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Abstract: Used water treatment is one of the most important aspects of environmental protection
regarding industrial processes. Particulate matter dispersions affect water parameters; for example,
increased pH values such as 10.21 are found for used floor tile water, and values of 10.84 are found for
used wall tile water. However, pH decreases to about 9.42 after the sediment filtration process. This
influences water turbidity, which is higher for used wall tile water due to its finer suspensions, and
it is considerably decreased after the filtration process. Thus, the main aim of the present research
is to investigate particulate matter dispersion into the water flows that are involved in ceramic tile
technological processes before and after treatment at used water treatment facilities. X-ray diffraction
(XRD) coupled with mineralogical optical microscopy (MOM) reveals that waters from wall tiles and
floor tiles have similar mineral dispersions, containing mineral particles of quartz (5–50 µm), kaolinite
(1–30 µm), and mullite (5–125 µm). Glass particles (having a dark appearance at MOM investigation)
were also found in both samples in a size range of 20–55 µm. High-resolution SEM imaging coupled
with the EDS elemental analysis confirms the XRD and MOM observations. Water samples collected
after treatment at the treatment facility reveal a significant reduction in the particulate matter MOM,
evidencing only small traces of quartz, kaolinite, and mullite in a size range of 1–15 µm, with most
of the particles being attached to the filters, as confirmed by XRD. Atomic force microscopy (AFM)
effectuated on this sample reveals the presence of kaolinite nanoparticles with a tabular–lamellar
aspect and sizes ranging from 40 to 90 nm. The obtained results prove the efficacy of the filtering
system regarding targeted particulate matters, ensuring water recirculation into the technological
processes. The sludge resulting from the filtration process presents with a dense grainy structure
of sediment particles containing quartz, mullite, and kaolinite, along with traces of iron hydroxide
crystallized as goethite. Therefore, it cannot be reused in the technological flux, as the iron causes
glaze staining; but the observed microstructure, along with the mineralogical composition, indicates
that it could be used for other applications, such as ecological bricks or plasters, which will be
further investigated.

Keywords: used water; ceramic tiles; sediments; pressed slurry; kaolinite ultra-structure

1. Introduction

Ceramic tile fabrication involves various mineral powders such as quartz and clay,
and vitreous materials such as broken glass [1,2]. Some of these particulate matters pass
into the water used during the technological process and must be properly filtered out at
water treatment facilities [3].
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Used water is collected from all working places on the floor and wall tile facilities of
ceramic factories. Therefore, particulate matters originating in both the raw material and
the intermediary sub-products might be found in suspension in the used water [4,5].

Both floor and wall tiles are produced by molding a conditioned ceramic paste into
metallic dies to obtain crude ceramic biscuits. Ceramic paste preparation and the washing
of metallic dies induce a lot of raw material particles. Biscuit firing and their manipulation
can also generate particulate matters that gather in the water used, and this can occur after
the glazing process and the final firing. Tile-production facilities have tanks that collect used
water from all the mentioned sources. Therefore, it was decided to establish an analysis of
water within these tanks in floor tile and wall tile facilities. The sampling procedures and
sample preservation and transport approaches used in this study are further described in
the Materials and Methods Section.

The most important raw materials in tile production are clays with a controlled purity
grade. The purity grade is related to the prevalence of kaolinite and possibly muscovite
particles in the clay, which often are found as small fractions [6,7]. Some research regarding
clay particles has indicated that kaolinite has nanostructured fractions [8,9].

Another important raw material is quartz sand, which also has a controlled purity
grade; this strongly depends on the exploitation point. Generally, local sources are preferred
for economic reasons. Thus, the sand deposits situated in the Transylvanian Basin are of
great interest; here, large halite deposits [10,11] which are intercalated with sedimentary
areas might alter the properties of the raw materials. However, this possibility will lead
to the need for Cl management within the ceramic mass, which should be investigated
through the elemental analysis of collected samples.

Besides clays and quartz, Ziman et al. show that the raw materials involved in this
process might contain various amounts of calcite and feldspars, such as orthose, which
also might be found as suspended matters in the used water [4]. Some of the ceramic tiles’
technological processes use broken glass as a melting mediator, identifying particles that
could contain small traces of chloride [12,13]. Tile biscuits which have defects after firing
are ground and recirculated within the raw material in different proportions according to
charge prescriptions [14,15]. This includes mullite particles among the particulate matter,
which originates from the raw materials, and ceramic paste which is used for molding.

