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Abstract: This study evaluated the grain size and high organic content from drinking water treat-
ment sludge (DWTS) in the properties of ceramics. Samples were studied using raw and oven dried
DWTS at 110 °C in two granulometries (0.180 mm and 0.075 mm), with and without calcination (550
°C), as partial replacement of two soils commonly used in ceramic production. Specimens were pre-
pared with 5, 10, and 20% DWTS and calcined at 950 °C to determine their chemical, physical, min-
eralogical and mechanical properties. The DWTS reduced the density and increased the absorption
and shrinkage of the specimens after calcination. An increase in strength with up to 10% sludge,
driven by the presence of fluxing agents, was verified. The processing method had little influence
on the properties of ceramic with above 10% of sludge. In conclusion, the use of raw DWTS obtained
better results with low energy usage for its reuse.

Keywords: Sustainability; Recycling; Water treatment sludge; Construction materials; Environmen-
tally clean materials

1. Introduction

Water is a natural resource that requires specific treatments to be eligible for human
consumption. This treatment involves the use of physical and chemical processes that re-
sult in treated water and a waste product called drinking water treatment plant sludge
(DWTS).

DWTS have the characteristics of raw water and the products used in the treatment.
During the coagulation, step in the conventional treatment system, salts such as Al2SO4)s,
AlCl; and FeCls are added to agglomerate the impurity particles and eliminate them dur-
ing sedimentation and filtration [1]. The composition of these coagulants may confer toxic
properties to DWTS. If indiscriminately discarded into the environment, such as in a water
source, it can impair the algal growth and cause fish death [2—4]. Studies have shown that
the presence of certain bacterial genera in sludge can generate poisonous metabolites,
causing severe and even fatal digestive, neurological, and skin diseases in humans [5].
Approximately 500 m3/s of water is used for drinking water production in Brazil, which
is expected to increase by 26% by 2030 owing to the growth of the urban population [6].
During this process, DWTS generation is estimated to range from 260,000 to 800,000
m?/day [7]. Although Brazilian legislation recommends the reuse or recycling of solid
waste to reduce its environmental impacts [8], most of the DWTS generated in Brazil are
still discharged into rivers [9].

Therefore, alternatives for the reuse or recycling of DWTS are important to reduce
their impact on the environment. The chemical composition of the sludge, primarily sili-
cates, salts aluminum and metal oxides, allows its use in construction materials as a sub-
stitute for sand in the production of concrete, in addition to the production of cement and
clinker, and partial replacement of soils to produce ceramics for various purposes [10-12].
DWTS have been used in the production of structural ceramics [13-15], floor and wall tiles
[16, 17], lightweight aggregates [18], and ceramic blocks [19-22].
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DWTS has a high organic matter content, as shown in Figure 1, with results from
calcination loss (C.L.) obtained in previous studies. Thermogravimetric tests indicated
that mass loss occurred at three average temperatures [23]. The first was associated with
the elimination of hygroscopic water at approximately 100 °C, second with the oxidation
of organic matter at 300 °C, and third with the dihydroxylation of kaolinite at approxi-
mately 500 °C. In DWTS, the largest fraction of mass loss, about 80% of the total, occurs at
300 °C range because of its high organic content. The organic matter in DWTS indicates
organic waste from raw water [24]. In a study conducted by other authors, a high mass
loss of specimens produced with mixtures of soil and DWTS was responsible for increased
water absorption and reduced strength, when compared with that of the reference sample,
owing to the high C.L. (30.67%) [23]. Therefore, the use of DWTS is not recommended as
a major component in mixtures with soil for ceramic production [25].
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Figure 1. DWTS calcination loss (%).

Another important physical characteristic of DWTS is its similarity to silty sand, re-
sulting in poor plastic and partially cohesive behavior [17, 31]. Coarse silt particles and
their low water absorption capacity reduce the plasticity of mixtures with DWTS [32].
However, the combination with highly plastic soils favors the organization of the particles
in the ceramic body, facilitating the drying process, avoiding cracking, and resulting in,
the loss of strength [33].

The way DWTS is used in ceramic production is not a consensus among the authors.
The substitution of conventional raw materials with DWTS is based on their chemical sim-
ilarity; however, properties such as grain size directly affect the quality of the produced
ceramic bodies.

