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Abstract: This research delved into the energetic properties of catalysts synthesized from residual
sludge from the textile, galvanic, and tannery industries. The experimental process consisted of
an initial heat treatment to activate their catalytic properties and a thermal analysis employing
differential scanning calorimetry (DSC). This technique permitted the investigation of the materials’
thermal behavior as a function of temperature, ranging from 142 to 550 ◦C, effectively controlling the
heating rates and pressure conditions. The data gathered were the input for constructing specific
heat models through polynomial regression employing the least squares method. These models
were subsequently used to estimate variations in the enthalpy and entropy for both the sludge and
catalysts through integration. Third-degree polynomials primarily characterized the specific heat
models that accurately represented the samples’ thermal behavior, considering variations in their
physicochemical properties that influenced it. The catalysts derived from residual sludge from the
textile industry exhibited the models with the most robust statistical fit. Concurrently, the catalysts
from the galvanic industry displayed noteworthy similarities with the bibliographic data across
various temperature points. The mathematical models determined the specific heat (Cp) as a function
of temperature, which, in turn, was used to estimate the enthalpy and entropy variations in the
sludge and catalysts under study. The highest enthalpy value corresponded to the sludge and catalyst
obtained from the tannery industry, with a Cp of 5.60 J/g-K at 603 K and 2.45 J/g-K at 445.6 K. Finally,
the third-degree polynomials showed the best mathematical models since (1) they considered the
variations in the physicochemical properties that intervened in the behavior of Cp as a function
of temperature; (2) they presented a better statistical fit; and (3) they showed consistency with the
existing information in the literature for the textile industry and the galvanic industries.
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1. Introduction

In 2022, Ecuador enacted a law fostering the circular economy [1] to promote the trade
of waste materials, especially from the manufacturing industries. In this context, previous
research conducted by this group has synthesized catalysts from sewage sludge from the
textile, galvanic, and tannery industries, as well as from petroleum storage tank bottoms
and mining tailings. These catalysts, primarily composed of iron, have demonstrated
activity, particularly for petroleum cracking reactions and catalytic methane decomposition.
The highest specific surface area for catalysis was 31.73 m2/g [2] for waste sludge from the
textile industry, followed by 20.05 m2/g for the tannery industry [3] and 17.68 m2/g [3]
for the galvanic industry. Studying the thermodynamic properties of these materials could
be a valuable tool for exploring reuse options to produce high-value-added products that
contribute to the circular economy.
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Thermal analysis is considered highly valuable for the synthesis and characterization
of catalysts. Well-known techniques include thermal differential studies and differential
scanning calorimetry (DSC), with heat flows applied to metals and alloys to analyze these
materials. These methods can determine the potential of the reuse of catalysts while
minimizing the activity loss [4] and can be used to analyze metallic transitions.

Furthermore, DSC has enabled the development of kinetic models for reactions in-
volving metallic catalysts, such as the combustion of petroleum with metallic chlorides [5]
and the catalytic combustion of methane over cobalt catalysts [6].

DSC has also been used to evaluate the hazard characteristics of metallic nanopowders,
assessing the explosion potential of materials derived from iron and zinc [7]. Determining
the thermal properties of a catalyst (its specific heat, enthalpy, and entropy) is essential
for defining the operational conditions in real reactors. The heat capacity of a catalyst can
significantly influence a reactor’s temperature and heat flux, thus impacting the energy
balance significantly. Safety risks encompass mechanical issues (such as reactor over-
pressurization), chemical concerns (including corrosion and the initiation of alternative
reactions), and physical hazards (such as burns resulting from the release of vapors and
thermal stress). These aspects are essential for robust modeling and simulation, constituting
the basis of reliable chemical process design and operation.

