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ARTICLE INFO ABSTRACT

The Ceramic District of Santa Gertrudes (CDSG) is the most important producer of ceramic floor and wall tiles in
Brazil. Industries that produce ceramic tiles by dry route process have researched new technologies to dry the
Corumbatai Formation (Fm) raw materials. It is due to environmental problem related to the dust emission in the
air, produced by beneficiation areas where the raw ceramic materials have been dried. Laboratory experiment
and technological test, simulating the current tile production processes in the CDSG, were performed in the
present study in order to better understand the role of temperature on clayey rocks from Corumbatai (Fm) and to
avoid losses in the current tile production process. Three different illitic raw materials of different degree of
weathering and compactness (hard, intermediate and soft) already used to compose the ceramic batch were
dried by sunlight and forced drying at 100 °C, 200 °C and 300 °C. Results after forced drying have shown changes
at the raw material morphology and size distribution after grinding; also the progressive dehydration of the
expandable clay minerals which have caused the plasticity and consistency loss of the raw material and con-
sequently affected the quality of the product. Ceramic bodies presented decreasing linear shrinkage values, loss
in their bending strength, and horizontal cracks in some bodies whose raw materials were forced to dry at 200 °C
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and 300 °C.

1. Introduction

The worldwide production of ceramic tiles is rapidly increasing.
Globally, the tiles production increased by > 40% since 2005 until
2014 (ACIMAC/MECS, 2015). This increase is mainly connected with
urban population growth (ACIMAC/MECS, 2015). More than 90 % of
tiles produced are for sale in nearby markets (ACIMAC/MECS, 2015).

With the tile production of 899 millionm? in 2015, Brazil is the
second largest producer of ceramic products in the world after China
(Anfacer, 2016). The Ceramic District of Santa Gertrudes (CDSG), lo-
cated in the state of Sdo Paulo, is the largest ceramic tiles producer in
Brazil (Fig. 1). Nowadays, the CDSG consists of approximately 30
mining sites, 40 beneficiation areas and 35 factories specialized in
ceramic manufacturing, consuming annually > 8 million tons of clay. In
the CDSG the clayey raw materials are mainly used for production of
ceramic tiles destined to floor and wall indoor applications. Worldwide,
ceramic tiles are conventionally manufactured by wet route process,

whereas > 70% of the ceramic tiles in the CDSG are produced by dry
route process (Anfacer, 2016).

The growth in tiles production and high demand for clayey raw
materials in the past years resulted in a number of studies focused on
the characterization of clayey raw materials with potential application
in ceramic industry (e.g. Dondi, 1999; Celik, 2010; Galos, 2011;
Medhioub et al., 2012; Dondi et al., 2014; Gliozzo et al., 2014; Lahcen
et al., 2014; Ouahabi et al., 2014; Oikonomopoulos et al., 2015).
Characterization of clayey raw materials (mineralogy, chemistry and
surface properties) and investigation of their behavior and changes in
technological properties at elevated temperatures are essential to study
in order to succeed in the ceramic business (Henry, 1952; Dondi et al.,
2014).

In the CDSG, the single raw material, clayey rock from the
Corumbatai Formation (Fm), is used for production of ceramic tiles.
Clayey raw material is taken from nearby open quarries which decrease
production costs (Motta et al., 2004; Cabral Junior et al., 2013). The

* Corresponding author at: Av. Nelsia Vannucci 105, ap113 Girassol, 13042 104 Campinas, SP, Brazil.

E-mail address: andrezzazzi@gmail.com (A. de Almeida Azzi).

https://doi.org/10.1016/j.clay.2018.02.033

Received 7 August 2017; Received in revised form 19 February 2018; Accepted 21 February 2018

Available online 02 March 2018
0169-1317/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/01691317
https://www.elsevier.com/locate/clay
https://doi.org/10.1016/j.clay.2018.02.033
https://doi.org/10.1016/j.clay.2018.02.033
mailto:andrezzazzi@gmail.com
https://doi.org/10.1016/j.clay.2018.02.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clay.2018.02.033&domain=pdf

A. de Almeida Azzi et al.

MINING ALLOWED

MINING CONTROLLED

MINING BANNED

IPEUNA

S

CLARO

Il ® "4 :
El“ O - M
o a5

] []

]

L]

0 6 Km
Scale

Applied Clay Science 157 (2018) 92-101

BRAZIL"

N

~

CLAY MINING AREAS

[]

ACTIVE MINING

Il

DISABLED MINING

PARALYSED MINING

\

CLAY BENEFICIATION

&

URBAN AREA

B
ANTA

GERTRUDES"D

CORDEIROPOLIS

‘ay TV

Fig. 1. Schematic figure showing the clay mining locations and clay beneficiation areas in the Ceramic District of Santa Gertrudes — Sao Paulo State, Brazil (Azzi, 2014).

raw materials have specific characteristics in terms of mineral compo-
sition, particle size distribution, low content of organic matter and high
fusibility, which impart a unique ceramic performance to these clays
(Rocha et al., 2008; Moreno et al., 2012, 2014).

