<@ sustainability

Article

Sustainable Approach of Mineral Dispersion Recovery
from the Technological Wastewater Resulting from
Porcelain Manufacturing

Simona Elena Avram 10, Lucian Barbu Tudoran 23(, Gheorghe Borodi 3, Miuta Rafila Filip 4©,

Raluca Anca Mereu ®

W) Check for updates

Academic Editor: Antonio Caggiano

Received: 31 July 2026

Revised: 14 August 2026

Accepted: 17 August 2026

Published: 18 August 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons

Attribution (CC BY) license.

and Ioan Petean 5*

Faculty of Materials and Environmental Engineering, Technical University of Cluj-Napoca, 103-105 Muncii
Bd., 400641 Cluj-Napoca, Romania; simona.avram@imadd.utcluj.ro

Faculty of Biology and Geology, Babes-Bolyai University, 44 Gheorghe Bilascu Street, 400015 Cluj-Napoca,
Romania; lucian.barbu@ubbcluyj.ro

National Institute for Research and Development of Isotopic and Molecular Technologies, 65-103 Donath
Street, 400293 Cluj-Napoca, Romania; borodi@itim-cj.ro

Raluca Ripan Institute for Research in Chemistry, Babes-Bolyai University, 30 Fantanele Street,

400294 Cluj-Napoca, Romania; miuta.filip@ubbcluj.ro

Faculty of Chemistry and Chemical Engineering, Babes-Bolyai University, 11 Arany Janos Street,

400028 Cluj-Napoca, Romania; raluca.mereu@ubbcluj.ro

Correspondence: ioan.petean@ubbcluj.ro

Abstract

Porcelain manufacturing technological wastewater contains many mineral particles, like kaoli-
nite 27%, quartz 29%, calcium feldspar 15%, and mullite 12%. These particulate matters are
dispersed into the wastewater from all technological steps influencing the water parameters,
such as pH, electrical conductivity, total dissolved solids (TDS) and turbidity. These properties
were measured and correlated with the physicochemical investigation of the collected parti-
cles. The two sample types are as follows: particles collected directly from the wastewater
dispersion (WWS) and the slurry (SLR) collected from the dump. The mineral distribution
was assessed by XRD correlated with mineralogical optical microscopy, revealing the relative
distribution of the finest kaolinite particles with respect to quartz and feldspar boulder-like
particles. Mullite was observed as a rounded inclusion occurring due to the re-circulated
grounded material. It results in the presence of sodium silicate, acting as a densification
binder when the samples are completely dried. Particle morphology was correlated with
their elemental composition through SEM-EDX investigation. Iron hydroxide was found at
about 9%. It prevents re-circulation of this wastewater slurry in porcelain production. Thus, a
sustainable approach is required for its utilization as a sub-product. Therefore, the samples
were subjected to thermal analysis in order to reveal its sintering behavior. Thermal analysis
revealed the dehydroxylation of kaolinite between 530 and 630 °C, and a high-temperature
thermal event at 994 °C (WWS) and 997 °C (SLR), which was further confirmed by DSC and
attributed to mullite formation. Particle consolidation through the dehydroxylated kaolinite
matrix and further mullitized mass was assessed through SEM microscopy, indicating proper
densification to ensure slurry utilization for less pretentious ceramic products, allowing them
to be fired at relatively lower temperature than porcelain (e.g., 600-800 °C) and ensuring a
significant energy consumption saving.

Keywords: porcelain wastewater; particle distribution; sustainable recycling; kaolinite
dehydroxylation; ceramic sludge
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1. Introduction

Porcelain itself has been renowned since ancient times, representing a hallmark of
quality and refinement characteristic of China [1,2]. Admiration for these exceptional
works of art has spurred the development of this field worldwide, starting with the 18th
century [3,4]. The production of porcelain goods constitutes a significant part of the
ceramics sector. It is renowned for fine, high-quality products that frequently feature
elaborate ornamentation, positioning them as works of art and luxury items. Global
statistics indicate steady growth in this sector over the past decade, peaking between 2021
and 2022, followed by a moderate decline driven by changes in the Chinese real estate
market [5,6]. The specific production is dominated by China, followed by India, Vietnam
and Brazil, having fine artwork components as well as porcelain tiles and sanitaryware [6].
On the other hand, the production size is about 14 to 15 billion square meters of products.

Sustainability shapes the general trend within the porcelain industry, implying three
main directions: the first is decarbonization through the use of environmentally friendly
energy, the second direction is recycling of the wastes through the circular economy and
the third direction is natural resource conservation (e.g., protection of main raw material
deposits like kaolinite, feldspar and silica) [7,8]. Indeed, the use of electricity generated
from eco-friendly sources, such as hydrogen, hydroelectric, wind, or solar power, leads
to significant decarbonization of production within the sector [9,10]. On the other hand,
some of the direct wastes, like porcelain dust, resulting from the polishing procedures can
be recycled directly into the process as an additive to the raw material by preserving its
composition and purity through the working process, but it is effective in geopolymers
or other ceramic composition with red clays due to its fine pozzolanic action and status
as a microstructural enhancer [11-13]. Such an approach ensures a good decarbonization
of the building materials sector by reducing the consumption of Portland cement. Pro-
duction scrap is ground down and reintroduced into the production flow as raw material;
consequently, from this perspective, the principles of the circular economy are upheld.