Nevertheless, there is still a need for more comprehensive information regarding the
performance of sludge and metals used as catalysts. High surface temperatures promote
reaction development for catalytic materials. Consequently, the heat transfer phenomenon
and temperature profiles under wet or dry conditions influence the catalytic activity. There
is a growing interest in studying the energetic properties of catalytic materials and residual
sludge from textile, tannery, and galvanic industries. These studies are linked to processes
involving heat addition or extraction. The primary objective is to identify alternative
options for the commercial catalysts currently employed in the industry by synthesizing
catalysts from industrial residues. This interest in the energy valorization process also
extends to the analysis of the original sludge.

Although some alternatives have been proposed for the valorization of this sewage [8],
the present study employed DSC to ascertain the thermal variations in sludge and catalysts
derived from industrial waste, yielding heat flux data across the 142 to 550 ◦C tempera-
ture range and developing specific heat models via polynomial regression using the least
squares criterion, which satisfies the statistical criteria. These models were then employed
to determine the enthalpy and entropy within various temperature intervals of integration.
These findings can serve as a valuable tool for utilizing these materials in other chemi-
cal and industrial reaction processes, thereby enabling the scaling of catalyst production
derived from the sludge due to its metallic content [9,10]. Some applications include the
catalytic decomposition of methane [11], homogeneous reactions, such as obtaining lac-
tic acid [12], and wastewater treatment as sustainable methods to eliminate hazardous
pollutants, demonstrating effectiveness in the degradation of bisphenol in hydrogen pro-
duction [13].

2. The Methodological Framework
2.1. Experimental Design

Sludges from galvanic [3], textile [2], and tannery processes [14] were obtained from
specific factories located in Quito and Ambato, Ecuador. The residual sludges were dried
in ASTM-D2216 in a drying oven (Nabertherm-TR60, Bahnhofstr, Lilienthal, Germany) for
four hours to prepare the catalysts. The dried sludges were sieved between 150 and 180 µm
using Tyler’s Sieve series. The sludges and catalysts obtained are shown in Figure 1.
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Figure 1. Sludge and catalysts studied.

The residual sludges were calcined between 400 and 900 ◦C for four hours in a muffle
furnace (Thermo Scientific—Thermolyne, Waltham, MA, USA). This process removed the
organic residues and oxidized the metallic phase of the sludges. After the thermal process,
the residual sludges were considered catalytic material.

This study aims to analyze how different temperatures affect the mechanical strength
and textural properties of the materials. We utilized various techniques to characterize the
structure, including elemental analysis, FTIR (Fourier-transform infrared spectroscopy),
nitrogen adsorption, X-ray diffraction, and programmed temperature reduction. Finally,
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we used industrial application reactions, such as those involving glycerol [2], crude oil [15],
and methane thermal decomposition [16] for the catalytic properties.

The specifications of the properties of the samples used are shown in Table 1, according
to the type of industry: textile [2], tannery [14], and galvanic [3]. The surface characteristics
were examined with N2 adsorption–desorption utilizing a surface area analyzer (Horiba-SA
9600, Minami-ku, Kyoto, Japan). This device measures the gas adsorption and desorption
profiles using the flowing gas technique, while the surface area is determined via the
single-point BET approach. In preparation for the analysis, 0.15 g of the sample was placed
in a U-tube and degassed at 300 ◦C for two hours to purify the surface. The N2 adsorption–
desorption procedure was subsequently performed using liquid N2 (Enox S.A., Quito,
Pichincha, Ecuador).

Table 1. Properties of sludge and catalysts.

Industry

Properties

% Humidity
T. Calcination

Oxides Metal (Phase Act.)
Specific Surface Pore Volume

(◦C) (m2/g) (cm3/g)

Textile

L1 76.50 - -

Fe

- -

C1 - 600
Fe2O3, Al2O3,

SiO2, Cr2O3, ZnO,
Ni2O3, Co3O4.