The commercial success of ceramic products is due to a continuous
increase of product quality from both technical performance and es-
thetic viewpoints (Dondi et al., 2014). The quality improvement asso-
ciated with the innovation of ceramic products and tile making process
took place during the last decades in every tilemaking country (Corma,
2008; Nassetti, 1989). However, current boom in the ceramic industry
in the CDSG is coupled with some environmental problems. Production
of the dust is one of the main problems associated with the dry route
tilemaking process used in the CDSG. The dust is produced mainly
during sun drying and homogenization of clayey raw materials in
beneficiation areas and transportation of the dried clayey raw material
to the local ceramic manufactures. At the drying stage, different types
of clayey rocks from the Corumbatai (Fm) are mixed together to create
a batch of optimal composition. When the rock mixture is homogenized
and dried to the moisture content < 5.5% the raw material proceeds to
the next processing step which is dry grinding (Azzi et al., 2015).
Emission of fine solid particles into the atmosphere can cause re-
spiratory problems and lowers the quality of water in the rivers. These
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two negative aspects are emphasized during dry seasons and heavy
rainfall events (Christofoletti and Moreno, 2011; Oliveira et al., 2016).
In this context, environmental control agencies are pressing to the
ceramic manufacturers to replace outdoor drying sites (i.e. beneficia-
tion areas) by indoor forced drying using industrial dryers. However,
the batch whose raw materials have been dried using industrial dryers
has produced tiles that break and/or crack during the tilemaking pro-
cess. These negative consequences associated with changing the drying
process of raw materials (sunlight drying vs. industrial dryers) may be
due to loss of plasticity and consistence of the ceramic bodies which
implies insufficient strength to withstand all process along the treadmill
transportation until the firing step.

Research focused on new alternatives on how to dry the raw clayey
material to match the criteria of ceramic manufacturers is essential for
keeping the dry route tilemaking process in the CDSG in commercial
operation.

For this purpose, three different types of clayey raw materials from
the Corumbatai (Fm) were investigated in the present study. The results
of comprehensive characterization of these raw materials are reported
in our previous studies (Azzi et al., 2015, 2016). These samples were
recognized by the ceramic manufacturers as ones of the worst techno-
logical types of raw materials in their category (different degree of
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weathering) used in the CDSG. It is more difficult to dry these raw
materials and it takes longer to reach moisture content < 5.5 wt.%.
Individually the clayey raw material do not reach the parameters (e.g.
linear shrinkage and the bending strength values) required by the in-
ternational standards. However, the ceramic manufactures use their
mutual mixture to improve the batch composition.

The papers evaluating clayey materials for ceramic industry have
been focused on the characterization of raw materials (e.g. Gliozzo
et al., 2014; Azzi et al., 2016), material after firing (e.g. Njoya et al.,
2012; Oikonomopoulos et al., 2015), but predominantly on studies of
both states, initial, raw materials together with fired clays (e.g. Sousa
and Holanda, 2005; Ferrari and Gualtieri, 2006; Vieira et al., 2008;
Celik, 2010; Galos, 2011; Medhioub et al., 2012; Lahcen et al., 2014). In
contrast to the previous studies, in our present paper we investigate
ceramic properties in a wider range of lower temperatures (up to
300 °Q).

Laboratory experiments and technological tests were performed in
the present study in order to better understand the implications of
different temperatures (up to 300 °C) on technological behavior of
clayey raw materials from the Corumbatai (Fm) in the current tile
making process. Ceramic properties for the clayey raw materials dried
by sunlight (the standard) were compared with the raw materials after
drying at different temperatures (100, 200 and 300 °C). Overall, the
expectation was to judge if the clayey raw materials dried at
100-300 °C could achieve similar or higher ceramic performance than
clayey raw materials dried by sunlight.

2. Starting materials and methods
2.1. Starting materials

Three clayey raw materials collected from the Corumbatai (Fm)
were used in the present study. Samples designated as D (hard), I (in-
termediate) and M (soft) represent the rocks which underwent a dif-
ferent degree of weathering. These types of clayey materials are used as
raw materials for production of ceramic tiles in the CDSG. Samples D
and I come from Alfagres mine, containing rocks from the bottom of the
Corumbatai (Fm). Sample M is from Pieroni mine, stratigraphically
located in the middle part of the Corumbatai (Fm). Characterization
(mineral and chemical composition) of the D, I and M samples and their
stratigraphic position within the Corumbatai (Fm) were reported by
Azzi et al. (2015, 2016).