The preparation of DWTS after its collection from the treatment plants includes dry-
ing the sludge in air or kilns and grinding it, facilitating transportation and enabling reg-
ularity and control of the particle size for recycling. In previous studies, the justification
for the choice of the particle size resulting from DWTS processing has received little at-
tention, defined randomly or not discriminated. Smaller grains facilitate glass phase for-
mation during calcination of the ceramic, reducing its porosity and increasing its strength
[19]. Nevertheless, the variety of sludge particle sizes used in various studies shows that
smaller particles do not always exhibit the best performance. Figure 2 shows the maxi-
mum grain diameters used in certain studies with DWTS replacing soils for ceramic ma-
terial production.

DWTS processed in similar ways, including drying and grinding, resulted in differ-
ent properties. In one study, the authors stated that the incorporation of ground DWTS
increased the fraction of particles smaller than 0.002 mm the mixture, thereby increasing
its plasticity [34]. The replacement of up to 15% soil with DWTS did not significantly
change the properties of ceramics calcined at temperatures between 850 and 1050 °C. Sim-
ilarly, another study replaced clay ground sludge with a 0.42 mm fraction and reported a
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reduction in the quality of ceramic bodies calcined at 1000 °C [35]. The specimens exhib-
ited double the water absorption and half the flexural strength of the reference samples
with 15% soil replacement by DWTS. Another study using grain ground to a maximum
diameter of 0.63 mm showed that the DWTS retains more water owing to its colloidal
properties, doubling the water absorption values of specimens produced with 40% DWTS,
calcined at 1000 °C [20].
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Figure 2. DWTS maximum grain size (mm).

DWTS can be processed in several ways, however, studies combining different pro-
cessing methods are scarce. These variations make it difficult to compare the results, im-
pairing the understanding of the way and the extent to which the characteristics of DWTS
influence the quality of ceramic bodies.

The ceramic industry is the main supplier of bricks for masonry in Brazil, with an
estimated production of 140 million tons of red ceramic products [36]. The purpose of
using DWTS is to dispose of waste and reduce the demand for soil in ceramic production,
but the challenge is to obtain mixtures that result in strength and durability equivalent to
conventional ceramics.

This study evaluates how the partial replacement of clay by DWTS influences the
properties of ceramics produced, investigating the interference of DWTS organic matter
content and particle size, and the combination these. The results obtained in the physical
and mineralogical tests of the specimens with the binary mixtures were compared with
specimens prepared only with soil.

2. Materials and Methods
2.1. Raw materials

This study used two soils identified as C1 and C2 and classified as fine soils by the
Unified Soil Classification System (USCS) [37]. Theses soils were obtained from pottery in
the Metropolitan Region of Recife (RMR), northeastern Brazil. According to the SUCS, C1
is a low plasticity clay (CL) and C2 is a low plasticity silt (ML). The DWTS was obtained
from Botafogo Water Treatment Plant (DWTP), also located in the RMR. The DWTP
Botafogo is responsible for treating about 95,000 m? of water per day. The raw water re-
ceived undergoes the conventional treatment method and uses Al2(SO4)3 as the coagu-
lant. The sludge was collected during the densification stage that was performed using
dewatering bags.

2.2. Processing and characterization
Soil samples C1 and C2 were air-dried to a hygroscopic humidity. Tests for the grain
size, liquidity limit, and plasticity limit were performed according to the Brazilian stand-

ards [38—40]. The particle size composition of the raw DWTS was obtained using a particle
size analyzer because dried sludge tends to form lumps.
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The physical properties of the soil and DWTS were similar (Table 1). The specific
mass was the same; however, the DWTS had a higher percentage of grains in the silt and
sand size range. When mixed with water, DWTS has characteristics similar to sand, with
low cohesion between grains. The Atterberg limit tests show that the DWTS has no plas-
ticity limit (PL) or liquidity limit (LL).

Table 1. Raw materials properties.

