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Abstract: Drying is one of the stages with the highest energy consumption in the manufacturing
process of ceramic materials and aims to reduce the product’s moisture to levels necessary for safe
firing stage, reducing the chances of defect formation. For sanitary ware, there is an additional energy
cost in the pre-drying stage, which takes place immediately after removing the parts from the molds,
and is carried out in an environment with lower temperatures (ranging from 30 to 40 ◦C). This work
aims to experimentally study the drying process of sanitary ware at low temperatures, with particular
reference to sanitary toilets with industrial dimensions. Four drying experiments were carried out in
an oven with different operating conditions (temperature and relative humidity). The results indicate
that an increase in temperature and reduction in relative humidity provoke a faster drying rate. For
some physical situations, it is more interesting to dedicate efforts to reducing the relative humidity
of the drying air instead of seeking solutions to raise its temperature. Furthermore, a correlation
between the linear retraction and moisture content was observed; the greater the moisture loss, the
greater the sample shrinkage.

Keywords: sanitary toilet; ceramics; clay; heat; mass

1. Introduction

The ceramic industry plays a very important role in the Brazilian economy, with a
share of approximately 1% of the national GDP; approximately 40% of this share is repre-
sented by red or structural ceramics [1]. According to data from the National Association
of the Ceramic Industry (Brazil), this sector is made up of approximately 7000 companies;
generating 293,000 direct jobs and 900,000 indirect job; and is responsible for an annual
revenue of around R$ 18 billion, which corresponds to about 4.8% of the building indus-
try [2]. As it represents a sector of great importance in job creation and income distribution,

Energies 2023, 16, 4242. https://doi.org/10.3390/en16104242 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16104242
https://doi.org/10.3390/en16104242
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-4387-4600
https://orcid.org/0000-0002-0255-8740
https://orcid.org/0000-0002-2930-2200
https://orcid.org/0000-0001-9375-9654
https://orcid.org/0000-0001-8034-090X
https://orcid.org/0000-0003-1691-1872
https://doi.org/10.3390/en16104242
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16104242?type=check_update&version=1


Energies 2023, 16, 4242 2 of 20

it deserves the attention of government sectors, research institutes, universities and various
entities [3].

Ceramic materials have multiple properties that contribute to their wide application in
civil construction and engineering: high mechanical strength, high hardness, high melting
temperature, high abrasion resistance, high heat resistance, chemical and thermal stability,
durability and great thermal and acoustic insulation capacity [1,4,5].

The main steps in the manufacturing process of ceramic materials are exploration,
raw material preparation, conformation and thermal processing (drying and firing) [6].
During the raw material preparation stage, water is added to the clay in order to increase
its plasticity, allowing the piece to be molded or conformed easily without cracking [7–9].
After molding, the piece must experience the drying stage; this process consists of removing
moisture from the porous material through supplying energy (heat) to itself.

In the process of drying ceramic materials, there is heat transfer from the hot air to
the material surface via convection, which heats up the material and creates a temperature
gradient within it (conduction heat transfer). As the water present in the solid is heated,
its vapor pressure increases, creating favorable conditions for migration of water from the
interior to the surface of the solid, resulting in the formation of a moisture gradient within
the solid. Finally, the water evaporates from the surface and is absorbed through the drying
air due to the partial pressure difference of the water vapor between the material surface
and the surrounding air, leading to the creation of new temperature and moisture gradients
within the solid. This process continues until the hygroscopic equilibrium condition is
reached [3].

Drying is considered a very delicate and complex step in the manufacturing process of
ceramic materials, as water removal is accompanied by heat transfer, internal stresses aris-
ing from temperature and moisture gradients and significant dimensional changes [10,11].
Therefore, it is crucial to carry out this step in a uniform and controlled manner to avoid
the formation of cracks, twists, warping and other types of defects or even the explosion of
the product in the firing stage [7,12,13].

The drying and firing processes of ceramic products are characterized by high energy
consumption [14–16]. Silva et al. [5] reported that the energy cost during the drying and
firing stages has a considerable influence on the price of the final product, representing
about 30% of the total average cost of production.

When it comes to sanitary ware, the ceramic mass is composed of plastic (clay and
kaolin) and non-plastic raw materials (feldspar, phyllite, and quartz) [17]. Generally, non-
plastic raw materials are dry ground until they reach the appropriate particle size and are
then mixed with plastic raw materials, water and a deflocculant (usually sodium silicate) in
tanks with mechanical agitation [4]. The resulting pulp, known as ceramic slip or barbotine,
is screened and pumped to the casting sector, where the sanitary pieces are cast in plaster
or resin molds [18]. After molding, the pieces experience the stages of pre-drying, drying,
glazing and firing, and are then stored and delivered to the customer.