The bulk clayey rocks from the Corumbatai (Fm) are dominated by
clay minerals associated with quartz, feldspars and minor amount of
hematite (Azzi et al., 2016). These rocks are mixtures where different
types of clay minerals such as illite, smectite and interstratified illite-
smectite coexist in variable amount (Zanardo et al., 2011; Azzi et al.,
2016). Sometimes chlorite, interstratified kaolinite-smectite and kaoli-
nite are also present. The clayey rocks from the Corumbatai (Fm) can be
classified as silty clays and/or clayey silts (Azzi et al., 2016). Bulk and
clay (< 2um) fraction of samples D, I and M were used in this study.
For the clay fraction, bulk samples were dried at room temperature
overnight and crushed to pass through a 160 pm sieve. The clay fraction
(< 2um) was separated from the bulk samples by sedimentation in
distilled water.

2.2. Methods

2.2.1. Ceramic tiles: technological test

For technological tests bulk samples D, I and M (30 kg each), having
a natural moisture content of 8, 18 and 19 wt.%, respectively, were
manually homogenized and reduced to a pebble size. After that, part of
the samples was dried by sunlight and the other part was dried in the
MAITEC oven at different temperatures (100, 200 and 300 °C) for 24 h.
Drying of the samples reduced the moisture content to < 5.5 wt.%.
After drying, the samples were ground using hammer mill CT-058

94

Applied Clay Science 157 (2018) 92-101

SERVITECH, and fractions < 355 um were obtained by sieving. Powder
agglomeration was prepared by granulation, adding deionized water
until the batch achieves 9.5 wt.% of moisture. Then, it was homo-
genized for 24 h in closed plastic bags. The batch from D, I and M raw
materials dried by sunlight and after drying at 100, 200 and 300 °C
were shaped using hydraulic press SERVITECH CT320. Ceramic bodies
were prepared using 50 g of the batch, 10 x 3.5 cm mold and different
pressing values (between 10 and 16 tons), in order to achieve tiles with
density of 2 g/cm?. Subsequently, the green tiles bending strength were
measured using a CC 96-2006 Nannetti Fleximeter. Part of the tiles was
put into a hothouse for 24 h at 105 °C. After that, the tiles were dried
and cooled in desiccators with silica gel for 5h. Bending strength was
also measured for the dried tiles according to the ABNT-NBR 13818/
1997 (ABNT, 1997). However, the distance between the cylindrical
supports was set to 60 mm, as in 80 mm these materials by themselves
do not reach the minimal strength to be measured. Linear drying
shrinkage was calculated from dimensional changes of the ceramic
bodies before (green tiles) and after drying (dried tiles).

The particle size distribution was carried out by laser diffraction
technique using the Malvern MSS Mastersizer 2000. An aliquot of the
sample was placed in 800 ml of distilled water and dispersed with 3
drops of 10% solution of sodium hexametaphosphate. Measurement
was performed according to the following parameters: Pump speed
2400 RPM, Ultrasonic displacement 12:50 and Ultrasonic timer 00:30.

Liquid limit (LL) determination was carried out with a Casagrande
apparatus and the fall cone penetrometer (Christaras, 1991) while the
plastic limit (PL) was determined using the 3 mm thread method. In
addition, the plasticity index (Ip) was calculated based on the ar-
ithmetic difference of the LL and PL. Tests were performed in duplicates
at a room temperature of 25°C. To measure the workability of the
batch, consistency analysis was performed using a fall cone penet-
rometer (30° cone and 80 g of samples). Different amount of deionized
water was used for each sample. For samples D, I and M 27, 32.7 and
35.4 wt.% of moisture were used, respectively, resulting in the 17 mm
of cone penetration (for samples dried by sun). The same initial value of
cone penetration was used for comparing samples D, I and M properties.
Results were obtained by the arithmetic average of four measurements
for each step. The main principle behind this method is that with de-
creasing of cone penetration the consistency of analysed samples in-
creases (Campos et al., 1999; Moreno et al., 2016).

A magnifying glass was used to study the grain morphology after
grinding (before pressing the ceramic bodies), and the surface of the
ceramic bodies, to identify tiny cracks. Small pieces of ceramic bodies
were coated with carbon and investigated by scanning electron mi-
croscope (SEM) JEOL JXA-840A in a mode of secondary electrons (SE)
at accelerating voltage 15 kV, beam current 30 nA and working distance
8 mm.

2.2.2. Ceramic clays: laboratory experiment and characterization

The rehydration test was performed using 1.2g of samples
of < 2um fraction. Prior to the test, all samples were pre-treated by
drying at 105 °C for 24 h. To prevent rehydration of dried samples, they
were cooled in desiccators with dehydrated CaCl,, as sorbent, for 4 h.
The CaCl, in desiccators was activated by heating at 240 °C for 2 h. The
pre-treatment ensured the same starting conditions for samples D, I and
M. Then, 1 g of pre-treated samples was put in oven at 100 °C for 24 h
and subsequently cooled in desiccator for 5h. After that, the samples
weights were determined using a Sartorius BP 210 S balance to calcu-
late the weight losses after drying. The same procedure was repeated
for samples dried at temperatures of 200 °C and 300 °C. After the weight
measurements, samples were kept outside the desiccators, in the la-
boratory conditions (20 °C and 30% RH) for 24 h and their moisture
absorption was monitored after 1, 14 and 24 h.