Used water, resulting from the ceramic industry’s technological processes, is mainly
generated by the wet cleaning of the molding dies with water jets (without cleaning agents)
rather than from raw material preparation. The clay material, along with glaze and pigment
particles, is washed away, becoming suspended particles in the used water. Such dispersed
materials might be valuable if they are recycled in a smart manner. However, certain
challenges arise due to the details of the technological processes.

Particulate matter suspensions within used water are required, as they allow fast
sedimentation to occur during the decantation process in the collecting tanks; however,
the current practice proves that this process requires a very long time to be carried out,
which is not economically feasible. Therefore, these particles are removed from the used
water through a physical filtration system, generating ceramic sludge. Theoretically, this
contains most of the raw material particles, and would thus be great for recirculation.
Unfortunately, it has been observed that the collected sludge contains various amounts of
iron contamination, which compromises its potential for use as a recirculation material.
Data in the literature show that iron contamination in the ceramic raw material induces
brown stains over the glaze layer [16,17].

The aim of the present study is to investigate the sediment formed by dispersed
particles within the used water collected from floor and wall tile facilities and to compare it
with the sludge collected after the filtration process at a water treatment station; this will
enable us to figure out the best ecological strategy for the management of such waste. The
technological process requirements regarding raw materials and processing parameters are
significantly different for floor and wall tiles. Thus, we expect to find significant variations
regarding used water parameters and the subsequent sediments that might influence the
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formation of slurry. Water pretreatment for suspended particle filtration is of great interest
in the current study for two reasons: water flow recirculation into the technological process
and pressed slurry formation.

There is a lack of studies in the literature addressing the sediment found in used
water from ceramic tile production and there is an urgent need to diminish the amount of
waste produced in these processes; this lack represents an important gap in the research
surrounding the operation of the ceramic industry. The novelty of the current research lies in
the presented advanced approach that enables slurry to be transformed from a potentially
dangerous and harmful waste into a raw material that is potentially useful for certain
suitable applications, such as ecological bricks or plasters. The presented investigations
of water properties and detailed physicochemical characterizations of the pressed slurry
(made possible through mineralogical investigations coupled with advanced scanning
electron microscopy (SEM) and ultra-structural observations, performed using atomic force
microscopy (AFM)) are expected to provide practitioners in the field with important and
useful information regarding the possibilities of slurry recycling.

2. Materials and Methods
2.1. Samples Collection and Storage

The current investigation was conducted using samples collected from an industrial
facility that produces floor and wall ceramic tiles in Cluj County, Romania (the company
name is kept anonymous for economic reasons). The water circuit for the technological
processes of the floor and wall tiles was analyzed, and the sample collection points are
identified in Figure 1. The on-site monitoring was effectuated by weekly measurements for
two months. The water parameters were measured and mean values were established.
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The used water resulting from each technological process was collected in a storage
tank and then was directed to the pretreatment station for the filtration process, as described
in Figure 1. We collected samples from the used water tanks from the floor tile (FTUW)
process, from the tanks from the wall tile (WTUW) process, and from the treatment facility
after the filtration (FW).

The water samples were extracted from the tanks with a manual pump and deposited
into glass vials, which were properly labeled for easy identification. The sample vials
were transported to the laboratory in a cooled container at 4 ◦C and further stored in a
refrigerator at the same temperature. The measurements were effectuated within 24 hours
of collection to prevent sample alterations. The sediment samples were collected from the
bottom of each used water storage vial and merged onto an average representative sample
for each of the following: floor tile sediment (FTS), wall tile sediment (WTS), and filtered
water sediment (FWS).

The procedures were repeated weekly for two months, and the samples were analyzed
in the laboratory; the obtained results were centralized and statistically processed.

2.2. Experimental Methods
2.2.1. Water Properties Measurement Method

The water properties—such as pH, electrical conductivity, resistivity, total dissolved
solids, salinity, and temperature—were measured using a multi-parameter device, HANNA
HI 9829, with a GPS positioning system, produced by Hanna Instruments Co., Bedforshire,
UK. The measurements were effectuated according to the device instructions and the
obtained values were properly centralized.

Their evolution was statistically analyzed by an ANOVA test with a significance level
of p = 0.05; this was followed by a Tukey post hoc test using Origin software version 2019b,
produced by Microcal Company, Northampton, MA, USA.

2.2.2. Mineralogical Investigations

Mineralogical microscopy was effectuated in cross-polarized light using a Laboval
2 Microscope, Carl Zeiss, Jena, Germany, equipped with digital photo system, Samsung
10 megapixels. The sediment particles were spread on the glass lamella to reveal both small
and bigger particle sizes.

