerization was enhanced at higher pH. However, in
this study, SiO2 precipitated as a silica scale upon drying,
but the silica spheres did not polymerize in the low-pH
region. Consequently, the bonds between the silica spheres
weakened, and the bulk scale becamemore brittle, thereby
increasing the removal rate.

3.5 Change in water-stain volume at
different pH values and Ca concentrations

Figures 10 and 11 show the changes in the volume
and removal rates of water stains upon adding differ-
ent concentrations of Ca. As described in Section 3.4,

F IGURE 10 Removal rate of 40 ppm Ca at different pH values.

F IGURE 11 Removal rate of 80 ppm Ca at different pH values.

the behavior of silica is affected by both its pH and
propensity for polymerization. In this experiment, with
the addition of Ca, the water-stain volume decreased more
rapidly at a lower pH, resulting in a higher removal
rate at a lower pH. This trend did not change when the
amount of added Ca was varied from 40 to 80 ppm.
The trend of the removal rate with respect to the pH
was found to be identical to that in the absence of
Ca, as described in Section 3.4. Thus, water stains were
easier to remove at a lower pH, possibly because sil-
ica polymerization did not proceed in the low-pH range
(Section 3.4).
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F IGURE 1 2 Removal rate at 7 pH for various Ca
concentrations.

3.6 Sliding tests with varying
concentrations of Ca

Figure 12 shows the silica-scale removal rates for differ-
ent Ca concentrations. The samples with added Ca exhibit
higher water-stain removal rates than that without added
Ca. The final removal rate of the 0 ppm Ca sample at pH
7 is 0.63 after 300 s of sliding, whereas those of the 40
and 80 ppm Ca samples are 0.71 and 0.74, respectively.
These results suggest that the addition of Ca facilitates
water-stain removal.
Chen et al.24 reported that in a system containing Na,

Si, and calciumnitrate, the SiO2–H2O system (C–S–H)was
synthesized and precipitated. C–S–H is the generic term
for crystalline calcium silicate hydrates, which exhibit
more than 30 structures and morphologies, ranging from
semi-crystalline to amorphous. In their study, 0.050mol of
Na2SiO3⋅5H2Owas dissolved in 125 mL of deionized water.
Deionized water containing 0.075 mol of Ca(NO3)⋅4H2O
was added to this solution to obtain the C–S–H com-
pound. Their study is fundamentally similar to the present
study, as both involve the ionization of Na when incorpo-
rated into an aqueous solution, despite the difference in
the starting material, which was Na2SiO3⋅5H2O in their
study.
In this study, as shown in Figure 5, the particle size

increased with increasing Ca concentration. A larger par-
ticle size was expected to result in a coarser water-stain
structure after drying. The sliding results were considered
to be affected by the formation of a compound resulting
from the addition of Ca and by the increase in particle
size and consequent coarse structure of the water stain.
We assume that C–S–Hwas produced in the present study,

F IGURE 13 Removal rate of 9.7 ppmMg at different pH
values.

F IGURE 14 Removal rate of 19.4 ppmMg at different pH
values.

as in the study conducted by Chen et al.24 The generated
C–S–H was possibly mixed as colloidal silica and agglom-
erated to form bulk silica. Coagulation and precipitation
were expected to have produced relatively large sediments,
formingwater stains with coarse structures. This indicated
that the water stains were weakened by the addition of Ca.

3.7 Change in water-stain volume at
different pH values andMg concentrations

Figures 13 and 14 show the changes in the volume
and removal rate of water stains upon adding different
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F IGURE 15 Removal rate at 7 pH for various added Mg
concentrations.

concentrations of Mg. The water stains were removed as
sliding progressed. Similar to the addition of Ca, low pH
values increased the effectiveness of water-stain removal.
Samples with lower pH were easier to remove by sliding.
In this experiment, the ease of water-stain removal in a

low-pH environment is identical to that described in Sec-
tion 3.4. Considering that the concentration of added Mg
is less than that of Ca, the results are expected to be similar
to those described in Section 3.4 with no cation addition.
Consequently, the overall water-stain behavior is expected
to be consistent with that of water stains without cations
at this level of Mg addition, primarily because the removal
rate is high at low pH.