There is another category of ceramic waste resulting from porcelain production: the
sludge obtained from filtering industrial wastewater. This type of powdery waste originates
from all stages of the production process, starting with raw material preparation and ending
with the final grinding following the firing of the porcelain products. In addition to various
ceramic particles generated during the processing stages, the waste also contains oxide
material detached from the mechanical components of the production line. Thus, its
contamination with iron oxides and hydroxides—resulting from contact with rusted parts
along the production line—is known in the literature to render its recirculation into the
primary production process impossible, as observed in our previous studies regarding
the slurry collected from ceramic tile wastewater [14,15]. Our observations indicate that
an iron hydroxide content of approximately 8-9% adversely affects the slurry collected
from industrial wastewater generated during the production of floor and wall tiles. These
studies highlighted the tendency of iron hydroxides to contaminate the kaolinite matrix.
While slurry from porcelain production wastewater is expected to exhibit similar behavior,
notable differences may arise; consequently, advanced physicochemical investigations
are required, consisting of a novel sustainable approach. The causes are not related to
the microstructure or the cohesion of the ceramic material, but rather to the staining of
the outer glaze with brown hues; this results in unsightly rejects [16,17], a particularly
troublesome issue for refined porcelain art pieces. For instance, Barrachina et al. observe
that iron hydroxides found in the kaolinite raw material should be below 1% and overall
content during the ball milling process should not exceed 3% because it will generate brown
hues [18]. This fact is confirmed by other research [19,20].
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These solid particles are extracted from industrial wastewater via pressing, resulting
in a pasty sludge that is deposited in a wet-method tailings pond. Its drying weakens the
cohesion between particles, leading to the release into the atmosphere of a multitude of fine,
powdery fractions including kaolinite, quartz, and other associated minerals [21]. Quartz
particles are predominantly found in the PM10 range, whereas clay particles such as kaolin-
ite generate fractions primarily in the PM1 and PM2.5 ranges [21]. Consequently, pollution
involving such particulate emissions can lead to silicosis [22], bronchial asthma [23-25],
and even lung cancer [26,27].

Consequently, it is necessary to keep this powdery waste in a permanently moist state,
a requirement that not only takes up space but also consumes resources, rendering its
long-term management unsustainable. Thus, it is essential to identify specific applications
where this ceramic-based sludge can be utilized as a raw material for a by-product.

Advanced microstructural investigations applied to these powdery wastes are essen-
tial for evaluating their valorization potential. The distribution of constituent minerals
can be elucidated in detail by combining X-ray diffraction with mineralogical microscopy
under cross-polarized light [28,29]. Precision regarding microstructural details is ensured
by scanning electron microscopy (SEM), which offers the advantage of EDX elemental
analysis [30,31]. The results of these analyses, correlated with the properties of the in-
dustrial wastewater generated during porcelain production, will enable a comprehensive
microstructural characterization. However, this alone is insufficient, as the thermal behav-
ior must be evaluated to precisely determine critical temperatures, such as those for the
dehydroxylation of clayey materials and their subsequent mullitization. Consequently,
DSC analysis coupled with DTG is required [32,33]. Changes in the structural chemical
bonds of the sludge in question—specifically the loss of OH bonds—can be identified
using FTIR spectroscopy [34]. The aim of this research is to determine an optimal composi-
tion for ceramic sludge recovered from industrial wastewater generated during porcelain
production, as well as to establish future directions for its valorization as a by-product.

2. Materials and Methods
2.1. Sampling Protocol

The used water samples and the ceramic slurry resulting from the pressing filtration
process were collected from the technological flux (Figure 1) of a porcelain manufacturing
facility in Cluj County Romania (the production facility name is kept anonymous due
to economic reasons). It is a factory with a medium-scale production line focused on
manufacturing mugs, cups, and saucers for the hospitality industry. Production volume
ranges from 1 to 3 tons per month, depending on current orders.

The technological process employed utilizes a moldable kaolinite slip with a water
consumption of approximately 45 L per 100 kg of dry mass. The granular raw material
consists of 55% kaolinite, 25% quartz, and 20% feldspar. The specific type of feldspar used
is not specified and remains to be identified through physicochemical analyses. Sodium
silicate is used as an anti-flocculating agent at a level of approximately 400 g (the exact
percentage is considered classified as a proprietary production detail) per 100 kg of dry
raw material powder.

The volume of the used process water ranges from 3 to 5 cubic meters per month,
depending on current production. It is collected in a sedimentation tank where coarse
particles settle at the bottom, while ultra-fine particles remain suspended in the water.
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Figure 1. Porcelain manufacturing working flow with description of the water circuit.
(WWS—wastewater sediment; SLR—slurry collected from the dumpsite; their sampling point on the
working flow is marked with *).

The used technological water samples (WW) were collected from the storage tank
from three different levels: from the top, from the middle of the tank (1 m depth) and
from the layer immediately above the bottom sediments (1.75 m depth) to ensure a good
statistical relevance of their physicochemical properties. The mean values were obtained as
the arithmetic average of three measurements on each sample. Samples of 2.5 L each were
collected, stored in new bottles, and taken to the laboratory. The same physicochemical
properties were measured for the filtered water (FW); their mean values were calculated
as an arithmetic average of at least three distinct measurements. Afterward, the sediment
gathered on the bottom of the bottles was collected and mixed onto a representative
sediment sample (WWS) which was further subjected to complex analysis.

Manufacturer procedures periodically collect the sediment from the bottom of the
wastewater tank and dump it along with the slurry resulting after the pressing filtration
to the slurry bunker. The bunker is emptied once a year when the producer delivers this
waste to a specialized landfill, a process that increases production costs. Slurry dumps
collect the pressed mud resulting from different porcelain charges, which might involve
some compositional variations and might affect the overall behavior of the measurements.
Therefore, equal quantities of slurry were collected from three different spots from the
surface of the dump bunker and three samples from a depth of 1 m. Equal quantities of
100 g from each collected sample were mixed into an average representative sample (SLR).

2.2. Investigation Methods

Water physicochemical properties like pH, electrical conductivity, total dissolved solids
and salinity were measured using a multi-parameter device HANNA HI 9829, produced
by Hanna Instruments Co., Bedfordshire, UK. There were at least three measurements for
each sample. The mean values were statistically analyzed with Anova test followed by
Tukey post hoc analysis at a significance level of & = 0.05 using Origin software version
2019b (Microcal Company, Northampton, MA, USA).

X-ray diffraction (XRD) analysis was performed using a Bruker D8 Advance
diffractometer (Bruker Company, Karlsruhe, Germany) in Bragg—Brentano configuration,
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equipped with a copper anticathode and using monochromatic radiation Cu kx radiation
(1540562 A). The diffraction regime is: 20 range from 5 to 80° at a speed of 1°/min, voltage
40 kV, current 40 mA, step size of 0.02° and count per step of 0.5 s. Diffraction peaks
were identified using Match 1.0 software, utilizing the PDF2 database from Crystal Impact
Company (Crystal impact Company, Bonn, Germany).