Test/Properties C1 C2 DWTS

Specific gravity (kg/m?) 2650 2660 2650
Liquid limit (LL) (%) 39.65 47.14 -
Plastic limit (PL) (%) 20.89 32.53 -
Plasticity index (PI) (%) 18.76 14.61 -
Gravel content (2.0 — 6.0 mm) (%) 0.05 2.24 -

Sand content (2.0 — 0.06 mm) (%) 229 43.83 12.41

Silt content (0.06 — 0.002 mm) (%) 16.07 10.09 87.16

Clay content (< 0.002 mm) (%) 60.98 43.85 0.44

The oxide concentrations of DWTS and soil, after dry in an oven (105+ 5 °C) and milled
(0,075 mm) samples, were determined by quantitative analysis using a Rigaku X-ray flu-
orescence spectrometer (model: ZSX Primus II) equipped with an Rh tube and seven ana-
lyzer crystals (Table 2). The mineralogical composition of the samples was determined
using a Bruker X-ray diffractometer (model: D2 PHASER). A 3 mm bulkhead was used
with a 1.00 mm beam and rotation speed of 15 rad/s. The scan used was with 20 ranging
from 5° to 80°, with a step of 0.05 every 0.575 s, for all samples (Figure 3).

Table 2. Chemical analysis of clay and DWTP sludge (wt.%).

Parameter SiO:

Al2O; Fe20s Na2O MgO P05 SOs KO0 CaO TiO: MnO BaO Other C.L.*

C1
2
DWTS

54.02
44.61
28.33

21.82
30.13
29.6

702 09 209 023 0.1 281 242 098 012 012 016 7.15
933 027 082 007 0.05 128 0.5 1.04 - 0.07 01 11.73
13.6 0.02 0.08 0.3 055 019 014 0.6 - - 0.08 26.51

Where: C.L.* = Calcination Loss.
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Figure 3. Diffraction patterns of raw materials. Legend: A, Albite; An, Anorthite; H, Hematite; K,
Kaolinite; Mu, Muscovite; P, Pargasite; Q, Quartz.

The analysis of Table 2 indicates that the soils and DWTS typically have the same
oxides, SiO2, Al20s, and Fe20s. The content of fluxing agents (Na20, MgO, K20, CaO, and
Fe20s) in C1 (15.3%) was higher than that in C2 (12.2%). The presence of fluxing agents
facilitates melting by reducing the temperature required for the formation of the glassy
phases during calcination [41]. The high Al2Os content of DWTS was due to the use of
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aluminum sulfate for water treatment, and the high Fe:Os content was due to the quality
of the raw water. The C.L. of DWTS was higher than that of clays, which is consistent with
previous studies [25, 42-44].

The diffraction patterns of the raw materials (Figure 3) confirmed the chemical anal-
ysis, with the presence of quartz in all samples. Quartz hinders sintering and can impair
the mechanical strength of ceramics [45, 46]. The melting temperature of quartz is very
high (1710 °C), and under normal conditions of calcination of ceramic materials in the
construction industry, this temperature hardly exceeds 1200 °C. The anorthite found in
C1 was also resistant to temperature changes. Minerals such as kaolinite and muscovite,
found in C2 and S, decomposed with increasing temperature and reduced density, result-
ing in porosity in ceramic bodies [42, 45, 47]. The combination of quartz and kaolinite was
responsible for the low interaction between the grains in the mixtures because both have
little affinity for water [27].

2.3. DWTS improvement

In this study, a part of the DWTS was used in its original form, with about 80% mois-
ture, called raw sludge (S). The other part was oven-dried at 105 + 5 °C at constant weight.
Half of the oven-dried part was manually crushed and sieved, and the fraction that passed
through the 80 mesh sieve (0.180 mm) was called S180. The other half was crushed using
a ball mill and sieved, and the fraction that passed through a 200 mesh sieve (0.075 mm)
was named S75. Samples of 5180 and S75 were calcined in a 550 °C muffle furnace to
remove organic matter [32, 34, 48]. The calcined samples were named S180F and S75F.
Thus, the studies were conducted by partially replacing clay with five sludge samples: S,
5180, S75, S180F, and S75F. Figure 4 shows a flowchart for the preparation of the mixtures.
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Figure 4. Preparation of the formulated mixtures.

