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Influence of Calcium Carbonate Concentration on the Properties of 
Polypropylene Stretched Flat Tapes Used in Raffia Packaging 

Joyce Batista Azevedo1*, Benjamin Lazarus2, Rosindo Pereira Lobo Junior1, Willams Teles Barbosa1, Luã Fonseca 
Seixas1, Josiane Dantas Viana Barbosa1

1SENAI CIMATEC University Center; Salvador, Bahia, Brazil; 2University of California; Materials Science and 
Engineering Program, San Diego, California, USA; 3Federal University of Bahia; Institute of Science, Technology and 

Innovation, Camaçari, Bahia, Brazil 
 
The production of stretched polypropylene (PP) tapes for packaging has recently led to advancements in raffia 
packaging, which has improved multiple technical characteristics. In addition to the beneficial economic impact, 
this packaging is more sustainable. The present work evaluated the properties of stretch tapes obtained with 
different concentrations of calcium carbonate (CaCO3) to reduce the cost of production of raffia packaging. 
We produced the tapes in an industrial environment using a single-screw extruder with a flat die containing 
3, 7, 10, 15, 17, and 20 wt % of CaCO3. The tensile strength, elongation, and toughness of the tapes were 
evaluated. Tensile strength and toughness increase with the addition of CaCO3 while the elongation decreases. 
Stearic acid (CH3(CH2)16COOH) in the filler contributed positively to the dispersion and distribution of the 
filler in the matrix, preserving the mechanical properties. The results showed that incorporating CaCO3 in flat 
strips stretched from PP emerges as an alternative for cost reduction with raw material for raffia packaging. 
Keywords: Polypropylene. Calcium Carbonate. Raffia. Stretched Tapes.

 
Introduction

In the 1980s, woven sacks made of natural fibers 
such as cotton or jute were the most widespread 
solutions in the packaging market for grain, sugar, 
seeds, and many other agricultural products. 
However, with the emergence of synthetic fibers 
called raffia, sack production began to transition 
away from these natural fibers. Thus, the packaging 
market saw the emergence of an economically 
more attractive alternative with characteristics of 
resistance, durability, and reuse [1].

Synthetic raffia packaging comprises several 
stretched tapes, and its manufacturing process 
consists of polymeric materials extrusion. 
Polypropylene (PP) and polyethylene (PE) are 
generally used in a single-screw extruder with a flat 
die. This process involves the extrusion of flat films 
and the cutting and drawing of the tapes. Initially, 

films are produced in a flat die extruder [2-4]. In 
this step, it is essential to control the crystallization 
of the polymer [5].

This work used an isotactic homopolymer PP 
with ~50%-80% crystallinity [6]. This property 
can be adjusted during production by changing the 
distance between the surface of the cooled water 
bath and the matrix, as well as the temperature 
of the bath water. These operational parameters 
directly interfere with the polymer crystallization 
process, defining the size and quantity of spherulites 
that form. Furthermore, the degree of crystallinity 
directly affects the tensile strength and elongation 
of the tapes [7]. 

After obtaining the film, it is cut into tapes. A 
cylinder with special blades and spacers pulls the 
film in tension for this operation. After cutting it, 
the ribbons are subjected to stretching [8]. The 
stretch is performed at different peripheral speeds 
between groups of cylinders positioned in sequence. 
It promotes the stretching of the raffia, resulting in 
a decrease in its width. This process is necessary 
to define the tape’s final width and achieve the 
physical properties necessary for the optimal 
performance of the final product. However, as it is 
a physical and not a rheological process, stretching 
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has limitations in the amount of stretching applied. 
It can negatively affect the product’s mechanical 
properties if applied in excess or outside of pre-
existing working standards used in the industry [8,9].

The stretching process creates a plastic 
deformation forcing the movement of the amorphous 
phase chains, as well as the reorientation of the 
crystals of the crystalline phase, increasing the 
mechanical strength due to the high orientation of 
the structures [10-12]. Therefore, it is necessary 
to apply a thermal treatment in the oriented film 
to avoid many problems in the process and the 
product, such as lousy formation and loss of raffia 
rolls, increase in production residue, rupture, 
and decrease of the nominal load capacity of the 
packages, in this case, the already stretched raffia. 
Therefore, the stretched tape goes through a heating 
process in cylinders with temperatures between 
110ºC and 120 ºC for PP tapes. The temperature 
range must consider the temperature used during 
the stretching process. It must be lower to allow a 
partial relaxation of the oriented tape, generating 
a shrinkage that usually varies from 5% to 10%. 
Consequently, oriented raffia does not present 
relevant shrinkage problems in use or further 
processes. The main physical properties desired 
for raffia are tensile strength and elongation, which 
can vary depending on the degree of stretching to 
which it is subjected [13].

Raffia produced with PP and other polyolefins 
has significant advantages over natural fibers such 
as jute, cotton, and sisal [4], despite its difficulty 
to be recycled. It does not rot, is chemically 
resistant, lightweight, water resistant, and easy 
to handle. However, because of the growth in 
industrial production, there is also a necessity 
to improve the quality of the product and reduce 
manufacturing costs.

One of the alternatives for reducing manufacturing 
costs and improving the mechanical properties 
of the tapes is incorporating calcium carbonate 
(CaCO3) as a filler. Its cost is ~20% lower than 
the virgin raw material used in raffia production 
[14]. Therefore, this study aims to evaluate the 
incorporation of different concentrations of CaCO3 

in the PP matrix. For this, CaCO3 was treated 
with stearic acid (CH3(CH2)16COOH) to increase 
its degree of hydrophobicity. Since CaCO3 is a 
polar substance with a high specific surface, it is 
incompatible with PP, which is non-polar, thus 
impairing its dispersion in the matrix [15]. Several 
studies have shown that when the mineral filler is 
surface treated with compounds such as fatty acids, 
silanes, or polymers, there is an improvement in 
the compatibility between the phases, minimizing 
the polar nature of the mineral filler [16-18]. 
The production of synthetic raffia is a topic that 
has received little attention in scientific literature. 
Therefore, there is a knowledge gap with countless 
possibilities for studies in the processing and 
fabrication of this product, as well as the raw 
material used, which can improve the production 
and mechanical properties of the tape. In this 
context, this study examines fillers’ influence on PP 
tapes’ properties as an avenue for cost reduction. It 
also provides an evaluation of process conditions 
and properties.

 
Materials and Methods

Materials

The tapes were obtained from stretched flat films 
using the PP homopolymer H503 HS manufactured 
by Braskem S.A. (Brazil). This polymer has a 
fluidity index of 3.5 g/10min and a density of 0.905 
g/cm³ [6].

The CaCO3 (80 wt %) used is a natural ground 
calcite with low plasticizer absorption, treated with 
1.2 % stearic acid and granulometry ranging from 
2.2 - 12 µm, supplied by Micron-Ita Ltda. (Brazil). 
The choice of the type of CaCO3 is due to the greater 
ease of incorporation into mixtures because of its 
surface treatment with stearic acid.

 
Stretched Tapes

The PP tapes were manufactured with a Star 
EX 1600 flat die extruder by Star-linger Group 
(Austria), with a capacity of 650 kg/h and a 
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final winding speed of up to 550 m/min. Table 1 
describes the processing conditions. Concentrations 
of 3, 7, 10, 15, 17, and 20 w/w % of Ca-CO3 were 
added to the PP matrix to obtain the tapes. For each 
formulation, 6 samples were obtained with a width 
of 4.9 mm and a thickness of 27.1 μm.  

  
Characterizations

The selection of characterization techniques 
used in this work considers the mechanical stresses 
of tapes when used to produce sack-type packages.

The characterizations were performed according 
to BS 4611:1989, which defines test methods for 
polyolefin tapes [19]. Thus, in the tapes produced 
with CaCO3, the tensile strength, elongation, 
and tenacity were determined. The results were 
compared to that presented by a PP tape without 
added carbonate provided by Group CATA 
Nordeste (Brazil). In addition, the fluidity index (IF) 
of the compounds was determined, and differential 
scanning calorimetry (DSC) and scanning electron 
microscopy (SEM) were performed to complement 
the mechanical characterization and elucidate the 

crystallinity and morphology of the PP tapes with 
and without the CaCO3 filler.

Mechanical Properties

The mechanical evaluation of the tapes was 
carried out through an analysis of tensile strength, 
elongation, and tenacity. These tests were performed 
on a universal machine Emic model DL3000 in the 
test laboratory of the Group CATA, using a gripper 
distance of 250 mm and a constant speed of 250 
mm/min. The test was performed on 6 samples 
of each composition. The samples were stored at a 
controlled temperature (25 °C) and humidity (55 %).

 
Fluidity Index (FI)

The FI analysis was performed using a DSM 
MI-1 plastometer, according to ASTM D-1238 
[20], with a temperature of 230 °C, a load of 2.16 
kg, a waiting time between samples of 20 seconds, 
and a material stabilization time of 100 seconds. In 
addition, the samples were dried for 3 hours at 100 
ºC in an oven before the test.

Table 1. Process conditions for obtaining the strips stretched with CaCO3 in a flat die extruder.

Parameter Value
Feed zone temperature 55 °C

Temperature of heating zones (Z1-Z8) 245; 255; 265; 270; 
270; 275; 275; 275 °C

Filter temperature 275 °C
Matrix temperature 275 °C
Temperature in the drafting oven 180 °C
Bath water temperature 35 °C
Screw speed 67 rpm

Speed 1st to 5th stretch 107; 513; 500; 485; 
475 m/min

Stretch rate 5.6
Tower cylinder pressure 4 a 5 Bar
Filter pressure 90 a 150 Bar
Speed 1st to 5th stretch 55 °C
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Differential Scanning Calorimetry (DSC)

The DSC evaluation was performed using a 
Q100 Universal V4.3A (TA Instruments) at the 
Technology and Innovation Center of Braskem 
S.A. (Brazil). The test was performed on PP flat 
tape samples (raffia) with 10 % CaCO3 before and 
after stretching over a temperature range of – 20 
ºC to 200 ºC with a reference rate of 10 ºC/min. 
The objective of this test was to verify the effect of 
stretching on the crystallinity of the product.

 
Morphology

The morphology of the stretched tapes was 
analyzed using a Jeol JSM-6510 LV scanning 
electron microscope (SEM). In addition, the 
samples underwent a carbon deposition process on 
the surface using a Denton Vacuum Desk V model.

 
Results and Discussion 

Figure 1 shows the tensile strength results of the 
tapes with and without the incorporation of CaCO3. 
Tapes with CaCO3 presented higher tensile strength 
than the tape without CaCO3. The incorporation of 
the filler resulted in an increase in tensile strength 
between 16% and 19%. However, there was 

minimal variation in tensile strength with different 
concentrations of CaCO3.

The mechanical behavior of polymers is closely 
related to their morphology. For example, in the 
stretching process, there is an orientation of the 
polymer chains, which results in the formation of 
crystals that increase the material’s mechanical 
strength [10,21]. In this process, the molecular 
chains begin to orient in the stretching direction 
when the polymer is between its Tg (glass 
transition temperature) and Tm (crystalline melting 
temperature). Thus, the spherulites (polymeric 
crystalline structures) become anisotropic, and 
the highest applied stress is concentrated in the 
amorphous regions due to this alignment [22]. 

The molecular chains in the amorphous regions 
are randomly distributed, and because they 
are entangled, they can interact with multiple 
crystals simultaneously. Furthermore, the oriented 
molecules that connect to more than one crystal 
form a three-dimensional network since they form 
fixed bridges interconnecting the crystals, allowing 
for the uniformity of the flow of molecular chains 
during the stretching process, generating a film of 
constant thickness [22]. 

Adding solid particles to the semicrystalline 
polymer influences the molecular orientation 
process. The resultant toughening mechanism of this 

Figure 1. Tensile strength of tapes stretched with different concentrations of CaCO3.
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addition has been widely discussed in the literature. 
This mechanism involves changes in the polymer/
charger interface, stress concentrations, and the 
formation of shear bands during loading [23-26]. 

Figure 2 shows a schematic of the debonding 
phenomenon that occurs during the stretching 
process of tapes that contain solid particles. At 
the beginning of the deformation, the filler acts 
as a stress concentrator in the matrix due to the 
difference between the elastic behavior of the 
phases (Phase I). As a result, a stress concentration 
is generated, and a triaxial stress state forms 
around the particle, referred to in the literature as 
delamination (Phase II). In the delamination phase, 

there is a displacement at the particle-polymer 
interface during flow. Finally, shear bands are 
created, leading to higher energy absorption during 
deformation (Phase III) [23,24].

Figure 2. Phases of the debonding phenomenon 
during the stretching process of tapes with the 
incorporation of solid particles. 

Figure 3 shows a micrograph of the surface of the 
stretched flat tape with 10 % CaCO3 incorporation. 
We also observe that the debonding phenomenon 
(orange arrows) is possible.

As for the CaCO3 content in the samples (Figure 1), 
there is no trend or significant variation in the results 
obtained for tensile strength. However, using a greater 
volume of filler without significant loss of mechanical 
properties implies a cost reduction and economic gain 
in manufacturing products made from the tapes. 

Figure 4 presents the morphology of the 
extruded films before the stretching process. These 
scans verify that the surface treatment of stearic 
acid applied to CaCO3 allowed the dispersion and 
homogeneous distribution of the matrix particles 
without forming agglomerates, which also benefits 
the material’s tensile strength [17,18]. This behavior 
corroborates the results obtained for the fluidity 
index of the samples (Figure 5). 

MFI results in Figure 5 presented a variation in 
the fluidity index between the sample. The highest 
values were obtained for the tapes with 10% CaCO3 
incorporation, compared to pure PP. 

The flow index increased due to the mineral 
fillers behaving as a lubricant for the molten 
polymer. According to Guillet [26], viscosity 
reduction also occurs since, after treatment, the 
filler adsorbs the polymer more entirely and quickly 
due to the decrease in surface tension, increasing its 
dispersion and reducing the viscosity. Therefore, the 
filler particle size and surface treatment are required 
for the application studied. Since the mineral filler 
particle usually has a surface tension higher than the 
surface tension of the polymer. If there is no proper 
surface treatment, the particles tend to agglomerate 
and not disperse because the particle-particle 
interaction force can be greater than the particle-
polymer force [18,24,27,28].Therefore, equalizing 
the surface tension of the CaCO3 particles provided 
by the surface treatment may have contributed 
to better dispersion (reduced agglomerates) and 
increased polymer-particle interaction, with a 
substantial increase in the flow index.

Figure 6 shows the elongation results of the 
stretched tapes. The elongation tends to decrease 

Source: Adapted from Eirasa and colleagues and Zuiderduin 
and colleagues [23,24].

Phase I Phase II Phase III
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Figure 3. Micrograph of the tape strip stretched with 10% CaCO3 showing delamination (debonding) 
occurred during the stretching process.

Figure 4. Micrographs of the surface of the flat tapes before stretching: (a) Tape with 10 % CaCO3, and 
(b) Tape with 15% CaCO3.

Figure 5. Melt flow index (MFI) of tapes stretched with different concentrations of CaCO3.
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Figure 6. Elongation of stretched tapes.

with increasing concentrations of CaCO3. The 
reduction in elongation may be related to the 
formation of agglomerates due to the higher 
concentration of CaCO3 particles in the matrix, 
accentuating the delamination phenomenon. With 
the formation of agglomerates, there is an increase 
in fracture points, which reduces the elongation 
capacity of the tapes [24,29,30]. 

Another condition to consider is that the molecules 
in the amorphous region are very close when aligned, 
which can lead to stretch-induced crystallization 
during testing [22]. Ordered groups of molecules are 
formed, where the surface energy is similar to the 
energy of a crystal nucleus. Thus, a stretched film 
acquires a higher degree of crystallinity at the end 
of the orientation process [31].

Table 2 presents the results of the DSC analysis 
of the tapes with the incorporation of 10 % 
of CaCO3 without styrel and after stretching. 
The crystalline melting temperature (Tm) and 
crystallization temperature (Tc) were close for 
both tapes. However, there was an increase in 
crystallinity for the tape after the stretching process, 

with a crystallization rate of 57.23 %, higher than 
the tape without stretching (54.05 %).

In an industrial scale process, it is also possible 
to control the degree of longitudinal alignment 
of the chains by keeping the tape stretching 
process under control. Consequently, the degree 
of crystallization can be controlled to guarantee 
that the final material has the desired tensile 
strength without sacrificing elongation [11].  
This effect can be realized by controlling the 
film cooling steps before cutting the tapes, thus 
providing control over forced crystallization by 
cooling and/or controlling the stretch rate, forcing 
stretch-induced crystallization [13]. In addition, 
these process parameters can be controlled and 
worked individually or together during extrusion 
to obtain products with crystallization suitable to 
the required mechanical properties [7]. 

Figure 7 shows the toughness results for the 
stretched tapes. Again, there were no significant 
variations in the toughness of the tapes with the 
increase in the concentration of CaCO3. However, 
the toughness values were higher than the minimum 
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standard of 4.5 gf/Denier used by the raffia industry 
for this type of product [32].

During processing, there was an increase in dust 
generation during drawing as the concentration of 
CaCO3 increased, most notably in concentrations 
above 15 %. It indicates that at high concentrations, 
the delamination phenomenon generated filler loss. 
It is important to emphasize that the addition of 
mineral filler to the polymeric matrix can lead 
to a reduction in the cost of the raw materials. 
It also brings improvement in some of the main 
mechanical properties of raffia.

Conclusions

It is possible to obtain flat-stretched PP raffia 
tape using CaCO3 as a filler. The concentrations 
in this study did not alter the tensile strength and 
toughness properties considered standard for the 
raffia packaging industry. However, the elongation 
of the tapes was influenced by increasing the 
concentration of CaCO3 and the crystallization 
obtained during the stretching of the tapes.  
Using CaCO3 treated with stearic acid contributed 
to obtaining a better dispersion and distribution of 
the filler in the matrix, preserving the mechanical 
properties, and positioning itself as an alternative 
to reduce the cost of raw material for packaging 
with raffia.
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Chemical Evaluation and Probiotic Potential of Kefir Different Nutrient Media 

Suzana Casaes de Jesus Teodoro1*, Matheus Chaves de Jesus1, Crissia dos Santos Rocha1, 
Roseane Santos Oliveira1, Ingrid Lessa Leal¹

1SENAI CIMATEC University Center; Salvador, Bahia, Brazil 

Kefir is a gelatinous mass composed of bacteria and yeast. This study aims to develop beverages obtained from 
kefir grains’ fermentation in different nutrient media. Thus, kefir fermentation was performed in an aqueous 
solution of sucrose, whole milk, whole grape juice, and water-soluble coconut extract. The fermentation process was 
analyzed from grain growth, beverage yield, lactic acid determination, pH, total soluble solids, and microbiological 
analysis. The results showed the beverages had pH and lactic acid values following the legislation. Furthermore, 
it identified the probiotic potential of the coconut and milk water-soluble extract beverages.
Keywords: Probiotic Beverage. Kefir Benefits. Fermented Beverage. Gut Microbiota.

Introduction 

Consumers are increasingly committed and 
concerned with issues associated with health and 
quality of life [1]. Thus, they opt daily for products 
that have functionality claims. In this sense, the food 
industry progressively invests in developing lines 
with these functional and nutritional characteristics 
to satisfy the public’s preferences [2].

An excellent example of foods that present 
functional characteristics is probiotics. They are 
defined as a food supplementation composed 
of microorganisms that regulate the intestinal 
microbiota, conferring good health to the user [3]. 
In  addition, to maintain the advantages of these 
supplements, it should be consumed regularly [3].

We performed this  s tudy using kef i r 
probiotic drink, which according to Brazilian 
legislation, is defined by the food in lactic 
acid cultures,  fermented by kefir  grains 
composed of bacteria of Lactobacillus and 
diverse species of the genera Lactococcus, 
Acetobacter, and Leuconostoc. In addition, they 
can have yeasts of the type Kluyveromyces 

marxianus, which are lactose fermenting agents, 
and Saccharomyces omnisporus, Saccharomyces 
cerevisiae, Saccharomyces exiguus, which do 
not ferment lactose. We emphasize that for 
the beverage to be considered probiotic, the 
microorganisms must be abundant in the final 
product [4]. 

There is a tendency to add fruit pulp to improve 
the acceptance of probiotic beverages [2] because 
these fruit pulps add better characteristics to the 
product, such as flavor and color. In addition, it 
increases the nutritional value of these products 
since many fruits contain bioactive compounds in 
their composition, which can help prevent some 
diseases [5]. Thus, innovation with new substrates 
for fermented products has proved attractive 
because it adds satisfactory sensory characteristics 
to the product, helping consumer acceptance [6]. 

This probiotic drink strengthens the immune 
system because, according to Pereira and colleagues 
(2011) [7], kefir has live microorganisms that can 
improve the intestinal microbial balance, helping to 
eliminate pathogenic microorganisms and resulting 
in health benefits to those who consume it [7].

Based on the benefits and thinking of people 
who are looking for functional foods, this work was 
carried out to produce the fermented kefir drink in 
different nutrient media to do a physicochemical 
analysis and perform microbiological analysis of 
molds and yeasts, lactic acid bacteria and aerobic 
bacteria, to evaluate the probiotic potential of the 
drinks. 
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Materials and Methods

After the survey of methodologies for producing 
kefir, the fermentation process was established in the 
nutrient media: water kefir in water with sucrose, 
water kefir from water-soluble coconut extract, water 
kefir in whole grape juice, and milk kefir in milk.