Thermal analysis of the samples (< 2 pm) D, I and M was performed
using a TA Instruments — 2690 TG/DTA/DSC simultaneous analyzer
STA 449 F1 Jupiter (NetzschGeratebau GmbH). All measurements were
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performed in the temperature range of 30-1000 °C using 30 mg of the
sample held in a Pt-Ir crucible. Heating rate of 10 °C/min and an air
flow rate 50 cm®/min were maintained. Manipulations with collected
data were performed using NETZSCH Proteus software.

The XRD analysis of clay fraction after drying test was performed.
The oriented preparations (air dried and ethylene glycol vapours sa-
turated) was carried out using a Philips 1075 diffractometer with Cu Ka
radiation and a graphite monochromator, operating at 20 mA and
35KkV. The step size was 0.02° 26 and the counting time 0.8 s per step.
Oriented preparations were prepared by the Millipore filter transfer
method (Moore and Reynolds Jr., 1997). The ethylene glycol solvation
was performed at 60 °C for 12h. The X'Pert HighScore Plus software
with the Inorganic Crystal Structure Database (ICDS) was used to
evaluate the XRD patterns. The reference intensity ratio (RIR) method
was used for quantifying the clay minerals in the samples dried by
sunlight (Moore and Reynolds Jr., 1997).

Infrared spectra of samples after drying test were obtained using a
Nicolet Magna 750 Fourier transform infrared spectrometer. The KBr
pressed disc technique (1 mg of sample and 200 mg of KBr) was used to
measure spectra in the middle infrared region (MIR, 4000-400 cm ™).
For each sample 128 scans with a resolution of 4 cm ™! was recorded.
Spectral manipulations were performed using the OMNIC software
package (Nicolet Instruments Corp.).

3. Results
3.1. Particle size distribution

Particle size distributions for raw materials dried by sunlight and
forced to dry at 100 °C, 200 °C and 300 °C have shown differences be-
tween sample D (bimodal distribution, Fig. 2) and samples M and I
(unimodal distribution, Fig. 2). The technological test, primarily, has
revealed important changes during the ceramic body preparation.
Particle size analysis for the raw materials after grinding (Fig. 2) shows
that sun-dried samples D, I and M have the largest amount of the
8-62 um size fraction. The second most abundant particle size fraction,
between 1 and 8 um, accounts for about 30% of all particles. Sample D
has the largest amount of coarse fraction (> 125 pm) which account for
13%, while sample I and M contain 3 and 0% of coarse fraction, re-
spectively. After forced drying, all samples showed an increase in the
coarse fraction correlated to the increase of the drying temperature
(Fig. 3). The shape of the curves did not change, keeping the bimodal
particle size distribution for sample D and unimodal particle size dis-
tribution for samples I and M. Curves with bimodal shape of particle
size distribution are characteristic of hard materials. Low resistance to
grinding produce unimodal shape and higher amount of fine grains as
verified to sample I and M. Since, particle shapes were studied by the
magnifying glass; grains with needle shape were recognized, especially
in the coarse fraction. Hence, particle size distribution showed a few
percentages of particle size over the cutting sieve (355um), that is
explained by the needle shape of grains as mentioned before. Such
phenomenon increased when samples were dried at higher tempera-
tures and confirmed that raw materials started to be hardened and
consolidated.

3.2. Plasticity analyses

According to Ryley and Sherwood (1970) the fall cone penetrometer
yields liquid limit results comparable with those obtained by the Ca-
sagrande method and also offering the advantage of less variability due
to operator technique. Besides, the Casagrande liquid limit may be
correlated to the correct fall cone penetration depth, samples with
different particle size cause a variation between the two methods
(Christaras, 1991). Liquid limit, plasticity index and consistency ana-
lyses were carried out for samples D, I and M after grinding and sieving
(< 355um). Figs. 4 and 5 show the plasticity chart and the consistency
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Fig. 2. Particle size distribution curves of samples D, I and M dried by sunlight (sun),
forced dried at 100 °C, 200 °C and 300 °C, dry grinded in hammer mill and sieved at
355 pum.
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Fig. 3. The increase of fraction > 125 um after various drying conditions. Dotted line is
provided to guide the eye only.