2.4. Preparing the mixtures

The mixtures were prepared according to the Winkler diagram that uses a combina-
tion of percentages of the grain sizes of the materials and suggests where these masses
should be used [49]. Thus, the DWTS replaced 5, 10, and 20% of C1. After 20% replacement
of soil by DWTS, the material produced is not recommended for use. The same procedure
was adopted for C2. Table 3 lists the compositions of each mixture.

Table 3. Composition of soil and DWTS mixtures.

Mixture Materials (wt. %)
C1 C2 S180 S180F S75 S75F S
C1 100 - - - - - -
C1-S 95 - 80 - - - - - 5-20

C1-5180 95-80 - 5-20 - - - -
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C1-5180F 95 -80 - - 5-20 - - -
C1-S75 95 -80 - - - 5-20 - -
C1-S75F 95 -80 - - - - 5-20 -
c2 - 100 - - - - -
Cc2-S - 95-80 - - - - 5-20
C2-5180 - 95 -80 5-20 - - - -
C2-S180F - 95-80 - 5-20 - - -
C2-5S75 - 95-80 - - 5-20 - -
C2-S75F - 95-80 - - - 5-20 -
Where: S =raw sludge; 5180 = sludge grain with a diameter less than 0.180 mm; S180F = sludge grain
with a diameter less than 0.180 mm, calcinated at 550 °C; S75= sludge grain with a diameter less
than 0.075 mm; S75F = sludge grain with a diameter less than 0.075 mm, calcinated at 550 °C.
2.5Preparation of the specimens
The production of the specimens followed the usual methodology for clay character-
ization, which consists of moistening the samples, molding, and calcination, to perform
the physical and mineralogical tests [50]. This method uses small portions of soil to deter-
mine the important properties of ceramics after calcination, such as shrinkage, water ab-
sorption, flexural tensile strength, specific mass, and mineralogical composition. The
amount of water employed was approximately half of the PL obtained; therefore, the PL
of each studied mixture was determined (Figure 5).
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Figure 5. Plasticity limits of formulated mixtures: (a) C1 mixtures; (b) C2 mixtures.

The graphs in Figure 5 correlate the sludge content with the plasticity limits of the
mixture. Despite the lower PL values of C1 (25.34%) compared with C2 (32.99%), the char-
acterization of the soils, as presented in Table 2, indicated that the PI of C1 (18.76%) was
higher than that of C2 (14.61%). Hence, C1 was more plastic than C2. This characteristic
indicated the greater presence of clay minerals in C1; this was also confirmed by granu-
lometry because C1 had a greater fraction of grains in the clay range than C2.

Larger grains increase the need for water to develop plasticity [49]. Replacing soil
with sludge increases PL because sludge has more grains in the silt and sand ranges than
both soils.

Mixtures prepared with C1 showed a slight variation in PL between the study im-
provement methods around 4% (C1-S75F and C1-S180 with 20% DWTS). In C2, the dif-
ference between the PL of C2-S180F and C2-575 was 10%. This variation was related to
the increase in the sand fraction, facilitating the evaporation of water even when manag-
ing the mixtures during the tests.

The PL values of the mixtures prepared with S were higher than those of the other
mixtures owing to their high initial humidity (82.2%). The ease of water retention ob-
served in S may increase the temperature of the system during drying, causing internal
stresses and greater volumetric shrinkage of ceramic bodies.

Dry mass portions of 8 + 5 g of each mixture and the reference soils (C1 and C2) were
used, and an amount of water equal to 50 = 5% of PL was added. The mixtures were
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manually homogenized. The 60 x 20 x 5 mm prismatic specimens were pressed with a
force of 20 MPa. After molding, the specimens were air dried for 24 h and then placed in
an oven at 105 =5 °C for 24 h.

The specimens were calcined at 950 °C in a muffle furnace at a heating rate of 10
°C/min. The maximum temperature was maintained for 1 h, followed by cooling to room
temperature. Density, linear shrinkage, water absorption, and flexural strength tests were
conducted after calcination (ABNT, 2017, 2009). X-ray diffraction tests were conducted to
determine the mineralogical composition of the samples (D2 PHASER — Bruker) and scan-
ning electron microscopy (SEM) was performed on the fracture surface of the specimens
using a JEOL model JSM 6460 scanning microscope.