In previously cleaned recipients, we prepared 
different culture media. We mixed water (1L) with 
organic brown sugar (100g) at room temperature 
to prepare the water with sucrose solution. In 
another container, 1L of grape juice was placed. 
For the water-soluble coconut extract, 1 coconut 
(229.61g), water (1L), and organic brown sugar 
(100g) were used, and the material was processed 
in a blender and filtered, and finally, pasteurized 
whole milk (1L). 

We inoculated sucrose, grape juice, water-
soluble coconut extract, and water kefir grains (200 
g) for the media of the water solution. Moreover, 
we inserted milk kefir grains (13.192 g) for milk. 
The containers were closed with a thin cloth, and 
the fermentation process was carried out at room 
temperature in a place with little light for 24-48h. 
Then, the kefir was filtered, and the beverage was 
stored in the refrigerator at approximately 4°C [8-
10]. Finally, the grains were stored for further use.  
We used the Nogueira and colleagues’ method 
(2016) [11] to cell growth of fermented kefir grains 
(▲m) on different substrates. For the results, the 
grains were weighed before and after fermentation; 
after that, the numbers obtained were applied to the 
following equation [11]:

                  ▲m(%)=(mkf-mk0)/mk0*100  (1)
 

In equation 1, ▲m(%) is the change in mass of 
kefir grains, (mk0) is the weight at the beginning, 
and (mkf) after fermentation. The Nogueira and 
colleagues’ method (2016) [11] determined the 
yield, the beverage mass was measured before and 
after fermentation, and the results were applied to 
the following equation [11]: 

                        R(%)=msf/ms0*100 (2)
 
 

In equation 2, R(%) corresponds to the beverage 
yield, ms0 corresponds to the initial mass, and msf 
to the final mass of the fermented kefir beverage in 
the substrates, respectively [11]. 

The titratable acidity method of Adolfo Lutz 
(2005) [12] was performed twice after 24 hours 
of the fermentation process. The results were 
expressed in g/100mL of lactic acid. For the 
pH evaluation, direct reading was done using a 
calibrated ph meter. In addition, the soluble solids 
content (°Brix) was measured by direct reading in 
a digital refractometer [10]. 

Microbiological analysis was performed on the 
beverages after 24h of fermentation to quantify the 
presence of different microorganisms. 

For lactic acid bacteria analysis, samples were 
used at a dilution of 10-⁷ and 10-⁸, in duplicates in 
3MTH PetrifilmTM Lactic Acid Bacteria Count 
(LAG) Plates, following the manufacturer’s 
guidance [13]. 

Mold and yeast analysis was done at 10-³, 
10-⁷, and 10-⁸ dilutions in duplicates on 3MTN 
PetrifilmTM Rapid Yeast and Mold Count (Rym) 
plates, following manufacturer’s guidance (3M 
Petrifilm, 2021). In addition, aerobic mesophilic 
bacteria analysis was done at 10-⁷ and 10-⁸ dilutions 
in duplicates on 3MTM PetrifilmTM Aerobic Count 
(AC) plates, following the manufacturer’s guidance 
[13].

Results and Discussion
                  

We analyzed the grains’ growth, comparing the 
final and initial mass of the grains grown in each 
medium separately. Table 1 shows the variation in 
mass and the percentage of mass acquired.

After the analysis of the kefir grains’ yield 
(Table1), we observed that the grains of water 
kefir fermented in water-soluble coconut extract 
and whole grape juice grew, on average, 12.9% 
more than the grains of water kefir in water with 
sucrose, which is its standard culture medium. 
The results showed that adding these 2 substrates 
in the kefir fermentation made the medium more 
nutritious, benefiting the grains. The grains of 



www.jbth.com.br

12 JBTH 2023; (March)Probiotic Potential of Kefir

milk kefir also had a good yield. So, for producing 
the fermented milk kefir drink, a smaller amount 
of grains is necessary compared to the number of 
grains needed to produce the water kefir drink. In 
the study directed by Pereira and colleagues (2011)
[7], the kefir grains obtained an average growth of 
20% concerning the initial weight of the grains, 
similar to the present study, in which the average 
grains’ growth was 22% [7].

The yield of the drinks was analyzed with the 
drinks before and after fermentation, comparing 
the final and initial volume of the drinks (Table 1).
Table 1 shows that the yield of kefir fermented 
beverages in the different nutrient media was 
good (100%), except for the water-soluble coconut 
extract, which had an estimated loss of 15%. The 
high content of lipids in the coconut caused this 
loss. These lipids solidified in the water-soluble 
coconut extract during fermentation, so they were 
removed from the beverage through filtration.

The soluble solids index was checked before 
and after the fermentation process, in the 4 different 
culture media, with the help of a digital refractometer. 
Table 2 presents the results of the brix degree.      

Table 2 presents the number of soluble solids 
(basically as sugar or sucrose) consumed by the 
grains in each culture medium. The water kefir 

grains that obtained the highest sugar consumption 
were those fermented in water-soluble coconut 
extract. This higher consumption of sucrose in this 
medium was responsible for causing a higher yield 
of the grains in this substrate. Tu and colleagues 
(2019) [14] found a significant reduction in the 
contents of soluble solids from 9.20 to 4.43 ºBrix 
in 48 hours of water kefir grains’ fermentation. 
The results found in the literature were similar to 
those exposed in this work, considering that the 
fermentation in this study was only for 24h. Tu’s 
study also observed that the grape juice presented 
a very high result of soluble solids at the beginning 
and end of the fermentation. This high sugar content 
in this substrate was not favorable for fermentation 
and resulted in a compromise in the grains’ health, 
similar to the present study, in which the average 
growth of the grains was 22% [14]. 

Our results indicated the quantification of 
lactic acid in the samples, and the pH analysis 
was performed separately on each medium after 
fermentation (Table 3). 

Table 3 presents the fermented beverages’ 
percentages of lactic acid lower than 1%. According 
to the legislation, Resolution No. 46 determines that 
kefir should have a maximum acidity (expressed as 
lactic acid) of 1% [4]. Thus, the fermented beverages 

Table 1. After fermentation in different nutrient media, the yield of kefir grains and kefir drinks.

Grain Nutrient Media Yield Grains (%) Yield Drink (%)
Water kefir Water solution with sucrose 8.7 100
Water kefir Entire grape juice 21.3 100
Water kefir Water-soluble coconut extract 21.9 85
Milk kefir Milk 36.2 100

Table 2. Quantity of soluble solids per degree Brix.

Grain Nutrient Media Total Soluble Solids Before 
Fermentation (°Brix)

Total Soluble Solids After 
Fermentation (°Brix)

Water kefir Water solution with sucrose 9.8 7.5
Water kefir Entire grape juice 22.2 19.5
Water kefir Water-soluble coconut extract 8.7 5.7
Milk kefir Milk 8.0 7.6
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prepared in this study showed percentages of lactic 
acid within the limit established by legislation. A 
study conducted by Alves (2020) [10] regarding 
the production of lactic acid found a variation of 
acidity from 0.68 to 1.01 g/100mL in 24 hours of 
kefir grains’ fermentation [4]. 

The pH values found in the study of 
physicochemical characterization of fermented 
products by kefir grains are usually in the range 
between 4.2 and 4.5. In the present study, we noted 
more excellent proximity of the pH level found in 
the products based on milk, water and sucrose, and 
water-soluble coconut extract, which showed more 
intense changes in the fermentative process. On 
the other hand, the product developed from whole 
grape juice showed a pH level farther from the range 
found in previous studies, and the average found 
in the analyses (mean pH = 4.00, with a value of 
3.41) may indicate one of the reasons for the low 
effectiveness of microorganisms in the medium.

The microbiological analysis indicated the 
microorganisms’ colony-forming units desired to 
evaluate each beverage’s probiotic potential. Table 
4 shows the values found for each order.

Table 3. Determination of lactic acid by titratable acidity.

Grain Nutrient Media Lactic Acid After 
Fermentation (g% LA)

pH at Post-Fermentation

Water kefir Water solution with sucrose 0.16 4.00
Water kefir Entire grape juice 0.70 3.41
Water kefir Water-soluble coconut extract 0.41 3.91
Milk kefir Milk 0.67’ 4.71

Following the amount of UFC presented for each 
drink (Table 4), the milk kefir and water kefir drinks 
in water-soluble coconut extract are probiotics 
because they meet the minimum viable amount 
of lactic acid bacteria in probiotic foods, which 
should be between the range of 10⁸ to 10⁹ UFC 
in the daily recommendation of the product ready 
for consumption [4]. On the other hand, the water 
kefir drinks in sugar water and grape juice did not 
show probiotic potential. This result in the grape 
drink may have been caused by the high amount 
of soluble solids, which made the culture medium 
unviable for these microorganisms.

The quantity of colony-forming units of 
molds and yeasts (Table 4), we observe that all 
drinks presented between 10³ and 10⁴ UFC. In 
kefir production, yeasts play an important role in 
the fermentative process because in addition to 
providing essential nutrients for growth, such as 
amino acids and vitamins, changing the pH, and 
helping to expel ethanol and produce CO2, produces 
metabolites, which contribute to improving the 
flavor of kefir [15]. Nevertheless, to fulfill their role 
and enrich the fermented beverage, yeasts must be 

Table 4. Microbiological analysis of fermented beverages.

Grain Nutrient Media Lactic Acid Bacterias
(UFC/mL)

Aerobic 
Mesophiles

Molds Yeasts

Water kefir Water solution with 
sucrose

1.80 x 10⁷ 2.00 x 10⁷ 6.50 x 10³ 8.00 x 10³

Water kefir Entire grape juice 1.00 x 10 est. 1.00 x 10 est. 1.00 x 10³ 2.50 x 10³
Water kefir Water-soluble coconut 

extract
2.22 x 10¹⁰ 1.63 x 10¹⁰ 8.60 x 10⁴ 4.95 x 10⁴

Milk kefir Milk 7.74 x 10⁹ 1.04 x 10¹⁰ 3.30 x 10⁴ 9.50 x 10⁴
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in controlled quantity. According to the Technical 
Regulation of Identity and Quality of Fermented 
Milks, the mold and yeast count should equal 
or less than 10⁴ UFC/mL [4]. Generally, the 
samples had mold and yeast counts equal to or 
below the minimum established by the Technical 
Regulation of Identity and Quality of Fermented 
Milks.

In the microbiological result of mesophilic 
aerobic count (Table 4) we note the high value of 
the same in milk kefir and coconut water-soluble 
extract kefir. According to Franco (2007) [16], 
mesophilic bacteria, when present in high counts 
(more significant than 10⁶ UFC/mL), can cause 
the deterioration of the product and decrease 
the shelf life of foods [16]. The results obtained 
in this research exceeded this value, except for 
the fermented water kefir drink in water with 
sucrose, which found 2.00 x 10⁷ UFC. There was 
no sign of fermentation and bacterial growth in 
the whole grape juice due to the high amount of 
soluble solids.

Conclusion 

Observing the behavior of kefir in the 
different media, we note that all beverages 
presented pH and lactic acid values within the 
norms released by the legislation, being suitable 
for consumption before this requirement. The 
probiotic potential of the beverage and the yield 
of grains were favorable in water kefir fermented 
in water-soluble coconut extract and milk kefir. 
The beverages had a good yield, except for 
the water-soluble coconut extract, which lost 
approximately 15% of the beverage due to the 
high lipid content present. The grape juice did 
not obtain satisfactory results, as it was not a 
suitable medium for kefir fermentation due to 
its high soluble solids content.

For future research, the behavior and probiotic 
potential of kefir in coconut milk will be 
evaluated using milk kefir and diluted grape 
juice, thus reducing the number of soluble solids 
fermented with water kefir.
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The Increase of Wearables in Health: A Market Study 
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This study aims to identify and characterize the most relevant medical devices to collaborate with in developing 
new technological resources for the healthcare market. A market study was carried out using the devices on the 
ANVISA platform. The chosen ones were divided into 5 scores, with 5 being the closest to the objective of the 
study, in order to compare their functionalities and connectivity. The number of features reveals that group 5 
has had an average of 8.75 features per device, confirming the group with the most significant impact. However, 
further studies must list and analyze other health devices to categorize them, contributing to the production and 
advancement of this sector. 
Keywords: Devices. Wearables. Sensory.

Introduction

Market Definitions and Context 

Nowadays, there is a significant increase 
about health and well-being in all age groups. 
The National Health Survey (PNS), produced by 
IBGE, points out that in 2019 the average number 
of Brazilians who practiced the recommended 
level of physical activity during leisure time was 
30.1%, while in 2013, this average was 22.7%, 
indicating a percentage increase in these indicators 
[1]. Regulated diet, physical exercise, and sleep 
quality are increasingly frequent guidelines. 
Concurrently, there is a growth of technologies 
that contributes to new emerging habits, such as 
Wearable Devices (Wearables) with health-related 
functions. Cooperation between technology and 
health has had existed for centuries, making it 
essential for their mutual evolution. Technological 
resources are essential in health support as they 
apply knowledge and skills to solve the population’s 

health problems and improve the quality of life 
by creating devices, medicines, vaccines, and 
organizational and support systems [2]. 

Wearables allow continuous monitoring of 
the individual non-invasive and real-time by 
biochemical markers in body fluids, such as 
sweat, saliva, tears, and interstitial fluids [3]. Due 
to this, they help transform healthy activities into 
daily habits, allowing the individual to understand 
their evolution, set and achieve personal goals 
and prevent health complications, all with greater 
comfort and convenience, directly from their 
wearable. Another area with great potential for use 
is among senior citizens, especially considering 
Brazil’s exponential increase in population aging. 
This population can benefit from continuous 
and remote monitoring of wearables, given the 
increasingly independent habits of the style of life 
among individuals in this age group [4]. 

Study Purpose 

Due to the growth in demand for these products, 
the increase in investments in this technology 
area is also evident, resulting in the evolution 
and need for global adaptation to this new reality. 
In the second quarter of 2021 alone, this market 
saw a 32.3% increase in global shipments, with 
volumes reaching 114,2 million in this period [5]. 
Multinational technology companies such as Apple, 
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Samsung, Amazon, Google, and Microsoft have 
entered significant investments in the health market, 
expanding access to such devices and favoring 
a new stage in health care with interconnected 
systems and information [6]. 

The present work aims to identify and characterize 
the most relevant medical devices (software, 
hardware, or both) for use in a hospital, home, or 
outpatient environment, including their current and 
non-current resources available in the ANVISA 
database (National Health Surveillance Agency), 
in order to collaborate with the development of 
new technological resources for the health market, 
meeting the premises set forth by the regulations 
of this regulatory agency and by the demand and 
relevance in the current market. 

Materials and Methods

A cross-sectional observational analytical study 
was carried out to establish the medical devices 
available in Brazil with applications in wearables 
for use in hospital, outpatient, and preventive 
medicine settings. 

The search for devices was conducted on the 
ANVISA platform from June to October 2021, 
limited to devices registered in the health sector. 
As a result, 94,146 devices were found of the 
most varied types. Of these, after the inclusion and 
exclusion criteria were established, 393 remained. 

The inclusion criteria were:
1. Medical devices;
2. Software (whether or not linked to hardware);
3. Registered on the ANVISA platform, whether 

in force in their registration or not.

The exclusion criteria were: 
1. Hardware-only devices (without proprietary 

software);
2. Imaging devices (PACS - Picture Archiving 

and Communication System). 

Thirty-two devices were selected according to 
the relevance criteria. We did the screenings in 4 
stages: 

1.  Screening by inclusion and exclusion criteria 
in the database; 

2.  Evaluation of the provisions by 3 independent 
reviewers, with disagreements resolved by 
consensus after discussion; 

3.  Classification of devices’ relevances was 
performed with a score of 1 to 5, with 5 
being the closest to the study’s objective, 
by 3 independent reviewers, with the final 
relevance score calculated from the simple 
average of the scores. Each reviewer received 
all information about the device, its features, 
and its applications. 

4.  Compilation of each device’s available 
functions and connectivity features into a 
table to compare them (Table 1). 

Results and Discussion

Based on the review of the selected devices, 
the great potential and technology embedded in 
these devices presented in the ANVISA’s table are 
evident. There are, therefore, trends, as among the 
most frequent features, there are primarily vital 
cardiac signs, with Heart Rate (HR) present in 12 
devices of the total analyzed, followed by Blood 
Pressure (BP) in 11 devices and Electrocardiogram 
(ECG) in 8 devices. The fourth most frequent 
functionality is Oxygen Saturation (SatO2), 
present in 7 devices, followed by two functions 
tied for fifth place: Glycemia and Irregular Heart 
Rhythm Detection (ICR) in 6 devices. Appearing 
on 5 devices each, Fall Prevention and Body 
Temperature appear, followed by CPAP/Apnea, the 
functionality available on 3 devices. 

Regarding the total amount of functionalities (33 
described in the table attached to the article), we 
noted that 16 are present among the four devices in 
the group rated 5, an average of 8.75 functionalities 
per device; therefore, the group with more 
significant impact. Likewise, the 4 devices in the 4th-
grade group include 9 of the 33 features described, 
with an average of 4.25 features per device. On 
the other hand, in the grade 3 group, 9 of the 33 
features described for having 7 selected devices had 
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an average of 1.42 features per device. The grade 
2 group, composed of 10 devices, included 13 of 
the 33 features, with an average of features per 
device 3.2. Also, the grade 1 group, with 7 devices, 
presented 11 of the 33 functions analyzed, reaching 
an average of 2.57 functionalities per device. 

On the other hand, one can also point out the 
presence of particular features which appeared in 
only one device, such as Suggested Iron Dosage, 
Stroke Risk, Eye Pressure, Noise Monitoring, 
Neural Network Mapping, Fecal Calprotectin, and 
the Infusion Pump. 

Bearing in mind the infinity of variables 
in the selected devices, both in terms of their 
functionalities, connectivity options, and the 
design of the products (size, shape, weight, and 
materials used), it became clear the need to classify 
these of relevance, to facilitate a macro analysis 
of similar devices. Because of this, we developed 
the relevance criteria in 5 grades in search of a 
product that, in our conception, would be the 
closest to ideal. 

It would be a portable device (preferably 
wearable), which can monitor vital signs in real-

Score Classification Criteria
1 Challenges to convert to wearable: No long-term monitoring; In-hospital 

only; Difficult to connect to other devices; Monitor any vital signs. 
2 Possible conversion to wearable; In-hospital only; No connection to other 

devices; Analysis is not real-time; Possible integration with Health Service.
3 Possible conversion to wearable: In and Out of Hospital; Connection to 

other devices/data storage; Non-portable; Real-time monitoring.
4 It has hardware: In and Out of the Hospital; Connection to other devices/

data storage; Portable; Real-time monitoring
5 Wearable: In and Out of Hospital; Real-time monitoring; Connectivity to 

other devices/data storage. 

Table 1. Criteria used in each relevant track.

Figure 1. More frequent features for the number of devices. 
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time, allows connectivity with other devices (and 
thus information traffic), and has data storage 
capacity so that the parameters records are not lost 
and can be used for in-depth analysis by algorithms 
and professionals, in addition to maintaining 
patient history. In addition, use resistant materials 
while having a competitive market price and 
being accessible to different social classes. It is 
also interesting that it can be used in different 
environments, both hospital and home, and its 
features adapt to the needs of each user. 

Based on the average functionality data per 
device, it is evident that despite being portable 
(since one of the criteria for inclusion in the group 
is to be wearable), the devices in the grade 5 group 
have more technology embedded in each of their 
devices, while being small, light and versatile, 
making them the devices that most resemble the 
one proposed by the project. Based on this, the 
devices included in this classification category are 
the closest to ideal. They are wearable, capable of 
home and hospital use, have real-time monitoring, 
storage, and connectivity with applications and 
other devices, and are already available and 
validated by Organ’s competent bodies in the 
Brazilian market. 

Of the four devices selected, the devices in the 
grade 5 group, Galaxy Watch and Apple Watch 
fit as watch-shaped wearable devices, which 
have features such as heart rate monitoring, pulse 
oximetry, irregular rhythm notification, sleep 
monitoring, and detection of drop, among other 
functions (Table 2). On the other hand, the Libre 
Link device, through daily measurements, estimates 
the user’s glycated hemoglobin using a minimally 
invasive sensor, which, when passing the reader 
that comes with the kit or the user’s smartphone, 
allows the reading of glucose, its trend (increasing, 
decreasing or stable), the development of graphs and 
the estimated calculation of glycated hemoglobin, 
through the daily values - factors that made it be 
selected for group 5. Finally, the Wipple device has 
a portfolio of medical devices connected devices 
that can be used by synchronizing them with the 
Wippe Track application, thus taking advantage 
of features such as monitoring physical activity 
(calories spent, kilometers traveled, number of 
steps) through a wearable watch type, digital scale, 
Portable ECG and digital blood pressure monitor, 
which detects HR, BP, and RCI. 

When it comes to device connectivity, the 
Apple Watch and Galaxy Watch are once again on 

Figure 2. The total number of features presented in each score.
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Table 2. Features available on score 5 devices.