Samples for optical microscopy were prepared using the smear method. Specifically, a
few drops of WWS were placed and spread onto a glass slide and allowed to air-dry. The
SLR slurry sample was smeared onto the surface of a glass slide and left to air-dry. Once
dried, the slides were subjected to mineralogical microscopic analysis. It was effectuated
under cross polarized light observation with a Laboval 2 microscope produced by Zeiss
Company (Oberkochen, Germany). Two magnification ranges were used at x300 (sale bar
of 200 pm) and %1200 (scale bar of 50 um). Digital image acquisition was carried out using
a Sony 14 MPx digital photo camera (Sony company, Minato, Japan).

Scanning Electron Microscopy (SEM) was performed using a Hitachi SU8230 micro-
scope (Hitachi Company, Tokyo, Japan) operated in high-vacuum mode at an accelerating
voltage of 30 kV at a working distance of 15 mm to ensure an optimal quantification of
light and heavy elements that might occur in the sample’s composition. The samples
were metalized with a thin layer of gold to ensure optimal electrical conduction; the Au
component was subtracted during the elemental analysis. Secondary Electron Images
(SEIs) were taken for advanced microstructural observation. Elemental investigations were
effectuated with Aztec X-Mas 1160 EDX detection module (Oxford Instruments, Oxford,
UK) ensuring optimal recording of Backscattered electron Images (BSEs) with elemental
distribution map and Energy Dispersive Spectroscopy (EDS).

Particle size distribution was effectuated on SEM images using Image ] software ver-
sion 1.53k (National Institute of Health, Bethesda, MD, USA) using cell counter plugin and
a threshold range from 0 to 100 um with progressive steps of 5 um. The chart output was
represented in Origin software version 6.0 (Microcal Company, Northampton, MA, USA).

The simultaneous thermal analysis was done with SDTQ600 TA Instruments (TA
Instruments, New Castle, DE, USA) recording TG, DTA and DSC curves. Approximate
10 mg of sample was heated from 25 to 1400 °C with a speed of 10 °C/min in dynamic
air flow.

Fourier Transformed Infrared Spectroscopy (FTIR) was done with a JASCO 610 spec-
trophotometer (JASCO International Co., Ltd., Tokyo, Japan) directly on the powder sam-
ples using the Attenuated Reflectance mode (ATR) in the range of 500-4000 cm ™! with a
resolution of 4 cm ! and 100 scans for each spectrum.

Atomic Force Microscopy (AFM) has been effectuated using a Jeol JSPM 4210 scanning
probe microscope (Jeol Company, Tokyo, Japan) operated in tapping mode with silicon
nitride tip NSC15-Hard produced by Mikromasch (Sofia, Bulagria) having a resonant
frequency of 330 kHz and a force constant of 40 N/m. The topographic images were
analyzed with WinSPM software version 2.0 (Jeol Company, Tokyo, Japan).

3. Results
3.1. Wastewater Properties

The filtering process plays the key role of the removal of mineral particulate matter
from the technological wastewater and subsequently the physicochemical parameters
must be monitored (Table 1). Their representation with statistical markers is displayed in
Figure 2.
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Table 1. Water physicochemical properties.
Electrical Conductivity, TDS, Salinity, Turbidity,
Samples pH uS/cm mg/L PSU FTU
10.27 1489 743 0.77 93.67
WWwW 10.14 1512 752 0.84 94.12
10.59 1506 732 0.68 93.44
Mean value 10.33 1502.33 742.33 0.76 93.74
SD+ 0.18 9.74 8.17 0.06 0.28
9.54 1115 607 0.63 2.99
FW 9.63 1148 612 0.68 3.19
941 1069 594 0.59 3.07
Mean value 9.52 1110.66 604.33 0.63 3.08
SD+ 0.09 32.39 7.58 0.03 0.08
a b ¢
FW FW FW }
p<0.05 p>005 p>0.05
ww H ww ww
0 2 Ali 6 8 1‘0 1I2 14 (‘) 51‘)0 10‘00 15‘00 20‘00 25’00 3000 ] 260 4(‘)0 660 8(‘)0 10‘00 12‘00 1400
pH Electrical conductivity, pS/cm TDS, mg/l
d e
FW FW
p>0.05 p<0.05
ww ww
010 0:3 016 0f9 1{2 1.5 lI) 3‘0 6‘0 9‘0 150 150
salinity, PSU Turbidity, FTU

Figure 2. Water sample physicochemical properties: (a) pH, (b) electrical conductivity, (c) total
dissolved solids (TDS), (d) salinity and (e) turbidity.

The interaction of material particles upon their dispersion in water depends strictly
on their solubility. Consequently, particles of a siliceous nature such as quartz and clays
are insoluble, while sedimentary carbonaceous rocks have moderate solubility (e.g., calcite
has a solubility of 13 mg/L [35]) and the iron hydroxides are practically insoluble but their
structure is sensitive to water, which constitutes the difference between lepidocrocite and
goethite [36,37].

The presence of silicon might retard the goethite nucleation during the lepidocrocite
transformation into goethite, but it is ineffective if the germination seeds are already
formed [37]. This fact has great importance regarding the distribution of iron hydroxides
within the wastewater particulate matter.

Consequently, we observe that turbidity and pH show statistically significant differ-
ences (p < 0.05) because of the filtration process. The high turbidity of the used process
water sample indicates the presence of numerous dispersed solid particles that are removed
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through filtration. Furthermore, given the involvement of porcelain, the water contains
many fine kaolinite particles, which certainly influences the pH value. The natural aqueous
dispersion of fine kaolinite particles typically exhibits an alkaline pH due to OH™ ions,
but in acid conditions (pH range 4-6) the octahedral faces interacting with water facilitate
particle clustering [38]. However, the acidic conditions lead to the particles clustering, and
the deflocculant agent (like sodium silicate) adjusts pH values to an alkaline range in order
to maintain the fine suspended kaolinite particles [39]. The remnant moisture within the
pressed sludge retains small quantities of deflocculant agent within the kaolinite particles,
explaining the significant decrease in pH observed in Figure 2a.