3. Results and Discussion
3.1. Mineralogical properties

During calcination, phases are formed that influence the properties of ceramic bod-
ies, increasing their density and strength. Figure 6 shows the diffractograms of the cal-
cined mixture of specimens. In view of the substantial number of mixtures and percent-
ages, those that could show the effects of DWTS granulometry and calcination were cho-
sen.

Replacing soil with DWTS did not cause significant changes in mineralogy, forming
the same phases in mixtures with or without DWTS. The mixtures produced with C1 (Fig-
ure 5a) showed peaks of quartz, anorthite, and hematite. The diffraction peaks observed
in the C1-S 10% sample were more prominent than those in the other samples. This might
be related to an increase in the temperature of the system owing to the high content of
organics and higher humidity of the mixture [51, 52]. The diffractograms of the samples
produced with C2 showed peaks of quartz and hematite because kaolinite and mica were
consumed with increasing temperature (480 °C and 850-940 °C, respectively). Notably, the
diffraction peaks of the C2-S180F 10% sample were less evident than those of the others,
suggesting that the calcination of DWTS hindered the glass phase formation process. Nev-
ertheless, the low intensity of the peaks indicated low crystallinity of the sample.
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Figure 6. Diffraction pattern of calcinated samples: (a) C1 samples; (b) C2 samples. Legend: An,
anorthite; H, hematite; Q, quartz.

The SEM images showed the granular appearance of the specimens (Figure 7). Figure
7 (a) shows a micrograph of sample C1, showing the cracks and pore formation resulting
from the elimination of soil organics. Figure 7 (b) shows quartz crystals with a trigonal
structure covered with hematite. The displaced crystals indicate the fragility of the struc-
ture owing to the low cohesion of the minerals and high open porosity. The micrograph
of sample C1-5 10% (Figure 7 c, d) shows the low interaction between the quartz grains
and the ceramic structure that, however, is better than that in sample C1-575 10% because
of the temperature increase in the system, as previously described in 3.1. The close-up
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image shows that the structures of samples C1 (Figure 7 b) and C1-5 10% (Figure 7 d) are
similar; however, sample C1-S 10% has more cohesion between its particles.

The micrograph of sample C2 shows granulation, indicating poor sintering. There
was a high closed porosity resulting from the elimination of organics and kaolinite (Figure
7e). Similarly, the micrograph of sample C2-5180F 20% shows poorly cohesive grains and
low crystallization, causing the appearance of an open porosity owing to little contact be-
tween the grains. The elimination of organics did not result, visually, in a reduction in the
porosity. The presence of quartz minerals observed in the close-up images confirms the
low affinity of this mineral to the ceramic structure (Figure 7 £, h) [15].
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Figure 7. SEM micrographs of the fracture surface of the samples sintered at 950 °C: (a) C1 x350, (b)
C1 %1000, (c) C1-510% =350, (d) C1-S 10% %1000, (e) C2 %350, (f) C2 x1000, (g) C2-S180F 20% %350,
and (h) C2-S180F 20% x1000.

3.2. Physical and mechanical properties

The results of the dry density tests are shown in Figure 8. The density of the reference
specimen C1 was 1969 kg/m?. This value reduces with the replacement of C1 by the DWTS
in any improvement method. The experiments showed that samples with smaller grains
(C1-575) had a higher density than those with larger grains (C1-5180). The calcination of
DWTS reduced the density of specimens produced with S75 by about 9% for 5 and 10%
DWTS but had little influence on the density of specimens produced with S180. The lowest
densities were observed for C1-S75F 5% (1727 kg/m?), a reduction of 12% compared to C1.
When 20% sludge was used, little interference was observed among the improvement
methods. The specimens produced with S also exhibited a reduction in density.

The density of the ceramic bodies produced with C2 was lower than that produced
with C1 (1759 kg/m3). Density reduced for all improvement methods and percentages of
DWTS used. A comparison of samples S75 and S180 indicated that the reduction in the
grain size increased the density when 5 and 10% DWTS was used (7 and 4%, respectively),
with minor changes when the percentage was 20%. Calcination of DWTS, in contrast to
that observed in C1, increased the density by approximately 4% when comparing the
values with and without calcination.