In this way, it is common to have an additional energy cost in the pre-drying stage,
which occurs immediately after removing the pieces from the molds. This step consists of
keeping the pieces in a large environment with a temperature between 30 and 40 ◦C for a
period ranging from one to three days, depending on the product, to reduce the moisture
content of the material for ideal values for the subsequent drying stage. Normally, in the
Brazilian industry, a large amount of natural gas is burned to keep such environments in
the ideal temperature range for pre-drying.

In the consulted literature, no studies were found that evaluated the drying process of
ceramic materials at low temperatures (less than 50 ◦C). In addition, such works are limited
to simpler geometries, such as hollow bricks and ceramic blocks [1,3,5,7,8,13,16,19–35]. It
was also noticed that the only operational parameter evaluated in the drying process of
ceramic materials reported in the literature is the temperature of the drying air; parameters
not being evaluated, for example, were cases involving the same temperature and different
values for relative humidity and/or velocity, including dimensions variations. When it
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comes to sanitary ware, the works are even more scarce, not even being found experimental
drying studies for such products. Therefore, the innovation of the work is evident.

Thus, the motivation for this research is related to the lack of work on drying sanitary
ware at low temperatures. Therefore, the aim of this research is to study drying process of
sanitary ware with industrial dimensions in the range of 30 to 40 ◦C. The idea is making
it possible to contribute to improving the pre-drying process of products in the ceramic
industry sector. From experimental analyzes in an oven, it was possible to study the drying
kinetics and linear retraction of sanitary toilets for different values of air temperature and
relative humidity. Such results should provide a basis to assist in decision-making aimed
at a more efficient pre-drying, either through reducing energy consumption or processing
time and quickly reaching the desired moisture content for the product to be submitted to
drying in the stages of the manufacturing process.

2. Methodology
2.1. Oven Drying Experiments

Oven drying experiments were carried out with the aim of evaluating the influence of
air temperature and relative humidity on the moisture content, temperature and dimensions
of the product.

2.1.1. Materials and Equipment Used in the Experiments

The materials used in the oven drying experiments were conventional sanitary toilets
(Figure 1), which were kindly provided by the partner company DEXCO S.A (João Pessoa,
Brazil). The main dimensions of the part after removal from the mold and before the start
of the drying experiments were as follows:

• Height: 430 ± 5 mm;
• Upper part length: 511 ± 2 mm;
• Upper part width: 413 ± 3 mm;
• Bottom part length: 426 ± 2 mm;
• Bottom part width: 220 ± 1 mm.
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To carry out the experiments and determine the drying parameters, the following
equipment were used (Figure 2):
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(a) Drying oven with temperature controller, circulation and forced air renewal, internal
dimensions 50 × 60 × 60 cm (height × width × depth), brand MYLABOR EQUIPA-
MENTOS, model SSD-180L. The oven’s working temperature ranged from 5 to 250 ◦C.

(b) Digital scale, brand RAMUZA, model DP-35 with a maximum capacity of 35 kg and a
resolution of 5 g.

(c) Measuring tape, brand SQ, with a length of 5 m and a tape width of 19 mm for
measuring the main dimension of the samples during the drying processes.

(d) Digital thermo-hygrometer, brand KASVI, model K29-5070h for measuring the tem-
perature and relative humidity of the ambient air outside the oven. Accuracy ±0.1 ◦C
and ±1%, respectively.

(e) Digital thermo-hygrometer, brand ICEL, model HT-220 for measuring the tempera-
ture and relative humidity of the air inside the oven. Accuracy ±0.1 ◦C and ±1%,
respectively.

(f) Digital infrared thermometer, brand KZED, model 8801 used to measure the surface
temperature of the sample during the drying process. Accuracy ±0.1 ◦C.

(g) Hot wire anemometer with digital reading, brand INSTRUTEMP, model AMI 300
with a resolution of 0.01 m/s for measuring the air velocity inside the oven.

(h) Thermographic camera, brand FLI, model C5, for measuring the surface temperature
of the sample, making it possible to verify possible temperature gradients on the
surface of the sample during the drying process.
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Figure 2. Equipment used in drying experiment: oven, digital scale, measuring tape, hot wire
anemometer, two thermo-hygrometers, digital infrared thermometer and thermographic camera.

2.1.2. Experimental Procedures

The collection of each sample was carried out at the partner company approximately
2 h after the removal from their respective molds. It was considered important to wait
this period of time so that the sanitary toilets acquired the necessary rigidity for future
and constant handling during the oven drying experiments. The time between sample
collection at the partner company and the beginning of each drying experiment at the
laboratory placed in the University was approximately 30 min.

After the sample arrived at the laboratory, the first step was to measure the mass,
surface temperature and main dimensions of the sanitary toilet, as well as the air tempera-
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ture and relative humidity outside of the oven. The main dimensions of the sanitary toilet
measured were the height, length and width of the upper part, and the length and width of
the bottom part. The sanitary toilet was then taken inside the oven to carry out the drying
experiment. For this stage, the air temperature inside the oven was set at the desired value
for each experiment (30 ◦C or 40 ◦C) through the equipment’s temperature controller.