Dissolved solids facilitate the electrical conductivity of the water and increase its
salinity, as observed in Figure 2b—d. A slight decrease in these values is observed after
filtration, though it is not statistically significant. In practice, dissolved solids are almost
entirely removed via the filtrate, with only a small residual amount remaining in the
moisture of the sludge produced after pressing. For example, it would be the case of
sodium silicate or ethyl silicate, known as soluble glass, which is used as a deflocculant
agent to ensure optimal dispersion of the particles and subsequently their binding in the
raw pressed ceramic parts [40,41]. Consequently, a small amount of soluble glass will
remain adsorbed on the surface of the mineral particles after the sludge is pressed.

3.2. Mineral Composition

XRD reveals (Figure 3) that both sediments collected from the technological wastewater
(WWS) and slurry collected from the dump (SLR) have pronounced crystalline structure.
It is characterized by predominantly intense and narrow peaks followed by several less
intense and broadened peaks belonging to refined particulate matter.

— Sediment f - Feldspar (Anorthite)
g - Goethite

k - Kaolinite

1 - Lepidocrocite

= Slurry

4 m - Mullite
q - Quartz
v - Muscovite

Intensity, a.u.

2 Theta, deg.

Figure 3. XRD patterns resulted for the investigated samples.

Both patterns are dominated by quartz peaks, which are very intense and narrow,
corresponding to highly crystalline particles that should have a dense and compact mi-
crostructure of boulder-like particles, such as the green grey ones in Figure 4a. The following
intensity suite is given by kaolinite peaks, especially the one at 12.39°, which is narrow
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and well developed, indicating a relatively high content within the samples. However,
some other kaolinite peaks, like the one at 45.16°, are significantly broadened, indicating
the presence of very small particles and giving the white shallow observed in Figure 4c,
which becomes denser in Figure 4d as a consequence of pressing (a better view of these
aspects requires an advanced microstructural investigation under high magnification by
SEM microscopy). Another intense suite of peaks belongs to feldspar, which proves to be
calcium feldspar crystallized as anorthite, having bright white particles, clearly observ-
able in Figure 4. It is well known in the literature for its use in special porcelains, like
those for dental applications [42], unlike potash feldspar, which is commonly used for
high-translucence porcelain [43,44].

Figure 4. Cross-polarized light microscopy (crossed nicols) images of the investigated samples at low
magnification x300 (sale bar of 200 um): (a) WWS and (b) SLR and at high magnification x1200 (scale
bar of 50 um): (c) WWS and (d) SLR.

The presence of muscovite is confirmed by well-developed, albeit less intense, diffrac-
tion peaks, consistent with the sparse occurrence of pink lamellar particles dispersed within
the kaolinite matrix (Figure 4c,d). Mullite particles are found both in SWS and SLR as
small boulder particles with intense red color. The presence of iron hydroxide is evidenced
by specific diffraction peaks which are less intense and broadened because of their small
particles size but also by the mixing with the kaolinite matrix, which makes them difficult
to observe, but their presence gives a brown tarnish to the kaolinite matrix in the slurry
resulting after pressing filtration (Figure 4b). It is very interesting that lepidocrocite seems
to predominate in the sediment sample corresponding to the most degraded form of iron
hydroxides, while the pressed slurry better evidences goethite peaks, demonstrating ap-
preciable lepidocrocite content, a fact in good agreement with the literature and revealing
their transformation with respect to long-lasting moisture content [36,37].

The presence of a deflocculant agent is evidenced by the greenish shade next to the
mineral particles in Figure 4a, which is caused by the sodium silicate soluble glass. These
are small remains attached to the particles, while most sodium silicate remains in the
filtered water sample. Thus, the XRD pattern does not reveal relevant peaks for it; as a
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consequence, it is fair to consider that its amount falls below the detection limit. The dense
pressed particles in Figure 4b did not allow us to observe the traces of sodium silicate.

The Relative Intensity Ratio (RIR) method allows the calculation of the exact percent
of each mineral within the XRD pattern of the sample, taking into consideration the
intensities of each mineral’s diffraction peaks without overlapping with other minerals (the
most representative individual peak for each mineral is mentioned in Table 2) and their
corundum factor [14,45].

Table 2. XRD-RIR results and correlation with cross-polarized light microscopy.

Component Quartz Kaolinite Muscovite Mullite Anorthite Hy (11;2::1 des
Formula Si0, ALSHOs(OH),  KAL(AISi;010)(FOH),  AlSi,O;3  CaAlSi,Og FeO(OH)
Color nuances  Green-gray White-blue Pink Intense red Bight white Reddish-brown
Representative 26.68 12.48 8.96 40.89 27.90 35.73
peak, 26
Sediment—WWS
Amount, wt.% 32 24 9 11 17 7
Parﬁiﬁ size, 5-50 1-20 1-35 25-15 3-50 2-5
Slurry—SLR
Amount, wt.% 29 27 8 12 15 9
Particle size, 5-60 1-25 1-40 2.5-20 3-55 25-5

pm

Note: RIR being a semi-quantitative method, an associated uncertainty of £3-5% should be considered.

The results obtained are presented in Table 2. They reveal the predominance of
quartz followed closely by clay particles (e.g., mostly kaolinite with traces of muscovite)
and anorthite feldspar took third place. The amount of mullite is significantly low, and
iron hydroxides are situated lower but still enough to disturb the possibility of slurry
recirculation in the same technological process.

Cross-polarized light microscopy images in Figure 4 allow the proper measurement
of the particle size range, revealing that quartz and anorthite feldspar consist of coarse
particles ranging from about 5 to 50 um, while mullite particles are slightly finer, at about
2.5-15 um. They have two sources. They primarily originate in the firing process and
subsequent polishing of the products, while the secondary source is re-circulated porcelain
scraps, which were milled and re-introduced in the raw material. XRD correlated with cross-
polarized light observation evidence indicating their presence, but it cannot distinguish
their source. Clay particles are predominantly fine within the range of 1-10 um. Only some
sparse lamellas have planar size of 20-35 um.

Overall, it can be observed that sediment collected directly from the water has signifi-
cantly increased amounts of quartz and feldspar compared to that in the pressed slurry;
the difference is explained by the finest fractions of kaolinite, which remain suspended for
a long time because of the alkaline pH induced by the deflocculant agent. Therefore, the
amount of kaolinite increases after the pressing process because filtration enables a more
effective removal of fine particles from the wastewater. The small differences might involve
some more consistent implication regarding the microstructural aspect.