30.36 0.0375

L2 66.01 - -

Cr, Zn

- -

C2 - 600
Fe2O3, Al2O3,

SiO2, Cr2O3, ZnO,
Ni2O3 y Co3O4

31.73 0.0518

Tannery
L3 12.65 - -

-
- -

C3 - 400 Cr2O3 25.829 0.0250

Galvanic

L4 58.00 - -

Fe, Zn

- -

C4 - 400 FeO, Fe2O3, Fe3O4
y ZnO. 96.15 0.12

L5 53.83 - - - -

C5 - 500 FeO, Fe2O3, Fe3O4,
ZnO. 63.36 0.09

L6 74.47 - -
Fe

- -

C6 - 550 FeO, Fe3O4. 17.68 0.02

2.2. Laboratory Method

A calorimeter NETZSCH 3500 Sirius located in the Thermodynamic Lab from Fac-
ultad de Ingenieria Quimica, Universidad Central del Ecuador carried out the energetic
characterization of the sludge and catalysts, applying the ASTM E1269-1 [17].

The analysis was conducted using alumina crucibles with a capacity of 150 µL, contain-
ing a sample mass of 10 mg. The experiment was performed under a nitrogen atmosphere
at a flow rate of 30 mL/min, with a temperature ramp of 15 ◦C/min during both isothermal
and dynamic processes (Figure 2). The temperature was raised to 100 ◦C to eliminate the
organic phase and any ambient moisture from the catalyst. This means that the calorime-
try measurements did not account for phase changes such as evaporation. Additionally,
temperatures were kept below 600 ◦C to prevent any fusion effects. The calorimetry results
provided heat flow data (Φ) for the sludge and catalysts, which allowed for the estimation of
energetic properties such as specific heat, enthalpy, and entropy using mathematical models.
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2.3. Analysis of Data

The equation for specific heat allows us to determine its value as a function of tem-
perature while defining important energy properties, including enthalpy and entropy. It
also enables the description of various characteristics related to these properties. The way
a material’s specific heat varies is influenced by the temperature range being examined.
Consequently, a preliminary analysis of the DSC thermogram is essential to identify the
temperature intervals suitable for applying polynomial regression models.

The trend of the DSC thermograms and the high compatibility of the third-degree heat
capacity with experimental data [18] sustain the selection of the following model:

Cp = a1 + a2T + a3T2 + a4T3 (1)

The least squares method serves as a powerful technique for determining the partial
slopes and intercepts of polynomial functions. By implementing variance analysis within
our regression models, we can evaluate the statistical significance of our findings. Addi-
tionally, we appraise the model’s efficacy through the adjusted coefficient of determination,
which indicates the proportion of variability accounted for by the model. We also conducted
thorough checks to ensure that our assumptions, including the normality and homogeneity
of residual variances, are valid. Lastly, we quantified uncertainty by establishing confidence
bands at an impressive 95% for our predicted values. This approach provides valuable
insights into our analyses.

3. Results and Discussion
3.1. Differential Calorimetry Analysis

DSC thermograms are shown for each sample exposed to isothermal heating to 130 ◦C
and dynamic heating from approximately 142 to 550 ◦C. In addition, note that the endother-
mic peaks in the thermograms are in the positive direction, as shown in Figure 3.
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Table 2 shows the temperature and energy of each peak for the DSC thermogram.

Table 2. Energy peaks of sludge and catalysts of the analyzed industries.

Industry Textile 1 Textile 2 Tannery Galvanic 1 Galvanic 2 Galvanic 3

Material # T (◦C) E
(mW/mg) T (◦C) E

(mW/mg) T (◦C) E
(mW/mg) T (◦C) E

(mW/mg) T (◦C) E
(mW/mg) T (◦C) E

(mW/mg)