X-ray diffraction (XRD) was effectuated with a Bruker D8 Advance diffractometer
using monochromatic radiation Cu Kα1 (λ = 1.54056 Å) at room temperature. All patterns
were registered in the 2 theta range of 10–80 degrees at a speed of 1 degree/minute. The
mineral phase identification was performed with Match 1.0 software and PDF 2.0 database,
Crystal Impact Company, Bonn, Germany. The PDF files used for the minerals’ identifica-
tion are as follows: quartz—PDF 89-8936; kaolinite—PDF 01-0527; mullite—PDF 02-0428;
lepidocrocite—PDF 76-2301.

2.2.3. Microstructural Investigations

The sediments’ morphologies and elemental compositions were investigated with a
Hitachi SU8230 scanning electron microscope (SEM) equipped with an energy-dispersive
spectroscopy (EDS) detector, X-Max 1160 EDX (Oxford Instruments). The investigation was
effectuated in the high-vacuum mode with the electron beam acceleration voltage of 40 kV.
All samples were metalized with a thin gold layer to assure their electrical conductivity,
which was necessary for the high-resolution view. The gold component was subtracted
from the elemental analysis.

The atomic force microscopy investigation was effectuated with a Jeol JSPM 4210
Scanning Probe Microscope (JEOL, Tokyo, Japan), operated in tapping mode. The sample
surface was probed with an NSC 15 cantilever produced by MikroMasch Co., Sofia, Bulgaria,
with a resonant frequency of 325 kHz and a force constant of 40 N/m. The scanning rate
was in the range of 1–3 Hz, depending on the scanned area. The obtained images were
processed with Win SPM 2.0 processing soft (JEOL, Tokyo, Japan), measuring the particle



Water 2024, 16, 1027 5 of 17

diameters and local heights. At least 3 different macroscopic sites on the sample surface
were investigated for proper statistical relevance.

3. Results

The current section is organized starting with the investigation of the collected water
samples and the measurement of their physical values, followed by an investigation of the
dispersed particles up to the final slurry formation.

3.1. Water Samples Properties

The properties of used water are strongly influenced by the particularities of a given
technological process and, especially, by the induced dispersed particles. The micro dis-
persoids might release ions and might be partly dissolved into used water, altering its
properties. The mean values of water properties, with their standard deviations, are
presented in Figure 2.
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The pH variation in Figure 2a shows that all water samples are alkaline, with mean
values of 10.21 for the used floor tile water (FTUW) and 10.84 for the used wall tile
water (WTUW). There are strong statistical similarities between these samples, so they
form a statistical group. The pretreated water has a mean pH of about 9.42 after the
filtration process, evidencing a significant decrease in alkalinity; this fact is supported by
the statistical analysis. The p value is lower than the significance level of 0.05, indicating that
the filtered water (FW) forms a different statistical group than the used water. The pH value
did not decrease to the NTPA 002 prescriptions (i.e., Romanian regulations regarding used
water quality) of 6.5–8.5 due to the removal of dispersoids through the filtration process;
thus, it requires further water neutralization to be discharged, or it could be collected in
the recirculation tank and reused in the technological process. The pH values are strongly
influenced by the dissolved solids and salts and less influenced by the mineral dispersions.
The significant decrease in pH in the FW sample indicates that some salt traces might be
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kept on the slurry after the pressing filtration process. It will be useful to find these traces
in the elemental analysis.

The electrical properties of the water samples are represented by the conductivity
(see Figure 2b) and the resistivity (see Figure 2c). These two properties are antagonistic
and strongly depend on the dispersed particles and dissolved solids. The results show
that FTUW presents with low conductivity and high resistivity; meanwhile, WTUV has
high conductivity and low resistivity. The statistical analysis reveals significant differences
between FTUW and WTUW, indicating that they are distinct statistical populations. The
statistical results show that the conductivity and resistivity of the FW sample belong to the
WTUW statistical population. This means that FW is more influenced by the WTUW than
it is by the FTUW.

This fact is explained by the low amount of total dissolved solids (TDS) and salinity of
FTUW (see Figure 2d,e); meanwhile, WTUW has a significant level of TDS and increased
salinity. The gross difference between the used water samples is supported by the statistical
analysis (p < 0.05). FTUW and WTUW, when collecting in the used water tanks, hold
mixtures of both used water and TDS; salinity slightly decreases due to the partial dilution.
This is the situation that was observed for the FW sample. The statistical analysis shows
that WTUW and FW form a statistical population (p > 0.05) and proves that WTUW has a
greater influence on FW than FTUW does (p < 0.05).