results, respectively, for the tested samples. Due to higher phyllosili-
cates content and finer particles after grinding, sample M dried showed
a superior liquid limit (LL = 37.7%) and plasticity index (PL = 9.9%).
After forced drying at 100 °C, the same sample showed similar values
(LL = 37.9%, PI = 9.8%) while the liquid limit and plasticity index
values were lower at 200°C (LL = 35.6%, PI = 7.4%) and 300 °C
(LL = 35.6%, PI = 7.4% and LL = 33.4%, PI = 4.7%). The similar be-
havior was observed for samples I and D (Fig. 4). Sample I dried by
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Fig. 5. Consistency chart showing cone penetration analyses of samples D, I and M dried
by sunlight and forced dried at 100 °C, 200 °C and 300 °C.

sunlight showed an intermediate liquid limit (34.4%) and plasticity
index (9%). After forced drying at 100 °C, 200 °C and 300 °C sample I
values have changed to (LL = 34.8%, PI = 8.8%), (LL = 32.8%,
PI = 6%) and (LL = 30.1%, PI = 3%), respectively. Samples D dried by
sunlight showed lower liquid limit (29.1%) and plasticity index (6.5%).
Lower values for sample D compared to the samples I and M are related
to the lower phyllosilicates content. After forced drying at 100 °C,
200 °C, and 300 °C, LL and PI values for samples D gradually decreased
from 29.4% to 25.6% and from 6.4% to 1.6%, respectively.

3.3. Consistency analyses

Samples D, I and M forced to dry at different temperatures, pre-
sented different consistency. In order to establish a comparison among
the samples, deionized water was added to samples D, [ and M to get
27.0, 32.7 and 35.4 wt.% moisture content, respectively, and result
relate to the same cone penetration value, in this case 17 mm. The same
moisture content was kept also for samples that were forced to dry at
100 °C, 200 °C and 300 °C (Fig. 5). Comparison of forced dried samples
with those dried by sunlight indicates that for 100 °C forced dried
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Table 1
Technological properties of the ceramic bodies.

Sample Linear drying Bending strength Bending strength
shrinkage green tiles dried tiles
(%) (MPa) (MPa)
D sun 0.471 * 0.01 1.220 + 0.12 4.751 + 0.22
D 100°C 0.368 = 0.01 1.075 = 0.05 2.896 + 0.19
D200°C  0.329 = 0.01 1.187 = 0.06 3.677 * 0.28
D300°C  0.290 = 0.01 1.098 + 0.09 3.247 * 0.16
I sun 0.590 = 0.01 1.767 = 0.18 6.224 + 0.62
1100°C 0.552 + 0.01 1.157 = 0.05 5.551 * 0.17
1200°C 0.511 * 0.01 2.049 * 0.02 5.786 + 0.42
1300°C 0.410 = 0.01 1.742 = 0.10 5.424 + 0.08
M sun 0.379 = 0.01 1.605 = 0.17 5.723 £ 0.27
M 100°C  0.312 = 0.01 2.010 * 0.24 5.139 * 0.21
M 200°C  0.240 = 0.01 2.073 £ 0.11 4.963 + 0.14
M300°C 0.191 + 0.01 2.015 *= 0.16 5.341 + 0.36

samples consistency was slightly higher; D (14.9 mm), I (16 mm) and M
(16.2mm). The opposite behavior was observed for samples forced
dried at 200 °C and 300 °C. For samples I and M forced dried at 200 °C,
the loss of consistency almost reached the liquid state. For samples D, I
and M forced dried at 300 °C, the loss of consistency was higher than
the cone penetration measurement capacity (graduation of 31 mm).
Those values for samples dried at 300 °C were calculated by straight
line equation. The loss of consistency is related to increasing of coarser
fraction after forced drying (Figs. 2 and 3) and to the loss of absorption
ability (see later).

3.4. Technological parameters

In order to verify the changes on the ceramic bodies as consequence
of raw materials forced drying, ceramic bodies were prepared for
samples D, I and M that were previously dried by sunlight (as re-
ference), and forced dried at 100 °C, 200 °C and 300 °C. Their techno-
logical parameters were tested and results are shown in Table 1. Den-
sities of around 2.0 g/cm® were calculated to prepare the green tiles
(name referred to the ceramic bodies just after shaped) for all samples.
However, to achieve the same density, with the same amount of powder
was necessary to use different pressure for pressing. Sample D and I
demonstrated quite the same behavior. Samples that were forced to dry
needed a bit more pressure for pressing (10 tons for sun dried samples
and 11 tons for forced dried samples) in order to keep the same density.
Sample M needed more pressure (15 and 16 tons) to produce ceramic
bodies with the same density like samples D and I. This could be ex-
plained by different particle size distributions among the samples
(Fig. 2). Sample M is finer, compared to D and I. M, is practically
without coarser fraction > 125um (Fig. 3) and has slightly larger
amount of finer particles < 10 pum (42% for M vs. 38% for D and 35%
for I). Similar behavior was reported for bentonites compaction; higher
pressures were needed for the finer fractions than for the coarser
fractions (Adamcova et al., 2009).