At pre-defined intervals, the sanitary toilet was removed from the oven to carry
out measurements of the surface temperature, mass and main dimensions. The surface
temperature of the sample at each instant of time was defined as the average calculated from
measurements at three previously established points, using a digital infrared thermometer.
Each of the three points were located on the front, the side and the back of the sanitary
toilet, as shown in Figure 3.
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From the literature, it is well known that moisture loss rates are higher at the beginning
of the drying process, regardless of the material, thus requiring data collection in shorter
time intervals. As the process develops, the time interval can be increased. Thus, the
measurements were performed at intervals of 10, 20 and 30 min, with six repetitions for
each measurement. Next, 12 measurements were performed with an interval of 1 h each,
followed by measurements every 2 h until the moment when the mass of the sample
remained constant for 4 measurements in sequence. Immediately after this stage, the
sample remained in the oven for another 24 h, at the same operating temperature, to obtain
the equilibrium mass, and then for another 24 h at a temperature of 105 ◦C to obtain the
dry mass of the sample. Such parameters are useful to calculate the moisture content of the
sample as a function of the drying time. The described procedure was adapted from the
works developed by Silva [35] and Silva [36], who experimentally studied the drying of
industrial ceramic blocks and hollow ceramic bricks, respectively.

From the first drying experiment, it was verified that the absolute humidity in the
interior and exterior regions of the oven were very close for the same instant of time.
This outcome occurred due to a good renewal of the air inside the oven. Thus, for the
other experiments, the indoor relative humidity was calculated instead of being measured
experimentally. This methodology facilitates the performance of experiments and reduces
the time for which the sample remains outside the oven. As the thermo-hygrometer used to
measure the drying air conditions was positioned at the back of the oven (behind the part),
it was only possible to read it after removing that part from the oven. It is important to
note that this same methodology was used in several other experimental works on drying
ceramic materials [35,36].
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From the first experiment, it was also verified that the dimensional variations of the
sample occur very slowly. Thus, the dimensional measurements of the sanitary toilets
were carried out as follows: measurements taken one, three, six and twelve hours after the
beginning of the experiment, followed by measurements at twelve-hour intervals. With the
same periodicity, pictures of the samples were taken with a thermographic camera to verify
the existence of temperature gradients on the surface of the piece.

2.1.3. Drying Experiment Locations

The drying experiments of the sanitary toilets were carried out in two different laboratories:

• Laboratory of Synthesis and Characterization of Thin Films (LABFILM), located in the
Center for Alternative and Renewable Energy at the Federal University of Paraíba,
João Pessoa, Brazil.

• New Materials Technology Laboratory (TECNOMAT), located in the Technology
Center (Materials Engineering Department) at the Federal University of Paraíba, João
Pessoa, Brazil.

The reason for carrying out the drying experiments in two different laboratories was
due to the interest in evaluating the influence of air relative humidity, for the same air
temperature, on the moisture removal during the drying process.

The LABFILM laboratory has two air conditioning units and a dehumidifier, which
are turned on 24 h a day, the air temperature and relative humidity and, consequently, the
absolute humidity of this environment are very low.

Although the TECNOMAT laboratory also had air conditioning devices, they were
turned off during the experiments to avoid dehumidifying the ambient air. In addition, a
door that gives access to the outside of the building was kept open during the experiments
to ensure good ventilation and air renewal in the laboratory, and also to maintain high air
relative humidity in the ambient area outside of the oven.

2.1.4. The Studied Cases

Table 1 presents the cases studied experimentally with their respective locations, types
of ventilation, temperatures (T), relative humidities (RH) and average velocities (v) of the
drying air, initial masses (m0) and temperatures (θ0) of the sanitary toilets.

Table 1. Cases studied experimentally.

Case Local Type of
Ventilation

Drying Air Sanitary Toilet

T (◦C) RH (%) v (m/s) m0 (g) θ0 (◦C)

1 LABFILM Forced 30.1 23 0.1 16,370 26.0
2 LABFILM Forced 40.0 14 0.1 18,120 25.0
3 TECNOMAT Forced 30.0 51 0.1 15,890 24.8
4 TECNOMAT Forced 40.0 35 0.1 15,980 25.1

The temperature and relative humidity values for the drying air presented in Table 1
represent the averages of the measurements that were carried out during the entire drying
process at the pre-established time instants, as previously described. The temperature
values of 30 and 40 ◦C were defined as they are usually the minimum and maximum limits
of air temperature allowed in the pre-drying sector of the sanitary ware manufacturing
process used in the ceramic industry.