L

E1

210 0.47
200
243

0.75
0.7

180 0.32
208
353

0.51
0.15

210 0.35
195 0.36435 0.31 330 1.33 252 0.36

483 0.33 515 0.32 422 0.29

E2

210 0.52
198
243

0.77
0.72

180 0.27
205
352

0.67
0.18

212 0.34
196 0.39425 0.32 330 1.34 250 0.35

488 0.30 517 0.36 422 0.3

C

E1 213 0.37
197
259
359

0.35
0.35
0.26

167
332
502

0.59
0.31
0.22

141 0.21

203 0.26 205 0.27176 0.23
216 0.24
276 0.21

E2 210 0.37
200
250
358

0.36
0.35
0.27

167
320
502

0.64
0.33
0.24

142 0.19

205 0.23 205 0.27175 0.22
215 0.2
277 0.21

For textile industry 1, L1, and C1, we observe endothermic peaks above 200 ◦C.
According to information collected from SiO2 exposed to DSC, peaks from 200 to 275 ◦C
represent a change in the system’s energy content, characteristic of a phase transition from
α-SiO2 to β-SiO2 [19]. C1 presents fewer peaks and a heat flow of less than 200 ◦C than L1,
indicative of higher thermal stability by the catalyst.

Upon comparing the L1 and L2 sludges with the C1 and C2 catalysts derived from the
textile industry, it is suggested that sludges require higher heat fluxes than catalysts. This
requirement contributes to enhanced thermal stability in the catalysts.

For the tannery industry, L3 and C3, we distinguished decreasing behavior with
differences in shape. The thermogram to C3 presents better visibility of energy peaks,
which indicates higher thermal stability than L3.

In the galvanic industry, for L4, decreasing behavior and higher heat fluxes are iden-
tified, unlike the catalyst obtained. Hence, the catalyst indicates higher thermal stability
with increased heat fluxes from 372 ◦C. For C4, we observed several energy peaks, pos-
sibly due to the diffraction of w-ZnO that increases remarkably with temperature from
167 ◦C [20] and another endothermic peak belonging to the ε-Fe2O3 transition at 220 ◦C as
it approaches the Curie temperature [21].

By comparing thermograms L5 and C5, a decreasing trend is observed in both, indicat-
ing a similar behavior of the catalyst with the original sludge, along with lower heat fluxes
for the C5 catalyst. In the galvanic industry 2, L5 and C5 present a decreasing behavior,
with lower heat fluxes for C5, meaning an endothermic peak from 400 ◦C; according to the
bibliography, this corresponds to the change of iron oxide γ-Fe2O3 to α-Fe2O3 [22]. The
analysis of thermograms in galvanic industries shows that catalysts exhibit higher thermal
stability compared to sludges, as they require lower heat fluxes.

3.2. Specific Heat

The heat fluxes, given in mW, determine the specific heat for each temperature mea-
surement.

Cp =
ΦM − Φ0

m ∗ β
(2)

where:

Cp: specific heat, J/g◦C.
ΦM: heat flux rate of the sample, W.
Φ0: zero-line heat flux rate, W.
m: mass of the sample, g.
β: heating rate, ◦C/s.
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We segmented the thermogram by peaks due to the large amount of recorded data.
When these peaks corresponded to structural changes noted in the literature, we interpo-
lated tracers using splines and obtained polynomials with improved correlation factors.
The models corresponded to the third-degree equations (Equation (1)). We selected them
according to the compatibility presented by experimental Cp [23], which avoids the value’s
sensitivity to the rounding of coefficients with polynomials of a higher degree. We selected
them based on a bibliography indicating a trend of linear specific heat models for solids
and materials at low pressures and in a single phase up to the third degree. Consequently,
we developed polynomials for each temperature range, which allow obtaining a value of
Cp (J/g◦C) as a function of temperature (◦C).

The STATGRAPHICS program determined the polynomial regression of one factor.
Since the p-value for constants in some models is higher than 0.05 (without statistical
significance), we calculated a new polynomial with a lower order. Table 3 includes the
polynomials for which the model (through ANOVA) and the constants (through t-tests) are
statistically significant.