Sample M has the lowest linear shrinkage from all three studied
samples. Sample M forced dried at 200 °C and 300 °C had produced tiles
that showed fragile edges and horizontal cracks (Fig. 6). Moreover, tiles
from sample M have changed the color from light purple (sunlight dried
material) to light red (material after forced drying at 300 °C). This may
be due to iron oxidation, despite the non-expressiveness of such reac-
tion in the thermal analyses curves (Fig. 7).

3.5. Scanning electron microscopy

SEM images for D, I and M green tiles dried by sunlight (Fig. 8)
showed higher amount of larger particles for sample D and higher
amount of finer particles for I and M (Fig. 2). Such observation was in



A. de Almeida Azzi et al.

2 mm
—

Applied Clay Science 157 (2018) 92-101

2 mm
—

Fig. 6. Tiles from sample M showing the changes of color from different drying temperatures (sunlight, 100 °C, 200 °C and 300 °C) and the cracks produced at 200 °C and 300 °C.
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Fig. 7. Thermoanalytical (TG-DTA) curves of samples D, I and M, fractions < 2 pum.

line with other methods as well as published data (Azzi et al., 2016).
3.6. X-ray diffraction
Illite and interstratified illite-smectite are the main clay minerals in

the studied samples (Fig. 9; Table 2; Azzi et al., 2016). Smectite is
present in all samples. The lowest smectite content has been found in
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the sample I. The highest amount of kaolinite and interstratified kao-
linite-smectite has been found in the sample M (Fig. 9; Table 2; Azzi
et al., 2016).

Fig. 9 shows the XRD patterns for samples D, I and M after drying by
sunlight and force drying at 100 °C, 200 °C and 300 °C. A noticeable
decrease on the intensity d = 15 A of the expandable clay minerals and
gentle broadening of these peaks occurs at 200 °C and 300 °C. However,
no increase has been observed for the d = 9.96 A peak as result of
smectite interlayer breakdown to illite layers. Such behavior is able to
describe as partial and heterogeneous smectite interlayer space col-
lapse. The XRD patterns after ethylene glycol solvation show the same
behavior for all samples (Fig. 9). It indicates that partial collapse of
smectite interlayer space was repaired by ethylene glycol solvation.

3.7. Thermal analysis

DTA-TG curves of all clay samples show the maximum loss of ad-
sorbed water occurring at temperatures around 80 °C (Fig. 7). Sample I
showed the highest loss of adsorbed water while sample M showed the
lowest value. Loss in the interlayer water ranges mainly from 100 °C to
200°C and continues to over 300 °C when dehydroxylation reaction
begins. Dehydroxylation reaction has the maximum loss around 500 °C.
The large temperature range in the dehydroxylation reactions is related
to the presence of more than one clay minerals phase in the samples
(Fig. 9, Table 2, Azzi et al., 2016). Based on the thermal analysis results,
rehydration tests at temperatures of 100 °C, 200 °C and 300 °C were
performed in order to check if forced dried samples are able to rehy-
drate.

3.8. Rehydration test

The results and behavior of all three studied samples were practi-
cally same during the rehydration test. The increasing of drying tem-
perature caused weight differences related to water release. The relative
differences between drying forced samples were practically unchanged
during rehydration (Fig. 10). Small decrease in weight after drying at
100 °C is due to samples pre-treatment (drying at 105 °C for 24 h), in
order to provide the same starting conditions to all samples. Moisture
content was determined after 1 h, 14 h and 24 h (Fig. 10). Samples D, I
and M dried at 200 °C and 300 °C have reached moisture equilibrium
after 14h with a gain in the moisture content of respectively 2 and
1.5 wt.%, once the same value was observed also after 24 h (Fig. 10).
Although for samples D, I and M dried at 100 °C, the equilibrium were
not achieved after 24 h, once the moisture values showed a continuous
increase comparing 1h, 14h and 24 h. Samples D, I and M dried at
100 °C and after 24 h at lab conditions showed a moisture gain of about
3wt.% (Fig. 10).

3.9. Fourier transform infrared spectroscopy

MIR spectra for sunlight dried and forced dried (100 °C, 200 °C and
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Fig. 8. SEM analysis of D, I and M ceramic bodies. The raw material dried by sunlight show in “a” the arrangement between clay minerals and silty grain; “b” show a missed silty grain.

300 °C) samples D, I and M (fraction < 2um) show no changes be-
tween the different drying temperatures (Fig. 11). Even for the OH
groups the intensity of absorbed bands has not decreased. It suggests
that dehydroxylation reactions have not occurred up to 300 °C evi-
dencing any structural changes, and also correlating with DTA-TG
analysis.