3.8 Sliding tests with varying
concentrations of Mg

Figure 15 shows the volume change and water-stain
removal rates for different concentrations of Mg. As the
Mg concentration is increased, the water-stain volume
decreases and the removal rate increases. After 300 s of
the sliding test, the 9.7 and 19.4 ppm Mg samples exhibit
removal rates that are 1.12 and 1.14 times higher than that
of the 0 ppmMg sample, respectively.
Magnesium silicate possibly precipitated in this study,

similar to the observation by Krysztafkiewicz et al.25
They reported that magnesium silicate precipitated when
sodium silicate andmagnesium nitrate were dissolved and
stirred in an aqueous solution. A precipitate (magnesium
silicate) was obtained by reacting an aqueous solution of
sodium metasilicate with a concentration of 5% SiO2 and
an aqueous solution of 5% magnesium nitrate. Although

F IGURE 16 Removal rate at 7 pH for various added Al
concentrations.

the initiators used in the present study were different, the
similarities between the two studies include the involve-
ment of sodium ions and monomeric silica in the aqueous
solutions. We speculate that magnesium silicate precip-
itated into the aqueous solution in the present study.
Comparing the samples with 9.7 and 19.4 ppm Mg, the
water-stain removal rate increased with the increasing
concentration of the added Mg.
The above-mentioned factors are expected to cause pre-

cipitation in the solution and increase the particle size.
Thus, the water stain adopts a coarse structure with voids,
and the removability is improved.

3.9 Sliding tests with varying
concentrations of Al

Figure 16 shows the results of sliding tests on the samples
prepared at pH 7 with different Al concentrations. Sliding
at all Al concentrations decreases the silica-scale volume,
indicating that removal progresses. The silica-scale vol-
ume does not approach zero, suggesting that the sliding
test for 300 s removes the surface of the silica scale, but not
the bottom, which adheres to the substrate. As described
in Section 3.1, kaolinite is assumed to be formed via co-
precipitation. Regarding the strength of the bonds between
kaolinite particles co-precipitated during the droplet dry-
ing process, Ichikuni26 reported the presence of hydroxyl
groups on the surface of clay (kaolinite) when mixed
with water. As it dried, weak bonds were formed between
kaolinite particles, as indicated by the dotted lines in
Figure 17. This weak bond connects the kaolinite particles.
The kaolinite precipitated in this study and the sediments
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F IGURE 17 Weak bonding after clay is dried.26

when the water finally dried were kaolinite bound to
kaolinite by weak bonds.26 Furthermore, Ichikuni stated
that clay kneaded with water solidifies upon drying.
This implies that the particles are bound together by
a certain force. Hardened clay is not tough and can be
crushed easily because of weak forces acting between the
particles or a small number of bonds linking the particles
together. When water is poured onto the hardened clay, its
shape collapses rapidly. Therefore, the bonds between the
particles are sufficiently weak to be broken by water.
Particularly, as water dries, weak bonds are formed

between kaolinite particles; however, because water is
used in the sliding test, these bonds are expected to be eas-
ily broken. Based on the above-mentioned findings, the
following can be inferred:

(1) Some silica particles co-precipitate to form kaolinite.
(2) Weak bonds are formed between kaolinite particles by

drying.
(3) The weak bonds are easily broken by water during

sliding.

These three observations suggest that the entire silica
scale can be easily removed by water during sliding.

3.10 Discussion on cohesive
phenomena

In this study, cullet samples were produced by melting
sodium carbonate (Na2CO3) and silicon dioxide (SiO2) at

high temperatures. Themolar masses of sodium carbonate
and silicon dioxide are 105.99 and 60.08 g/mol, respectively.
Accordingly, 4 g = 3.77 × 10−2 mol of sodium carbonate,
and 1 g = 1.66 × 10−2 mol of silicon dioxide. The reaction
for the preparation of a sodium silicate cullet is as follows:

Na2CO3 + 𝑛SiO2 → Na2O ⋅ 𝑛SiO2 + CO2 (3)

The value of n is obtained from the molar ratio of
Na2CO3 and SiO2 in this study; n = 1.66 × 10−2/3.77 ×
10−2 = 0.44, suggesting that n is less than 1 and that excess
unreacted Na is present in the aqueous solution. Assum-
ing that 1.66×10−2 mol of sodium silicate is produced at
n = 1 and the remaining Na is retained in the aqueous
solution in the form of unreacted Na ions, the amount of
unreacted Na in the aqueous solution can be calculated as
follows:

UnreactedNa =
(
3.77 × 10

−2
− 1.66 × 10

−2
)
∕2

= 1.055 × 10
−2
[mol] (4)