The turbidity directly reflects the number of dispersed particles in the used water.
The WTUW sample is more turbid immediately after sampling; this is followed by FTUW.
Meanwhile, the filtered water has low turbidity as a consequence of the removal of micro-
dispersions in the filtration process (see Figure 2f). Turbidity significantly decreases after
1 day, as a consequence of micro-particle sedimentation; this is visible mostly in FTUW
and FW, and is less evident in WTUW (after 1 day, its turbidity is slightly higher than the
initial value for FTUW). The turbidity after 30 days is very low for FTUW and 0 for FW;
meanwhile, for WTUW, it is still higher. The statistical analysis reveals good similarities in
the turbidity behavior of FTUW and FW, with a significant difference shown by WTUW.
This indicates the presence of ultrafine particles in the WTUW sample, which requires
further advanced investigations.

3.2. Mineral Constituents Assessment

The variation in the properties of the water samples indicates a strong dependence on
mineral dispersions; this fact is supported by the XRD patterns found for the investigated
sediments (see Figure 3). All the obtained patterns present with crystalline features but
they have particularities depending on the sample.

The floor tile sediment (FTS) sample presents with an XRD pattern with narrow and
very intense peaks, proving that the sample has high crystallinity (see Figure 3a). The
tile floor water sediment contains quartz as a dominant mineral, which is followed by
mullite and kaolinite. We note the heterogeneity in the kaolinite peaks: some of them are
intense and narrow at 29.46 degrees; meanwhile, the peak at 17.92 is broadened and less
intense. This means that the FTS sample contains some large kaolinite particles which are
preferentially oriented; meanwhile, smaller fractions are randomly oriented. Applying the
Scherrer formula on the broadened peak of kaolinite results in an average crystallite size of
41 nm.

The wall tile sediment (WTS) sample, shown in Figure 3b, has an XRD pattern with
narrow and intense peaks, which are related to the high crystallinity of the sample; but
the patterns also show wide baseline noise, which is related to the presence of very small
particles. This fact is in good agreement with the increased values of the turbidity, which is
related to the dispersion of the finest particles. The composition is dominated by quartz
and kaolinite, with only some mullite. Some of the kaolinite peaks in the WTS sample are
broadened (e.g., for example to 15.62 degrees) due to the presence of ultrafine particles.
Their average size, calculated with the Scherrer formula, is about 39 nm.
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The pressed slurry sample (PS) has increased crystallinity, as evidenced by the XRD
pattern shown in Figure 3c; here, we can see well-developed diffraction peaks with a narrow
allure. This result shows that quartz is the dominant mineral, followed closely by kaolinite
and mullite. Both forms of kaolinite particles—large and small—are observed according
to the height and full width at half maximum (FWHM) of the relevant peaks. A great
discovery is the presence of lepidocrocite. It is an iron hydroxide γ-FeO(OH) crystallized
in the orthorhombic system. It has been widely reported as component of environmental
particulate matter samples [18,19].

The sediment collected from the filtered water (after the treatment facility) presents
with an XRD pattern with a profound nanocrystalline characteristic (see Figure 3d); this is
due to the amorphous baseline of the pattern and due to the presence of less intense and
more broadened diffraction peaks of quartz, kaolinite, and mullite. The Scherer formula
was applied to the most relevant peaks; as a consequence, we derive results showing an
average crystallite of 35 nm for kaolinite, 75 nm for mullite, and 85 nm for quartz.

The weight amount of each mineral fraction in the samples was evaluated by the RIR
(reference intensity ratio) method. This method assumes that, if there are two phases in the
sample, then we have Equation (1):
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Ia
Ib

=
( xa

xb

)
·
(

f a
f b

)
. (1)

where Ia is the intensity for the most intense diffraction peak from phase a; Ib is the intensity
for the most intense diffraction peak from phase b; xa and xb are the mass percentage
concentrations for the two phases; fa and fb are the Corundum factors for the a and b phases.

If a third mineral fraction occurs, noted with c, then the relation can be written
as follows:

Ia
Ic

=
( xa

xc

)
·
(

f a
f c

)
. (2)

Considering that
xa + xb + xc = 100%, (3)

Thus, the mass concentrations of the three phases in the samples can be determined.
The results of the phase analysis performed by this method are presented in Table 1.

Table 1. Minerals distribution within investigated samples as results of XRD and MOM investigation.