Devices Score 5
Functionalities Apple Watch Galaxy Watch LibreLink Wippe
Altimeter x x
Digital scale x x
Compass x x
Cellular connection x x x x
Falls 
Detection/Prevention

x x

ECG x x x
Heart rate x x x
Glicemy x
Noise monitoring x
Sleep monitoring x x
PA monitoring x x
Water resistance x x
Dust resistance x x x
Irregular heart rate x x
SatO2 x x x
SOS Emergency x x

par, offering the user a range of options, including 
LTE, Bluetooth 5.0 (which has the advantage of 
spending less battery), Wi-Fi, NFC (Near Field 
Communication, short-range wireless network), 
A-GPS (Assisted Global Positioning System 
- which uses the cellular network to improve 
GPS performance) and/or GLONASS (Global 
Navigation Satellite System in Russian ) and UMTS 
(3rd generation operators, popularly known as 3G) 
(Table 3).On the other hand, the Libre has only the 
NFC sensor, which transmits glucose data to the 
reader of Abbott’s authorship or a smartphone with 
this technology (iOS or Android devices), making 
the device even more practical. Wippe, in turn, has 
only Bluetooth 5.0 available to connect its four 
devices to the user’s smartphone. 

With the progress of this study, the number 
of functionalities in the most different devices 
already available in the national market for different 
applications becomes evident. In this sense, we 

notice a great potential in Wearables to contribute 
to medical care in the world, automating processes, 
preventing comorbidities and accidents, and 
collecting data beyond the hospital environment, 
which with the use of these devices, can be 
much faster and more accurate, avoiding thus the 
loss of data from medical records and fraud. 
Furthermore, it allows us to verify that we already 
have the technology, the regulation by competent 
institutions, and the economic market that demands 
this type of device in our national territory. 

Conclusion 

Briefly, a current study of health devices present 
in Brazil, according to the ANVISA platform, 
was addressed in this work, analyzing their 
functionalities, connectivity, and importance in 
the current scenario. The relevance of this theme 
was noted because of the increase in the world 
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market for these devices, their production, and 
their relevance in the daily life of the population. 
It is concluded that the most used/relevant features 
were heart rate, blood pressure, and ECG, indicating 
concern with cardiovascular diseases that are the 
leading cause of death in the world [7]. 

The initially proposed objective of identifying 
and characterizing the most relevant medical 
devices (software, hardware, or both) was achieved, 
as detailed in the attached table. Finally, it is 
suggested to deepen market studies that list and 
analyze the other health devices in the world market 
to categorize them, contributing to the production 
and advancement of this sector and stimulating, in 
fact, their application to the final customer. 
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Table 3. Connectivity options available on score 5 devices.

Devices Score 5
Connectivity Apple Watch Galaxy Watch LibreLink Wippe
LTE x x
Bluetooth 5.0 x x x
Wi-Fi x x
NFC x x x
A-GPS / GLONASS / Beidou 7 x x
UMTS x x
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Pyrolysis can offer a practical environmental solution for recycling plastic waste, converting it into liquid and 
gaseous fuels of high commercial value. This article proposed the simulation in Aspen Plus® of a pyrolysis/
gasification plant, having plastic residues and residual soybean oils as raw material. The products generated in the 
gasifier are bio-oil and synthesis gas, which can be converted into ethylene and gasoline in reactors. To calculate 
the plant’s cost of capital, the Lang Method was used. The economic indicators NPV, IRR, PI, and Payback 
determined the project’s viability. The works show that the current scenario studied has economic viability, but 
better results can be achieved with increasing project maturity. 
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Introduction

The dependence on energy in its many forms 
by society is high. Worldwide, energy demand 
is expected to increase by a third between 2015 - 
2040, mainly in countries outside the Organization 
for Economic Co-Operation and Development 
[1]. Moreover, the rise in the standard of domestic 
consumption, industrial growth, and the increase 
in urbanization have brought the increase in fuel 
consumption and in pollution caused by solid 
waste, with plastics being one of the leading waste 
discarded. 

Plastic is an organic synthetic polymer produced 
based on petroleum, which serves as a raw material 
for the manufacture of the most varied objects and 
with high durability. In 2020, around 367 million 
tons of plastics were produced worldwide [2]. 
However, this amount produced ends up generating 
an environmental liability. According to Plastic 
Europe (2017), around eight million tons of plastic 
waste are released annually into the oceans. 

In Brazil, mechanical recycling is the most 
widespread for using plastic materials. However, 
in recent years, thermochemical conversion 
technologies have gained significant attention.

Pyrolysis offers a practical solution for recycling 
plastic waste, converting it into liquid fuel oil 
as the main product with high marketing value. 
Furthermore, the process generates by-products, 
such as reduced gases, due to the absence of O2 
in the process [3], in addition to carbon black as 
a solid material. Therefore, this technology adds 
environmental and economic benefits at the same 
time.

Pyrolysis

Pyrolysis is a thermochemical process in 
which organic chains undergo breakage in their 
original molecular structure, through a complex 
set of chemical reactions, due to the action of rapid 
heating in the absence of oxygen, reducing long-
chain organic molecules into shorter molecules. 
The raw materials for pyrolysis is from many 
heterogeneous origin. 

The pyrolysis of plastic material occurs in four 
stages: initiation, transfer, decomposition, and 
termination, resulting in the production of vapors 
and coal [4]. These pyrolysis vapors include 
condensable and non-condensable gases. The 
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liquefaction of the condensable vapors forms the 
pyrolysis wax/oil, a complex combination of the 
thermal cracking products of each type of plastic. 
Interactions occur between the primary thermal 
cracking products to increase this complexity, 
producing secondary products [5]. Solid waste 
(coal) and non-condensable gases are also produced, 
but they are usually by-products of the pyrolysis 
process [6].

Three types of pyrolysis are classified by process 
duration and operating conditions: slow, fast, and 
flash (Table 1). In slow pyrolysis, which lasts 
longer, the reaction time is stipulated according 
to the raw material, which can vary from 10 min 
to 10 h. The low heating rates and temperatures 
are generally 5 to 10 K/min and 500 to 900 K, 
respectively [7]. Under these conditions, the 
percentage of carbonaceous solids is maximized; 
however, the yield and composition of the product 
are determined by the reaction parameters and the 
raw material. In fast pyrolysis, heating rates, and 
temperatures are higher, whereas gaseous products 
and oils tend to maximize. 

This work investigates the technical-economic 
feasibility of obtaining combustible gases and 
liquids by developing and simulating a gasification/
pyrolysis plant in Aspen Plus®, using plastic waste 
and residual soybean oil as raw material. We have 
been guided by economic indicators - Net Present 
Value (NPV), Internal Rate of Return (IRR), 
Profitability Index (PI) - to make the project viable. 

Materials and Methods 

Process Simulation of a Gasification/Pyrolysis Plant 
 

We used a method adapted from the literature 
[8-10] for a simulated double-fluidized bed gasifier 

in Aspen Plus® v8.8 operating at 850 ºC and 1 atm.
The raw materials for feeding the gasifier were 
plastic and residual soybean oil, both at a flow 
rate of 100 kg/h. The synthesis of two products, 
ethylene, and gasoline, is proposed from the gas 
produced (syngas). The criteria adopted for the 
gasification reactions was minimizing the Gibbs 
free energy coupled with the equilibrium constraint 
method. 

For the synthesis of the final products, equilibrium 
reactors were used. The premises considered in this 
work were: 

1.  Steady state and isothermal operation; 
2.  Pressure and temperature are uniform in each 

reactor; 
3.  Load and heat losses are neglected; 
4.  Drying and pyrolysis stage are instantaneous;
5.  Ash is inert; 
6.  All carbon in the biomass is gasified or 

converted to ash; 
7.  Purification steps represented by numerical 

separators. 

The thermodynamic package selected was the 
Peng-Robinson cubic equation of the state with 
the Boston-Mathias alpha function, which models 
the gas phase at medium and high pressures with 
good accuracy. The enthalpy model used was 
HCOALGEN with standard code options. Each 
number refers to a calculation method for obtaining 
the heat of combustion, standard heat of formation, 
heat capacity, and base enthalpy of coal. For density, 
the model was DCOALIGT. 

Figure 1 presents the process simulation’s 
scheme. The SF stream is the heated raw material 
that feeds the gasifier after passing through the 
exchanger (TC). The EQ stream that leaves the 
gasifier goes to the TC as a hot stream, and the other 

Table 1. Typical technological parameters of different types of pyrolysis [7]. 

Pyrolysis Process Time Temperature (K) Heat Rate (K/min)
Slow 10 min - 10 h 500 - 900 5 - 10
Fast 10 - 20 min 700 - 900 50 - 100
Flash < 10 min 1000 – 1300 > 100 



www.jbth.com.br

JBTH 2023; (March) 23Liquid Gas Fuels from Plastic Waste 

Figure 1. Flowchart of ethylene and fuel gas production from plastics and vegetable oils. 

stream is the Bio-oil produced (Green Diesel - GD). 
The CT (SQ) output current goes to a separator 
(SEPH2), separating the syngas from the H2. The 
SYNGAS current is divided into SYNGAS1 and 
SYNGAS2, where the separation percentage is 
defined. The currents SYNGAS1 and SYNGAS2 
are sent to two different equilibrium reactors: one 
operating at 300 ºC and 10 bar and the other at 320 
ºC and 40 bar, reaction conditions based on the 
literature [11]. The separator vessels (SEPG) and 
(SEPE) remove impurities from the final products 
in the streams (IMP1) and (IMP2), respectively, 
characterized by H2, CO, O2, and CO2. 

Economic Evaluation of the Gasification/Pyrolysis 
Plant 
 

The Lang Method [12] was used to estimate the 
capital cost of the pyrolysis unit. This methodology 
has a degree of uncertainty of around 35 % but allows 
for comparing different procedural alternatives. The 
total investment capital (Total Capital Investment, 
TCI) is obtained by Equation 1:

  (1)

in which: CTCI is the total investment cost, 
including working capital; fL is the Lang Factor, 

which for a plant that processes solids and fluids 
is equal to 5.9; Ci is the cost of each of the sized 
equipment; PCIi and PCIb, i are the Plant Cost Index 
in the current year and the base year, respectively.
The value of the Plant Cost Index for the year on 
which the correlations were based was 394. For the 
year 2021, this value is 680.5. 

Using the data obtained in the simulation, the 
design was based on the equations proposed in the 
literature [12]. The flow rates (m³/h), operating 
pressure (psig), and temperature (ºF) obtained from 
the ASPEN simulation data were used as input data. 
The quotient between inlet flow, residence time, 
and catalyst composition determined the reactor 
volume. 

A scenario of 50 % hydrogen recovery and 
syngas separation to 25 % gasoline and 75 % 
ethylene was considered. The equipment was then 
dimensioned, and the costs were estimated for that 
scenario. Finally, production costs were calculated 
following the literature method [13], considering 
that the plant operates 24 hours a day and 334 days 
a year, totaling 8016 hours. 

The base prices considered for the raw material, 
the products, and utilities, in addition to the catalysts, 
along with their composition and density, were 
taken from the COMEX STAT (portal for accessing 
Brazilian foreign trade statistics), obtained by the 
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ratio between the f.o.b import value, in US dollars, 
and the net import kilogram value for 2022. 

The price of electricity and water were obtained 
from the tariffs published by ANEEL - National 
Agency of Electric Energy - for the industrial sector 
in August 2020 and by ANA - National Agency of 
Water and Basic Sanitation for the same sector and 
period, the conversion currency was carried out 
using the August 2020 quotation according to the 
Central Bank of Brazil. 

The economic indicators evaluated to propose 
the feasibility of the project were the Net Present 
Value (NPV), the Internal Rate of Return (IRR), the 
Profitability Index (PI), and Payback. 

Results and Discussion

The operational cost (Operational Expenditure - 
OPEX) corresponds to the cost associated with the 
daily operation of the pyrolysis plant. Its calculation 
is a function of direct production costs, fixed 
production costs, and general expenses. Among the 
factors that affect the operational cost are:

1.  Direct costs comprising raw materials, inputs, 
utilities, labor, preventive and corrective 
maintenance, and operational supplies, along 
with others; 

2.  Fixed costs comprising depreciation, taxes, 
plant overheads, and 

3.  Overheads  compris ing  the  cos t  of 
administration, distribution and sales and 
research and development [13]. 

Table 2 presents the estimates of the operational 
costs of the pyrolysis plant obtained through the 
models presented in this work. The total operating 
cost of the pyrolysis plant was close to US$ 
640,000.00 per year. 

The cost of capital (Capital Expenditure – 
CAPEX) includes investment costs in the pyrolysis 
plant to become operational. In addition, it includes 
the direct costs of acquiring equipment, indirect 
costs, contingency costs, and costs with auxiliary 
facilities [13]. Table 3 shows the estimates of the 
investment costs in the equipment of the pyrolysis 

plant, together with the indirect and auxiliary 
costs, added to the working capital necessary to 
keep the plant in operation. The total investment 
cost of the pyrolysis plant was in the order of US$ 
3,145,000.00. 

Table 4 shows the plant’s revenue projection 
data, considering the formation of 4 main products 
based on the recovery scenario described in the 
methodology. Hydrogen generated the highest 
revenue return among products due to its higher 
selling price per kg (2.0 US$/kg). 

A cash flow was prepared considering the 
estimated values of OPEX, starting operations in 
year 1, CAPEX, considering investment in year 
zero, and the projected revenue in year 1 of the 
project. To calculate the discounted cash flow 
(DCF), the net present value (NPV) formula was 
used, considering a minimum attractiveness rate 
(MAR) of 9.0 % per year and an average inflation 
rate (IR) of 6.0 % in the same period. 

Figure 2 shows the discounted cash flow 
accumulated for 20 years of operation of the 
pyrolysis plant, considering the current economic 
scenario of the project and 2 additional scenarios: 
a pessimist with a 20 % lower revenue and an 
optimistic one with a revenue of 20 % higher. The 
results showed that the current scenario’s calculated 
net present value (NPV) was positive, reporting a 
return of US$ 869,464.55. The internal rate of return 
(IRR) reported a return of 6 %, which is below the 
MAR (9.0 %). The profitability index (PI) reported 
a value of 1.28, which means that for every US$ 
1.00 invested in the plant, US$ 1.28 is returned in 
present values. The payback, the time required to 
recover the initial investment, was 14.6 years. The 
economic indicators evaluated showed that the 
proposed implementation of a gasification plant 
could be economically viable under the conditions 
presented, except for the low value of the IRR. In a 
scenario where revenue is 20% lower, we found that 
the project is not viable within 20 years. However, 
in a scenario where revenue is 20% higher, the 
payback reduces considerably for 7.9 years, with 
an IRR of 13% (above MAR) and a positive NPV 
of US$ 3,605,316.42. Plant revenue and business 
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Table 2. Annual operating result of the economic evaluation of the pyrolysis plant. 

Plant Operating Costs
Direct Costs

 Raw material (CRM) US$ 1,154.00
 Plastic + Oil US$ 1,154.00
Labor (CL) US$ 35,456.11
Technical supervision (CTS) US$ 5,318.42
Utilities (CUTIL) US$ 119,701.04
Steam US$ 0.00
Cooling water US$ 63,854.40 
Electricity US$ 9,590.40
Catalysts US$ 45,944.41
Adsorbents US$ 311.83
Effluent disposal (CED) US$ 0.00
Maintenance and repairs (CMR)  US$ 150,868.55
Operating supplies (COS) US$ 22,630.28
Laboratory charges (CLAB) US$ 5,318.42
 Patents and royalties (CPR) US$ 19,187.88

 Indirect Costs
Packaging and storage (CPS) US$ 114,985.85
Local taxes (CLT) US$ 27,717.14
Interest (CI) US$ 12,572.38
Depreciation (non-accounting) US$ 251,447.59

General Expenses
Administrative costs (CADM) US$ 28,746.46
Distribution and sale of products (CDSP) US$ 63,959.59
Research and development (CR&D) US$ 31,979.80
TOTAL OPERATING COST (OPEX) US$ 639,595.91/year

profitability can be increased with greater project 
maturity. 

Conclusion 

This work proposed a study of using plastic and 
oily residues for synthesizing hydrogen, gasoline, 
and ethylene. The results of the simulation and 
economic evaluation point to a promising scenario. 
The total project investment was US$ 3,143,094.85 
with an operating cost of US$ 639,595.91/year, 

and the plant generated 25 % of the products in 
hydrogen and 75 % of Syngas for the production 
of gasoline and ethylene. The economic indicators 
reported the feasibility of the project under the 
conditions presented. However, the payback time 
for the current scenario studied was 14.6 years, a 
reasonably long period with the IRR remaining 
below the MAR. In the optimistic scenario, the 
time to recover the initial investment was 7.9 years, 
with a positive NPV and an IRR of 13 % above 
the MAR.
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Table 3. Capital investment results for the pyrolysis plant.

Pyrolysis Plant Investiment
Equipment cost (Separators, gasoline, and ethylene 
reactors, gasifiers, and heat exchangers)

US$ 997,807.89

Indirect and ancillary costs US$ 1,516,667.99
Working capital US$ 628,618.97
TOTAL CAPITAL COST (CAPEX) US$ 3,143,094.85

Table 4. Results of the annual revenue projection for the pyrolysis plant.

Plant Revenue Projection 
Hydrogen (H2) US$ 577,186.91 
Bio-oil (Green Diesel) US$ 96,192.00 
Ethene US$ 139,601.45 
Gasoline US$ 92,106.00
TOTAL REVENUE PROJECTION US$ 905,086.36 

Figure 2. Cumulative cash flow scenarios for a change in revenue at a MAR of 9.0 % and an IR of 6.0 % 
on the economic viability of the pyrolysis plant projec.
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The pollution caused by an improper disposal of plastic is a problem that the current recycling model, based 
on large industrial plants, still needs to solve. An alternative is the so-called Local Recycling, in which people 
without specialized training transform discarded plastic into valuable objects in the disposal environment. This 
work presents a technology for recycling, with a robust social bias, which transforms plastic waste into solid 
bars and plates, later used in the production of furniture and other valuables. This technology is being applied 
in the field at the modular recycling unit in Pedra Furada – SE, where young people without technical training 
produce objects of high commercial value.
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Introduction 

Pollution due to improper disposal of plastic 
threatens the planet’s biodiversity. Plastic waste, 
when found in soils, rivers, and oceans, can cause 
degradation or destruction of natural habitats, 
impact the health of fauna and flora, alter air quality, 
and harm biodiversity in water and land systems [1].
Despite this, the production and consumption of 
plastic have been increasing systematically. Global 
production jumped from 2 Mt in 1950 to 380 Mt 
in 2015 [2] and continues to grow: the amount of 
plastic circulating is estimated to reach 417 Mt per 
year by 2030 [2].

One mechanism to mitigate the problem of plastic 
pollution is recycling [3], whether mechanical, 
chemical, or energy [3-5]. Mechanical recycling is 
the most common form of recycling as it is cheaper 
than the other two. Through it, it is possible to 
move from an economically linear to a circular 
consumption model. Typically, thermoplastic 
polymers such as Polypropylene (PP), Polyethylene 
(PE), Poly(ethylene terephthalate) (PET), and 
Polyvinylchloride (PVC) can be mechanically 
recycled [6,7].

Although mechanical recycling allows the 
plastic produced to remain in the economy for 
longer [7-9], the current recycling industry 
cannot prevent the problem of plastic pollution 
from spreading [10]. Today, the global average of 
recycling is less than 20%. The 4 countries that 
produce the most plastic waste in the world are 
the United States, China, India, and Brazil, with 
recycling rates of 34.60%, 21.92%, 5.73%, and 
1.28%, respectively [10].

An alternative to the current model, based 
on large industrial plants, is the so-called Local 
Recycling. In it, discarded plastic is transformed 
into valuable objects in the disposal environment 
by ordinary people without technical training [11].

Implementing Local Recycling of plastic 
depends on the availability of technological 
solutions that can effectively be appropriated by 
ordinary people and applied on a large scale.

This work aims to present technology for 
local plastic recycling with a strong social bias. 
Equipment has been developed that transforms 
plastic waste into solid bars and plates. Equipment 
can be specified for recycling different types of 
thermoplastics. The current set was designed 
for recycling polypropylene as a first case study. 
These types of equipment are low-cost and can be 
operated by people without specialized training. 
Subsequently, plastic bars and plates are used in 
the production of furniture and other utilitarian and 
decorative objects.
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The parts produced have applications such 
as furniture, and recycled materials are being 
thermally and mechanically characterized to 
compare their properties with materials commonly 
used to manufacture similar objects, such as wood 
and steel. 

This technology is being applied in the field at 
the modular recycling unit in Pedra Furada – SE, 
where young people without technical training 
are producing objects of high commercial value. 
It is believed that this technology can not only 
contribute to the reduction of pollution caused by 
the accumulation of plastic, but it can also be a tool 
for reducing social inequalities linked to traditional 
recycling.

Materiald and Methods 

Figure 1 presents the method used.

Project Requirements 

The first step to define the project requirements 
was to hold meetings with representatives of non-
governmental organizations (NGOs), associations, 
and cooperatives, aimed to establish the necessary 
prerequisites.

The criteria defined were: 
1. Production of parts that could compose the 

objects instead of producing them in a single 
step, giving flexibility and versatility for 
production. 

2.  Easy-to-learn technology and low execution 
time. The equipment must be simple enough 
to dispense with any operating manual. 

3.  Easy maintenance of the equipment to avoid 
specialized personnel (repairments would 

have to be done locally). 
4. The equipment must be of low cost so that 

the technology is scalable. 
5. The equipment must be robust, as it would 

usually be placed in environments with dust 
and other harmful elements.