All experiments were performed with forced convection and external air renewal. The
drying air velocity value was obtained through averaging the values read at 8 different
points inside the oven using a hot wire anemometer, at room temperature and with a
sample inside.
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2.2. Auxiliary Calculations

After carrying out the drying experiments, auxiliary calculations were developed
to determine important parameters based on variations in the mass, dimensions and
temperature of the samples throughout the process, as well as the air temperature and
relative humidity. Such parameters are useful to compare and discuss the results for the
different cases studied experimentally.

• Mass of water

The amount of water in the sanitary toilet (mw), at each measurement time, was
calculated as a function of the sample mass (m), at the time of interest, and the dry mass of
the sample (md), as follows:

mw = m−md. (1)

As previously mentioned, the dry mass of the sample was the mass value obtained
at the end of the drying process after it remained in the oven for 24 h at a temperature
of 105 ◦C. It was considered that all residual water in the sample was evaporated after
this process.

• Moisture content on a dry basis

The moisture content of the sample (M), at each measurement time, was calculated as
a function of the water mass of the sample (mw), at the time of interest, and the dry mass of
the sample (md), as follows:

M =
mw

md
. (2)

• Drying rate

Drying rate was defined as the derivative of moisture content based on drying time.
In this way, the drying rate of the sample at a given instant of time, i.e., dM(t)/dt, was
calculated (approximately) as follows:

dM(t)/dt = −M(t)−M(t− ∆t)
∆t

, (3)

where M(t) is the moisture content at time t, M(t− ∆t) is the moisture content at old time
(t− ∆t), and ∆t is the time interval recorded between the two consecutive measurements.
For convenience, the minus sign was introduced in the equation to obtain positive and
decreasing values for the drying rate.

• Linear retraction of the sample

Since it is a complex geometry, it is very difficult to quantify the volumetric shrink-
age of the sanitary toilets during the drying experiments. In contrast, five of the main
dimensions of the sanitary toilet were measured during the drying experiments. The five
measurements were height, length of the upper base, width of the upper base, length of
the lower base and width of the lower base, as shown in Figure 4. The linear retraction
of the sample at a given instant of time (t) was then defined as the average of these five
measurements at that instant of time divided by the average of these five measurements at
the beginning of the drying process (t = t0 = 0 s), as follows:

Linear retraction =
∑5

i=1 Li(t)

∑5
i=1 Li(t0)

, (4)

where Li is the measure value in the location i, which ranges from 1 to 5.
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• Relative humidity of the drying air

To calculate the relative humidity of the air inside the oven for each instant of time,
the following methodology was used:

From the temperature (T) and relative humidity of the air (RH) outside the oven,
which were obtained using a digital thermo-hygrometer, the saturation vapor pressure
(Pg) was calculated using the Tetens equation [37], followed by the calculation of the vapor
pressure (Pv):

Pg = 0.61078× e(
17.27T

T+237.3 ), (5)

Pv = RH × Pg, (6)

where Pg and Pv are given in kPa, RH is given in decimal value, and T is the temperature
in Celsius degrees (◦C).

Subsequently, the absolute humidity of the air (ω) outside the oven i, which was
defined as the ratio between the mass of water vapor in the air (mv) and the mass of dry air
(mA) s, was calculated as follows [38]:

ω =
mv

mA
=

MvPv∀/R̄T
MAPA∀/R̄T

=
Mv × Pv

MA × PA
=

Mv × Pv

MA × (P− Pv)
= 0.622

Pv

(P− Pv)
, (7)

where P = 101.325 kPa is the atmospheric pressure at sea level. The symbol ∀ represents
the volume of the air mass and vapor.

Herein, it was considered that the absolute humidity inside the oven was equal to
the absolute humidity outside the oven. As the atmospheric pressures were equal in
the locations, the vapor pressures (Pv) in the two regions were also equal. Thus, the
saturation vapor pressure (Pg) was calculated for the air temperature inside the oven using
Equation (5).

Finally, knowing the vapor pressure (Pv) and the saturation vapor pressure (Pg), the
relative humidity of the air inside the oven was calculated using Equation (6).

It was important to emphasize that Monteith and Unsworth [39] reported that the sat-
uration vapor pressure values of the Tetens equation presented an error of up to 1 Pa when
compared with exact values for temperatures up to 35 ◦C. To confirm reliability, different
results of relative humidity inside the oven were compared for each of the experiments
carried out, using the above-described methodology, with the exact results obtained using
the Computer-Aided Thermodynamic Tables 3 (CATT3) software. Based on this analysis,
it was found that the maximum absolute error obtained for the relative humidity inside
the oven was 0.02%, guaranteeing the reliability of the Tetens equation in the temperature
range studied (between 30 and 40 ◦C).
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3. Results and Discussion
3.1. Drying Kinetics

Table 2 indicates the drying air conditions for each proposed case, as well as the initial
mass (m0), initial water mass (mw0), equilibrium mass (me) and dry mass (md) of the
samples. From the analysis of the Table 2, it is observed that the values of relative humidity
of the drying air for the first two cases, which were carried out in LABFILM, are lower
than the values obtained in the other cases, which were carried out in TECNOMAT. This
outcome occurred because the LABFILM has a dehumidifier and two air conditioning units
that remained on during the experiments, while the drying experiments at the TECNOMAT
were carried out without a dehumidifier and with the air conditioning devices turned off.