Component Kaolinite Mullite Quartz Lepidocrocite Glass

Formula Al2Si2O5(OH)4 Al6Si2O13 SiO2 γFeO(OH) 6SiO2· CaO · Na2O
Color nuances White-blue Red-orange Green-gray Redish-brown Black

FTS

Amount, wt. % 14 32 54 0 *
Particle size, µm 1–100 10–180 5–70 - 10–30

WTS

Amount, wt. % 37 21 43 0 *
Particle size, µm 1–30 3–35 1–35 - 20–55

FS

Amount, wt. % 41 32 19 8 *
Particle size, µm 1–100 1–180 1–70 3–20 10–60

FWS

Amount, wt. % 68 6 26 0 *
Particle size, µm 1–2.5 1–10 1–15 - -

Note: * undetectable due to the amorphous structure.

Mineralogical optical microscopy, shown in Figure 4, evidences the mineral parti-
cles within the sediment samples. Each of the identified minerals has its own nuanced
color: quartz—green-gray; kaolinite—predominantly white; mullite—brownish-red; glass
particles have dark nuance due to the lack of crystallinity.

The floor tile sediment is dominated by large mullite and quartz particles, surrounded
by fine particles (see Figure 4a). Larger kaolinite particles are seen to have a polyhedral
aspect with a tabular shape and sizes between 30 and 100 µm; the finest fractions appear as
small white dots with sizes below 30 µm (see Figure 4a′). It results are in good agreement
with the XRD observations. The high-magnification image shown in Figure 4a′ reveals
the presence of small fractions of mullite (red, dotted particles). The particles size ranges
measured from the MOM images are summarized in Table 1, along with their corresponding
XRD results.

The WTS sample is more refined due to the atomization process that develops during
the preparation of the raw materials; consequently, it contains less mullite. Thus, the bigger
particle class is dominated by quartz (see Figure 4b). Fine kaolinite particles overwhelm the
bigger ones (which do not exceed size of 30 µm) and surround the bigger particles of the
WTS sample, giving a heterogeneous aspect. This is in correspondence with the aspect of
the XRD pattern which showed the presence of fine particles in the sediment composition.
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The refinement of the particles is better evidenced in the higher-magnification image shown
in Figure 4b′, because of the atomization process. All the finest fractions have a deeply
milled aspect and small sizes; the values of these are shown in Table 1.
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(c) PS, and (d) FWS. At 1200×magnification: (a′) FTS, (b′) WTS, (c′) PS, and (d′) FWS.

All the dispersed particles within FTS and WTS were collected into the pressed slurry
through the filtration process. Therefore, PS has a dense aspect under MOM observation,
with larger particles of quartz and mullite that are strongly bonded onto the finer Kaolinite
particle matrix. The kaolinite matrix is so dense that it has a yellow shade instead of
bright white (see Figure 4c). However, the high-magnification images in Figure 4c′ clearly
evidence some bigger kaolinite particles with a bright-white nuance. The lepidocrocite
presence (reddish-brown nuance) in the FS sample is one of the most important MOM
findings in this sample, and is in good agreement with the XRD observations shown in
Figure 3c.

The sediment from the filtered water (FWS) contained only finer particles, which
were equivalent to atmospheric PM 1, PM 2.5, and PM 10 (see Figure 4d). The higher-
magnification images in Figure 4d′ allow a better view of the few fine quartz and mullite
particles, surrounded by ultrafine kaolinite fractions.

3.3. Microstructural Observation and Elemental Spectroscopy

The sediment sample microstructures were investigated with high-resolution scanning
electron microscopy imaging; a corresponding elements distribution map was made for
each investigated site, along with the EDS spectrum (see Figure 5).

The SEM backscattered electron image (BSE) derived for the floor tile sample (Figure 5a)
reveals a view that is complementary to the MOM image in Figure 4a. The corresponding
elemental distribution map and the EDX spectrum are presented beside the EDS map.
Oxygen is the dominant element due to the oxide nature of the mineral compounds within
the sample; this is followed by Si, which is found in all involved minerals (see Table 2).
The aluminum amount of 6.1 at. % belongs to both the kaolinite Al2Si2O5(OH)4 and the
mullite Al6Si2O13.

Glass is an amorphous material, described by the following chemical formula:
6SiO2· CaO · Na2O. Thus, the amounts of Ca and Na found in the elemental composition
can be explained by the glass particles. On the other hand, the amount found of Na might
be a trace influence from the water’s total dissolved solids and salts. This fact is supported
by the pink spots that are randomly spread out on the elemental maps (not only on the
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glass particles) shown in Figure 5a,b; additionally, see the pale-green spots on the map
in Figure 5c.
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Table 2. Samples elemental composition.