Density tests showed that the presence of the DWTS reduces the density of the
specimens. Although the organic matter present in the DWTS contributed to the
temperature increase in the system during calcination [53], the addition of organics to the
clay mass was associated with progressive mass loss. However, the calcination of the
sludge did not positively influence the density increase, suggesting that the DWTS grain
size had a greater influence on the density results. The use of S180 increased the sand
fraction by reducing silt and clay fractions. The increase in the fraction was a negative
factor for C1 and C2 because the contact between the grains was reduced during
calcination. The use of 20% DWTS had similar effects on all processing methods,
corroborating the influence of particle size composition and the variation in chemical and
mineralogical composition to reduce the density of the specimens.
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Figure 8. Mean values of the density of the ceramic bodies (kg/m?): (a) C1 samples; (b) C2 samples.

The results of the linear shrinkage tests after calcination are shown in Figure 9. Sam-
ple C1 expanded by about 0.5% after calcination. The addition of DWTS to the mixtures
increased the shrinkage. The highest values were obtained from the specimens produced
with S and were related to the high organic content of the raw DWTS. A comparison of
the results of C1-575 and C1-5180 indicated an increase in shrinkage with a reduction in
the grain size. Sample C1-575 exhibited a shrinkage of about 50% higher than that of C1-
5180 with 10% DWTS. This behavior was associated with the greater interaction of the
particles when a DWTS with a smaller grain size was used [22]. The calcination of DWTS
reduced shrinkage in the samples produced with 5, 10, and 20% of S180 mixed with C1.
Lower shrinkage percentages suggested less liquid-phase formation during calcination
[54].
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Figure 9. Mean values of the linear shrinkage after firing of the ceramic bodies (%): (a) C1 samples;
(b) C2 samples.

The shrinkage after calcination observed in C2 was higher than that in C1 (1.4%). This
value might be related to the presence of kaolinitic minerals in C2 that expand at elevated
temperatures [43]. DWTS increased the shrinkage of the specimens, with few differences
between the processing methods.

The linear shrinkage results after calcination showed that the presence of DWTS in-
creased the shrinkage of the samples, and this was related to the organic content of DWTS,
particle size, and mineralogical composition of the sludge. Kaolinite in the DWTS contrib-
uted to the shrinkage increase, being more influential in C1 than in C2. The calcination of
DWTS contributed to the reduction in shrinkage in the ceramic bodies, indicating lower
formation of the glassy phase. This observation indicated that, although harmful, the or-
ganic matter present in the DWTS contributed to the densification of ceramics and should
not be discarded. The effect of S75 on C1 showed that the reduction in the grain size in-
creased the shrinkage values, thus improving the particle size distribution. In C2, the
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lower relevance of the grain size in the results suggested that the sludge had little influ-
ence on the improvement in particle size composition.

The results of the water absorption tests are in Figure 10. The water absorption of C1
was 12.75%, reaching 23.71% when replaced with 20% DWTS (S180F). A comparison of
the results of C1-575 and C1-5180 indicated that there was a slight variation in absorption
as a function of the change in the particle size. The use of calcined sludge increased ab-
sorption when 10% DWTS was used. The tests performed with C2 showed that its water
absorption capacity was higher than that of C1. C2 water absorption increased gradually
when the soil was replaced with DWTS. There was a minor difference between the results
according to variations in processing.

The water absorption results confirmed the observations in the previous tests. The
replacement of soil by DWTS increased the absorption of the specimens owing to the in-
crease in porosity and decrease in density. This behavior was expected because of the re-
duced clay content of the mixtures with DWTS.

30 30
25 =0 25
5% 5%
20 =10% g2 10%
5 u20% 5 =20%
515 g 15
2 3
<10 210
5 5
0 0
C1-S C1-5180 CL-S180F C1-S75 C1-S75F C2-S  C2-S180 C2-S180F C2-S75 C2-S75F
(@) (b)
Figure 10. Mean values of the water absorption of the ceramic bodies (%): (a) C1 samples; (b) C2
samples.
The results of the flexural tensile strength tests are presented in Figure 11. The flex-
ural strength of the specimens produced with C1 (51.57 MPa) was higher than that with
C2 (42.08 MPa). This difference was due to the higher presence of flow agents and the clay
fraction of C1. These characteristics provided C1 with greater cohesion between its grains
and facilitated the formation of glassy phases during calcination.
90 90
.80 =0 80 =0
g "5% ) "5%
S0 g0
. = 10% < 10%
260 " 20% 5 60 " 20%
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Figure 11. Mean values of the flexural strength of the ceramic bodies (MPa): (a) C1 samples; (b) C2

samples.