Selection and Preparation of Raw Material (Plastic 
Material)

The plastic material (polypropylene) was 
selected in an Association of Collectors and crushed 
in a commercial shredder, generating millimeter-
sized residues.

Equipment Design and Operation

Two groups of equipment were developed for 
the production of bars and plates.

Design of Equipment for the Production of Bars
The equipment design was done in 3D modeling 

software (SolidWorks).
The bar equipment group is designed to produce 

bars of the approximately 1-meter length and 
different profiles. The equipment consists of: a 
stainless-steel heating chamber, surrounded by 
electrical resistance, a thermal shielding device 
(shield), and a pressure device (Figure 2a), which, 
when manually activated, compresses the molten 
plastic in the heating chamber, conforming it to the 
shape of the profile.

Design of Equipment for Plate Production
The group of equipment that produces the small 

and medium-sized circular and rectangular plates 
has a heating chamber formed by 2 commercial 
aluminum molds with Teflon coating and an 

Figure 1.The flowchart used in the study. 
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electrical heating resistance placed between them 
(Figure 2b). For large equipment, there is a tempered 
glass plate as a non-adherent surface in its heating 
chamber and an electrical resistance supported by a 
stainless-steel profile (Figure 2c). In all equipment 
of the two groups, there is a plywood box with an 
internal aluminum coating for thermal insulation.
The resistance for all equipment was designed 
based on the thermal energy required for the fusion 
of the chosen plastic (PP).

Definition of Equipment Operating Parameters
By monitoring the melting temperature of the 

plastic material (PP) by two thermocouples coupled 
at the ends of the equipment, the time required for 
heating was defined. The manual pressure device 
used in bar equipment was defined by economic 
and ergonomic criteria and used to facilitate 
compressing the molten material. The compression 
time depends on the operator’s strength of each 
piece of equipment. 

The crushed plastic residue must be inserted 
on the surface of the heating chamber, varying the 
amount according to the desired plate thickness or 
profile type. The heating time and temperature were 
defined according to the properties of the chosen 
plastic material. In this case, polypropylene. Tests 

were performed to determine the best operating 
time and adjusted. 

Field Application
           
           The technology developed can be transferred to 
society by creating Modular Recycling Units (MRU). 
A complete MRU is a physical space composed of a 
place for storing and sorting plastic, an environment 
for washing and crushing plastic, a space for 
operating equipment and storing plates and bars, a 
place for producing furniture and value, and a space 
for administrative and commercial activities. MRUs 
can be created in partnership with associations and 
cooperatives of recycled material collectors, NGOs, 
municipalities, or even commercial companies.

In modular recycling units, people without 
technical training can be trained to operate the 
equipment and produce solid plastic bars and plates. 
Once this technology is mastered, these people 
will be trained to manufacture furniture and other 
valuables for future commercialization.

Results and Discusion 

Equipment prototypes from different families 
were produced and tested in a laboratory 

Figure 2. Three families of equipment for the local recycling of plastic. a) Equipment for the production 
of Bars. b) Equipment for the production of small plates. c) Equipment for the production of large plates.
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environment. Modifications and improvements 
were carried out in dozens of development cycles 
using Computer Modeling and Digital Fabrication 
Techniques (3D Printing and Laser Cutting). In 
the end, equipment was produced that satisfied all 
project requirements. Nine pieces of equipment 
were produced to produce bars and plates of 
different shapes and sizes (Table 1).

For them to have a low manufacturing cost, 
materials, components, and devices available 
on the market in a standardized way were used 
for other purposes. Its estimated production 
cost ranges from US$140 to US$400 for plate 
production equipment and US$400 to US$500 for 
bar production equipment. The equipment has no 
monitoring and temperature control device, LCD 
panels, or adjustment buttons. They are as simple 
to operate as the most straightforward home 
appliances. Because they have few components, 
preventive maintenance can be carried out 
quickly in the working environment and with 
fewer tools.
Hundreds of polypropylene parts were produced in 
this equipment, with different shapes, dimensions, 
and colors (Figure 3). The pieces resemble wooden 

pieces, generally found in commerce, used to 
manufacture furniture and other objects.

Once the equipment was produced and tested, 
the field application stage began by implementing 
the first Modular Recycling Unit (MRU). This 
MRU is located in Pedra Furada, municipality of 
Santa Luzia do Itanhy, in Sergipe, Brazil. It was 
created with the support of the Institute for Research 
in Technology and Innovation (IPTI), a Social 
Organization that for 18 years has been developing 
Social Technologies to fight misery and poverty. 
Next, the nine pieces of equipment developed were 
installed at the MRU, which allows the recycling 
of one ton of plastic per month.

Ten young people from the village were trained 
to operate the equipment in this MRU. At the end 
of the 12-hour training, everyone could operate all 
the equipment, already producing usable parts (bars 
and plates). Two of the young women were hired by 
IPTI and were trained to manufacture high-added-
value objects after producing dozens of bars and 
plates (Figure 4). As a result, their furniture begins 
to be commercialized, showing that the enterprise 
can reach its economic viability, generating decent 
work and income.

Table 1. Features and specifications of the equipment.

Equipment Equipment Specifications Produced Pieces  
Characteristics

Bar 
Production

Power 
(W)

Operating Time 
(minutes)

Energy 
(KWh)

Plastic Mass 
(g)

Cross Section                                          
(mm)

Length
 (m)

Q4040 470 45 0,47 1500 40 x 40 ~ 1
Q5050 620 90 0,93 2500 50 x 50 ~ 1

C50 500 60 0,5 2000 50 (diameter) ~ 1
R7030 610 60 0,61 1600 70 x 30 ~ 1
Plate

Production
Power 

(W)
Operating Time 

(minutes)
Energy 
(KWh

Plastic Mass 
(g)

Dimensions
 (mm)

Thickness
 (mm)

D300 280 120 0.57 750 300 (diameter) 8 to 20
D350 360 120 0.72 1250 350 (diameter) 8 to 20
D500 640 120 1,28 2500 500 (diameter) 500 (diameter)
R400 420 105 0.74 1250 400 x 300 8 to 20

R1000 1500 120 3 2500 1000 x 300 8 to 30
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Conclusion

This work presented a simple and effective 
technology for the local recycling of plastic, with a 
strong social bias. The equipment developed allows 
the production of massive plastic plates and bars 
from crushed polypropylene. Hundreds of pieces 
were produced in different formats, colors, and sizes. 
This equipment satisfied all previously established 

Figure 3. Bars and plates are produced from shredded polypropylene.

Source: Authors.

design requirements. Once the development phase 
was completed, the equipment was taken to the 
village of Pedra Furada, in Sergipe, where the first 
Modular Recycling Unit was installed, a space in 
which discarded plastic is transformed into objects 
of commercial value.

This small Modular Recycling Unit can recycle 
one ton of plastic per month. Young people without 
any technical training from the village of Pedra 

Figure 4. Valued objects produced in TW.

Source: Authors.
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Furada were trained in equipment operation and 
the production of furniture, utilitarian objects, 
and decoration. Pieces produced by these young 
people are starting to be commercialized, showing 
market potential for this type of product. It is 
believed that, by scaling this technology, it will 
be possible to contribute to reducing the impacts 
caused by inappropriate plastic disposal and, more 
importantly, to generate decent work and income for 
people without technical training, who are generally 
on the fringes of the job market.
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In this study, extruded plastic films of PBAT mixed with starch in proportions of 0, 30, and 40% were submitted 
to the accelerated weathering procedure at 0, 360, and 720 hours under UV radiation. Mechanical properties 
such as tensile strength, elongation at break, and Young’s modulus of PBAT films under tension were evaluated 
before and after the accelerated weathering. The results pointed to a significant increase in the deformation 
values of the films with the highest starch concentration and an increase in stiffness after the degradation process.
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Considering the problems caused by the 
accumulation of waste, mainly of polymeric 
materials, materials with favorable decomposition 
properties are a promising alternative for reducing 
the negative impacts on the environment [1]. 
Notably, food packagings, such as plastic bags 
and films, are a significant fraction of the waste 
discarded in the environment [2]. PBAT, poly 
(butylene adipate co-terephthalate), is one of the 
materials used in plastic bags and films and can 
also be blended with thermoplastic starch. TPS is 
a thermoplastic starch obtained from renewable 
sources that can be used as a filler, along with 
additives, such as glycerol and citric acid, to 
reduce the cost of PBAT films and improve their 
biodegradability [3-5]. Some recent studies on 
PBAT have been showing promising results when it 
comes to mechanical and biodegradable properties. 
However, there are still very few analyses involving 
accelerated weathering by UV radiation, including 
blends of PBAT and starch.

The study and analysis of the behavior of 
these materials after their disposal in the open 

environment, under the action of the sun and 
rain, requires a long time to show the effects of 
degradation. Chambers with unique lamps that 
constantly emit UVA and UVB radiation can be 
used to accelerate this degradation process and 
simulate a scenario in which the material was 
exposed for an enormous amount of time. This 
process is known as accelerated weathering [6,7]. 
The study aims to analyze the mechanical properties 
of PBAT films (such as tensile strength, elongation 
at break, and Young’s modulus), the effect of 
blending different proportions of starch with it and 
comprehending its behavior before and after the 
accelerated weathering procedure.

Materials and Methods

Materials

PBAT was supplied by BASF (ECOFLEX® F 
Blend C1200), and Podium Alimentos supplied 
the cassava starch. The glycerol used was from 
the Neon brand, and the citric acid was from the 
Synth brand.

Preparation of Films

The samples were obtained using a flat-die 
twin-screw extruder, Brand AX-Plásticos, Model 
DR1640. First, the formulations were extruded to 
form pellets, then extruded to generate the films. 
All PBAT pellets and the flat film formulations were 
processed at 88 RPM with temperature profile 80/9
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0/110/120/130/130/130/120125°C. F1 (30% starch) 
had 8,55% glycerol and 0,45% citric acid, and F2 
(40% starch) had 11.40% glycerol and 0.60% citric 
acid (Table 1).

Results and Discussion

After performing the mechanical tests of the 
PBAT and PBAT/starch blends films, we compared 
the behavior of the formulations over the exposure 
time (Figure 1).

Figure 1A presents that F1 showed a drop in 
the tensile strength value with the addition of 
starch. According to Pellicano and colleagues [9], 
the addition of starch promotes the formation of a 
less resistant compound. Furthermore, according 
to the authors, the incorporation of starch reduces 
the mechanical properties caused by the matrix/
filler interface with low compatibility and the non-
occurrence of the wetting mechanism. In addition, 
starch acts as a stress concentrator, causing fissures 
and reducing tensile strength [5,9,10]. However, 
the 60/40 PBAT formulation showed higher tensile 
strength when compared to 70/30, where there may 
have been a better interaction between the carbonyl 
group of the matrix and the starch favored by the 
higher amount of glycerol added, about 25% more 
than the F1[10]. This behavior was also constant 
with the accelerated weathering time. After the 
degradation process, PBAT 60/40 samples did not 
lose their tensile strength, which did not occur 
with F0 and F1. F2, with higher starch content, 
appeared to be, visually, with a higher opacity. 
One hypothesis that could be brought up is that the 
whitish surface may have acted as a physical barrier 
to the transposition of UV light, which helped to 
preserve the tensile strength of the F2 samples 
throughout the exposure.

Figure 1B showed that the elongation at the 
broken property of the samples without weathering 
increased. This fact may probably be linked to 
the presence of glycerol, which was used as a 
plasticizer and may have interfered with the 
mobility of polymeric chains, causing in some cases 
the elongation at the break of the films to increase 
significantly, as shown in the work by Shanshan 
Lv and colleagues [10]. It can also be observed 
that at the time of 360h, the deformation of F2 
decreased concerning time 0. It may have occurred 
because possibly the incidence of UV radiation 

Table 1. Formulations prepared for analysis.

Formulations Composition
F0 PBAT
F1 70% PBAT + 30% STARCH
F2 60% PBAT + 40% STARCH

Accelerated Weathering

The accelerated weathering of the samples 
was carried out in a UV chamber for accelerated 
weathering tests, Model BASS UVV/2009, 
following the ASTM D 1435 standard for times 
of 360 and 720h (Table 2). In this process, the 
samples were only exposed to UV radiation, not 
containing moisture variation through the water 
spray. The process was defined after checking 
similar procedures [6-8].

Table 2. Accelerated weathering exposure time.

Reference Exposure Time (h)
T0 0
T1 360
T2 720

TensileTest

The tensile test was performed on the samples 
with the Universal testing machine EMIC DL2000, 
according to the adapted ASTM D882 standard. 
(Test speed 25 mm/min, the distance between grips 
100 mm, and sample width 25 mm. The software 
for data processing was TESC 2000. In the tensile 
test, eight specimens were tested, and five were 
selected for analysis of the results. The samples 
were removed longitudinally from the previously 
extruded film.
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caused the glycerol to migrate to a more external 
region, weakening the plasticizing effect that it had 
previously caused, leading the PBAT films with 
starch to a decrease in ductility and consequently an 
increase in stiffness as verified in Young’s modulus 
(Figure 1C). This behavior was also addressed in 
the literature by Shanshan Lv and colleagues [10]. 
In 720h of accelerated weathering, it is verified that 
the fragile behavior intensifies. The exposure may 
also have caused the formation of micro-fissures 
and reduced deformation.

In the unaged state, it is possible to observe that 
the material becomes more ductile with the addition 
of starch, in which Young’s modulus decreases and 
the elongation at break increases. However, in the 
literature, it is possible to find many studies that 
point out that adding starch increases the stiffness of 
the blend since the starch has rigid characteristics, 

thus increasing Young’s modulus of the studied 
samples [3,4,9,10].

Conclusion

From the results obtained, the presence of starch 
tends to decrease the tensile strength compared to pure 
PBAT. However, it is also possible to observe that 
the concentration with the highest presence of starch 
helped the films maintain their tensile strength during 
accelerated weathering. It was also evaluated that 
glycerol in the samples with starch may have increased 
deformation, acting as a plasticizer. However, after 
exposure to UV radiation, the elongation behavior at 
rupture was significantly altered, with the sample with 
higher starch content having a fragile behavior and not 
deforming as before due to the possible migration of 
glycerol to outer layers in the films.

Figure 1. A.Tensile strength, B. Elongation at Break, C. Young’s Modulus of PBAT formulations and 
their blends over exposure time.
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Life Cycle Assessment of Linear Alkylbenzene Sulfonate Production: 
An Adaptation to the Brazilian Context 
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Surfactants represent a class of compounds used in large-scale household sanitizers, the Linear Alkylbenzene 
Sulfonate being the most used. However, there is concern about these compounds’ environmental aspects and 
impacts. This work aims to analyze the life cycle inventory of the production of Linear Alkylbenzene Sulfonate 
from cradle to gate for the Brazilian context aiming to propose improvements regarding cumulative energy 
demand and global warming potential. The total energy demand of the base case scenario was 59 MJ-Eq and a 
carbon footprint of 1.71 kg CO2-eq. A scenario considering the switch in heat and electricity supply to renewable 
sources was proposed, and a global reduction of Global Warming Potential in 100 years of 15.73% was realized, 
reducing the carbon footprint of the heat supply chain by 73.07% and the electricity supply chain by 98.90%. 
Keywords: Linear Alkylbenzene Sulfonate (LAS). Surfactants. OpenLCA. Life Cycle Assessment (LCA). Material 
Flow Analysis (MFA). 

  
Introduction 

Surfactants, or surfactant agents, are chemical 
compounds widely employed in a solid and liquid 
state for washing clothes and dishes, mainly 
for domestic uses but also in several industrial 
sectors [1]. These compounds represent a class of 
chemical substances with an affinity for polar or 
apolar substances. This characteristic is known as 
amphiphilic and amphipathic, which comes from 
its molecular structure. Therefore, part of a single 
surfactant molecule can interact with water, and the 
other part has a greater tendency to interact with 
oily substances, for example [2]. This property 
is responsible for its use in the production of 
detergents and hygiene products around the world. 
However, most commercially available compounds 
are produced from petroleum derivatives [3]. 

Linear Alkylbenzene Sulfonate, known as 
LAS (Figure 1), is one of the most widely used 
surfactants worldwide in the formulation of 

commercial detergents, the same in 2018 accounted 
for 84% of the anionic surfactant market [4,5], as 
it has an excellent acceptance in the market due to 
its high cleaning potential when compared to that 
of ordinary soap, the surfactant sodium lauryl ether 
sulfate (LESS) [6]. 

Even though it is widely used, this substance, 
like many others produced by human activities, has 
a production chain that implies the use of a series 
of processes involving extraction, manufacturing, 
and transportation. These processes, when operated, 
generate impacts on planetary systems, either by 
releasing carbon dioxide, consuming water, or 
generating chemical waste. 

Figure 1. General chemical structure of Linear 
Alkylbenzene Sulfonate (LAS). 

Source: Sablayrolles and colleagues (2209) [8].

CH CH3

SO3Na

H3C (CH2)x (CH2)y
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The environmental performance of a product or 
process throughout its life cycle can be assessed 
through LCA (Life Cycle Assessment), which 
consists of analyzing the environmental aspects of 
a product system in order to understand the impacts 
generated. The LCA study can use software to 
support the assessment of impacts [7]. For example, 
Stan allows the creation of material and energy 
flow diagrams. In contrast, OpenLCA allows the 
quantification of aspects and impacts throughout 
the life cycle in different energy and environmental 
categories. 

In this context, this work aims to perform a 
life cycle assessment of the production of Linear 
Alkylbenzene Sulfonate (LAS) from cradle 

to gate for the Brazilian context to quantify 
the accumulated energy demand in order to 
identify opportunities for improving energy and 
environmental performance.

 
Materials and Methods
 

Figure 2 shows the product system considered 
in this study. Typical production of linear 
alkylbenzene sulfonate (LAS) is from the 
sulfonation of linear alkylbenzene (LAB) and 
neutralization with sodium hydroxide. LAB, in 
turn, is produced from the alkylation reaction of 
benzene with mono olefins (obtained from paraffin 
dehydrogenation) in the presence of the catalysts 
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aluminum chloride (AlCl3) and hydrofluoric 
acid (HF) [9,10]. The use of inputs, materials, 
and energy and the generation of emissions were 
considered; however, water consumption was not 
included in the mass balance (Figure 1) performed 
in the Stan v.2.6 software. 

The attributional Life Cycle Assessment (LCA) 
was performed based on ISO 14040 and ISO 14044 
[11,12]. The function of the production system was 
to produce linear alkyl benzene sulfonate, and the 
Functional Unit (FU) reference flow used was 1.0 
kg of LAS produced. The extent of the production 
system was from cradle to gate of the LAS plant. 

The product system was modeled using OpenLCA 
1.10.3 software with the Ecoinvent v3.4 database, 
contained in ecoinvent_case_studies_Ceramic_
cup_vs_Paper_cup. From the LAS production 
inventory (alkylbenzene sulfonate production, 
linear, petrochemical | alkylbenzene sulfonate, 
linear, petrochemical | Cutoff, U - RoW) existing 
in the Ecoinvent v3.4 (cutoff) inventory base. 

The data from the foreground process, consisting 
of LAB and LAS production (Figure 2), were 
adapted (Figure 3), while those from the suppliers 
of the background processes were kept the same. 

The categories evaluated in this study were 
Cumulative Energy Demand (CED) from the 
"Cumulative Energy Demand“ method, given in MJ 
equivalent, and Global Warming Potential (GWP) 
from the IPCC 2013 100a v1.03 method, which 
quantifies the contribution of CO2 equivalent to 
global warming potential. 

Figure 3. Flow of the foreground inventory input for producing 1kg of Linear Alkylbenzene Sulfonate.

Figure 3 presents the input flow of the foreground 
inventory for the production of 1 kg of LAS 
obtained in OpenLCA. Adjustments were made 
to the heat and power supply of the foreground 
inventory. The electricity supply (market group for 
electricity, medium voltage | electricity, medium 
voltage | Cutoff, U) has been changed from RER 
(European data) to BR (Brazilian data), and the two 
heat suppliers (market group for heat, district or 
industrial, natural gas | heat, district or industrial, 
natural gas | Cutoff; and market group for heat, 
district or industrial, other than natural gas | 
heat, district or industrial, other than natural gas 
| Cutoff, U) have been changed from RER to GLO 
(global data). 

Figure 4 presents the foreground inventory 
outputs of the LAS production corresponding to 
the product and emissions to air and water. 

A sensitivity analysis was performed to 
investigate the effect of replacing the heat and 
electricity from non-renewable sources (fossil) with 
renewable sources (wood burning and low voltage 
photovoltaic panels) for LAS production in the 
evaluated category. As a result, the heat suppliers 
presented in Figure 3 were replaced by renewable 
sources (heat production, wood chips from industry, 
at furnace 5000kW | heat, district or industrial, other 
than natural gas | Cutoff, U) from the RoW region 
(rest of the world data) and electricity supply for 
also (the market for electricity, low voltage, label-
certified | electricity, low voltage, label-certified | 
Cutoff, S) from the Swiss region. 
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Figure 4. Flow of the foreground inventory output of 1kg production of Linear Alkylbenzene Sulfonate .

Results and Discussion 

Figure 5 presents the Material Flow Analysis 
for the production of LAS. Again, most of the 
input is derived from the petroleum products 
production chain, with the input with the highest 
mass contribution being paraffin. 