Element
Elemental Composition, At. %

FTS WTS PS

O 70.1 70.0 70.3
Si 14.7 17.5 17.6
Al 6.1 6.1 6.8
Ca 2.8 2.6 1.8
Na 1.6 1.7 1.6
K 0.8 0.8 0.8
Fe 0.7 0.7 0.4
Cl 0.3 0.3 -

Mg - - 0.4
Ti 0.2 0.2 0.2

However, the data in the literature specify that glass might contain traces of Cl, which
becomes more evident when one looks at recycled glass [20,21]. The other elements that
were found, such as K, Fe, and Ti, are present in low amounts, which indicates their
occurrence as natural traces from the used raw materials; the data in the literature show
that clays might contain these elements [22,23]. Otherwise, it might be a mild contamination
from the metallic parts of the devices in the technological flux. The correlation between
the morphological aspect in the BSE image and the elemental map clearly evidences that
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quartz particles with rounded corners are present, with a size range of 5–80 µm; these have
an intense green color. Additionally, mullite is present, with a light-green nuance (caused
by the traces of K, Fe, and Ti), and is surrounded by fine fractions of kaolinite; these are
situated between 1 and 10 µm and are also colored with a light-green nuance. The glass
particles have a blue nuance due to the presence of Ca and Na with the chloride traces.
Their shapes are irregular because they were broken during the technological process.

The SEM–BSE images obtained for the wall tile sediment (see Figure 5b) provide
evidence for smaller particle sizes compared to those from the floor tile sediment, but
the elemental compositions and distribution maps for the two are similar. Thus, the
boulder-like particles with rounded corners around 5–45 µm belong to quartz; meanwhile,
the mullite rounded shapes that are present have diameters of around 90 nm. They are
surrounded by finer kaolinite particles with a size range of 1–30 µm. The glass particles
are well distributed among the other constituents and have sizes of around 20–40 µm; this
finding is in good agreement with the MOM investigation. Some minor differences were
observed in the elemental map in Figure 5b: there are some brown segregations, which
indicates that there are some kaolinite particles containing more Fe impurities than those
observed for the floor tile sediment; some glass particles present with a violet nuance due
to an increased presence of Na.

The SEM investigations of the solidified sludge samples (shown in Figure 5c) revealed
the presence of well-defined particles ranging between 5 and 90 µm in size, with two typical
morphologies: boulders with some blunted edges, related to quartz, and rounded boulders,
related to mullite. These are surrounded by a compact mass corresponding to the kaolinite,
which ensures the good cohesion of the microstructure due to its binding ability. Therefore,
the fine kaolinite particles, ranging from 1 to 10 µm in size, are less visible in Figure 5c.
The ceramic sludge elemental composition is dominated by 70.3% O; this is followed
by 17.6% Si and 6.8% Al. These belong to the quartz, kaolinite, and mullite. Moderate
amounts of 1.8% Ca and 0.8% K are related to the presence of the glass particles; these are
in good agreement with the elemental compositions of the FTS and WTS sediments, but are
significantly lower. The sludge accumulation from many different ceramic tiles charges
explains this variation. The iron amount of 0.4% is related to the presence of lepidocrocite
particles, confirming the XRD results. The elemental map within Figure 5c shows the
quartz particles in bright green; this is due to the presence of O and Si; additionally, mullite
particles have a violet shade due to their Al content. The kaolinite binding effect is proven
in the elemental map by the formation of violet “clouds”, which are caused by the fine
distribution of Al atoms within the kaolinite particles. The lepidocrocite particles appear
to be colored with an orange nuance, with some turquoise dots due to the presence of
iron and oxygen. The disposal mode indicates that iron hydroxide crystallizes during the
relative water evaporation from sludge over the deposit dump. This fact is supported by
their small sizes of about 15–20 µm and confirms the data in the literature [16,17].

3.4. Ultra-Structure Observation

The samples’ ultra-structures are formed by the submicron and nanodomains, requir-
ing high-magnification, high-resolution imaging. Therefore, the ultra-structural aspects
were investigated by atomic force microscopy (AFM). This approach presents the benefit of
topographical investigation in addition to the simple visualization of the finest details.

The self-assembly of the FTS sample on the glass substrate generates a thin film of
submicron particles with boulder shapes (see Figure 6a), ranging from 250 to 800 nm; these
mostly belong to the quartz and mullite fine fractions. The upper-left section of Figure 6a
reveals the end of a bigger kaolinite particle, evidencing parallel layers. The topographical
arrangements of the particles lead to a local height of 425 nm, enabling the uniformity of
the thin film. All submicron features are covered with kaolinite nanoplatelets, ensuring the
base of the microstructural cohesion within the FTS sample.
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Similar disposal of the boulder submicron particles is observed for the WTS sample,
shown in Figure 6b, but the kaolinite nanoparticles are more numerous and lead to a more
compact, uniform topography. This fact is supported by the local height of 231 nm.