When a cullet of soda carbonate is dissolved in water,
it becomes alkaline; however, the pH essentially depends
on the amount dissolved.27 The overall weight of 1.66 ×
10−2 mol of sodium silicate is 4.58 g. The sodium silicate
content (wt%) in the aqueous solution is calculated as fol-
lows: wt% = 4.58/1000 = 4.58 × 10−3 wt%. Based on the
study byHamouda andAkhlaghi Amiri,27 the lowest point
on the graph is 0.02 wt%, and the pH is 10.13; therefore, the
initial pH in this study is similar to or below this value. Kim
et al.28 reported that in aqueous solutions containing silica
particles and distilled water, the zeta potential decreases
with increasing pH. The zeta potentials of other inorganic
oxide particle systems have also been reported to decrease
with increasing pH, indicating that this trend is somewhat
common.29–31 Figures 4, 6, and 8, which depict the change
in zeta potential upon Al, Ca, and Mg addition, respec-
tively, present similar trends. The zeta potential shifts with
the change in pH, and approaches the equipotential point
at a specific pH (e.g., pH 4 in the Al addition experiment;
Figure 4).
The dispersion of a group of particles in an aqueous

solution depends on the surface charge.32,33 A layer of
charge, called an electric double layer, is formed on the
surface of the particles in an aqueous solution. This
electric double layer is formed when the surface of a
particle suspended in a liquid accumulates an electric
charge that is the opposite of the surface charge of the
particle. The plane in which the particles do not move
through the solution is called the slipping plane, and the
potential of this plane is defined as the zeta potential.
Hanaor et al.34 studied the aggregation of ZrO2 dispersed
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in an aqueous solution and described the aggregation of
inorganic particles at the point where the zeta potential
became zero, that is, the equipotential point. Positively or
negatively charged solutions are more stable as colloids in
colloidal suspensions. When the absolute value of the zeta
potential is high, the particles are uniformly dispersed, and
sedimentation is prevented. However, as the zeta potential
approaches the equipotential point, van der Waals forces
become dominant over the electrostatic repulsive forces
between the particles, causing them to gradually approach
each other and eventually agglomerate. In this study, the
maximum particle diameter was observed at the equipo-
tential point, indicating that the electrostatic repulsion
between the particles had weakened.

3.11 Discussion on bulk strength of
water stains

In the present study, the removability of water stains is
improved under the influence of all added ions (Al, Ca, and
Mg). The increase in the particle size of the water stain is
regarded as one of the factors contributing to the improved
removability. The water stains are composed of numer-
ous silica spheres.35 Therefore, the bonding between the
silica spheres is considered to determine the strength of
the bulk. Based on the particle size measurements, pre-
cipitates are formed in the aqueous solution in this study.
We assume that this increase in particle size causes the
water stain to become brittle. In this study, the water stain
destroyed in the sliding test can be regarded as a type
of floc in which the precipitates in the aqueous solution
agglomerate to form the bulk. According to Matsuo,36 the
floc density increases with the increasing floc particle size;
however, the bulk porosity simultaneously increases. This
decreases the number of bonds between the basic particles
that constitute the floc per unit volume, and consequently
decreases the strength. In the present study, the number of
contacts per unit volume between particles is considered to
decrease with the increasing diameter of the particles con-
stituting the water stain, considering that the water stain
is easily removed by sliding.

4 CONCLUSIONS

Artificial silica-based water stains were created on a glass
surface to mimic the practical system, and the addition of
Ca and Mg was found to improve the silica-scale removal
rate. In this study, we confirmed that the addition of diva-
lent ions caused a flocculation/co-precipitation effect. The
entire water stain was made more fragile by the forma-
tion of precipitates containing Ca andMg rather than silica

alone. The addition of various cations was considered to
produce precipitates during water staining. A larger par-
ticle size enhanced water-stain removal because of the
sparse structure of the entire water stain. However, the
composition of the sediments was not analyzed in this
study; therefore, the sediments must be subjected to x-
ray diffraction analysis to test this hypothesis. Sliding tests
at different pH values indicated that silica polymeriza-
tion became more challenging in the low-pH region. As
polymerization did not proceed, bonds between the silica
particles were not formed, and the water-stain structure
was weak. In the tests with added Al, silica-scale removal
was facilitated at higherAl concentrations owing to the for-
mation of kaolinite as a precipitate and the weak bonding
in the dried kaolinite.
This study revealed that adding cations to water

increased the brittleness of the water stains. This weak-
ening of the water stains helps to improve the cleanliness
of sanitary ware, because it reduces the frequency of sani-
tary ware maintenance, inhibits mold, and prevents other
problems caused by water stains.

ORCID
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