Specimens produced with C1 increased in strength when the soil was replaced with
DWTS up to 10%. Subsequently, the strength decreased. The use of 5% DWTS showed
that the grain size reduction had a positive effect on the strength increase, with values for
C1-575 being about 51% higher than those for C1-5180. This effect was reduced when
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higher percentages of DWTS were used. The calcination of sludge has different effects
depending on the percentage and granulometry used. Calcination reduces the strength of
the samples compared with uncalcined samples.

In the specimens produced with C2, an increase of up to 13% was observed (C2-575
5%). Increasing the percentage of DWTS in the mixtures reduced the strength by up to
13% (C2-S 20%). The grain size reduction had little influence on the specimens, being
slightly positive when comparing the results with those of 575 and S180. The calcination
of the sludge did not show a linear behavior compared with S75 and S75F but showed a
positive influence when comparing the results with S180 and S180F. Notably, the presence
of calcined DWTS caused a greater variation in strength than that by the reduction in the
grain size in C2.

Despite similar trends, C1 and C2 exhibit properties that may highlight their results.
In C1 DWTS increased the strength owing to the increase in fluxing agent content. The
reduction in strength with 20% DWTS was due to the reduction in the clay content that
reduced the interaction between the particles. Even with the density reduction and in-
creased absorption caused by the DWTS in C2, the increased Fe20s content in C2 favored
the formation of hematite, a product that influences glass phase formation, resulting in
strong conglomerates [55]. This might explain the reason for the increase in porosity
caused by DWTS not significantly affecting the strength of the specimens.

4. Conclusions

The evaluation of the method of incorporation of DWTS into clay can be useful in
explaining the way it interferes with the quality of ceramic bodies.

The experiment demonstrated that after drying the sludge, grinding to obtain finer
granulations, with particles smaller than 200 pm, favored physical interactions through
the packing of the grains. The properties of the more clayey soil (C1) improved, contrib-
uting to the increase in the mechanical strength. The density values indicated the densifi-
cation of the ceramic body.

Although the literature indicates that the organic matter present in DWTS is the main
cause for the loss of mechanical properties, its elimination did not contribute positively to
the improvement in the quality of the ceramic bodies. The elimination of organic material
resulted in ceramic bodies with a high water absorption and low density, caused by the
reduction in the temperature of the system during calcination compared with that of sam-
ples with non-calcined DWTS.

The physical and mechanical properties of the specimens produced with raw sludge
(S) were similar to those of the specimens processed with DWTS. The higher shrinkage
and lower water absorption indicate a higher densification of the ceramics produced with
this sample.

Ceramic specimens with more than 10% DWTS tended to behave similarly, irrespec-
tive of the processing method used. This observation indicated that the chemical and min-
eralogical compositions of the DWTS functioned as the main influencers of the ceramic
properties when the slurry content in the mixture increased. The reduction in clay miner-
als impaired the chemical interactions between grains, affecting the formation of glassy
phases during calcination. Comparing the two soils studied, notably, the interference of
the percentage of DWTS in the flux agent content of C1 caused a greater variation in its
properties compared with the variations caused by the DWTS content in C2.

Thus, the processing of DWTS in the replacement of soils for ceramic production
should observe the granulometric composition of the replaced soil, giving preference to
the use of smaller grains, up to 10% substitution. A balance must also be sought with
respect to the clay content and flux agents such that a slight variation exists in its chemical
composition, avoiding significant changes in the ceramics produced with DWTS. Prefer-
ence should be given to the use of raw sludge, attempting not to dry it completely for
ceramic production and avoiding the loss of its colloidal properties. The use of raw sludge
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reduces energy expenditure by drying and grinding, in addition to facilitating the intro-
duction of this material in the production process.
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