The PS sample collects particles from FTS and WTS during the pressing filtration
process. This technological process does not allow for the self-assembly of the particles
to occur, but it forces the kaolinite nanoplatelets to exert a supplementary binding of the
quartz and mullite submicron particles; this generates a compact, fine microstructure, as
depicted in Figure 6c. The rough intercalation of the boulder-shaped submicron parti-
cles into the compact arrangements leads to an increased local height of 541 nm. After
pressing filtration, water is completely free of submicron particles, but it features several
nanoparticles that are self-assembled on a very thin film (see Figure 6d). There are two
main kinds of nano-structural features: some bigger nanoparticles randomly spread out,
with significant distances between them, surrounded by fine ones. These arrangements
require further investigation.
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The nano-structural aspect was observed with a scanned area of 1 µm2, revealing the
organization of kaolinite nanoplatelets. The FTS sample presents a significant amount of
kaolinite nanoplatelets, which are adsorbed randomly onto the surface of the submicron
particles (see Figure 6e). Their average size is about 60 nm; this is in good agreement with
the crystallite size calculated by the Scherrer formula from the XRD pattern. The local
height of the nano-arrangements is 220 nm, as observed in the three-dimensional profiles.
The WTS sample features a denser adsorption of kaolinite nanoplatelets onto the submicron
particle surface (see Figure 6f). The nanoplatelet size is about 40 nm and is disposed in
parallel rows, ensuring the optimal and compact binding of the self-assembled thin film.
This fact is also illustrated by the low local height of about 159 nm.

The pressed slurry nanostructure provide evidence for the presence of kaolinite
nanoplatelets in the range of 40–60 nm; these are very well attached onto the small submi-
cron particles, ensuring a dense formation (see Figure 6g). The borders of the nanoplatelets
are more visible on the three-dimensional profile than they are on the topographic image,
due to the spatial view. The compact nano-structuring of the pressed slurry leads to a
local height of about 202 nm. Finally, the FWS topography in Figure 6h reveals a high-
magnification view of the nanoparticles that are left in the water after filtration. The bigger
particles have sizes of about 80–90 nm; this corroborates the XRD observations for mullite
and quartz. These are surrounded by the finest nanoparticles, measuring about 40 nm,
corresponding to the kaolinite crystallites.

4. Discussion

Used industrial water is a cause of great environmental concern due to the high
associated pollution risk. The neutralization of this water requires complex physicochemical
processes before the water can be released into the public water system [24,25]. Data in
the literature shows that the used water from the ceramic industry is more affected by the
mineral particle dispersions that are derived from raw materials and the additives used;
the water is not affected by the contamination caused by organic compounds [26,27].

Our findings show that both the floor and wall tiles contain the same minerals as
raw materials: quartz and kaolinite mixed up with mullite particles, originating from
the recirculation of the broken fired biscuits. The main differences consist in the particle
size range, which is partly coarse for the floor tile and very fine for the wall tile. The
kaolinite/quartz ratio is also greater in the wall tile mixture than in the floor tile mixture.
Therefore, the resulting used water from each has different physicochemical properties (see
Figure 2). FTUW has fewer dissolved solids and lower salinity; these features are associated
with a coarse particle distribution, implying a relatively lower electrical conductivity
(increased electrical resistivity). This is reflected in the alkaline pH and the average turbidity.
On the other hand, WTUW has a significant amount of dissolved solids and increased
salinity, facilitating electrical conductivity (and low electrical resistivity).

As observed, the pH values are strongly influenced by the total dissolved solids in
the used water. We found unusual sodium traces in both FTS and WTS, that were related
mainly to the presence of glass particles. But the EDS maps clearly show some Na spots
outside of the glass particles. Consequently, these Na traces are related to the dissolved
salts in the water. The data in the literature reveal that sodium ions induce an alkaline pH
that keeps fine kaolinite particles suspended for long periods of time [28,29]. Consequently,
the high amount of dispersed fine particles is conducive to higher turbidity values. The
sedimentation process is merely influenced by the dispersion of the finest particles; thus, the
process takes longer, as was observed for the WTUW sample after 30 days (see Figure 2f).