Table 2. Initial, equilibrium and dry mass results for each experiment.

Case
Drying Air Sanitary Toilet

T (◦C) RH (%) v (m/s) m0 (g) mw0 (g) me (g) md (g)

1 30.1 23 0.1 16,370 3040 13,400 13,330
2 40.0 14 0.1 18,120 3080 15,100 15,040
3 30.0 51 0.1 15,890 2865 13,110 13,025
4 40.0 35 0.1 15,980 2875 13,165 13,105

It is also observed that, for the same laboratory, the higher the temperature of the
drying air, the lower the air relative humidity. This result is in line with expectations since
the increase in temperature implies an increase in the saturation vapor pressure, increasing
the capacity of the air to retain water in the vapor state (humidity).

From the analysis of Table 2, it is also noticed that even respecting the same time
interval between the removal of the sample from the mold and the beginning of the drying
experiment, there is a reasonable difference in the initial masses of the samples (m0). In
absolute terms, the maximum difference between the masses of the samples is 2230 g,
comparing Cases 2 and 3. In percentage terms, the mass of sample 3 corresponds to
87.69% of the mass of sample 2. This outcome could have occurred for three main reasons:
dimensional differences in the molds of the parts, the time the samples remained in the
molds and differences in the composition of the slip (raw material) in each of the samples,
given that the collections were carried out in different weeks. The average initial mass of the
samples in the four experiments and the respective standard deviation was 16,590 ± 902 g.

Figure 5 shows the comparison between the average moisture content of the sam-
ples as a function of time for all the experiments. Such results are important to under-
stand the drying kinetics of sanitary toilets for different conditions of air temperature and
relative humidity.

From the analysis of Figure 5, it is observed that drying occurred more quickly for
the experiment with higher temperature (40 ◦C) and lower relative humidity (14%) of the
drying air (Case 2), i.e., the moisture content reduced from its initial value to the equilibrium
value in a shorter time. The case with the second fastest drying was that carried out in the
TECNOMAT (highest relative humidity) with a temperature of 40 ◦C (Case 4). Next, there
are Cases 1 (T = 30.1 ◦C; RH = 23%) and 3 (T = 30 ◦C; RH = 51%).

These results show that the drying air temperature is not the only factor that influences
the drying kinetics. The air relative humidity is a parameter of fundamental importance
in the drying of ceramic materials. The reduction in relative humidity favors the mass
transfer of water from the interior of the piece to the drying air as a result of the higher
water evaporation rate on the surface.
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Figure 5. Average moisture content of samples as a function of time for all analyzed cases.

Analyzing the average moisture content curves as a function of time for each of
the analyzed cases, there is a feeling of a linear relationship between the two variables
in the initial moments of the process, which would indicate the first drying stage, in
which the water evaporation rate from the product does not change with time. However,
when analyzing the drying rate curves as a function of time (Figure 6), it is observed
that the drying rate is already decreasing with time in the initial moments of the process,
although more accentuated decays are observed, in general, in the second half of the drying
experiment. In the final moments of the drying process, a curvilinear decay of the drying
rate as a function of time is observed, tending to zero when approaching the hygroscopic
equilibrium condition.
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The lack of a constant drying rate period was also reported in the literature for drying
ceramic bricks [8,36], industrial ceramic blocks [5,35] and sisal fiber [40] with drying
air temperatures varying between 50 and 100 ◦C. However, for such cases, the most
accentuated decay of the drying rate with time occurred in the initial moments of the
process. Reasons for this outcome are the lower values of initial moisture content of the
samples and the higher values for drying air temperature, material composition, volumetric
shrinkage behavior and part geometry, which are all factors that influence the effective
mass diffusivity of the product.

Analyzing Figure 6, we observe the proximity between the drying rates for Cases 2
and 4 during practically the entire process. Cases 1 and 3 also show similar drying rates
during most of the process.