3.3. Microstructural Aspects and Elemental Composition

Secondary Electron Images (SEIs) can capture complex microstructural features, both
at the level of the material’s overall structure (e.g., low magnification) and regarding
fine microstructural details (e.g., high magnification). We acquired the BSE images at the
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exact same location and magnification as the SEI images and superimposed the elemental
distribution map onto them. The EDS spectrum was recorded over the entire area of the BSE
image to determine the elemental composition. This was expressed in atomic percentages
to better correlate with the stoichiometry of the minerals identified in the samples.

The detected elements were labeled with specific colors, including: O—turquoise,
Si—green, Al—yellow, K—red, Ca—Blue and Fe—orange. Thus, quartz particles have an
intense green color, clay particles are pale green for kaolinite, while muscovite has extra
red spots due to the presence of K. Anorthite feldspar has an optimal identification marker
following the distribution of Ca atoms, evidenced by blue spots. Iron hydroxides in both
forms, lepidocrocite and goethite, appear as orange spots and subsequently orange areas
where their contamination spreads through the finest particle matrix.

The overall microstructural aspects of the WWS sample (Figure 5a) reveal the coarse
granular matter of 3-50 pm formed by quartz and feldspar particles tightly surrounded
by a dense matrix of fine kaolinite particles. The orange spots spread within the kaolinite
matrix represent the distribution of iron hydroxides, proving the contamination of the
kaolinite matrix. The bigger fractions having a dense and compact internal structure are
resistant to the penetration of small iron hydroxides. This observation is sustained by the
elemental composition within the EDS spectrum where O and Si are dominant elements
followed by Al indicating the prevalence of kaolinite after quartz, while the presence of K
is related to the presence of muscovite. Anorthite particles are well represented by 0.6 at.%
Ca and iron hydroxides by 0.2 at.% Fe.

M Spectrum 15
At%

s

pomesm

LBT 30.0kV 15.0mm x5.00k LM(UL)

Figure 5. SEM images of the WWS sample: (a) SEI image of the overall microstructure, (b) SEI image
of the microstructural detail. BSE images with elemental map and EDS spectrum are presented on
the right side of SEI images.

Microstructural details in Figure 5 reveal two quartz particles in the lower corners
of the images, having boulder-like shape with blunted edges, but some of them are very
sharp, indicating a fresh fracture gained during the raw material milling process. The
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surrounding kaolinite particles are of very good quality, revealing nice lamellar-tabular
sheets with the planar size ranging from 1 to 8 um, in good agreement with cross-polarized
light observation. These are well individualized, indicating that were nicely settled down
within the sediment without external forces applied onto them. Therefore, they maintain
their relatively intact natural foliated aspect.

A significant technological detail regarding the future sustainable application of this
type of sediment emerges from this microstructural aspect. If the intended application
requires well-structured kaolinite particles at the microscopic level, then allowing this type
of sediment to settle and gently collecting it represents an optimal method of valorization
prior to the pressure filtration of the wastewater.

The SLR sample’s overall microstructure (Figure 6a) is more compact due to the press-
ing filtration process. Quartz and feldspar boulder-like particles ranging from 3 to 60 pm
are dispersed randomly into an embedding matrix formed by dense kaolinite particles.
Iron hydroxides are finely distributed in this kaolinite matrix, but the orange spots are
more firm, indicating consolidation of goethite particles, as observed by XRD.

GlSTxfofcecrr]

LBT 30.0kV 15.0mm x2.50k LM(UL)

Figure 6. SEM images of the SLR sample: (a) SEI image of the overall microstructure, (b) SEI image
of the microstructural detail. BSE images with elemental map and EDS spectrum are presented on
the right side of SEI images.

Microstructural details in Figure 6b reveal quartz particles with partly sharp edges
caused by fresh fragmentation through milling, tightly embedded by kaolinite particles
with broken and altered shapes. The kaolinite foliated particles have the outermost layers
broken into very fine fractions (including submicron formations) as a consequence both of
the milling of raw materials and also pressing filtering. The upper fight side of Figure 6b
reveals a significant anorthite particle (blue appearance in the elemental map because of its
Ca content) with specific appearance, as reported in the literature [46].

Particle size distribution was quantified with Image J software, resulting in the his-
togram shown in Figure 7. Both samples exhibit a bimodal distribution characterized by

https://doi.org/10.3390/su18168477


https://doi.org/10.3390/su18168477

Sustainability 2026, 18, 8477

12 of 23

the predominance of fine, powdery fractions (clay) as well as the distribution of coarse
quartz and feldspar particles.
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Figure 7. Particle size distribution histograms quantified with Image J software on SEM images of:
(a) WWS and (b) SLR.

The coarse quartz and feldspar particles are dominated by the 35 um fractions for WWS
and the 45 um fractions for SLR, a finding also consistent with microscopic observations
under polarized light with crossed nicols. The fine fractions of the WWS sample are
dominated by the 10 um fraction (Figure 7a), whereas the ultrafine fractions (<5 pum)
account for only 15%. In contrast, the SLR sample is dominated by the ultrafine fractions
(<5 pm), as shown in the histogram in Figure 7b. In this sample, the 10 pm fraction is
of secondary importance, accounting for just fewer than 20% of the total, a fact in good
agreement with Figure 8.
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Figure 8. SLR ultra fine particles: (a) SEM-SEI detail taken at x10,000 magnification, (b) BSE
elemental map for (a) image, (c) AFM topographic image revealing nano fractions and (d) particle
size distribution histogram.

The ultrafine fractions of SLR require further investigation. Accordingly, Figure 8a
shows a highly refined structure of kaolinite particles, a feature supported by the BSE
image, and the corresponding elemental distribution. Dispersing these ultrafine fractions
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in an aqueous medium and subsequently adsorbing them onto a solid substrate (e.g.,
a glass slide) enabled AFM analysis (Figure 8b), which clearly reveals well-distributed
nanoparticles having tabular-lamellar shapes. The particle size distribution histogram
indicates an average size of 75 nm. This finding is in good agreement with the 68 nm
crystallite size calculated for kaolinite using the Scherrer formula based on its noticeably
broadened diffraction maxima.