The detailed ultra-structural observation shows that the filtration process eliminates
all coarse particles and most of the fine fractions from the used water. Consequently, the
filtered water (FW) is clear, with no turbidity after 30 days and a slightly reduced pH
value. On the other hand, the pressed slurry (PS) is a complex mixture of coarse particles,
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containing quartz and mullite mixed up with fine fractions of kaolinite. The filtration
process is optimally described by Equation (4):

FTUW(l) + WTUW(l)
f iltration−−−−−→ PS(S) ↓ +FW(l) ↑ (4)

The FW sample is collected into the recirculation tank, where the FWS particles can
become a sediment on the bottom of the tank, and the water is able to be recirculated in
the technological process. This step is appropriate and in accordance with the concept of a
circular economy [30]; moreover, it certainly reduces the neutralization costs and increases
the efficiency of ceramic tiles production facilities regarding used water [31].

Lepidocrocite is one of the most important discoveries regarding pressed slurry. It did
not appear in the used water sediments or in the filtered water sediments. Iron’s fuzzy
elemental distribution in the PS sample is related to the kaolinite particles. The literature
mentions the occasional contamination of kaolinite with iron oxides [16,17], but our findings
show that the raw kaolinite used here did not contain iron traces. The intense use of the
water for the cleaning of the metallic molds leads to the removal of mineral particles; also, it
might dissolve iron hydroxides from some rusted parts. Thus, the lepidocrocite (α FeOOH)
is crystallized from the remnant liquid during the pressing procedure; this is in agreement
with the data in the literature [9,32]. Its presence in the PS sample leads to its inability to
be recirculated as raw material because of the glaze-staining risk [13,16]; this transforms
the pressed slurry into a problematic waste as related to the production of ceramic tile;
thus, it is supposed to be dumped [13,16]. It cannot be used for ceramic tile production,
similarly to the red mud that results from the alumina Bayer process, because of the glaze
requirement [33,34].

Lepidocrocite recrystallization, during the pressing process, might occur with increases
in slurry concentration along with the water removal; on the other hand, the literature
shows that iron hydroxides have a solubility of about 1× 10−9 mol/L; this is independent of
the pH value [35]. This suggests that small lepidocrocite nanoparticles, randomly dispersed
in the used water, are kept trapped in the pressed slurry; here, they coalesces with each
other, forming submicron clusters; this fact is supported by the EDS elemental distribution
map shown in Figure 5c. We wonder whether a selective magnetic separation of these
lepidocrocite clusters would be effective for their removal, enabling the further reutilization
of the pressed slurry as a recirculated material in the main technological process. Some of
the data in the literature indicate that the liquid magnetic separation of the iron hydroxide
fine microscopic particles is possible [19,36]. Thus, water treatment could be improved with
the intercalation of a magnetic selector at the pretreatment station. This is a challenge for
future developments in the ceramic industry and the way in which used water is treated.

Our findings prove that both FTUW and WTUW samples contain significant amounts
of kaolinite nanoplatelets; these strongly bind with the surrounding submicron and micro
particles. The binding effect of those nanoplatelets is enhanced by the pressing process; this
proves that the pressed slurry might be useful material for applications in which an amount
of 8% wt. lepidocrocite does not affect the utilization. Some of our preliminary studies
proved that the compressive strength of the pressed slurry can be increased by a proper
compaction of the microstructure [37]. The study must be continued, and an investigation
of the effect of the conditioning of the kaolinite matrix on the flexural strength of the pressed
samples would be valuable. There are two prospective development pathways regarding
the production of ecological bricks by low-temperature firing or geopolymer development;
this is because of the high amount of alkaline fine particles [38,39] and the blending of
pressed slurry, with an ecological stabilizing agent that can be used to promote spatial
reticulation within the mineral structure [40] to achieve plaster for ecological buildings.
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5. Conclusions

The obtained results were discussed in relation to the data in the literature; these
discussions allow us to draw several important conclusions. These may be valuable for
practitioners in ceramic research and industry.

• Both FTS and WTS sediments contain quartz, mullite, and kaolinite; FTS is slightly
rich in mullite and WTS is rich in kaolinite. Traces of Fe were found in the FTS and
WTS sediments, but there was no proof of crystallization.

• The efficacy of the filtering system was proven on the basis of the targeted particulate
matters; these ensure the recirculation of water into technological processes. The
sludge that is obtained after the filtration process presents with a dense grainy structure
of sediment particles. These contain quartz, mullite, and kaolinite, along with traces
of iron hydroxide crystallized as lepidocrocite.

• The pressed slurry cannot be reused in the technological flux because of the presence
of iron hydroxide, which causes glaze staining; however, the observed microstructure,
along with the mineralogical composition, indicates that it could be used for other
applications, like ecological bricks or plasters. These potential applications will be
investigated further.

• The liquid magnetic selective removal of the observed lepidocrocite clusters could
offer a significant improvement in the process of used water pretreatment; this will
allow the direct recirculation of pressed slurry into the main technological process.
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