Figure 7 illustrates the comparison between the drying rates of the samples as a
function of the average moisture content for all analyzed cases. It is noticed that, for
all experiments, there is a more accentuated decay in the drying rate when the average
moisture content of the sample approaches to 0.03 kg/kg.
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Figure 8 show images of the sample used in Case 3 at the beginning and end of the
drying process. It is possible to observe a change in the color of the piece due to the loss of
moisture and heating during the experiment. However, no cracks or fissures were observed
as a result of the drying process. This result is in line with expectations, as these defects
only occur when temperature gradients and moisture content in the part are high; for
ceramic materials, the tendency is for this to happen at higher drying air temperatures and
lower air relative humidity. These results corroborate those obtained by Silva [36], who
only observed small cracks in hollow ceramic bricks for temperatures above 80 ◦C, and
Silva [35], who reported small cracks in industrial hollow ceramic blocks for temperatures
above 60 ◦C.
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Figure 8. Sample used in Case 3 (TECNOMAT laboratory; T = 30.0 ◦C; RH = 51%) before (a) and
after (b) oven drying experiment.

3.2. Heating Kinetics

From Figure 9, which illustrates the surface temperature of the sample as a function of
time, it can be seen that, for all the cases analyzed, the surface temperature of the sample
increases rapidly from its initial value to an intermediate value, while between the initial
temperature and the drying air temperature, it remains oscillating at this intermediate value
for a good part of the experiment; only at the end of the process does its value approach
the temperature of the drying air, i.e., the thermal equilibrium condition.
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Figure 9. Surface temperature of samples as a function of time during drying process.

From observations made during the experiments, it was noticed that the surface
temperature increased again at the moment when the change in the color of the sample
became more evident, which was already in the final stage of the drying process. Thus,
it is reasonable to assume that the change in sample color modified the emissivity of the
material, which was a variable that directly influenced the temperature read using the
digital infrared thermometer. Moreover, at this drying moment, the sample was almost
dried and the energy absorbed by it was used almost in totality as sensible heat to increase
its temperature.
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The sharp increase in the surface temperature of the samples in the initial moments
of the drying processes is a characteristic of the first falling-rate period, being one more
indication that, in the experiments carried out, there was no first stage of drying. The
constant drying-rate period occurs at constant temperature with values equal to the wet
bulb temperature of the drying air.

Among the experiments carried out at 40 ◦C, it can be seen that the intermediate
temperature at which its value oscillated was higher for the case with higher relative
humidity (Case 4). In addition, it is observed that both the cases reached the upper
temperature level at approximately the same instant of time. The experiments carried out
with a temperature of 30 ◦C showed very similar behavior throughout the entire experiment,
both in terms of the intermediate temperature value and in the instant when the upper
temperature level was reached.

Figure 10 shows the comparison between the surface temperatures of the samples as a
function of the average moisture content for all analyzed cases. Once again, it is evident
that the surface temperature of the sample increases rapidly from its initial value to an
intermediate value, with a small variation in the average moisture content, and remains
at this level until the average moisture content reaches a value close to 0.03 kg/kg. From
this drying moment, the temperature increases again, approaching the temperature of the
drying air.
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Figure 10. Surface temperature of sample as a function of average moisture content.

Figure 11 shows the thermograms obtained in two instants of time for Case 3 (LAB-
FILM; T = 30.0 ◦C; RH = 51%). The first time instant was at the intermediate temperature
level (t = 36 h), while the second time instant was at equilibrium condition (t = te = 178 h).
In the thermogram, it is possible to identify the temperature variations in different points
of the parts. From the analysis of the Figure 11, it can be noticed that the temperatures
obtained are slightly below the values presented previously for surface temperature. This
result occurred because the measurements used to create the graphs of surface temperature
versus time were taken using a digital infrared thermometer when the sample was inside
the oven, while the images shown in Figure 11 were obtained from a thermographic camera
with the sanitary toilet in the digital scale for weighing. In the time interval between
removing the toilet from the oven, placing it on the scale, closing the oven door and writing
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down the mass before taking the photo, there is a heat transfer from the sample to the
environment, reducing its temperature.
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Figure 11. Thermograms of sample used in Case 3 (T = 30.0 ◦C and RH = 51%) for time instants
(a) t = 36 h and (b) t = te = 178 h.

Table 3 indicates the initial moisture content (M0), the equilibrium moisture content
(Me), the time needed to reach the equilibrium condition (te) and the equilibrium surface
temperature (θe) for each of the experiments. It is observed that despite the identical time
interval between removing the sample from the mold and the beginning of the drying
experiment, which was approximately two and a half hours, there is a reasonable difference
in the initial moisture content of the samples.

Table 3. Results of initial and equilibrium moisture content, final temperature and time to reach
higroscopic equilibrium.

Case
Drying Air Sanitary Toilet

T (◦C) RH (%) v (m/s) M0 (kg/kg, d.b) Me (kg/kg, d.b) te (h) θe (◦C)

1 30.1 23 0.1 0.22806 0.00525 166 30.0
2 40.0 14 0.1 0.20479 0.00399 102 39.9
3 30.0 51 0.1 0.21996 0.00653 178 30.0
4 40.0 35 0.1 0.21938 0.00458 106 39.8

The highest initial moisture content was observed for the sample used in Case 1, with
a value of 0.22806, while the lowest value was observed for Case 2, with a value of 0.20479;
this variation represents a difference of 0.02327 in absolute terms and 11.20% in percentage
terms. Comparing these results with the results presented in Table 2, it is noticed that higher
values of initial moisture content are not associated with higher values of initial mass.