Mineral particle rearrangements as a consequence of pressing filtration have a mod-
erate influence on the elemental composition of the investigated samples, confirming the
enrichment in fine particles of the SLR sample against WWS, as shown in Table 3. The mild
decrease in quartz content within SLR compared to WWS is confirmed by a mild decrease
in Si content, benefiting from a slight increase in Al content, which proves the appreciation
of kaolinite.

Table 3. Sample elemental composition.

Elemental Composition, at. %

Element
(0) Si Al Ca K Fe Mg
WWS 70.5 19.7 7.3 0.6 1.8 0.2 -
SLR 69.9 19.2 7.9 1.0 0.9 0.2 0.8

A significant decrease in K level sustains a consistent decrease in muscovite amount in
SLR, confirming the cross-polarized light and XRD investigations. Also, anorthite feldspar
quantity can be appreciated more in SLR than in WWS. Overall, it means that the WWS
sample is less representative of the average composition of the slurry and still depends
on the interaction with the alkaline wet environment. The pressed slurry presents a better
consistency of the mineral composition, although it does not fully preserve the integrity
of the lamellar kaolinite particles, but increases the binding properties of the embedding
matrix. Small traces of 0.8% Mg most likely occur from mild contamination of muscovite
phase with biotite black mica, but far below the XRD detection limit.

Our previous study revealed that the proper moisture of ceramic wastewater slurry
kaolinite matrix is about 20% using technological alkaline water (pH 10) to ensure an
optimal paste for the proper distribution of the quartz granular material, suitable for press-
ing sustainable parts with enough mechanical strength for green applications, including
reinforcing with vegetal fibers [19]. On the other hand, choosing a proper temperature to
gain kaolinite dehydroxylation ensures a low carbon footprint for the moderate thermal
consolidated parts [15]. Therefore, the thermal behavior of the ceramic slurry samples
collected from the porcelain production must be further assessed to identify the optimal
sustainable applications.

3.4. Thermal Behavior

The previously highlighted microstructural aspects reveal that porcelain ceramic
sludge has significant potential, both to cause serious particulate pollution and, con-
versely, to be utilized in a sustainable manner. From this perspective, it is crucial
to observe its behavior during heat treatment. Figure 9a displays the simultaneous
TG-DTA curves of the sediment (WWS) and slurry (SLR) samples, which exhibit similar
thermal behavior.
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Figure 9. Thermal analysis of the SLR and WWS samples: (a) simultaneous thermogravimetric (TG)
and differential thermal analysis (DTA) curves and (b) differential scanning calorimetry (DSC) curves.

A slight mass loss of 0.1606% for WWS and 0.4226% for SLR was recorded below
200 °C. This initial small mass change is assigned to the removal of physically adsorbed
moisture [47]. This desorption process correlates in the DTA plot with a weak endothermic
peak [48].

Over the entire course of the analysis, WWS shows a consistently higher mass loss
response than SLR, which may be attributed to compositional differences between the
samples resulting from their distinct collection regions; see Figure 1. It deals with the
higher moisture retained in the simply collected sedimented particles compared to the
pressed slurry, where the physical water is better extracted through the filtration process.

Increasing the temperature up to 700 °C, the mass loss continues to evolve, reaching
4.280% for WWS and 4.354% for SLR, respectively. This substantial mass loss is primarily
attributed to the release of chemically bound water and to the dehydroxylation of kaolinite.
The removal of chemically bound water appears in the DTA curve as a slight endothermic
deviation near 297 °C, possibly linked to a minor structural transformation [47]. In the DTA
curve, the dehydroxylation process is evidenced by an endothermic effect at approximately
517 °C [49,50], followed by the a—f quartz transformation at around 572 °C [51-54], and a
broader endothermic feature near 641 °C, which may be associated with further structural
rearrangements and residual dehydroxylation processes.

The simultaneous occurrence of exothermic organic matter oxidation and endothermic
mineral transformations between 200 and 550 °C might alter the shape of DTA/DSC
signals [50]. This overlap likely contributes to the lower dehydroxylation temperature
observed at 517 °C in our sample. Reported dehydroxylation temperatures generally range
from approximately 530 to 630 °C, with some studies reporting temperatures as high as
700 °C [48,52]. The endothermic event centered at about 517 °C is attributed primarily to
kaolinite dehydroxylation, in agreement with the kaolinite identified by XRD. The relatively
low temperature of this event may be consistent with a lower degree of structural ordering
within kaolinite fine fractions of about 75 nm, evidenced by high-magnification SEM and
AFM topographic images with particle size distribution histogram in Figure 8, with respect
to the literature data [54].

The DTA curve shows a sharp exothermic peak at approximately 994 °C for WWS
and 997 °C for SLR, which corresponds to the onset of mullite crystallization [48,52,55].
At the final temperature of 1400 °C, the cumulative mass loss reaches 5.679% for WWS,
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whereas SLR shows a total mass loss of 5.081%, confirming the systematically higher mass
loss behavior of WWS over the entire thermal pathway.

It is also important to note that although our samples are like those reported in the
literature, beyond instrumental parameters and intrinsic material properties, the sample
preparation can also affect the shape of the DTA curve. Intensive grinding is known to
introduce structural defects in minerals, altering their thermal response. In our case, the
sample is extremely fine due to the collection method, which may contribute to the slight
shift observed in the dehydroxylation temperature.

The DSC curves, shown in Figure 9b, exhibit two distinct thermal events: an en-
dothermic effect near 913 °C, likely associated with structural rearrangements within the
dehydroxilated kaolinite interaction with the pre-existent mullite (11-12% observed by
XRD), which occurs prior to the mullitization process, a fact in good agreement with our
previous investigations regarding ceramic tile wastewater slurry subjected to moderate
thermal consolidation [14]. In this case, it was observed that pre-existing mullite facili-
tated the transformation of dehydroxylated kaolinite into mullite during firing at 900 °C.
This corresponds to the thermal effect observed at 913 °C. The sharp exothermic peak at
996-997 °C corresponding to mullite crystallization was also observed in DTA curves. The
early-stage mullite reorganization was typically observed in recycled porcelain and ceramic
tile waste [56]. This is most likely due to mullite particles pre-existing in the recirculated
material, which triggers the transformation at a slightly lower temperature than would be
the case for the transformation of pure dehydroxylated kaolinite. This is consistent with
mineralogical microscopy observations under cross-polarized light (Figure 4).