Figure 6 shows the energy demand intensity of 
the different inputs to the product system by energy 
source. The total energy demand was 59 MJ-Eq, and, 
notably, the most significant demand is for fossil 
source energy, and the largest demanders of this 
energy are the paraffin (28.1 MJ-Eq), and benzene 
(18.4 MJ-Eq) supply chains, followed by the sulfur 
(3.0 MJ-Eq) and heat (4.0 MJ-Eq) supply chains. 

Changes in the energy supply were suggested; 
the change of the source of heat and electricity is 
a feasible strategy for the production of LAS more 
sustainably (Figure 6) since energy is understood as 
a transforming resource and, therefore, the source 

of this energy does not affect the technology of the 
production process of LAS, in the figure mentioned 
are shown the energy sources that had higher energy 
consumption considering the base scenario and the 
proposed scenario. 

We showed that the total CO2 equivalent was 
1.71 kg (Figure 7). The most significant CO2-eq 
emissions come from the petroleum chain (benzene 
and paraffin), which represent 0.92 kg. It can also be 
noted that the sum of the heat supply chains is 0.34 
kg CO2-eq. The sodium hydroxide and aluminum 
forging supply chains also present significant 
values. 

In the proposed scenario (Figure 7), even with 
the total increase in energy demand for the system, 
there were reductions in GWP100a impacts in 
both the electricity and heat supply chains. The 
total contribution of the 100-year Global Warming 
Potential to this scenario was approximately 1.44 
kg CO2-eq, which represents a reduction of 15.73%. 
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Figure 6. Cumulative Energy Demand for 1 kg of Linear Alkylbenzene production in the baseline scenario 
and the proposed scenario with renewable heat and electricity sources.

Figure 5. Mass Balance of 1kg Linear Alkylbenzene Sulfonate Production with reconciled data. 
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Figure 7. Impact of Global Warming Potential over a 100-year horizon for production of 1 kg of Linear 
Alkylbenzene with renewable heat and electricity sources.

The sum of the heat sources used for the reference 
flow (Figure 7) is 0.09 kg CO2-eq, reducing 0.24 kg 
or 73.07% from the previous scenario concerning 
heat supply. On the other hand, electricity supply 
represented a reduction of 0.02 kg or 98.90% CO2-eq 
in 100 years. 

Conclusion

A life cycle assessment of the production of 
Linear Alkylbenzene Sulfonate from cradle to 
the gate was performed. It was observed that the 
production of paraffin and benzene inputs are the 
most significant contributors to the accumulated 
energy demand. 

As a proposal for reducing the accumulated 
energy demand without affecting the production 
technology of LAS, a sensitivity analysis was 
considered to affect the exchange in the supply of 

heat and electricity, replacing them with renewable 
sources, the heat supply was by burning biomass 
in boilers and the electricity supply with the use 
of low voltage photovoltaic plates certified by the 
distribution network by overhead line cables (CH), 
being observed a reduction of fossil energy sources. 
As a proposal to reduce the environmental impacts 
without affecting the LAS production technology, 
it was considered the exchange in the supply of 
heat and electricity to the system, replacing them 
with renewable sources, The heat supply was given 
by burning biomass in boilers, and the electricity 
supply with the use of low voltage photovoltaic 
panels and it was possible to observe a reduction 
of fossil energy sources in detriment of the use of 
biomass for energy generation and overall reduction 
of Global Warming Potential (GWP) in 100 years of 
15.73%, reducing the heat supply chain by 73.07% 
and the electricity supply chain by 98.90%. 
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This work presents satellite remote sensing research to map data to archaeological sites at risk in regions of 
war conflicts, supporting the Copernicus Program and the application of Artificial Intelligence to analyze the 
collected information. It seeks to identify the process of using digital tools to safeguard cultural heritage in the 
21st century. The qualitative, exploratory, and explanatory methodology followed the bibliographic survey, as 
well as the handling of the Copernicus Platform for the analysis of prototyping. The analysis of case studies of 
Cyprus, Pakistan, and Syria establishes a digital timeline containing the impacts of deterioration of the areas 
for the proposition of conservation, protection, and restoration measures.
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Introduction

Created for the collection and sharing of satellite 
and in-situ data, the Copernicus Program has 
favored observing the physical conditions of planet 
Earth. Developed within the scope of the European 
Union and collaborative partnerships with some 
Latin American countries such as Brazil, Chile, 
and Colombia. An agenda of satellite missions, 
called Sentinel, coordinated by the European 
Space Agency (ESA), the European Organization 
for the Exploitation of Meteorological Satellites 
(EUMETSAT), the European Centre for Medium-
Range Weather Forecasts (ECMWF), EU Agencies 
and Mercator Ocean, focuses on an aspect of 
observation of the Earth, atmosphere, oceans, and 
land cover. The images generate data for weather 
forecasts, land use and land cover, coastal areas, and 
oceans, monitoring the atmosphere. Environmental 
issues receive special attention in providing 
information on air quality, carbon emissions, and 
the state of the ozone layer [1].

The advances in artificial intelligence (AI) 
made possible the consolidation of the Copernicus 
Program since it integrates the definition of a 
system’s ability to interpret external data correctly, 
to learn from such data, and to use those learnings 
to achieve specific goals and tasks through flexible 
adaptation [2]. Recent AI successes attributed to 
new ML techniques include building models in their 
internal representations. They are support vector 
machines (SVMs), random forests, probabilistic 
graphical models, reinforcement learning (RL), and 
deep learning neural networks (DL) [3].

Integrated with IT research and application in 
identifying, cataloging, and preserving cultural 
heritage, AI data from the Copernicus program 
seeks to detect archaeological objects with images 
obtained by satellites equipped with AI – capable 
of recognizing even very subtle variations in 
vegetation. Due to the intensity of the flow and 
a large amount of information and images, AI 
can help reduce manual work and optimize the 
delivery of more accurate analysis. The initiative 
came from the Italian Institute of Technology (IIT) 
in partnership with the European Space Agency 
(ESA) in the creation of the Cultural Landscapes 
Scanner (CLS) project, allowing for a broader 
reading of the soil and more accurate results with 
the help of Artificial Intelligence. The project 
was led by Arianna Traviglia, coordinator of the 
Cultural Heritage Technology Center (CCHT) of 
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the IIT in Venice, whose research area is dedicated 
to technological mediation in the studies and 
management of cultural heritage [4].

As a general objective, it seeks to analyze the 
cultural heritage protection processes provided 
using digital technologies with satellite images. 
The specifics objectives of the study are:

1. To Publicize the application of digital 
technology resources in mapping, data 
collection, analysis, and protection of 
cultural heritage;

2. To present the potential of using the 
Copernicus Platform and the derived 
projects for applying AI in the analysis of 
data and images of archaeological sites;

3. To demonstrate how land surface data 
collected by satellite can help preserve 
archaeological heritage from the effects of 
climate degradation.

The hypothesis of the study comprises:
1. In emerging economy countries, there is 

still a significant lack of knowledge about 
the application of digital technologies in 
safeguarding cultural heritage;

2. There is no significant difference between 
prospective teachers in their awareness 
of healthy dietary habits concerning the 
following background variables;

3. Greater dissemination of the Copernicus 
Platform can build digital skills for 
future generations of archaeologists from 
different geographies aimed at preserving 
sites, avoiding the high cost of invasive 
prospecting;

4. Monitoring environmental impacts such as 
global warming provide more data requiring 
human and digital cognition in decision-
making.

Significance of the Study

Studies of cultural heritage in the 21st century 
have demanded the use of digital technologies 
capable of aggregating information to analog 

procedures previously used, discovering new 
perspectives previously thought of, with high 
potential for information analysis, storage, and 
sharing with researchers from different geographies. 
Essential knowledge of ancestral civilizations comes 
from forgotten topographies, hidden by dense 
vegetation or submerged in fresh or saltwater flows 
(rivers, lakes, and seas) formed from melting or 
changing paths. These spaces, seen with the naked 
eye by researchers, do not show the social uses of 
the past, the buried artifacts, and the composition of 
the cultural landscape itself. The digital elevation 
model (DEM) is most frequently generated from 
airborne sensors, drones, terrestrial laser scanners, 
and satellite remote sensing (with an overview of the 
semantic categorization of potentials and practicality 
of such platforms for elevation data acquisition) [5]. 
With unprecedented data acquired continuously, the 
Copernicus satellite constellations provide essential 
information for analyzing and monitoring the Earth’s 
surface and atmosphere [6].

The use of Copernicus data combined with AI in
guaranteeing the analysis of a more significant 
amount of data in less time demonstrates the 
possibility of making the management of 
archaeological and cultural heritage in several 
countries more efficient. Studies that favor 
disseminating AI and remote sensing via satellite 
in the treatment of cultural heritage are essential to 
reinforce the continuity of funding and international 
cooperation, inspiring new research and researchers, 
especially in developing countries.

Review of Related Studies

Studies reveal that the use of Machine Learning 
(ML) techniques within Cultural Heritage (CH) 
is still limited [7]. As state-of-the-art techniques 
become popular in other fields such as CH, it 
is intuitive that more classical classification 
and regression techniques, such as Linear and 
Logistic regression, have a distinct and valuable 
application within CH. While these can be applied 
in conservation efforts, such as historical building 
integrity prediction, for example, the application of 
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Support Vector Machines (SVM) refined the hyper-
parameter estimation to support multiple instances 
of learning for recognizing iconographic elements 
in artworks. With increasing efforts to digitize CH 
assets, the progression to Deep Learning models 
is natural, where modern data-trained models are 
fine-tuned to CH data.

Borie and colleagues [8] show that remote sensing 
archaeology in recent years has emphasized using 
high-precision and high-accuracy tools to achieve 
the detailed documentation of archaeological 
elements. The researchers claim that satellite remote 
sensing has also benefited from increased spatial 
and spectral resolution of the sensors, enabling the 
discovery and documentation of new archaeological 
features and sites worldwide. Thus, they studied a 
vast area of the Atacama Desert in Northern Chile, 
covering 22,500 km2.

That airborne and spaceborne remote sensing in 
archaeology generates at least two critical issues 
for discussion: technology and visualization [9]. 
Technology opens new cognitive perspectives for 
archaeology and keeps researchers increasingly 
fascinated by its capabilities. Acquired data, 
primarily via remote sensing methods, can be 
studied after processing and visualizing. The 
research raises several issues related to the new 
cognitive situation of archaeologists facing the 
development of new technologies within remote 
sensing methods. These issues are discussed 
from ontological, epistemological, and discursive 
perspectives, supporting an exploration of the role 
of technology and visualization. Analyzing the most 
significant volumes of data efficiently by human 
operators is exceptionally challenging [10].

The English Heritage National Mapping 
Program (primarily aerial image interpretation) 
achieves a coverage rate of approximately 1 km2 
per person per day; this project has been running 
for over 20 years employing on average 15-20 staff, 
and has covered an area of 52,000 km2 by 2012, 
in contrast, the Baden-Württemberg study, whilst 
still a primarily manual approach, took advantage 
of automated processing where possible, allowing 
an estimated coverage rate of over 35,000 km2 by 

a single operator in six years. Exist an indication 
of the speed advantages of integrating automated 
processes into an analysis workflow.

With current advances in computing power, the 
potential to pre-process entire national datasets 
in weeks rather than decades is now a distinct 
possibility. This approach would be precious for 
countries that do not have many existing historical 
site records; a rapid Artificial Intelligence (AI) 
scan would provide a primary database that could 
be developed further as more resources become 
available. Due to the few time and cost overheads 
required for automated processing, there can be 
complementarity between achieving the quantity 
of the automated results versus the quality of 
traditionally generated databases, which can proceed 
to be created as usual in tandem with the automated 
processing. Even if imprecise, these machine 
learning tools could identify the more significant 
trends in the data, allowing human resources to be 
prioritized to the areas with many potential sites for 
detailed precision mapping. Especially when sites are 
under threat from development, rapid identification 
and mapping will give cultural heritage managers 
more time to act.The studies about the Copernicus 
platform observed that the dataflow concepts provide 
mechanisms to handle diverse challenges. The 
Copernicus architecture integrated two components 
aimed specifically at sampling problems: A peer-to-
peer network and a workflow execution engine [11]. 
The software network layer handles the infrastructure 
and communication within the system, even as 
the underlying physical network change. With 
heterogeneous computing resources, it is portable 
and written in Python 2.7, available on virtually 
all *nix systems. Furthermore, it was designed to 
handle different types of network setups by using 
its peer-to-peer features. The network comprises 
three components communicating securely using 
Transport Layer Security (TLS).

Materials and Methods

The research on the digital technological 
procedures used in the satellite mapping of 
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archaeological sites configured as cultural heritage 
adopted qualitative, exploratory, and explanatory 
procedures, based on the collection of data in books, 
articles, websites, and the use of the Copernicus 
platform.

The digital tools used in this research covered 
the manipulation of the Copernicus Platform, with 
the projection of sectorial information and the 
experimental treatment of the cartography inserted 
in the case studies.

The monitored topography includes satellite and 
AI digital technology projects applied to archeology 
in the following geographies: Cyprus, Pakistan, 
and Syria.

Results and Discussion

In 2015, the island of Cyprus was hit by a 
magnitude 5.6 earthquake. Researchers used 

Sentinel-1 SAR images to map two UNESCO 
World Heritage sites: Nea Paphos and the Tombs 
of the Kings (Figure 1) [12].

D-InSAR investigation was the first step to 
map the displacement pattern over large areas, 
such as the Paphos district, with cultural heritage 
sites, providing fast and reliable information to 
local stakeholders and policymakers about the 
hazard. Vulnerability maps were developed based 
on this evaluation and considering the structural 
stability of standing and/or buried monuments. 
For authors, D-InSAR processing can be part of 
a continuously updated risk management plan of 
cultural heritage sites and landscapes aligned with 
state-of-the-art geoinformation technologies such 
as those provided under the Copernicus umbrella 
[12].

Other researchers used data from Copernicus 
Sentinel-1 and Sentinel-2 to analyze the Cholistan 

Figure 1. Final displacement map at (a) Nea Paphos; (b) Tombs of the Kings; and (c) the historic center 
of Paphos [12].
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Desert area in Pakistan, historically linked to 
the Bronze-Age Indus Civilization, to detect 
archaeological mounds from this era [13]. A 
combination of multitemporal, multi-polarisation, 
and multiangle SAR bands, like multitemporal 
optical bands, were analyzed. The research showed 
more mounds over a larger area than previously 
recorded. Also detected were small to large mounds 
that suggest a continuous shift of settlements likely 
due to changes in the climate and hydrological 
network throughout history (Figure 2).

As attested in a deep study, the dataset provides 
a collection of Sentinel 1 and Sentinel 2 spectral 
signatures for mound-like archaeological features 
in drylands. The resulting mound locations can now 
be addressed regarding RF probability values [13].

The Copernicus platform services have also been 
used to identify areas of military conflict, terrorism, 
and depredation of cultural heritage, such as the 
geographies of Iraq and Syria.

Thus, Copernicus Optical and SAR imagery 
has also been used by researchers to establish a 
systematic monitoring tool for looting observation 
and prevention by detecting so-called looting 

pits, which typically appear as dark/black holes 
and can be recognized thanks to their sharp color 
contrast with the surrounding sand/grass surface. 
Similarly, another group of researchers from the 
European Union Satellite Centre, which implements 
Copernicus SEA, used satellite imagery to evaluate 
the extent and severity of damage on the important 
ancient sites of Nineveh and Nebi Yunus in Iraq, as 
well as looting and smuggling activities in Iraq in 
the context of ISIL’s domination over the area. The 
results showed that looting activities existed even 
before the armed conflict. However, during ISIL’s 
presence looting and smuggling were replaced by 
military and fundamentalist activities [14].

In Figure 3, the first image shows the UNESCO 
World Heritage Ancient City Limits of Aleppo in 
a 30 m resolution Global Digital Elevation Model 
ASTER (GDEM), indicating the Citadel’s elliptical 
track. ASTER GDEM is a product of METI and 
NASA. The second photo contains the view of the 
walls of the Citadel from August 1, 2005 (Source: 
Wikimedia Commons). Finally, the third image 
is a view of the Citadel of Aleppo (Syria) from 
Sentinel-2 images acquired at very high resolution 

Figure 2. Distribution of newly detected mounds about regional land cover [13].
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Figure 3. UNESCO World Heritage Ancient City Limits of Aleppo in three moments [15].

(VHR) Google Earth image taken on August 11, 
2016. Labels and polygons indicate the area of the 
wall collapse that took place on August 11, 2016 
(Sources: European Space Agency - ESA; Google 
Earth Image © 2018 DigitalGlobe) [15].

Conclusion

The study of digital satellite mapping tools 
with data capture of changes in topography allows 
applying Artificial Intelligence to quantify the 
information, favoring qualitative analyzes capable 
of defining parameters to safeguard cultural heritage 
in high-risk regions.
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Autonomous navigation is an essential application because it allows the robot to perform activities without human 
interference. It enables the execution of tasks that pose a risk or difficulty to the human being. This material 
aims to present the research to evaluate the performance of different navigation algorithms. The results obtained 
in the first phase of the research will be highlighted, in which the A* (A Star) and Dijkstra techniques were 
evaluated. The robot was integrated into the Robot Operating System (ROS) framework, and the navigations 
were performed in a labyrinth-like environment.
Keywords: Autonomous Navigation. ROS. A*. Dijkstra.

Introduction

Mobile ground robots are increasingly common 
in robotics in hazardous environments. They are 
classified as Unmanned Ground Vehicles (UGVs), 
used in many areas, and may have applications 
in disaster rescue, nuclear inspection, planetary 
exploration, and military combats [1]. These robots 
navigate autonomously, requiring intelligence to 
define the most efficient routes to complete their 
missions. In a robotic navigation platform, there is 
a layer responsible for obtaining information from 
the environment and another layer responsible for 
reading and interpreting this data. Path planning 
algorithms are used to find a path between one 
point and another as efficiently as possible, such 
as Dijkstra and A* [2].

Robotic System

Autonomous robots are systems capable of 
interacting with the work environment without 
human action throughout their task execution. One 
of the most common applications in mobile robotics 

is autonomous navigation through unfamiliar 
environments, where many navigation techniques 
can be used to achieve an end goal. 

The robotic system used in this work was the 
Turtlebot, a low-cost, open-source mobile robotics 
platform designed to be user-friendly and with the 
same capabilities as platforms from large robotics 
companies [3]. Turtlebot (Figure 1) has several 
devices in its structure to move, which allows the 
robot to recognize the environment around the asset, 
process this information and control its actions.

A 2D LIDAR is responsible for collecting 
information from the environment, using a laser 
beam fired by the device so that the system can 
identify close objects based on the reflection time 
[4]. A Raspberry is responsible for processing this 
data, which is presented as a low-cost, portable 
solution for integrating the sensor into the robotic 
system [5]. Hence, an OpenCR control board was 
used to control the robot actuators and distribute 
power to the devices [4].

Robotic systems may also be able to explore 
unknown spaces. For example, explorations can 
be dedicated to getting a robot out of a residence, 
a maze, getting a map of an unknown region, along 
with others.

Robotics Navigation

Navigation is essential for mobile autonomous 
systems because mobile robots need to move in 
environments with little or no human intervention 
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in many applications. A framework is needed that 
supports the navigation. ROS2 contains several 
packages that are used in robotic applications. 
Among them, NAV2 seeks to find a safe way to 
move a robot from point A to point B. It runs in 
several robot navigation applications, such as the 
following dynamic points. It completes dynamic 
path planning, calculate motor speeds, avoid 
obstacles, and structure recovery behaviors. The 
package uses behavior trees to call modular servers, 
so it completes an action, which can be, calculating 
a path, controlling effort, recovery, or any other 
activity related to navigation [6].

Some algorithms are used in navigation to 
do trajectory planning to perform the trajectory 
and achieve the proposed goal at a lower cost. 
The minimum path discovery algorithms can be 
classified into two forms: Uninformed search, 
when the algorithm does not use heuristics to find 
the shortest path between origin and destination, 
and informed search when the algorithm uses 
heuristics to estimate the minimum cost path [7]. 
Some examples of these algorithms are Dijkstra and 
A*, which use uninformed and informed search, 
respectively.

Dijkstra
Dijkstra’s algorithm is a technique that is often 

used in differential mobile robots because it uses 
uniformed search capable of obtaining a trajectory 
between two nodes. These two nodes are points in 
the environment. From a specific node in space, 
the Dijkstra algorithm calculates from all available 
nodes a trajectory to the other node where the goal 
is. Figure 2 illustrates the possibilities of the paths 
to be used by the Dijkstra algorithm.

Dijkstra solves the single-origin shortest path 
problem on a directed or undirected graph when 
all edge weights are non negative. Equation 1 

Figure 1. TurtleBot3 - Burger Version.
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illustrates the time cost of Dijkstra’s algorithm, 
in which V is the number of vertices, and E is the 
number of edges [8].

  (1) 

A*
The A* search algorithm is used in various fields 

of computer science and can also be applied to 
search problems related to mobile robotics.

The A* was created as part of a general-purpose 
mobile robot project called Shakey [9]. One of 
Shakey’s most notable results was using this search 
algorithm. The A* algorithm uses graphs as the 
basis of the search system (Figure 3). The initial 
vertex represents the starting point of the search, 
and the endpoint is the final goal. The algorithm is 
formulated using weighted graphs to find a path to 
the given objective with the lowest cost (shortest 
distance traveled, along with others). The algorithm 
keeps several paths originating from the starting 

point and expands these paths one point at a time 
until its search criteria are satisfied.