The reasons for the different values obtained for the initial moisture content are the
possible different air conditions in the casting sector of the partner company during the
steps of filling the mold, draining the excess slip and removing the parts from the mold;
the rest period of the part in the mold; and mold moisture absorption efficiency. The final
factor, according to Cavalcante [4], tends to decrease with the increase in cycle counts.

Upon examining Table 3, it is evident that the higher the temperature inside the
oven, the shorter the time needed to reach the equilibrium condition (te), and that, for two
experiments carried out at the same temperature, the time was shorter for lower values
of relative humidity. In this way, the ascending order of the total drying time for the
experiments was 2-4-1-3.

It is observed that the difference between the total drying time for the experiments
carried out at a temperature of 40 ◦C was only four hours. As for the experiments carried
out with a temperature of 30 ◦C, the difference in the total drying time was 12 h. This
result indicates that relative humidity has a greater influence on the total drying time for
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a temperature of 30 ◦C. Such differences in the values of the total drying time, identified
between experiments carried out at the same temperature, would be greater if the values of
initial moisture content (M0) were closer.

It can be seen that the ascending order of the equilibrium moisture content (Me), i.e.,
2-4-1-3, was equal to the ascending order of the time to reach the equilibrium condition
(te), i.e., the higher the drying air temperature, the lower the value of Me, and for the same
temperature, the lower the relative humidity, the lower the value of Me.

Table 4 indicates the time interval required to reduce the moisture content from 0.20
to 0.15 (∆tM = 0.20→0.15), from 0.20 to 0.10 (∆tM = 0.20→0.10), from 0.20 to 0.05 (∆tM = 0.20→0.05)
and from 0.20 to 0.01 (∆tM = 0.20→0.01). Normally, companies in the sanitary ware sector
define a fixed time, based on experience, for which each type of product must remain in
the pre-drying sector before moving to the drying stage. Usually, this time varies from
one to three days, depending on the type of product [41]. A better way to manage this
process would be to define the ideal moisture content in which the product should be
dried at a high temperature, for example, when its value is equal to 0.15. Based on the
desired moisture content and the air conditions in the environment where the drying at low
temperatures is being carried out, it is possible to estimate how long the product should
remain in the pre-drying sector before being transferred to drying at high temperatures.

Table 4. Comparison between times needed to reduce average moisture content of sample from 20 to
15, 10, 5 and 1% in dry basis.

Case

Drying Air Sanitary Toilet

T (◦C) RH (%) v (m/s) ∆tM = 0.20→0.15
(h)

∆tM = 0.20→0.10
(h)

∆tM = 0.20→0.05
(h)

∆tM = 0.20→0.01
(h)

1 30.1 23 0.1 21.212 44.829 69.295 102.922
2 40.0 14 0.1 10.958 22.509 36.233 54.280
3 30.0 51 0.1 24.850 52.022 81.738 119.750
4 40.0 35 0.1 11.454 23.890 38.147 56.516

In this way, it is possible to adapt the pre-drying time of the product depending on the
air conditions in the environment, which can vary significantly at different times of the year,
to verify if there is poor control of the process parameters. In addition, this methodology
serves as a decision-making tool to obtain a shorter operating time in the pre-drying sector,
providing a reduction in energy consumption.

The same ascending order that was observed for the total drying time can also be
observed for the time intervals required to reduce the average moisture content from 0.20
to 0.15, 0.10, 0.05 and 0.01, i.e., Cases 2-4-1-3. In this way, the higher the temperature inside
the oven, the shorter the time intervals required to reduce the average moisture content
from 0.20 to 0.15, 0.10, 0.05 and 0.01, while for two experiments carried out at the same
temperature, the time intervals are shorter for lower values of air relative humidity.

Comparing the time intervals for experiments carried out at the same temperature, it
is noticed that there is a greater proximity between the cases carried out at 40 ◦C than the
cases carried out at 30 ◦C, as well as between the varied total drying times (te).

3.3. Linear Retraction Kinetics

Table 5 presents the results of final linear retraction and final mass variation for all dry-
ing experiments. The lower the value of the final linear retraction, the greater the shrinkage
of the part during the drying experiment. It is observed that the greatest shrinkages are
associated with the greatest mass variations, which occurred for Cases 1 and 2.

Figure 12 shows a comparison between the linear retraction of the samples as a
function of time for all analyzed cases. It is observed that the higher the air temperature,
the greater the slopes of the linear retraction curve as a function of time. Furthermore, for
the same temperature, the lower the air relative humidity, the greater the slopes of the
linear retraction curve as a function of time.
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Table 5. Results of final linear retraction and final mass variation for all drying experiments.