Table 3. Regression models of the sludge and catalysts of the analyzed industries.

Sample Temperature
Range (◦C)

Cp = a1 + a2T + a3T2 + a4T3

a1 a2 a3 × 103 a4 × 106 R2

L1
143 < T ≤ 210 32.3404 −0.5624 3.3343 −6.3837 0.9149
210 < T ≤ 550 9.1169 −0.0556 0.1338 −0.1080 0.9342

C1
143 < T ≤ 210 19.2034 −0.3272 1.9333 −3.6845 0.9962
210 < T ≤ 550 4.1590 −0.0189 0.0041 −0.0029 0.9889

L2
143 < T ≤ 235 21.2360 −0.4175 2.7386 −5.5178 0.9547
235 < T ≤ 550 12.1611 −0.0621 0.1173 −0.0077 0.9937

C2
141 < T ≤ 241 1.9192 −0.0362 0.3165 −0.7272 0.9253
241 < T ≤ 550 2.9547 −0.0081 0.0080 0 0.9031
185 < T ≤ 550 1.3190 −0.0014 0.0018 0 0.0149

L3
142 < T ≤ 330 −22.6829 0.3530 −1.6931 2.6756 0.9634
330 < T ≤ 550 191.1130 −1.2350 2.6615 −1.8989 0.9292

C3
142 < T ≤ 250 −52.5590 0.8430 −4.2240 6.8742 0.9136
250 < T ≤ 550 −3.1321 0.0410 −0.1160 0.1000 0.8592

L4
142 < T ≤ 205 12.0252 −0.1451 0.4820 0 0.8570
205 < T ≤ 550 15.2246 −0.1121 0.2829 −0.2337 0.8152

C4
143 < T ≤ 375 −0.2667 0.0179 −0.0740 0.0933 0.7216
375 < T ≤ 550 1.6474 −0.0040 0.0058 0 0.7552

L5
142 < T ≤ 227 13.2004 −0.2174 1.2650 −2.3606 0.9841
227 < T ≤ 422 −2.4951 0.0459 −0.1678 0.1889 0.9543
422 < T ≤ 550 −35.9233 0.2411 −0.5165 0.3640 0.9338

C5
142 < T ≤ 205 0.4461 0.0033 0 0 0.5029
205 < T ≤ 550 2.5539 −0.0118 0.0284 −0.0233 0.8288

L6
142 < T ≤ 197 −0.3849 0.0103 0 0 0.8383
197 < T ≤ 550 3.3642 −0.0133 0.0256 −0.0164 0.9478

C6
142 < T ≤ 205 15.8862 −0.2639 1.5407 −2.9325 0.9764
205 < T ≤ 550 2.1169 −0.0055 0.0075 −0.0024 0.9945

The fit that is achieved with the Cp models proposed for a temperature interval of 415
to 823 K for each sample of sludge and catalyst from the three industries can be seen in
graphs that include the curves corresponding to the polynomials in the different intervals
and the thermograms (Figure 4).



ChemEngineering 2024, 8, 123 10 of 18

ChemEngineering 2024, 8, x FOR PEER REVIEW 10 of 17 
 

The fit that is achieved with the Cp models proposed for a temperature interval of 
415 to 823 K for each sample of sludge and catalyst from the three industries can be seen 
in graphs that include the curves corresponding to the polynomials in the different inter-
vals and the thermograms (Figure 4). 

After correcting the Cp models, the R2 (g.l.) statistics have a low fit with 0.4989 and 
0.0149. Huda and Whitney [24] reported an increase in Cp as the material’s porosity re-
duced, so C3 could be influenced by the solid surface’s morphology changes when ex-
posed to temperatures higher than the optimum calcination temperatures (400 °C). As the 
calcination temperatures increase, the number of active sites decreases. 