The search is performed through minimal paths 
using heuristic functions, i.e., the selection of nodes 
is based on the distance from the start node plus 
the approximate distance to the destination. This 
approximation estimate can be represented by the 
function f(n) = g(n) + h(n) [10].

According to Rachmawati and Gustin [11], the 
star algorithm and the most widely known form 
of best-choice search solution, A star evaluates 
nodes in graphs by combining the cost of reaching 
a particular node already visited and the cost of 
going to the destination node.

Materials and Methods

This research aims to compare the performance 
of trajectory planning strategies in ROS using 
Turtlebot3, and the scope of the paper is to present 
the results of the comparison made between the 
A* and Dijkstra techniques. Figure 4 presents the 
Methods used to perform the comparison between 
planning strategies.

In the first stage, a literature search was done 
to understand the concepts of the A* and Dijkstra 
techniques, how to use them, and thus define the 
system architecture. After that, the algorithms were 
configured on the robotic platform to be tested in a 
simulation environment, and the first samples of the 
system were collected. After collecting the samples, 
a normality test is done to know if the sample is 

Figure 4. Methods used to compare strategies’ plans.

Figure 3. Graphs of A*’ algorithm.
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viable for analysis. If not, a new configuration is 
made, and the tests are done again. However, when 
the samples pass the test, a statistical analysis will 
be done to present the comparative results between 
the techniques.

Reults and Discussion

The Mission

We proposed a misison to Turtlebot3 to analyze 
the performance of the algorithms (Figure 5). The 
mission was to move it from an initial point to a 
final point in the simulated gazebo environment.

The robot uses AMCL to locate itself and 
plans the path using the A* and Dijkstra, enabling 
observing each algorithm’s time spent completing 
the mission and comparing them. Thirty trials were 
run for each to perform the task to compare the 
algorithms’ performance (Figure 6).

Observing the navigation missions, we observed 
the trajectory generated by each path-planning 
algorithm (Figure 7). Meanwhile, Figure 8 presents 
the time samples for each algorithm. 

For the analysis, the normality of the dataset 
was initially verified through the Shapiro-Wilk test. 
The data for the Dijkstra algorithm had a p-value 
of 0.404. For the A star, the p-value was 0.150 

for a significance level of 5% for both cases. This 
value confirms that the data is usually distributed. 
The average execution time for the mission using 
the Dijkstra path planner was 20.04 seconds with 
a standard deviation of 0.158 seconds, and the 
average time using the A star path planner was 20.14 
seconds with a standard deviation of 0.207 seconds. 
Figure 9 shows the comparison between the two 
algorithms. For the sample values, we conclude 
that there was no relevant difference between the 
navigation time based on the mean and standard 
deviation.

We used the t-test to compare the average 
navigation population time between the algorithms. 
The null hypothesis was Dijkstra, and A star 
algorithm has an equal average navigation time. 
The null hypothesis for the significance level of 
5% was rejected for a p-value of 0.042, concluding 
that the population means time for this navigation 
mission using the A star and Dijkstra algorithms 
are not equal, with little significance.

Conclusion

We performed a comparison between A* 
and Dijkstra to make UGVs more efficient in 
the trajectory planning process, using statistical 
comparison methods to understand the differences. 

Figure 5. Gazebo simulation.
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From the data obtained, we observed that the 
amplitude of the minimum and maximum time for 
the two algorithms was one second, which within 
the total time was too small for a definition of 
which method showed a better performance through 
graphical analysis. The t-test were used to verify 
the averages of time spent by each algorithm, and  
the value obtained to reject the hypothesis was 
irrelevant.

Figure 7. Path planned for each algorithm.

Figure 8. Time samples for each algorithm.

In this sense, we deduced that the Dijkstra and 
A* trajectory planning techniques present very 
close performances in a simulated environment.

At this point, we concluded that the difference 
between the algorithms for short trajectories 
becomes irrelevant even if Dijkstra is considered 
a greendy search algorithm leading to a longer 
mission time. According to Rachmawati and Gustin 
[11], the A* algorithm only scans toward the final 
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destination. In contrast, the Dijkstra algorithm does 
an equally expanding scan for each point ending 
in exploration with a larger area before finding the 
final objective. 

For future studies on the topic, it is recommended 
to consider new mission possibilities, mainly 
regarding the increase in trajectory distance, 
the presence of more obstacles, and varying 
scenarios, enabling the analysis of each technique’s 
performance in more contexts. 
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Chi² Test to Determine the Cut-Off Value for Anomalies Detection with Mahalanobis Distance

João Felipe de Araújo Caldas1*, Caique Augusto Cardoso de Moraes1, Flávio Santos Conterato1

1SENAI CIMATEC University Center; Salvador, Bahia, Brazil

This work aims to contemplate the detection of possible anomalies in a dynamic, robust, and effective way using 
Mahalanobis distance readily with the Chi² test. Tests were performed with p-values of a data set and the cut-
off value, both generated by the Chi² test, reliably and dynamically detected possible anomalies. Therefore, this 
anomaly detection method is more effective for regular anomaly determination based on points farthest from 
the center.
Keywords: Chi². Mahalanobis. Anomalies.

Introduction

The use of distance calculation dates back to 
650 BC as an attempt to define the shortest possible 
distance from two points. Thales of Miletus began 
calculating distances between different objects 
using two-point references [1,2], for instance, 
the distance between a ship and shore or height 
from the top of a pyramid to the example etcetera. 
Subsequently, Euclidean geometry contributed to 
calculating the Euclidean distance, and nowadays, 
we can see its use in the objective life of any person. 
However, in machine learning, the need to estimate 
the metric of two points comes from the demand of 
the data clustering process [1].

Clustering, which is a powerful data mining 
technique, in turn, is formed by the proximity 
relationship of the defined methods, being able to 
be distinguished between two types by the distance 
of the defined points, using the defined formulas and 
mathematics methods, or by the degree of similarity 
based on their characteristics [3].

There are some measures to determine the 
interval between points; among them are Hamming 
distance, the Minkowski distance, the Manhattan 
distance, and the most famous, the Euclidean 

distance [4]. Even so, the article’s primary subject 
was the statistical measure created by the Indian 
scientist Prasanta Chandra Mahalanobis, called 
Mahalanobis distance, used in the experiment [5.

The χ²(chi-square), or simply Chi²(chi-square) 
test, is described as a non-parametric test; that is, 
it does not depend on population parameters; in 
addition to being a hypothesis test, the principle 
basic to this test is to compare proportions, that 
is, possible divergences between the observed and 
expected frequencies for a specific event [6].

An example of Chi² application was the usability 
to assess the significance of each parameter 
considered for risk stratification and mortality 
prediction for definitive values about COVID-19 
[7], dealing directly with data processing to 
improve the final results. Mahalanobis distance 
is an effective multivariate distance metric that 
measures the distance between a point (vector) and 
a distribution [5,6] as per Formula 1. This metric is a 
multivariate distance calculation metric, efficiently 
measuring spatial distributions between points 
and vector distributions at intervals, thus having 
prominence in anomaly detection applications, 
classification of untreated datasets, and in some 
cases in classifications of classes and most ignored 
use cases [5].

The formula for the Mahalanobis distance is 
given by [6]:

   (1) 

In which, D² is the square of the Mahalanobis 
distance; x is the observation vector; m is the 
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vector of mean values of the independent variables; 
C-1 is the inverse of the covariance matrix of the 
independent variables.

Formula 1 also has some observations; if the 
matrix (x - m) is diagonal, then the distance measure 
is analogous to the normalized Euclidean distance 
[5].

This article proposes to showcase the efficacy of 
anomaly detection in conjunction with the distance 
between a distribution and Mahalanobis points. 
Arguments supporting the use of this technique 
will be presented in dissonance with the current 
literature approach [8,9] regarding anomaly 
detection in a database. After experimentation and 
comparisons with the Chi² test, the x values farthest 
from a centroid-based method lacked dynamism 
and showed high chances of detecting false 
positives. Hence, the correlation between Chi² and 
Mahalanobis distance is displayed to evidence the 
accuracy of the cut-off values for anomaly detection 
proposed by the result of the Chi² test (or p-value) 
present in this paper.

Materials and Methods

The dataset used was obtained from the learning 
and challenge platform Kaggle [10], a well-known 
platform in the Data Science area; the dataset is 
called World Happiness Report, which contains 
information about world happiness. There are two 
main reasons for the choice of the dataset. The first 
is that the dataset needs to have a high degree of 
relationship, i.e., that presents a precise functioning 
with highly correlated data in contrast to neural 
networks and especially in Pearson functional 
networks [11] so that the Chi² can stand out in 
the results of possible anomalies to facilitate the 
understanding and comprehension of the content, 
the second reason was that after the pandemic, 
socioeconomic behaviors were impacted, such 
as happiness and quality of life [12], for these 
factors the database proved to be more attractive, 
thus hoping to return not only anomalous results 
but also the difference in the degree of happiness 
over time. The dataset has the period from 2015 

to 2022; however, it was used from 2020 to 2022 
to detect possible anomalies, considering that the 
COVID-19 virus started spreading in January 
2020 and causing the pandemic in March 2020 
[13] and that this pandemic impacts to society 
[12]. That had as motivation for the search for the 
possible impacts of the COVID-19 pandemic on 
world happiness. During the development, it was 
verified that the columns with higher correlation 
using the Pearson correlation coefficient resulted 
in the upper and lower whisker columns with 99% 
correlation between them, thus, being chosen by 
the high degree of correlation to the experiment. 
Subsequently, the clustering was performed by 
defining only one cluster (group), the calculation 
of the data centroid, the computation of the 
Mahalanobis distance for each point, and the 
Chi² test were performed with the help of the 
scipy library [14], and using the cdf function 
(cumulative distribution function).

Consequently, finding the p-value of each 
point was possible to establish the cut-off values 
for anomaly determination. Then the possible 
anomalies were separated. All tests and experiments 
were done using Python version 3.7.10 [15].

Chi² is used as a statistical hypothesis test 
and as a cut-off value, i.e., a value to determine 
whether a piece of data is anomalous or not. The 
statistical hypothesis test is performed because 
the Mahalanobis distance results in the squared 
distance, the ‘D²’ [16].

To find the cut-off value, one needs to know the 
limits of the grouping of the data and the degree 
of freedom (c) will be the number of variables/
columns present in the database [11]. This 
calculation is represented by Formula 2, which is 
given by the formula in which the variable O is the 
observed value and E is the expected value.

  (2)

Mahalanobis distance is closely related to 
Chi² in the way that [6,18] proposed: the squared 
Mahalanobis distance of a Gaussian (normal) 
distribution is distributed by Chi². Therefore, the 
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Chi² test will result in a variable called p-values, 
intended to demonstrate whether the test results 
are quantitatively significant. The following 
considerations are essential to perform a Chi² test 
and obtain the p-values [6]:

•  The degree of freedom is defined as the 
number of categories minus 1 [6].

•  The tester chooses the alpha level (α). 
Usually, the alpha level is 0.05 (5%), but one 
can also have other levels, such as 0.01 or 
0.10 [6].

The advantages of Chi² include its robustness 
in data distribution, easy calculation, and detailed 
information that can be obtained from testing. The 
caveat to using this methodology in studies is that 
they cannot meet the parameter assumptions and 
flexibility in handling two aspects of group data 
and multi-group studies [16].

Results and Discussion

After the experiments had been carried out, the 
result of the detection of anomalies was compared 
using p-values and the cut-off value of the Chi² 
hypothesis test. Figure 1 shows three ellipses 
based on the Chi² test for the database chosen. The 

values outside the limit of the first ellipse (blue) 
are considered anomalies (annotated with their 
respective index). In this case, the delimitation 
of the ellipse is the critical cut-off value found by 
performing the Chi² test. It is worth pointing out that 
the alpha level value was set to 0.01. The standard 
deviation of the first ellipse measures the ellipses 
in red and yellow. For example, the red ellipse is 
the standard deviation multiplied by two, and the 
yellow is multiplied by three.

In Figure 2, the ellipse continued to be made 
similarly, but the cut-off value was determined 
by the p-values also generated by the Chi² test. 
P-values that have a significance level lower than 
0.01 are considered anomalies. Therefore, both 
methods can be used equally for the same purpose. 
However, to find the p-value, only one calculation is 
needed, while the critical cut-off values of the Chi² 
test are found after more calculations. Depending 
on the alpha value used in the Chi² test, the result 
of possible anomalies may be equal to the result of 
using p-values as a cut-off value. In the case of this 
database, when using the alpha value as 0.001, the 
result of both methods are the same. The critical 
value used in the first method and the p-value of 
the second method are two different approaches to 
the same result [17].

Figure 1. Chi² critical value cut-off.
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Conclusion

The anomaly detection is successfully performed, 
and the need to streamline it is successfully met. 
The values determined as possible anomalies are 
established according to a cut-off value calculated 
by hypothesis testing, unlike how it is commonly 
performed, measuring a certain amount of points 
furthest from the centroid.
The results collected in this research are of 
paramount importance to detecting anomalies 
since they demonstrate the detection of anomalies 
through a specific cut-off value, that is, dynamically 
and more reliably. Therefore, verifying and testing 
the effectiveness of Chi² with other distance metrics 
or with many categories is recommended for future 
work.
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The massive consumption of plastic material and its waste worldwide has made it necessary to find alternative 
solutions to reduce the size of landfill areas and recover their energy content. Pyrolysis is one of the chemical 
recovery technologies for plastics whose return on investment is estimated between 16% and 21%. This article 
aims to use the Triple Layer Business Model Canvas tool, which considers the elements of a business model visually 
and dynamically based on the three pillars of sustainability (economic, environmental, and social). This approach 
allowed for a comprehensive analysis of the sustainability-oriented business model. As a result, we concluded 
that pyrolysis is viable as a complementary process to other means of mechanical recycling and energy recovery. 
Keywords: Pyrolysis. LCA. Sustainability. 

  
Introduction 

The growing production and demand for plastic 
materials, coupled with the disposable use of most 
polymers by the consumer sector, exacerbates 
the problem of plastic waste, mainly when the 
"environmentally adequate“ final destination is 
restricted to landfills. According to data from 
Plastics Europe, 359 million tons of plastic 
materials were produced worldwide in 2018, of 
which 39.9 % went to packaging use [1]. This 
fact implies that a considerable part of the plastic 
generated in the world is consumed and disposed 
of after a single use, thus becoming a threat to 
the integrity of ecosystems [2]. This issue raises 
the need to look for alternatives such as chemical 
recycling, in which, in addition to reducing the sizes 
of landfill areas, it is possible to take advantage of 
the energy source of these materials [3]. 

Pyrolysis is a chemical recycling technique 
involving the degradation of long-chain polymers 
into smaller molecules [4]. The polymeric chemical 

structure is modified by heat or a catalyst, 
generating less complex molecules. These products 
can be used as raw materials to manufacture 
new petrochemicals. Depending on the process 
conditions and the type of feed residues, the 
products obtained from pyrolysis reactions can be 
liquid, gaseous, or solid residues such as ash, tar, 
and pigment [5]. The processing of Polyethylene 
(PE) and Polypropylene (PP), for example, has 
olefins, paraffin, and waxes as main products [6]. 
Usually, pyrolysis processes only require a little 
infrastructure, making it possible to set up small 
and mobile units [6]. One of the most apparent 
advantages of pyrolysis processes is converting 
materials with low energy density into products 
with a high energy density [7]. Pyrolysis has 
received attention in recent years from the scientific 
community due to its operational and environmental 
advantages, considering the demand for energy and 
the instability of the fossil fuel market [3]. 

Monteiro (2018) [5] provided in his thesis a 
detailed study on the contribution of chemical 
recycling to sustainable development, presenting 
the Life Cycle Analysis (LCA) as a tool for 
the prevention and minimization of adverse 
environmental impacts. Joyce and Paquin (2016) 
[8] developed a methodological approach called 
Triple Layered Business Model Canvas (TLBMC) 
to address the elements of a business model 
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visually and dynamically based on the three pillars 
of sustainability (economic, environmental, and 
social). This tool enables effective decision-making 
that includes all aspects of sustainable development, 
generating value and benefits for society and the 
environment. In addition to these works, a literature 
review was carried out on the positive and negative 
impacts of the increasing use of pyrolysis processes 
worldwide. This work aimed to build a model that 
simulated the implementation of a pyrolysis unit 
in Brazil based on data found in the literature and 
applied it to the TLBMC model. 

Materials and Methods 

A literature review was carried out, which 
initially focused on data collection. The topics 
investigated dealt with installing pyrolysis plants 
and their economic feasibility analysis, the Life 
Cycle Analysis for the chemical recycling of plastic 
waste, and the social impact of recycling plastic 
materials. The bibliographic research was developed 
in four sub-steps, which were: the definition of the 
database (SCiELO, ScienceDirect, Web of Science, 
along with others), the definition of descriptors (use 
of terms such as LCA, pyrolysis, canvas, chemical 
recycling, along with others); definition of titles 
and abstracts, and finally, the analysis of the texts. 
In this last stage, not only a textual analysis was 
carried out, but also an interpretive one, leading 
to discussions on the author’s message and a re-
elaboration of this message based on personal 
reflection. All of this allowed for delimiting the 
focus of the work on applying the Triple Layer 
Business Model Canvas (TLBMC) to a hypothetical 
pyrolysis unit. Finally, the documents in question 
were analyzed to collect data that complemented 
the assembly of the business model. 

Results and Discussion
 
Economic Layer 
 

The business model initially proposed by 
Osterwalder and Pigneur (2010) provided only an 

economic analysis based on nine interconnected 
components: value purpose, customer segment, 
customer relationship, channels, partnerships, key 
activities, critical resources, costs, and benefits [9]. 
Figure 1 brings an infographic depicting the Canvas 
model setup with the display components applied to 
a pyrolysis unit, which are still shown individually. 

Value Proposition
Pyrolysis uses Waste-derived Fuel (WDF), 

generally PE and PP, from packaging and other 
applications. This WDF can be obtained by 
shredding substantial amounts of waste, enabling 
the reuse of what is neither organic nor recyclable. 
Urban solid waste (household and commercial) and 
non-hazardous industrial waste undergo mechanical 
sorting and homogenization to obtain the best ratio 
between dry and wet materials. One such processing 
unit is located at ESTRE in Paulínia, São Paulo, with 
a daily processing capacity of 1,000 to 2,000 tons. 

Customer Segments
Due to the nature of the plastic recycling operation, 

there are three segments of interested customers: 
the waste processor, the polymer producer, and the 
municipalities. The waste processor can add value 
to the WDF material through pyrolysis by marketing 
the product as a higher calorific fuel or a raw 
petrochemical material. The polymer producer may 
have a raw material source recognized as renewable, 
with associated image gains. Municipalities 
responsible for waste collection and treatment may 
have a sustainable option. 

Customer Relationship
Considering the polymer producer, issuing a 

sustainability seal will allow the disclosure of 
the recycling action. The relationship between 
the municipalities and the waste processor will 
be through contracts to supply raw materials and 
minimum recycled quantities. 

Channels
A web page will be able to collect all information 

on the logistics of collection and subsequent sale of 
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materials. The traditional channels of municipalities 
and the processor will be used to carry out the whole 
collection, processing, conversion, and sale cycle. 

Partners
The critical point of partnerships depends on 

establishing a relationship between the city and 
the recycler. Other partnerships with the academy 
and the polymer producer or other associated 
industries will be of excellent value in facilitating 
the required investment and the disclosure of the 
entire process.

 
Activities

The process has three key steps: waste collection 
and segregation, the pyrolysis conversion process, 
and the logistics and commercialization of products.

Resources
The collection and segregation system must be 

available, i.e., financial investment for installing 
the pyrolysis unit and contracts signed between the 
city and the processor and between the processor 

and consumers of the pyrolysis products, either as 
fuel or as petrochemical raw material. 

Costs
A plant production capacity of one ton/hour with 

0.3 £/kg or R$ 2.1/kg is adopted as a cost basis. 

Revenues
A rate of return between 16 and 21% and a net 

present value per ton between R$ 12 and R$ 15 
were assumed for the expected profit based on data 
collected in the literature [10]. 

Environmental Layer 

A purely economic analysis, disregarding the 
environmental impact data discussed worldwide, is 
inefficient. In this sense, a new tool requires direct 
integration between economic and environmental 
values in a holistic view that addresses corporate 
sustainability [8]. The environmental layer of 
Canvas integrates nine other components and an 
infographic of the environmental layer analysis 

Figure 1. Infographic of the economic layer analysis of the Triple Layer Business Model Canvas of a 
hypothetical pyrolysis unit. 

Source: Joyce and Paquin (2016) [8].
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(Figure 2). The values described in this section are 
based on the values expressed in the work of Khoo 
(2019) [11]. A scenario was adopted in which 82.1% 
of the plastic waste received would be sent to energy 
recovery by incineration, 10.6 % to mechanical 
recycling, and 7.3 % to pyrolysis. 

Functional Value
This value uses lifecycle evaluation to simulate 

a functional unit with a quantitative description 
of service performance. According to the State 
Inventory of Municipal Solid Waste, 39,859 tons 
of municipal solid waste were collected throughout 
São Paulo in 2018, totaling 14.54 million tons 
annually [12]. Unfortunately, data on the selective 
collection were unavailable in the literature, so 
estimating the amount of plastic waste that could 
be adequately separated from this amount was not 
feasible. Therefore, for this work, we assumed that 
15.6 % of all residues are of plastic composition 
[13], reaching a functional value of 2.37 million 
tons of mixed plastic waste per year. Considering 

the above scenario, the pyrolysis unit receives 7% 
of this residue, i.e., 165,900 tons of plastic waste 
are processed yearly. 