The thermal transformations revealed by TG-DTA and DSC analyses are such that they
dramatically affect the nature of the chemical bonds within the microstructure, necessitating
specific analyses such as FTIR spectroscopy. The comparable mineralogical composition
of the WWS and SLR samples results in very similar FTIR spectra, both before and after
heat treatment, as shown in Figure 10. Although WWS seems to have slightly enhanced
the absorption bands for physical adsorbed water, OH bonds are typically represented
for kaolinite.

Kaolinite specific hydroxyl bonds are clearly represented in both WWS and SLR raw
samples at 3692 cm~!; this belongs to the stretching of outer OH bonds, while the inner
OH bonds are represented by the absorption band at 3620 cm !, in good agreement with
the literature [57]. Kaolinite OH bond bending occurs at 911 cm ! in the FTIR spectra of
both initial WWS and SLR [58].

The weak absorption band at 1434 cm ! is known for C-O stretching within carbon-
ates [59,60]. But since no carbonates were detected by XRD and no carbon was detected
during SEM-EDX elemental measurements, it most likely occurs because of other exoge-
nous contamination. Small amounts of Mg detected in SLR samples accounted for mild
contamination of muscovite, with magnesian biotite confirmed by the appearance of this
band related to NH4* ions occurring in the natural biotite [61,62].

Silicate absorption bands are dominated by SI-O in-plane stretching at 1033 cm~! [63],
but a tight shoulder band is slightly detached on the left side at 1112 cm™~!, which cor-
responds to the tetrahedral and octahedral layers within kaolinite bonded to the apical
oxygen. Al-O stretching is represented by the shoulder band at 882 cm~! and transition of
Al ions within the tetrahedral positions at 779 cm~! [58], while Si-O-Al bending occurs at
534 cm~! [57]. Very close to this last position, the absorption band can be found for Fe-O at
520 cm ! [64].
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Figure 10. FTIR spectra before and after thermal analysis for: (a) WWS and (b) SLR. Spectra details in
the range of 500-1000 em ! are displayed as follows: for (a) is presented in (c) and for (b) in (d).

Specific absorption bands (stretching and bending) of OH bonds associated with
kaolinite disappear after the sample firing. Kaolinite dehydroxylation implies the merging
of the main absorption bands into a broadened one with the peak at 1033 cm~! because
of disordering of the kaolinite crystal lattice, which lacks the apical oxygen within its
structure [57]. It is noteworthy that the Fe-O bond within goethite and lepidocrocite is
significantly affected by the thermal treatment but it does not remove its component,
which most likely occurs in pronounced staining of the densified kaolinite matrix and
subsequently embedded into the amorphous porcelain glassy phases.

Thermal analyses correlated with FTIR spectroscopy reveal key aspects of the material
under investigation. The first is the loss of physically bound water, followed by the dehy-
droxylation of kaolinite. These significant stages are succeeded by a phase of progressive
structural breakdown of the kaolinite, involving the gradual densification of the matrix; the
matrix tightens increasingly around the quartz and feldspar particles, thereby enhancing
the cohesion of the resulting composite. The transition of alpha quartz into beta quartz is
representative of the thermal behavior of the material, but it is a reversible process that
does not affect the final product unless it is fired under high temperature.

Consequently, the temperature range between 600 and 800 degrees Celsius is of partic-
ular interest for the efficient thermal consolidation of the material, offering a sustainable
solution by reducing the energy consumption that would otherwise be required for high-
temperature firing.
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4. Discussion

Sustainability is a complex concept encompassing several environmental aspects, such
as minimizing waste emissions from technological flows, minimizing industrial waste
sent to disposal sites [65,66], and optimizing technological processes through the circular
economy [67,68]. A comprehensive analysis of the technological workflows specific to the
production of porcelain parts and tiles reveals that various material particles resulting
from wet or dry processes end up in industrial wastewater, primarily through the washing
of components at various stages [69]. As demonstrated by the complex physicochemical
analyses performed, iron hydroxides contaminate the fine fractions of the kaolinitic matrix
in significant amounts of 7-9%. Since the maximum allowable amount of iron hydroxides
in raw material is 1% [19,20], this prevents the reuse of this ceramic waste within the
same technological process, rendering it unsuitable according to the principles of direct
sustainability. Porcelain powder waste resulting from the grinding process, molding rejects,
or defective fired pieces can be ground and directly recirculated; however, sludge collected
from process wastewater cannot be reused in this way, as it leads to the formation of brown
spots [16,17], which is unacceptable for pieces where aesthetic appearance is paramount.

There is less literature information regarding the sustainable approach of porcelain
wastewater slurry, with most references indicating porcelain slurries used for 3D print-
ing [70,71]. This is not a waste material, but a precise composition designed for precise
detail parts. On the other hand, Ruviaro uses metakaolin and water treatment plant sludge
to achieve geopolymers [72] but does not address the slurry resulting from the technolog-
ical wastewater from porcelain production. The situation is very similar to the general
sustainable approach within environmental decarbonation through the replacement of
Portland cement with various geopolymer compositions that consume various particulate
matter wastes like red mud and fly ash [11-13].

The unsustainable traditional approach leads to the disposal of this sludge in waste
piles that are becoming increasingly massive and difficult to manage. European Union
waste deposition regulation imposes handling and storage fees for such slurry, ranging
from €280 to €500 per ton, including transport to the disposal site [73]. Such environmental
expenses influence the final cost of the product; sustainable management of the resulting
slurry would spare these expenses, making the production cost more attractive.

Deposition is carried out using a wet method, yet over time, veritable mountains of
such fine, powdery waste accumulate; these must be kept constantly wet to prevent surface
drying and the release of hazardous particles into the air. Our findings clearly reveal
that both WWS and SLR can release PM10 emissions containing predominantly quartz
and feldspar and clay fractions (kaolinite and muscovite), releasing predominantly PM2.5,
known for hazardous potential regarding silicosis and asthma [22,24]. Microstructural
details taken by SEM under high magnification revealed the finest kaolinite particles having
about 1 pm diameter and below, fitting the PM1 range, which is directly related to lung
cancer if people are exposed for longer lengths of time [27,74]. These particles, as observed,
have tabular shapes with sharp edges, which act as micro knives under pulmonary alveoli
during movement of the chest during breathing, facilitating the additional organic pollution
to penetrate directly into the oxygenated blood flow. Such a situation is not acceptable, and
a sustainable approach is to diminish these slurry dumps through their consumption as
raw material for a related sub-product.