 
L1: Textile sludge 1 

 
C1: Textile catalyst 1 

 
L2: Textile sludge 2 

 
C2: Textile catalyst 2 

 
L3: Tannery sludge 

 
C3: Tannery catalyst 

0.90
1.10
1.30
1.50
1.70
1.90
2.10
2.30

400 500 600 700 800 900

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Proposed Cp

1.10
1.20
1.30
1.40
1.50
1.60
1.70

400 500 600 700 800

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Proposed Cp

0.60

1.10

1.60

2.10

2.60

3.10

400 500 600 700 800

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Cp Propuesto

0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60

400 500 600 700 800

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Cp Propuesto

0.90

1.90

2.90

3.90

4.90

5.90

410 510 610 710 810

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Proposed Cp

0.70

1.20

1.70

2.20

2.70

410 510 610 710 810

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Proposed Cp

Figure 4. Cont.



ChemEngineering 2024, 8, 123 11 of 18ChemEngineering 2024, 8, x FOR PEER REVIEW 11 of 17 
 

 
L4: Galvanic sludge 1 

 
C4: Galvanic catalyst 1 

 
L5: Galvanic sludge 2 

 
C5: Galvanic catalyst 2 

 
L6: Galvanic sludge 3 C6: Galvanic catalyst 3 

Figure 4. Cp models proposed a 415 to 823 K temperature interval for the analyzed industries. 

The confidence bands for the value predicted by the model are calculated based on 
the standard error of the expected value [25]. They allow a comparison of the Cp obtained 
through the model with bibliographical references, as shown in Table 4. 

  

0.00

0.50

1.00

1.50

2.00

2.50

3.00

400 500 600 700 800

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Cp Propuesto

0.90
0.95
1.00
1.05
1.10
1.15
1.20
1.25
1.30

400 600 800

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Cp Propuesto

0.90

1.00

1.10

1.20

1.30

1.40

1.50

400 600 800

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Proposed Cp

0.75
0.8

0.85
0.9

0.95
1

1.05
1.1

1.15
1.2

410 610 810

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Proposed Cp

1.00

1.10

1.20

1.30

1.40

1.50

1.60

1.70

400 600 800

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Proposed Cp

0.9
0.95

1
1.05
1.1

1.15
1.2

1.25
1.3

400 500 600 700 800

Cp
 (J

g-1
K

-1
)

T (K)

E1 E2 Proposed Cp

Figure 4. Cp models proposed a 415 to 823 K temperature interval for the analyzed industries.

After correcting the Cp models, the R2 (g.l.) statistics have a low fit with 0.4989
and 0.0149. Huda and Whitney [24] reported an increase in Cp as the material’s porosity
reduced, so C3 could be influenced by the solid surface’s morphology changes when
exposed to temperatures higher than the optimum calcination temperatures (400 ◦C). As
the calcination temperatures increase, the number of active sites decreases.
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The confidence bands for the value predicted by the model are calculated based on
the standard error of the expected value [25]. They allow a comparison of the Cp obtained
through the model with bibliographical references, as shown in Table 4.

Table 4. Comparison of Cp C1, C2, C4, C5, and C6 with catalysts and commercial minerals.

Catalyst
Temp.

Other Similar Materials Reported
Cp, This Work Cp Reported

Reference
(K) (J/g·K) (J/g·K)

C1

673.28 Si/Fe/Al (1.196–1.201) 1.15 [23]

673.65 Si/Al (1.196–1.201) 1.252 [26]

773.15 Si/Fe/Al (1.171–1.177) 1.18 [23]

773.65 Si/Al (1.171–1.177) 1.251 [26]

800
Fe/Si

(1.160–1.170) 1.08
[27]

823.11 (1.140–1.160) 1.082

C2

573.15 Fe/Si (1.260–1.280) 1.27 [23]

432.35 Zeolite13X (Si/Al) (1.160–1.200) 1.17
[28]

452.15 H-ZSM-5-23 (Si/Al) (1.340–1.380) 1.39

623.15
Fe/Al

(1.130–1.150) 1.12
[29]