Materials
The composition of the plastic residue was 

estimated at 40 % polyethylene, 17 % vinyl 
polychloride, 12 % polypropylene, 4 % polystyrene, 
4.8 % polyethylene terephthalate and 22.2 % of 
other mixed polymer fractions. 

Production
It was estimated that 650 kg of diesel oil per ton 

of plastic residue production was sent to pyrolysis. 
Annual production of 107,835 tons of diesel oil was 
calculated in this sense. 

Supplies and Out-Sourcing
This component considers plastic waste 

collection partner companies. Khoo (2019) 
analyzes the implementation of pyrolysis along with 
other alternatives, such as mechanical recycling, 

Figure 2. Infographic of the environmental layer analysis of a pyrolysis unit’s Triple Layer Business 
Model Canvas.

*Scenario: 87.5 thousand tons (mechanical recycling), 674.7 thousand tons (incineration), and 60 thousand tons (Pyrolysis). 
Source: Joyce and Paquin (2016) [8].
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incineration, and gasification, determining what 
percentage of the waste is directed to each unit to 
generate higher profit and lower environmental 
impact [11]. In addition, the pyrolysis unit has an 
electrical energy demand of 124.3 mJ per ton of 
plastic waste processed, which the incineration 
unit can supply. 

Distribution
Diesel trucks will be used in the logistics 

of the plastic waste and in the distribution 
of the products. Pollution generated by land 
transportation between units was not considered 
due to its minimal impact. 

Use Phase
It is estimated that a pyrolysis chemical recycling 

plant capable of processing 30,000 tons of plastic 
waste per year would require a usable area of 4,500 
m² [11]. In the Brazilian reality, to process all the 
plastic waste destined for the pyrolysis unit, an area 
5.53 times larger would be needed. 

End-of-Life
Plastic waste collected and sent for pyrolysis 

and mechanical recycling produces solid residue. 
65 kg and 60.8 kg per ton of plastic are estimated 
to be processed, respectively. This waste goes to 
the incineration plant, generating 100 kg of solid 
waste per ton of processed material destined for 
the landfill. 

Environmental Impacts
The calculations for the environmental impact 

require the use of software to which we did not 
have access, so we could not apply the State of 
São Paulo generation values in this component. 
We consider the scenario described by Khoo 
(2019), where 87,500 tons of waste are sent 
for mechanical recycling, 674,700 tons for 
incineration, and 60,000 tons for pyrolysis, used 
as sustainability indicators for the LCA. The 
potential for climate change was characterized 
by the emission of greenhouse gases (742,000 
tons of CO2-eq), terrestrial acidification (121 tons 

of SO2-eq), and the formation of particulate matter 
(28.5 tons of PM 10-eq). In addition, 76,500 tons 
of waste from recycling processes were ultimately 
sent to landfill. It is worth noting that this value 
corresponds to less than 10 % of the total waste 
sent for recycling [11]. 

Environmental Benefits
A significant reduction in waste volume sent 

to landfills can be calculated. The estimated 
recovery of petrochemicals by pyrolysis is ~ 1.6 
GJ, the energy recovery is ~1.45 GJ, the recovery 
of polyethylene is 350.8 kg, and of PET is 36.4 kg 
per mechanical recycling. 

Social Layer
A sustainable business model also requires the 

development of a social layer that considers social 
value through the actions of an organization [8]. 
The Figure 3 presents  the assembly of the Business 
Model Canvas from a social perspective.

Social Value
The conversion of plastic waste through 

pyrolysis contributes to reducing the impact of 
marine contamination and improves the integration 
of stakeholders such as the polymer producer, 
balanced commercial relationships with waste 
pickers’ cooperatives, and support to municipal 
governments in their urban waste treatment 
missions. 

End Users 
Fuel, grease, and polymer producers can use the 

pyrolysis product. Working with NGOs or waste 
pickers’ cooperatives may promote a change in how 
society deals with the problem. 

Range
Development with NGOs at the national 

or international level, such as Precious Plastic 
(https://preciousplastic.com/), polymer-producing 
companies, and polymer end-using companies 
and their circularity actions with society, should 
be evaluated. 
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Social Culture 
This component recognizes the potential impact 

of an organization in society. How do people behave 
towards plastic waste, and what actions must 
be developed to promote recycling? NGOs and 
business organizations (e.g., CEMPRE – Business 
Commitment for Recycling, AEPW – Alliance to 
End Plastic Waste) collaborate in developing a more 
conscious positioning of society. 

Governance
This component captures the organizational 

structure and decision-making policies, defining 
which stakeholders an organization will likely 
identify and engage. Polymer producers and 
governments as stakeholders have critical decision-
making responsibilities. The recycler is responsible 
for a transparent system that considers adequate 
remuneration of waste pickers and an audited public 
balance sheet on recycling performance. 

Employees
Employees are the central part of the organization. 

It must be considered the number of jobs, types of 

Figure 3. Infographic of the social layer analysis of a pyrolysis unit’s Triple Layer Business Model Canvas. 

Source: Joyce and Paquin (2016) [8]. 
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of income and working conditions of waste pickers’ 
associations. 

Conclusion 

This article analyzed the chemical recycling of 
plastic waste using the Canvas of triple layer business 
model application from a sustainable development 
perspective with economic, environmental, and social 
impacts. This approach allowed a comprehensive 
analysis of the sustainability-oriented business model. 
Pyrolysis is one of the plastics’ recovery technologies. 
Although the return-on-investment rates are estimated 
between 16 and 21%, is not enough to justify a 
project because of the risks of a reliable supply of 
the material to be processed or the product to be 
commercialized, being necessary to consider also the 
environmental and social benefits. The collaboration 
of value chains is critical to achieving the full benefits 
of plastic regeneration. We can conclude that pyrolysis 
is viable only as a complementary process to other 
mechanical recycling and energy recovery methods. 
We can also identify clear social benefits for waste 
pickers’ cooperatives in structuring a more dignified 
and sustainable relationship, as well as image and 
recycling obligations on the part of companies and 
waste treatment obligations on the part of municipal 
governments. 

References

1.  Europe P. EPRO. Plastics - the Facts 2019. An analysis of 
European latest plastics production, demand, and waste 
data. Plastics Europe 2019. Annual Report. 

2.  Kakadellis S, Harris ZM. Don’t scrap the waste: The 
need for broader system boundaries in bioplastic 
food packaging lifecycle assessment – A critical 
review. Journal of Cleaner Production 2020;274:122831. 

3.  Al-Salem SM et al. A review on thermal and catalytic 
pyrolysis of plastic solid waste (PSW). Journal of 
Environ. Management 2017;197(1408):177–198. 

4.  Anuar SD et al. A review on pyrolysis of plastic 
wastes. Energy Conversion and Management 
2016;115:308–326. 

5.  Monteiro ARD. Contribuição da reciclagem química de 
resíduos plásticos para o desenvolvimento sustentável. 
2018. Universidade Federal do Rio de Janeiro, 2018. 

6.  QureshiMS et al. Pyrolysis of plastic waste: Opportunities 
and challenges. Journal of Analytical and Applied 
Pyrolysis 2020:104804. 

7.  Das P, Tiwari P. Valorization of packaging plastic 
waste by slow pyrolysis. Resources, Conservation and 
Recycling 2018;128:69–77. 

8.  Joyce A, Paquin RL. The triple layered business model 
canvas: A tool to design more sustainable business 
models. Journal of Cleaner Production 2016;135:1474–
1486. 

9.  Osterwalder A, Pigneu Y, ClarkT, Smith A. Business 
model generation: A handbook for visionaries, game 
changers, and challengers, 2010. 

10.  Larrain M et al. Economic performance of pyrolysis 
of mixed plastic waste: Open-loop versus closed-
loop recycling. Journal of Cleaner Production 
2020;270:122442, 2020. 

11.  Cetesb. Inventário Estadual de Resíduos Sólidos 
Urbanos: 2018. Companhia Ambiental do Estado de São 
Paulo: 120 p.49, 2019. 

12.  Khoo HH. LCA of plastic waste recovery into recycled 
materials, energy and fuels in Singapore. Resources, 
Conservation and Recycling 2019;145:67–77. 

13.  Gutierrez RF, Gitahy L. A comercialização dos 
resíduos sólidos urbanos de plásticos no estado de São 
Paulo. Catadores Mater. Recicláveis um encontro Nac. 
1ed. Rio de Janeiro: 2016:537–558. 



www.jbth.com.br

69

Received on 22 November 2022; revised 28 February 2023.
Address for correspondence: Maíra Silva Andrade. Rua 
Pataro Machado, 450, Cond. Solar de Vilas, apt. 208, Torre 3. 
Zipcode: 42702-260. Lauro de Freitas, Bahia, Brazil. E-mail: 
maira.andrade@fieb.org.br. DOI 10.34178/jbth.v6i1.282.

J Bioeng. Tech. Health                            2023;6(1):69-75
© 2023 by SENAI CIMATEC. All rights reserved.

Evaluation of the Store Potential of Green Hydrogen in Bahia, Brazil

Maíra Silva Andrade1*, Carolina Sacramento Vieira1, Vitório Donato1

1SENAI CIMATEC University Center;Salvador, Bahia, Brazil

The use of green hydrogen (GH2) as an energy source is considered essential for decarbonizing the world energy 
matrix. It is a central element of the investment plans announced by many countries toward carbon neutrality. 
Brazil occupies a privileged position since the national energy matrix is composed of about 85% of renewable 
energy, mainly hydroelectric, in addition to the growing presence of wind, solar, and biomass energy, combined 
with an interconnected transmission system and the availability of potable water. However, there are still many 
challenges for the insertion of this renewable energy source in the Brazilian electrical matrix, including the 
storage of GH2. In this context, the present article aims to evaluate the storage potential of GH2 in the State of 
Bahia, analyzing the identity of 27 territories at the State.
Keywords: Green Hydrogen. GH2 Storage. Renewable Energy.

Introduction

Green hydrogen has emerged as a basis for 
global energy transformation. It can contribute to 
reducing CO2 emissions by about 60% until 2050, 
considering an increase in the world population to 
approximately 11 billion people [1]. 

The advent of an industry for hydrogen 
production will require the planning of new and 
updated logistical assets such as gas pipelines, road 
infrastructure, and specific technologies for storage. 
These actions will demand capital, a continuous and 
qualified workforce, resources for construction, and 
access to new technologies. 

Brazil occupies a privileged position in the 
energy transition process underway in the world 
because of the tremendous competitive potential 
for producing green hydrogen due to the generation 
of electricity from renewable sources and the 
availability of potable water. However, for the 
insertion of this renewable energy source in the 
Brazilian electrical matrix, there are still many 
challenges to be overcome. In this context, the main 

objective of this article is to evaluate the storage 
potential of GH2 in Bahia.

H2 storage is a big challenge and a key element 
in its large-scale use. Storing hydrogen on a large 
scale is necessary to increase its density through 
high storage pressure, low temperature, or using 
a material that adsorbs hydrogen molecules [3-6]. 
The main complexity in the storage of H2 is its low 
density under Normal Conditions of Temperature 
and Pressure (CNTP) (0.084 kg/m³). This density, 
whether in the liquid or gaseous state, results 
in a low density of contained energy, making it 
necessary to store large volumes. Consequently, it 
is necessary to modify its density through pressure 
and/or temperature variations for its storage [7].

Currently, there are four possible techniques 
for storing hydrogen. They are i) pressurized tanks 
(gaseous hydrogen), ii) cryogenic tanks (liquid 
hydrogen), iii) carbon steel tanks (LOHC - Liquid 
Organic Hydrogen Carriers), and vi) carbon steel 
tanks (storage in the solid state-adsorption). These 
different H2 storage technologies differ mainly in 
terms of efficiency, energy density, tightness, level 
of development, safety, availability, installation 
complexity, and process maturity [8]. Therefore, 
this study will classify hydrogen storage techniques 
into two main categories: physical and chemical 
storage [3].

In physical storage, hydrogen is stored in one of 
its physical states: gaseous or a supercritical liquid. 
Equipment such as pressurized, cryogenic spheres, 
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or salt caves can be used in this case. Currently, 
this hydrogen storage method is the most used 
and mature technology. Despite the high storage 
pressure, the energy content per weight remains 
low due to the very low density of H2. Although 
it is commercially available, this form of storage 
generates losses of around 10% [3].

The H2 liquefaction process ensures better 
storage in terms of higher energy density. However, 
this technique requires a cryogenic system 
to maintain the hydrogen in the liquid state 
under pressures of 0.1 MPa and temperatures 
of -253 °C [8]. The liquefaction of hydrogen 
presents substantial advantages since, in this case, 
hydrogen’s density enormously increased (by about 
833 times). However, this process consumes much 
energy (in the H2 liquefaction stage), and there are 
evaporative losses (in the storage stage). Because 
of this, the losses of this technique reach 40% of 
the energy content [8,9]. Underground storage of 
H2 in salt caverns is an alternative to large-scale 
storage. Despite its storage potential, low operating 
cost, and the fact that underground salt locations 
are well known, only a few salt caves have been 
created to store hydrogen. Salt caverns in Brazil 
are known to exist in Bahia (Down Química) and 
Alagoas (Braskem).

In physicochemical storage, hydrogen can be 
stored through the chemical composition of pure 
H2 with metal hydrides or chemical hydrides, 
adsorbed on carbon, stored in glass microspheres, or 
using Liquid Organic Hydrogen Carriers (LOHC). 
LOHC - Liquid Organic Hydrogen Carriers are 
among the most promising options for H2 storage 
in large volumes. Compared to pressure storage, 
the advantages are reduced weight and volume 
and easier handling. This storage is done in two 
stages: initially, the H2 is charged in the LOHC 
molecule (hydrogenation), and later, after transport 
and storage, the H2 unloading (dehydrogenation) 
is carried out at the point of consumption [3]. The 
leading carriers used as LOHC are petroleum-based 
liquids, dibenzyltoluene (DBT), N-ethylcarbazole 
(NEC), and toluene (TOL) [10]. LOHC has excellent 
potential to handle hydrogen as an ordinary liquid, 

requiring similar environmental conditions to 
petroleum-based liquids (e.g., diesel, gasoline). 
This characteristic allows the LOHC to be stored 
using existing infrastructure in conventional crude 
oil tanks [11].

The State of Bahia has the production chain 
for the main LOHCs mentioned above due to the 
petrochemical industry and local refineries, which 
makes it possible to sell hydrogen and Liquid 
Organic Hydrogen Carriers (LOHCs). Ammonia 
(NH3) is also an alternative for hydrogen storage 
as it allows storage in the liquid phase under mild 
pressure and temperature conditions with a higher 
volumetric density of hydrogen than liquid H2. It 
also has a relatively high ignition temperature, 
increasing safety during storage. However, these 
techniques are still under development and are not 
considered mature.

Materials and Methods

Study Area Description

Figure 1 presents the sample space under the 
study, which is composed of 27 regions of Bahia. 
In this article, the GH2 storage potential in Bahia 
was mapped to show a spatial distribution of this 
potential in the 27-Identities of Territory. The maps 
were made using the Geoprocessing software 
ArcGIS Pro version 2.9.2 using shapefile files from 
the database of the “Superintendence of Economic 
and Social Studies of Bahia”, “Map Biomass” and 
the “Portal de Mapas do IBGE”, (2021).

These potential territories differ because of the 
existing facilities and infrastructure such as Oil 
Refineries, Private Use Terminals (TUP), Storage 
and Distribution Terminals, Liquefied Petroleum 
Gas Bases (GLP), Processing Units Natural Gas 
(UPGN) and Compressor Stations. These facilities 
and structures have technologies for the physical 
storage of H2, such as tank parks that are composed 
of spheres, pressurized tanks, cryogenic tanks, 
compression stations, decompression stations, 
devices for receiving, moving, and delivering 
gases and liquefied products, as well as, they also 
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Figure 1. Territories’ identitity in Bahia, Brazil.

Source: Authors, 2022.
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have safety and cleaning equipment, a network of 
internal and external pipelines.

In addition, refineries use special process 
conditions to keep the product below its boiling 
point, which is of great importance due to the 
difficulty of storing H2 in the liquid state. Therefore, 
the storage units of this product are made up of 
liquefaction systems.

Results and Discussion

Figure 2 presents the updated infrastructure map 
with the potential for physical storage in Bahia 
and the existing pipeline network in the identified 
territories.

Bahia has six regions with infrastructure, 
facilities, and technologies for the storage of gases 

and petroleum products, and petrochemicals. The 
regions are Extremo Sul, Litoral Sul, Médio Rio 
de Contas, Litoral Norte and Agreste Baiano, 
Metropolitana de Salvador, and Sertão do São 
Francisco.

The Region Metropolitana de Salvador 
(RMS) has the highest concentration of facilities, 
infrastructure, and technologies for storing gases, 
petroleum products, and petrochemicals. In this 
region is located the Landulpho Alves Refinery 
(new AELEN), Petrochemical Complex, Gas 
Terminals, GLP Bases, and Ports specialized in 
gases, petroleum, and petrochemical products.

The region Litoral Sul disposes of the Oil 
Storage Terminal and its derivatives, the Private 
Use Terminal, and a GLP Base. The region Médio 
Rio de Contas also has an Oil Storage Terminal and 

Figure 2. Physical storage potential of H2 in Bahia.

Source: Authors, 2022.
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GLP Bases. Also, the Extremo Sul and Litoral Norte 
and Agreste Baiano Territories have Compression 
Stations, and the region do Sertão do São Francisco 
has a GLP Base. Finally, the other 20 regions do 
not have facilities, infrastructure, or technologies 
for storing gases.

Table 1 details the existing storage facilities, 
infrastructure, and technologies (atmospheric 
tanks, pressurized tanks, and spheres) with the 
potential for H2 storage. The advantage of using 

Table 1. Physical storage potential of H2 in Bahia

Territories’ Identity Storage Technologies
N° 18
Litoral Norte

Compression System and Compressor Station (Catu)

N° 26
Região Metropolitana 
de Salvador

Compression System (São Francisco do Conde);
Petroleum and Derivatives Storage Terminals: Chemical Terminal of Aratu 
(Candeias); VOPAK (Candeias); Transpetro (Candeias); Transpetro (Madre de 
Deus);
Gas Storage Terminal: Regasification Terminal of GNL (TRBA) (Madre de 
Deus); Waterway Dock of Madre de Deus (Madre de Deus); Dow Aratu Ship 
Dock (Candeias); Cotegipe Ship Dock (Candeias);
Oil Refineries: Landulpho Alves Refinary (RLAM), new ACELEN (Madre de 
Deus and São Francisco do Conde);
Other Facilities: Braskem Basic Inputs (Camaçari); White Martins (Camaçari); 
Air Liquide (Camaçari); Unigel (Camaçari); Petrobrás (Candeias);
UPGN: Petrobrás (São Francisco do Conde); Petrobrás (Pojuca); Petro Recôncavo 
(Mata de São João) Alvopetro (Mata de São João);
Bases GLP: BahiaGás e NGB (Salvador); NGB, Liquigás, SuperG. and BahiaGás 
(São Francisco do Conde)

N° 07
Extremo Sul

Compressor Station (Alcobaça)

N° 22
Médio Rio de Contas

Petroleum and Derivatives Storage Terminal: Transpetro (Jequié); GLP Bases: 
Super Gás and NGB (Jequié)

N° 05
Litoral Sul

Petroleum and Derivatives Storage Terminal: Transpetro (Itabuna); GLP Bases: 
NGB (Itabuna)

N° 10
Sertão do S. Francisco

GLP Bases: BahiaGás e NGB (Juazeiro)

existing facilities is to lower the infrastructure costs 
necessary for handling this new fuel.

Figure 3, in turn, presents the updated map of 
infrastructure with the potential for physicochemical 
storage of GH2 in Bahia and the existing pipeline 
network in the territories’ identity.

Figure 3 shows  that only RMS has pre-
existing infrastructure, facilities, and technologies 
for physicochemical storage, thus reducing the 
cost of implementation. In this territory are the 

Table 2. Physical-chemical storage potential of H2.

Territories’ Identity LOHC Ammonia Methanol Natural Gas
N° 26 (RMS) Braskem and ACELEN Unigel Metanor BahiaGás



www.jbth.com.br

74 JBTH 2023; (March)Store of Green Hydrogen in Bahia

Landulpho Alves Refinery (new ACELEN), Unigel 
– Fafen, Metanor, Braskem, and BahiaGás. Table 
2 details the existing facilities, infrastructure, and 
technologies with the potential for physicochemical 
storage of H2.

Conclusion

This article sought to evaluate the potential for 
GH2 storage in the State of Bahia. The results show 
that the RMS has the most significant potential for 
physical storage and physicochemical storage in 
Bahia due to the existence of infrastructure and 
storage technologies.

Storage is a significant challenge for the 
development of the H2 economy, and the choice of 
the best storage technology depends on the type of 

Figure 3. Physicochemical storage of H2 in Bahia.

application and the specific context of each situation. 
Several methods have proved to be technically 
viable for storing hydrogen, but few options have 
reached technical maturity and, consequently, 
commercial maturity for large-scale use.