Our physicochemical findings reveal that iron hydroxides do not affect the structural
ability of the slurry to generate hard ceramic bodies under certain treatment if the aesthetic
aspect is not required or brown spotted aspect can be considered fashionable. The correla-
tion with thermal analysis indicates three possible pathways for sustainable recycling of
this slurry.
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Instead of iron hydroxide dispersion, the overall aspect of WWS and SLR is white and
the first sustainable approach can be related to the release of physical water through mild
drying followed by a consolidation up to 300 °C, which allows manufacturing nice wall
decorations for indoor house design. This might imply the application of varnish to protect
the microstructure of pieces. Such decorations require low mechanical strength of about
1-3 MPa.

The very interesting temperature range between kaolinite dehydroxylation and its
mullitization, briefly between 600 and 800 °C, is very attractive for a moderate thermal
treatment, ensuring the proper consolidation of the kaolinite matrix over the quartz and
feldspar granular material, forming a dense composite material. Release of both physically
and chemically bonded water ensures proper resistance against hygroscopicity. Thus, the
mild thermal consolidated parts can be exposed to the outdoor environment. It is expected
that such a consolidated material has compressive strength between 6 and 15 MPa, compa-
rable to high-quality bricks [15]. It allows using this consolidated composition for facades of
building parts, which are less often subjected to compressive force, or other useful construc-
tion parts. Such parts can be of cellular ceramics, like those produced by the powder result-
ing from porcelain polishing [56]. Adding 30% of porcelain polishing waste to ceramic paste
reduces the mullite crystallization activation energy to 493 £ 18 k] /mol, when compared to
paste without this addition, having an activation energy of 780 £ 43 kJ/mol. Increasing the
polishing residue amount to 50%, the activation energy decreases to 530 =+ 30 k] /mol [75].
The activation energy decrease is in good agreement with the decreasing mullitization
temperature observed in our slurry samples.

The complete mullitization of the material would ensure a dense ceramic body with
high mechanical properties and weathering resistance, but achieving temperatures around
900 °C requires more energy and more fuel, which increases the product carbon footprint
and reduces its sustainability, unless certain technological applications would require such
ceramic parts produced from SLR sample, justifying the energy consumption.

The current research has carried out a complex physicochemical investigation of the
ceramic slurry resulting from porcelain manufacturing technological wastewater, revealing
the main sustainable strategies for the reduction of dumping and mitigation of particulate
matter hazards associated with these wastes. The identified sustainable pathways will
be explored by continuing this research to investigate microstructural changes within the
thermal consolidation and mechanical behavior under compressive strength.

The conventional approach involves neutralizing the pH of the water resulting from
filtration and discharging it into the sewer system. However, given the advanced removal of
fine particles—including iron hydroxides (which are insoluble in water)—the water can be
recirculated within the system. Consequently, the potential route is indicated by a dashed
green line in Figure 1; this route is applicable to the raw material preparation stages and the
grinding process. This results in a significant reduction in freshwater consumption, thereby
enhancing the sustainability of the technological process. For instance, Italian ceramic
manufacturers report a high level of wastewater recirculation, about 99%, highlighting
that every drop of water matters [76]. Such advanced wastewater filtering is ensured by
primary sedimenting of the coarse fraction followed by pressing filtering [77], similar to
our investigated technological process.

Certain limitations of the current research reside in the lack of in-depth knowledge
regarding technological parameters used in manufacturing processes, which are connected
to legal requirements and could not be consulted. Since the investigated production line
is small, it certainly affects the sample size (n = 3 for water samples and n = 6 for slurry
samples). On the other hand, this limitation has a great benefit because we observe that
revealing the complex composition of the slurry and its behavior is enough to determine

https:/ /doi.org/10.3390/sul18168477


https://doi.org/10.3390/su18168477

Sustainability 2026, 18, 8477

19 of 23

sustainable strategies which are not directly connected to the mother technological process.
If the sustainable process is to be outsourced by other manufacturers, they can buy the
slurry from the dump as cheap raw material.

5. Conclusions

The ceramic slurry recovered from the technological wastewater from porcelain manu-
facturing is a rich mineral particulate matter dispersion dominated by granular material
formed by 29% quartz and 15% feldspar surrounded by a dense dispersion of fine fractions
of clay (kaolinite 27% with traces of 8% muscovite).

Quartz and feldspar have significant fractions of PM10, while kaolinite predominates
in PM2.5 and PM1 fractions (including ultra-fine nanoparticles of about 75 nm, as resulting
from AFM investigation). This particulate matter represents a high environmental hazard
if released into the atmosphere. Therefore, their mitigation and reduction of their dumping
are the first stages towards a sustainable approach.

A low-temperature sustainable approach implies the usage of slurry for indoor design
parts subjected to mild drying and additional protection with outer varnish. It has the
benefit of nice aspects and low energy consumption.

Moderate temperature treatment from 600 to 800 °C ensures a proper dehydroxylation
of the kaolinite matrix, ensuring a consolidated composite structure suitable for outdoor fa-
cade building materials as a potential sustainable strategy using lower energy consumption,
which makes it possible to achieve the desired properties.

The presence of fine and ultra-fine fractions of kaolinite facilitates the beginning of the
mullitzation process at lower temperatures than usual: 994 °C (WWS) and 997 °C (SLR).

The sustainable recycling strategies identified based on physicochemical results are
designed to reduce production costs by eliminating the component attributable to slurry
landfilling fees.

Filtered wastewater recirculation would increase the sustainability of the technological
process, sparing freshwater usage and protecting the natural water sources.
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The following abbreviations are used in this manuscript:

AFM  Atomic Force Microscopy
EDS Energy Dispersive Spectroscopy
MOM  Mineralogical Optical Microscopy
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PM Particulate matter
SEM Scanning Electron Microscopy
XRD X-ray Diffraction
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