630 (1.120–1.130) 1.1

C4

583.35 Fe2TiO5 (0.948–0.968) 0.956 [30]

623.15

Fe3O4

(0.933–0.954) 0.95

[31]
673.15 (0.963–0.986) 0.97

723.15 (1.010–1.030) 1

822.15 (1.180–1.220) 1.1

C5

573.15 Fe3O4 (0.933–0.948) 0.94 [31]

578.08 Fe2TiO5 (0.928–0.943) 0.934 [30]

640 Fe2O3 (0.889–0.902) 0.9 [32]

643.08 Fe2O3 (0.888–0.901) 0.89 [33]

C6

425 FeO (1.056–1.067) 1.047
[32]

450 FeO (1.170–1.180) 1.18

673.15 Fe3O4 (0.967–0.970) 0.97 [31]

3.3. Enthalpy

Using the specific heat models developed for each sample, the enthalpy change was
determined from Equation (3), as shown in Figure 5.

∆H = H(T)− H(To) =
∫ T

To
Cp(T)dT (3)

where:

∆H: enthalpy change (J/g);
Cp: specific heat (J/g·◦C).
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The enthalpy by the catalysts is lower than that determined for the original sludge
because most of the catalysts have fewer energy peaks; therefore, there is a lower heat
requirement (Figure 5). The C4 strain does not exhibit this behavior. Due to the increase in
the number of peaks, the Cp variability supposes an endothermic enthalpy 8.77% higher
than L4.

The L3 tannery sludge sample reached higher Cp values, around 5.90 J/g·◦K (Figure 4).
It presents a higher total enthalpy value than the other samples (800 J/g), and consequently,
the catalyst C3 also corresponds to the highest enthalpy value compared to the other syn-
thesized catalysts (Figure 5). The difference is that this material mainly contains chromium
oxides, while industrial sludge is mainly made up of iron oxides. We did not include this in
the comparison because we could not find reference materials in the literature to compare it.

C3 is not suitable for achieving a correct energy balance in chemical processes within
the tannery industry due to its low model fit. On the other hand, C3 (although no similarity
was found) indicates high specific heat values (up to 2.45 J/g·◦K at 172 ◦C), so it could be
used in dehydrogenation reactions of alkanes. This reaction requires energy consumption
of 2.185 J/g of isobutene produced and the breaking of molecules inside reactions [34].

The lowest enthalpy value corresponds to C6, with a maximum specific heat value of
1.18 J/g·◦K.

Additionally, the textile industry samples present similar enthalpy values between sludge
and catalysts (L1 = 630.663 J/g, L2 = 686.659 J/g, and C1 = 530.761 J/g, C2 = 486.202 J/g), and
they are relatively higher compared to those obtained by other industries.

3.4. Entropy

The entropy change is also calculated using the regression models from Equation (4),
as shown in Figure 6.

∆S = S(T)− S(To) =
∫ T

To

Cp(T)
T

dT (4)

where:

∆S: entropy change (J/g·K);
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Cp: specific heat (J/g·◦C).
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The entropy of sludge and catalysts from the three industries shows low values not
greater than 2.62 J/g·K, since the materials under analysis maintain the characteristics of
solids exposed to thermal stability processes (such as calcination to obtain catalyst from
sludges), generating limited entropy values. The results show that catalyst entropy values
are up to 64% lower than those of their sludge, as thermal stability reduces temperature-
induced disorder. This is except for catalyst C5, which presents more significant variability
in the model than L5, for which the entropy values are close to those of their original sludge
(L5 = 1.467 J/g·◦K, C5 = 1.403 J/g·◦K).