4. Discussion

The studied clayey raw materials from CDSG are essentially illitic
(Table 2; Dondi et al., 2014; Azzi, 2014; Azzi et al., 2016). The presence
of swelling clay minerals, mainly small amount of smectite (Fig. 9,
Table 2), however, resulted in negative changes of technological
parameters after forced drying at 200 °C and 300 °C (Figs. 2-6, 10). One
of the most common features of smectite is the ability to expand and
collapse at the interlayer space. Removal of smectite interlayer water
molecules can occur from a decrease in relative humidity and an in-
crease in temperature (e.g. Derkowski et al., 2012). Thermal analysis
(Fig. 7) and drying experiments (Figs. 4, 5, 10) have shown that sam-
ples forced dried at 100 °C have lost mainly adsorbed water. These re-
sults are in accordance with thermal analysis showing at 100 °C the loss
in the adsorbed water and at 200 °C and 300 °C the dehydration in
which expandable clay minerals loses the interlayer water (e.g. Srodon
and McCarty, 2008; Salles et al., 2010; Kuligiewicz and Derkowski,
2017). Samples forced dried at 100 °C remain with significant amount
of interlayer water, keeping the interlayer spacing and rehydrated even
after 24 h of drying (Fig. 10). It demonstrated that only slight changes
have occurred during the technological tests comparing with samples
that were dried by sunlight (Figs. 2-5).

The rehydration test demonstrated that higher forced drying tem-
peratures (200°C and 300°C) caused noticeable damages on the
moisture absorption capacity (Fig. 10). This phenomenon was observed
for all studied samples regardless of small differences in mineral com-
position (Fig. 9, Table 2, Azzi et al., 2016). Besides temperature, the
factors responsible for the partial and heterogeneous smectite interlayer
space collapse of samples forced dried at 200 and 300 °C (Fig. 9), could
be higher layer charge, heterogeneity of interlayer cations and dis-
tribution of layer charge. In clay rocks from the Corumbatai (Fm) the
smectite is mainly product of illite weathering (Zanardo, 2003; Azzi
et al., 2016). The assumption that smectite from the studied samples
has at least slightly higher layer charge that low layer charge smectites
is in an agreement with observation of Sucha et al. (1993) who found
that smectites of non-volcanic origin (weathered illites) have higher
layer charge than smectites of volcanic origin. The elevated tempera-
tures (200-300 °C), along with other factors, may account for formation
of a mixture of mono- (11.8-12.9 f\) and bi-hydrated state
(14.5-15.8 A). Decrease in intensity of 001 smectite peak and slight
shift to 14.4 A with relatively significant maximum was determine at
the most compact sample D dried at 300 °C (Fig. 9). It showed still a
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dominant presence of bi-hydrated state (Ferrage, 2016). Significant
broadening of 001 peak of air dried samples was distinguished at more
weathered and less compact samples (I and M) that were forced dried at
200 and 300 °C. Broad shoulder from 13.58 to 15.2 A (D) and from 13 to
15.2A (M) was observed after forced drying at 300 °C (Fig. 9). Such
broadening can be explained by random and partly segregated layer
sequences mainly of bi- and mono-hydrated states (Ferrage, 2016). EG
saturation of studied samples eliminated the differences observed in air-
dried XRD patterns after different forced drying temperatures (Fig. 9).
The EG fully reopened smectitic interlayer space with two-layer struc-
ture (17 f\) however the water (air-dried XRD patterns) did not do that
for samples forced dried at 200 and 300 °C. It has been reported that EG
is able to intercalate also anhydrous smectite (Svensson and Hansen,
2010; Szczerba et al., 2014).

The presence of swelling clays in the rock increase the moisture
content due to swelling and provide greater plasticity to the ceramic
tiles, especially during shaping and drying (Singer and Singer, 1963;
Reeves et al., 2006; Ouahabi et al., 2014). However, when the studied
clays were exposed to those forced drying (100, 200 and 300 °C) the
swelling ability was inhibited causing silty/sandy-like behavior (i.e.
lower plasticity (Fig. 4) and cohesion between grains (Fig. 5)) of ori-
ginally swelling clay materials. Plasticity and consistency analyses for
samples forced dried at 200 and 300 °C indicated high permeability and
low cohesion.

According to Dondi et al. (2014), increase of the non-plastic (coarse)
fraction lowers plasticity of samples which was confirmed in our tests
by difficulties during pressing of the materials forced dried at 200 and
300 °C.