Case
Drying Air Final Linear

Retraction (-)
Final Mass

Variation (g)T (◦C) RW (%) v (m/s)

1 30.1 23 0.1 0.97120 3040
2 40.0 14 0.1 0.97201 3080
3 30.0 51 0.1 0.97387 2865
4 40.0 35 0.1 0.97391 2875
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In general, greater slopes in linear retraction curves as a function of time imply
greater chances of defect formation. For this reason, greater care must be taken in the
initial moments of the drying process, especially when this process is carried out at high
temperatures and low relative humidities. For such situations, it is advisable that the
temperature of the drying air is gradually raised in the initial moments of the process,
ensuring that the phenomenon of shrinkage is controlled at this most problematic stage.

Figure 13 illustrates the linear retraction as a function of the average moisture content
of the sample for all cases. From the analysis of this figure, it is possible to observe that there
is an almost linear relationship between the two variables for all the experiments. As the
average moisture content of the sample decreased during the experiment for all analyzed
cases, the linear retraction variable also decreased its value, which, in turn, indicated greater
shrinkage in the part. There is also a great proximity between the curves obtained for
each case.
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4. Conclusions

In this research, the engineering problem related to drying of sanitary ware in an
oven at low temperatures was studied, and the effect of the main drying parameters
(temperature and relative humidity) were evaluated. Based on the results obtained, it can
be concluded that:

(a) The increase in air temperature and reduction in air relative humidity resulted in
faster drying and heating.

(b) The drying of sanitary ware occurred in the falling drying rate period.
(c) The experiment carried out with the highest temperature and lowest relative humidity

(Case 2: T = 40.0 ◦C; RH = 14%) presented the fastest drying rate among all the
analyzed cases.

(d) The study proved that, for certain physical situations, it is more interesting to dedicate
efforts to reduce the relative humidity of the drying air instead of looking for solutions
to increase its temperature.

(e) No cracks or fissures were observed in the sanitary toilets as a result of the drying
process at low temperatures ranging from 30 to 40 ◦C.

(f) There is a correlation between the linear retraction and moisture content of the sam-
ple; thus, the greater the moisture loss, the greater the sample shrinkage for each
drying experiment.

(g) The higher the air temperature and the lower the air relative humidity, the greater the
slope of linear retraction curves along the drying process.

Finally, this work is expected to contribute to a better understanding of the drying
process of ceramic materials, and provide support for engineers, specialists, academics and
industrialists in making decisions to optimize the drying process. The aim is to increase the
quality of the product and reduce the processing time, energy consumption and environ-
mental impacts. In this way, it will be possible to lead companies in the ceramic sector on a
path that will make them more competitive in national and international markets.
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Abbreviations

CATT3 Computer-Aided Thermodynamic Tables 3 software [-]
dM(t)/dt Drying rate [kg/kg/s]
LABFILM Laboratory of Synthesis and Characterization of Thin Films [-]

Li
Value of measurement i for calculating the linear retraction of

[m]
the sample
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m Sample mass [kg]
m0 Initial mass of the sample [kg]
mA Mass of dry air [kg]
md Dry mass of the sample [kg]
me Equilibrium mass of the sample [kg]
mv Mass of water vapor in the air [kg]
mw Water mass of the sample [kg]
mw0 Initial water mass of the sample [kg]
M Moisture content on a dry basis [kg/kg]
MA Molecular mass of dry air [kg/kmol]
M0 Initial moisture content [kg/kg]
Me Equilibrium moisture content [kg/kg]
Mv Molecular mass of water [kg/kmol]
P Atmospheric pressure at sea level [Pa]
PA Partial pressure of dry air [Pa]
Pg Saturation vapor pressure [Pa]
Pv Vapor pressure [Pa]
RH Relative humidity [decimal]
TECNOMAT New Materials Technology Laboratory [-]
t Instant of time [s]
t0 Initial instant of time [s]
te Time to reach the equilibrium condition [s]
T Drying air temperature [◦C]
v Velocity [m/s]
∆t Time interval between two consecutive measurements [s]
∆tM = 0.20→0.15 Time required to reduce the moisture content from 0.20 to 0.15 [s]
∆tM = 0.20→0.10 Time required to reduce the moisture content from 0.20 to 0.10 [s]
∆tM = 0.20→0.05 Time required to reduce the moisture content from 0.20 to 0.05 [s]
∆tM = 0.20→0.01 Time required to reduce the moisture content from 0.20 to 0.01 [s]
θ Temperature of the sample [◦C]
θ0 Initial temperature of the sample [◦C]
θe Equilibrium surface temperature [◦C]
∀ Volume of the air [m3]
ω Absolute humidity of the air [kg/kg]
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