Similarly, the samples with the highest entropy values are those corresponding to the
tannery industry L3 (2.620 J/g·K) and C3 (2.119 J/g·K), in the case of catalysts, since higher
entropy variability is expected in materials reaching higher specific heats [35].
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4. Conclusions

The specific heat models typically expected for solids exhibit linear behavior because
of the materials’ thermal stability and homogeneity. However, most calculated specific heat
capacity (Cp) models for the three industries demonstrated a good fit with third-degree
equations. This discrepancy may be attributed to the heterogeneity of the materials and the
structural changes in the components.

Catalyst C3 (tannery) presented high variability between replicates, which caused
the prediction model to present low values of R2 (0.4989 and 0.0149). This indicates a low
correlation between predictor and response, possibly due to an inverse relationship of Cp
with porosity. Since the material was exposed to temperatures higher than the optimal
calcination (400 ◦C), this reduced the number of active sites of the catalyst.

The synthesized catalysts with better specific heat model adjustments belong to the
textile industry (C1 and C2). These materials presented a coefficient of determination
not less than 0.9031, acceptable for simulating the operating profile and temperature of a
reactor, in addition to presenting relatively high enthalpy values (up to 530.761 J/g), which
makes them suitable for high-thermal-load industrial processes.

Regarding the catalysts of the galvanic industry, C4 does not indicate thermal stability
due to the variations it presents with the increase in temperature, which makes it unsuitable
for robust modeling of chemical processes. C5 and C6 indicate similarity with iron oxide
components from approximately 300 ◦C.

Creating catalysts from alternative materials is crucial for enhancing sustainability
and minimizing waste. This approach stands in contrast to conventional catalysts, which
frequently depend on non-renewable resources. In the following, we present a brief
comparison of the advantages and disadvantages of each option.

Catalysts Obtained from Residual Sludge Commercial Catalysts

Advantages

Developing catalysts from alternative materials is essential to
promote sustainability and reduce waste, in contrast to
commercial catalysts that often rely on non-renewable resources.
In the following, we present a brief comparison of the
advantages and disadvantages of each option.
Sustainability and lower environmental impact: It contributes to
the circular economy by harnessing waste and reducing the
ecological footprint associated with producing conventional
catalysts.
The cost could be reduced since this material would otherwise
require disposal costs.
Unique properties: Residual sludge can contain metals and
compounds that, depending on their composition, can offer
interesting catalytic properties.

Efficiency and performance: designed for specific reactions,
offering high efficiency and selectivity.
Consistency: provides a uniform and reliable product, an
indispensable feature in industrial applications.
Easy to use: Handling and application are well documented and
standardized, which makes them easy to implement.

Disadvantages

Variability: Sludge composition variations are significant, which
could lead to unfavorable changes in catalyst performance.
Efficiency: Catalysts obtained from residual sludge may have a
different efficiency or selectivity than commercial ones.
Contaminants: May contain impurities or contaminants that
negatively affect their performance and the quality of the final
product.
Reproducibility: Production variability can be a problem in
industrial processes to achieve consistent and reproducible
results.

Cost: Generally, they are more expensive to produce and
acquire.
Environmental impact: Production may involve high resource
consumption and waste generation.
Dependence on raw materials often depends on raw materials
that may be scarce or expensive.
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This study examines sampled sludges and emphasizes that their characteristics can
vary significantly between different companies, even within the same category. This
variability, influenced by the raw materials used and the treatment processes employed,
is essential for evaluating their effectiveness in specific applications. By understanding
these differences, we can optimize treatment and reuse strategies, ultimately reducing
the environmental impact of residual sludge management. The potential for producing
catalysts from various types of waste presents a valuable opportunity for sustainability
and the circular economy. These materials include agro-industrial wastes like biomass and
incineration ashes and food industry wastes, particularly seafood. Additionally, we can
consider recycling plastics by transforming them into catalysts through depolymerization
or pyrolysis processes. Utilizing these wastes will create efficient catalysts and reduce
the environmental impact associated with their disposal, promoting a more sustainable
approach to industrial waste management.
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