All three studied samples have similar mineral composition (Fig. 9,
Table 2, Azzi et al., 2016). However, slight differences in some of their
properties were observed likely due to slight variation in mineralogy.
Sample M has the lowest linear shrinkage from all three studied samples
despite the highest amount of phyllosilicates verified by the quantita-
tive XRD analysis (Azzi et al., 2016). The lowest linear shrinkage for
sample M can be related to the higher content of non-swelling clay
minerals, especially kaolinite (Table 2). On the other hand, the highest
linear shrinkage for sample I correspond well with the highest amount
of dioctahedral clay minerals (Table 2; Azzi et al., 2016) and the highest
mass (water) loss < 200 °C (Fig. 7). The linear shrinkage values de-
creased with increasing forced dried temperature. A possible explana-
tion could be related to phyllosilicates dehydration (loss of the inter-
layer water) during the forced drying and their lower rehydration
during the ceramic body preparation when batch achieves 9.5 wt.% of
moisture.

Lower bending strengths of both green and dried tiles measured for
sunlight dried sample D corresponds with higher amount of non-clay
minerals (i.e. coarser fraction), compared to the samples M and I
(Figs. 2, 3; Galos, 2011; Azzi et al., 2016). Forced dried samples showed
a loss of their bending strengths (Table 1). This can be explained by
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Table 2
Semiquantitative estimation of clay minerals composition of fraction < 2 pm on base XRD
patterns (Fig. 11) and detailed clay minerals identification (Azzi et al., 2016). % S —

percentage of expandable interlayers in interstratified minerals, tr — traces, < 1%.
Illite + illite-smectite ~ Smectite Kaolinite + kaolinite-smectite Chlorite
(> 10%S) (30%S)
D 87 13 tr
I 9 5 tr
M 84 6 10
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increase of coarser fraction after drying and grinding (Figs. 2, 3).
During the tile pressing, the arrangement of coarser particles can pro-
duced more empty spaces that directly affect the bending strengths. The
variations in bending strength decrease are attributed the heterogeneity
of clay materials in terms of porosity and particle size distribution. In
addition sample M which raw material was dried at 200 °C and 300 °C
was the only one that had produced tiles with fragile edges and hor-
izontal cracks (Fig. 6). Sousa and Holanda (2005) correlate high pres-
sure in pressing to the susceptibility of samples to produce cracks, fis-
sures and warpage. It was also observed for sample M drying forced at
200 and 300 °C (Fig. 6) after using the highest pressure at pressing of
tiles. Results of the bending strength test did not point out the fragility
of the tiles, for example if the edges of the tiles could withstand the
treadmill transportation during the entire tilemaking process.

According to description of advantages and disadvantages of rotary
dryers and fluidized-bed dryers (Trojosky, 2009), the rotary dryers
seem to be better solutions for clays from CDSG. The advantages of
rotary dryers are simple installation and rapid commissioning, opera-
tion capacity up to 150 t/h, non-sensitive to size fraction of material
and to operating errors, suitability to install in the open and low specific
electric power consumption (Trojosky, 2009). The ceramic companies
should adjust temperature (the optimum at many industrial minerals is
drying air temperature of about 400 °C; Trojosky, 2009), time of drying,
amount and size of the clayey rock fragments. The most important is
keep in mind the effects demonstrated here and its consequences if the
raw material with smectite in its composition reach temperatures
higher than 100 °C.

5. Conclusions

The results show significant influence of drying temperature on
properties of ceramic clays from the Ceramic District of Santa
Gertrudes. The dehydration of smectite and the increase of the coarser
fraction were main changes after forced drying that affected also the
other technological properties. The present study also suggests a way
for ceramic companies how they could proceed with the drying of the
ceramic clays from the CDSG:

e The major clay mineral of studied clayey rocks from Corumbatai
(Fm) is illite. Small admixture of smectite, however, increase the
plasticity of raw materials. The sensitivity of smectite to forced
drying might reduce the quality of ceramic materials at the same.
Samples that were forced dried at 200 °C and 300 °C have their re-
hydration compromised suggesting that swelling clay minerals have
lost their interlayer molecular water, collapsed and were not able to
fully rehydrate.

After grinding, samples that were forced dried at 200 °C and 300 °C
showed a noticeable increase in coarse size fraction (> 100 um).
The changes in the size distribution of the raw material after drying
and grinding along with smectite dehydration affected significantly
consistence, plasticity and partly degraded dried tiles.

According to mineralogical and technological characterization, the
presence of swelling clay minerals helps the batch to generate tiles
with good plasticity. To keep the same properties of the batch that
have been dried by sunlight is necessary to adjust application of
commercial dryers. Based on the results obtain in the present study,
it is recommended to keep the temperature on the surface of clayey
raw materials not much higher than 100 °C. The more precise value
(between 100 and 200 °C) should be investigated.

Understandings of the raw materials process allow using it with
different purposes. For example, raw materials with higher plasticity
could be forced dried to reach temperatures between 200 °C and
300 °C to decrease plasticity. These changes could be advantageous
to the ceramic industries. Higher amount of very weathered clay
beds that have been avoid by now because of their higher plasticity
could be forced dried and used to compose the batch mixture with
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proper plasticity, decreasing the mine waste.
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