Regarding the national energy transition, the 
gaseous storage method will be the most used at 
the beginning of the penetration of H2. However, 
the technical difficulties of conservation and high 
energy demand for liquefaction mean that liquid 
hydrogen storage systems are not yet strong 
candidates for widespread use, even considering 
that they have an energy density twice more 
significant than that of H2 compressed.

This work contributes to decision-making in 
analyzing the technical and economic feasibility 
of implementing GH2 hubs in Bahia.
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Prospecting Adsortion Technologies for Carbon Capture

Lucas Meireles Fontes1*, Gabriel de Veiga Cabral Malgaresi1, Reinaldo Coelho Mirre1 
1SENAI CIMATEC University Center; Salvador, Bahia, Brazil

Currently, the method of post-combustion in industries that uses the adsorption technique to capture and 
separate carbon dioxide from the flue gas is widely studied due to energy efficiency, ease of handling, lower cost, 
and environmental risk compared to other separation techniques. Regarding the adsorbents used in adsorption, 
zeolites are one of the most promising because they are one of the most efficient materials with high adsorption 
capacity due to their unique properties. However, despite the promising performance, the adsorbents need studies 
that enable a lower cost, more efficient, and selective control to better understand and validate utilization as a 
material for flue gas CO2 capture.
Keywords: Post-Combustion. Zeolites. Separation Methods. Adsorption. Selectivity.

Introduction

The impacts caused by the greenhouse effect 
have environmental and health problems that 
directly impact the global economy, directly 
affecting the world GDP by about 5% to 20% due to 
this phenomenon [1]. Gases such as carbon dioxide 
(CO2) represent about 74% of polluting gases in 
the atmosphere, in addition to methane (CH4) and 
nitrous oxide (N2O), which represent 17% and 
6.2%, respectively, of the total emissions produced 
by man. Emissions of greenhouse gases that trap 
heat from the sun are constantly increasing, leading 
to global warming and climate change. According 
to the United Nations, such effects are linked to 
fossil-based energy generation, deforestation, 
industrial and manufacturing flue gas emissions, 
transportation, and food production [2].

Despite all the incentives and technological 
advances, the global energy matrix still depends on 
the use of fossil fuels. According to the International 
Energy Agency (IEA), more than 80% of the 
world’s electricity production is made up of fossil 
fuels, emphasizing the panorama of dependence on 

sources that generate more significant emissions 
of greenhouse gases. In addition, the context of 
technological development grows and generates an 
ever-increasing energy demand, which leads to a 
vicious cycle of greenhouse gas generation [3]. Thus, 
several capture processes are being developed to treat 
gases in the industry, such as pre-combustion, oxy-
combustion, and post-combustion. These methods 
are studied and applied to separate and recover 
polluting gases, mainly carbon dioxide. However, 
the financial infeasibility, reduced performance 
of thermoelectric plants, and other factors make 
applying these practices difficult. In this context, 
there is a clear need to study techniques to mitigate 
carbon dioxide emission and reduce its concentration 
in the atmosphere. Therefore, the objective of this 
article is to understand the adsorption technology 
used to capture carbon from post-combustion gases 
and to conduct a comparative study of the primary 
adsorbent materials.

Materials and Methods 

A technological prospection of the leading 
carbon capture processes was initially carried out 
to achieve the proposed objective. After studies 
on the technical feasibility of carbon capture 
technologies for the various gas generation 
processes (pre-combustion, oxy-combustion, and 
post-combustion), the application of carbon capture 
technologies in the post-combustion process 
was selected because it is a process, relatively 
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easier to implement and with less intervention in 
the existing industrial layout. Furthermore, it is 
possible to implement different carbon capture 
technologies in post-combustion processes. This 
work selected the adsorption method due to its very 
high efficiency, primarily through microporous 
materials. There are several adsorbent materials 
under study and others with high technological 
maturity. Zeolites is an established material on 
the market, however, needs to be better studied 
and compared due to their properties, such as 
high selectivity and versatility. Figure 1 shows 
the method sequence used in this work, ranging 
from the study of technological prospecting of the 
various carbon capture technologies to the use of 
zeolites as adsorbent materials in capturing carbon 
from post-combustion gases.                    

Results and Discussion 

Carbon capture technologies can be implemented 
at different stages of an industrial process. 
However, the simplest way, with fewer structural 
modifications of an industrial plant already in 
operation, is the implementation of carbon capture 
technologies in the post-combustion process. In 
this process, channeling the flue gases to a carbon 
capture unit is sufficient. In this unit, different 
carbon capture technologies can be used.

Carbon Capture Methods

Among the CO2 capture methods, the most 
relevant and economically viable technologies 

for separating carbon dioxide from the flue gas 
are chemical absorption, adsorption, cryogenics, 
and membrane separation. Table 1 shows these 
methods’ main differences and characteristics that 
separate carbon dioxide from flue gases [4].

Of the methods showed in Table 1, the adsorption 
method was one of the most efficient, cheap, 
and currently used, easy to handle, with less 
environmental risks, and requires less energy to 
regenerate adsorbent materials [1].

Adsorption

It is the physicochemical process where atoms are 
retained on the surface of a given material and can 
vary between chemical adsorption (chemisorption) 
or physical adsorption (physisorption). The first 
refers to the interaction between the molecules 
and the solid adsorbent material, which rearrange 
themselves and change the shape of the electronic 
orbit, even partially. It is an almost always 
exothermic process and similar to a chemical 
reaction. The second occurs through interactions 
through weak and long-range Van der Waals forces 
that are physically attached to the adsorbent, and 
this process is always exothermic and reversible.
[8] Figure 2 shows a schematic of a fixed bed 
adsorption process. The flue gas enters through 
the lower part of the adsorption tower at 25oC and 
0.0059 atm, where adsorption occurs in the porous 
adsorbent material. The flue gas that contains CO2 
interacts with the adsorbent material while the other 
flue gas components permeate through the bed 
and exit the process through the top of the tower. 

Figure 1. Flowchart of the method used in this study.
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Table 1. Separation methods.

Separation 
Methods

Features Process Conditions Ref.

Adsorption It is the physicochemical process where 
atoms are retained on the surface of 
adsorbent material. This method is very 
efficient and is one of the most used for 
CO2 capture, especially with zeolites. 
Usually, for CO2 capture, the adsorption 
technology is typically used with amine 
solvents to optimize the process. 

Adsorption process:
P = 0.04-1.97 atm; T=25°C-30°C
Desorption Process: 
P= 0.001-0.008 atm; T= 40°C -60°C

[1]
[4]
[5]

Absorption A physical or chemical process in which 
molecules are introduced into another 
component’s medium and fixed. It is 
one of the most promising methods to 
capture CO2 due to its ease of application, 
efficiency, and low operating cost, and 
CO2 adsorption is usually used with 
amines.

Absorber:
P= 2.24 atm 
T= 38°C-50°C; Regenerator: 
P=1 atm; 
T=100°C-121°C.

[1]
[4]
[6]

Cryogenic The technique that causes CO2 to be 
desublimated from the process stream 
through refrigeration and/or expansion 
of this gas. CO2 can be recovered with 
99% purity despite the high energy 
consumption associated with cooling the 
flue gases by refrigeration.

Vapor-liquid phase change:
T=217 K-304 K;
P=630 kPa- 7396 kPa

[1]
[4]

Membranes The physical barrier of ceramics or 
polymers through which the CO2-rich 
gas is forced by the partial pressure 
difference at the entrance and exit of 
the permeable and selective membrane, 
its main problems are selectivity, 
permeability, and regeneration energy. 
Calcium oxide (CaO) membranes stand 
out for their crystalline structure and 
high porosity.

Permeate relative pressure: 
0.928-11.23 bar; 
Input current pressure: 
28 to 111 bar; T: 40°C -60°C

[1]
[4]
[7]

Therefore, only carbon dioxide is adsorbed due 
to the selectivity of the adsorbent material. This 
adsorbent material, after its saturation, will leave 
the base of the adsorption tower to the desorption 
tower under a temperature of 40oC and a pressure 
of 0.0013 atm. However, this process may vary 

according to the adsorbent material used. After this 
step, the CO2 will be desorbed so that the CO2 can be 
recovered at the top of the desorption/regeneration 
tower, and the adsorbent material can be reused [5].

The adsorption process is considered one of 
the cleanest methods for capturing CO2. It has 
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advantages over the absorption process, such as 
energy efficiency and regeneration, that can be easily 
manipulated through pressure and temperature 
changes. Furthermore, this method generates 
less toxic residue than the absorption process 
that typically generates alkanolamines, whose 
disadvantages are the toxicity and environmental 
damage of the solvent degradation compounds 
(nitrosamines) [9].

Zeolites

In 1756, the first mineral zeolite (stilbite) 
was discovered by Baron Cronstedt in Sweden; 
however, it was only in 1926 that its adsorbent 
characteristics came to be widely discussed due 
to its microporous internal structure that allows 
selective adsorption [10]. Its application for several 
processes has been carried out; in industry, zeolites 
have been used mainly as adsorbents for gas 
purification and as ion exchangers in detergents, but 
they are extremely useful as catalysts in petroleum 
refining, petrochemistry, and synthesis. of organic 
products whose molecules have a kinetic diameter 
of less than 10 Å [11]. These zeolites are natural 
and/or synthetic minerals, usually microporous 
with three-dimensional crystal lattice structures. 
Their vertices are joined by an oxygen atom and 
form a TO4 tetrahedron (T = Si, Al, B, Ge, Fe, P, 

Co...). Its structure is like a molecular sieve, and 
its microporous properties allow selectivity and 
high adsorption capacity with the transfer of matter 
between intracrystalline spaces that are limited by 
the diameter of the pores [12]. In addition to the 
properties mentioned above, it has a high specific 
surface area and the ability to model the electronic 
properties of active sites and pre-activate molecules 
within the pores, thanks to high electric fields and 
molecular confinement. Finally, it has acidic and 
basic properties widely used in most hydrocarbon 
and organic compounds reactions [13].

According to the IUPAC, zeolites are classified 
by ring diameter as small (less than 4 Â), medium 
(from 4 to 6 Â), significant (from 6 to 8 Â), and very 
large (from 8 to 20 Â) [14]. Regarding pressure, 
zeolites, generally used with amines, adsorb better 
at high pressures above 2 bar without water vapor 
and low temperatures below 30°C [15]. Among the 
zeolites most used in the industry, type X (faujasite) 
and type A stand out due to their stable crystalline 
structures and large pore volumes [16]. The zeolites 
used in this article are A, X, Y, and ZSM-5 types 
because of the more than 150 zeolites that have been 
synthesized. The most common in commercials 
are them because of their unique adsorption, ion 
exchange, molecular sieve, and catalytic properties 
[17]. Figure 3 (i) represents the structures of the 
zeolites discussed, respectively: (a) zeolite A, (b) 

Compression*

>1 atm

30°C

Exhaust gases - N , O , etc
2 2

Adsorption

Flue gas CO gas
2

Desorption

Decompression*

~ 0.0013 atm

60°C

Figure 2. Adsorption tower [5].
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Figure 3. Structures of zeolites (i) and zeolites in CO2 adsorption(ii) [18,19].

zeolite type X, Y, and (c) zeolite ZSM-5. In (ii), the 
entry of CO2 into a zeolite is represented due to the 
reduced diameter.

It is evident the excellent adsorption capacity 
that allows the capture of CO2, a molecule that, 
having 3.3 Å in diameter, allows mobility between 
the CO2 molecules that will be trapped inside the 
zeolites that have a larger diameter, 5 Å for the 5A 
zeolite and 7.8Å for 13X zeolite, Ar whose molecule 
has a diameter of 1.91 Å, on the other hand, is not 
captured.[20] Table 2 shows the characteristics of 
the leading commercial zeolites.

Conclusion 

After the analysis of several methods, post-
combustion proved to be cheaper and easier to 
access the technology in order to be the most 
applied and developed in the industry. Among the 

post-combustion processes, adsorption is evident 
due to studies that point out that solid adsorbents 
potentially offer a greater capacity for capturing 
and separating gases in a reduced space with 
energy efficiency and low cost compared to other 
technologies. However, there is still a need to 
improve performance, in addition to being easy 
to handle and low environmental risk. Among the 
adsorbent materials, zeolites are most used due to 
their microporous structure, which has a very high 
effectiveness in CO2 selectivity and requires studies 
that enable applications aimed at mitigating carbon 
dioxide emission in the atmosphere.
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Graphene-Based Polymer Nanocomposites Preparation and Their Advantages

Felipe Valente Santos Fiscina1*, Ricardo de Ferreira Cavalcanti de Albuquerque1, Lilian Lefol Nani Guarieiro1
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Graphene and its derivatives have attracted the attention of researchers since its discovery due to its surprising 
properties. Since then, scientists have been trying to improve the processes that allow the incorporation of this 
material into polymeric matrices, to improve them, through the development of graphene-based polymeric 
nanocomposites. This review study reviewed these methods meticulously. Furthermore, it has already been 
cataloged that adding small amounts of graphene nano-fillers tends to improve the polymers’ mechanical, 
electrical, and thermal properties.
Keywords: Graphene. Nanocomposites. Polymers. Preparation Methods.

Introduction

Approximately 70 years ago, studies on graphene 
began, so-called then as “2D graphite”. This name 
was given because its fine two-dimensional 
structure, resembling a honeycomb, which serves 
as a basis for other materials composed of graphite 
[1]. Nevertheless, what drew the most attention to 
this one, so far, new material, was its exceptional 
properties. With a specific strength of 48,000 kN 
m kg-1, a characteristic suitable for improving the 
mechanical properties of polymers, together with 
Young’s modulus of 1 TPa and fracture resistance 
of 130 GPa, graphene is considered one of the most 
robust material today [2].

Graphene oxide (GO), a product of the chemical 
oxidation and exfoliation of graphite, has, unlike 
graphene, hydroxy, and epoxy groups, which 
allows GO to have excellent solubility in water 
[3,4]. Furthermore, among the graphene derivatives 
(GO and rGO), graphene oxide has the highest 
interaction energy with polar polymer matrices, 
which makes it the most suitable polymer of this 
classification (Figure 1) [5]. 

Presenting intermediate properties to graphene 
and GO, such as good thermal and chemical 
stability and excellent electrical conductivity [6,7], 
reduced graphene oxide (rGO) comes from the 
reduction of oxygen in graphene oxide through a 
chemical or thermal process [5].

In order to improve the bond between the 
polymer and the graphene-based filler, the material 
is subjected to some processes, which allow 
graphene oxide to improve the properties of the 
polymer matrix, depending on the desired result with 
the mixture [5,8]. This surface functionalization 
process can be characterized into 2 types: covalent 
and non-covalent functionalization.

Because of the hydrophilic character of GO, due 
to the hydroxy and epoxy groups on its surface, 
small functional groups are covalently bonded to it, 
allowing the use of graphene oxide as a nanofiller 
[5]. This bond can usually be made by an aqueous 
solution [9]. In turn, the methods of covalent 
functionalization can be divided into 2 groups 
concerning how the covalent molecules will be 
integrated into the final compound.

The polymeric chains can be sintered before and 
then grafted onto graphene oxide through radical 
addition, nitrene chemistry, and amidation reaction, 
along with others [5]. It can also occur through the 
ATRP and RAFT methods, where macroinitiators 
are positioned on the surface, initiating the 
polymerization of the monomers (Figure 2) [5].

Unlike covalent functionalization, the non-
covalent method has certain advantages regarding 
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material properties, as it preserves the π-conjugation 
and the electronic characteristics of graphene oxide 
[5,9]. Furthermore, because it can be carried out 
in aqueous solutions at a temperature environment 
(mild conditions), the structure of the aromatic 
ring is preserved, in addition to preserving the GO 
nanosheets [9]. Non-covalent functionalization can 
occur through π-π interactions, ionic interactions, 
and hydrogen bonds [5].

Because of the current importance of graphene’s 
properties, this work reviews the development of 
graphene-based polymeric nanocomposites.

Materials and Methods

For the development of the article, the Science 
Direct and Google Scholar tools were widely used 
to contribute to the selection of data used in the 

Figure 1. Process of transforming graphene into GO and rGO [5].

Figure 2. Classification of surface functionalization [5].
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current review. In order to present current data, 
articles were meticulously searched using the 
following filters: texts published between 2012 and 
2022, texts in English and present in review articles, 
scientific journals, and research articles.

Results and Discussion

Some methods aim to enable the synthesis of 
graphene-based polymer nanocomposites. For them 
to happen correctly, it is expected that the dispersion 
of graphene in the composite is as homogeneous as 
possible [5]. Each processing route has advantages 
and often presents different characteristics in the 
final product. Table 1 presents the primary methods 
found in the literature.

Over the decades, there has been an advance 
in the methods of synthesizing graphene-based 
polymer nanocomposites in terms of technologies 
and processes.

Developing these composites presents excellent 
advantages for the scientific society as a whole, as it 
guarantees a possibility of significant improvement 
of materials such as polymers through small 
additions of graphene and its derivatives (Table 2).

Just as the addition of graphene changes the 
nanocomposite’s properties, the method used for 
this mixture also plays an essential role in the final 
product (Table 3).

Due to the significant improvement in the 
mechanical properties of the material, in addition 
to the cost-effectiveness for mass production, the 

Table 1. Processing route of graphene-based polymer nanocomposites. 

Processing Route Procedure Ref.
Dip-coating It occurs when the substrate is immersed in a precursor solution 

composed of the polymer in a liquid state with graphene. In this way, the 
solution’s components adhere to the surface of the immersed substrate, 
forming thin layers.

[5,12]

Casting Graphene nano-filler fills a mold, adding the polymer to the entire filler. 
Then, heat is added to start the polymerization process when a uniform 
mixture is obtained.

[5]

Melt mixing This process is done by pouring the graphene nano-filler and molten state 
polymer into a mixer, causing both to be homogeneously incorporated, 
producing graphene-based nanocomposite polymers.

[13]

Table 2. Properties of graphene-based polymer nanocomposites.

Polymer Graphene 
(wt%)

Results Ref.

Epoxy resin 0.5 Young’s modulus and tensile strength increased 
by 13% and 83%, respectively.

[10]

PVP 2.0 Decreased tensile strength and high increase in 
Young’s modulus.

[11]

Silicone rubber (SR) 0.5 Tensile strength increased by 175%. Also, the 
melting point (Tm) decreased, and the glass 
transition temperature (Tg) increased.

[11]

Cyanate ester resin 1.0 Flexural and impact strength increased. [11]
Unsaturated polyester resin 10 Stiffness enhanced and a 55% increase in 

flexural properties.
[11]
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melt mixing method is the one that presents the 
most advantages to the product consumer.   

Conclusion

Technological advances made possible by 
implementing graphene and its derivatives in the 
composites industry are increasingly observed. After 
showing improvements from the initial to the end 
phase, graphene-based polymer nanocomposites 
have been well-seen as the future material due to 
their impressive properties in several aspects.
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The increase in clean energy’s demand, and the new policies in mitigating gas emissions with greenhouse gas have 
reactivated the production and market of natural gas (NG). In the fields of Brazilian pre-salt, it is ordinary for 
natural gas to be produced with a high CO2 content. Therefore, the CO2 content present in natural gas shall be 
separated for marketing purposes. This study aimed to review the literature on the methods of CO2 removal of NG 
currents, in which the membrane permeation method was evidenced. We concluded that membrane permeation 
is an efficient method for CO2 separation in isolated processes and in hybrid processes, having a lower energy 
consumption and enabling a higher removal rate at a relatively lower cost.
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Introduction

Natural gas has become a significant energy 
source and is less polluted for the environment. 
The production and commercialization of natural 
gas have been growing in the face of increased 
oil production, new greenhouse gas emission 
mitigation policies, and the panorama of the 
international energy reality. When we analyzed the 
possibilities for the energy future, natural gas is a 
strong trend for the next twenty to fifty years [1].

Natural gas can be used in many forms, such 
as: in thermoelectric plants, as fuel in cars and 
industries, and in producing fertilizers, along with  
others. However, in Brazil, the form most used by 
natural gas is as an energy source generator for the 
extraction platform itself or injected back into the 
reservoirs to increase the amount of oil produced 
[2,3].

It is necessary a pre-treatment of natural gas to 
be marketable since it is a mixture of gases, has 
contaminants, especially CO2, which cause changes 
in its properties and loss of its energy power [4].

This study aims to review the literature to 
understand the current techniques of CO2 separation 
of natural gas, emphasizing the study of the 
membrane permeation separation method.

Materials and Methods

This work presents a review of the literature 
to understand the techniques of separation of CO2 
from natural gas streams and to explore and analyze 
the collected informations. The study results from 
qualitative approaches based on a bibliographic 
survey of articles dating from 2006 to 2021, based 
on keywords such as separation, CO2, natural gas, 
and technologies.

Therefore, we did a bibliographic research in 
which the processes of CO2 separation, importance, 
and industrial applicability was studied. The 
purpose included a theoretical background to 
consolidate a more specific approach concerning 
separation technologies. Regarding applicability, 
we would incorporate this know-how into the CO2 
separation (PECO2) pilot plant, which will be 
installed at SENAI CIMATEC Park in Camaçari, 
Bahia.

Results and Discussion 

The acquisition of natural gas has increased 
over the years, with the search for less polluting 
means of fuel production and the increase in oil 
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production. In Brazil, the production of oil and 
natural gas in the coming years will be influenced 
by the production of pre-salt reservoirs, mainly in 
the Santos Basin, since the oil from these reservoirs 
has higher levels of CO2 [5]. The pre-salt natural 
gas has been used in the reservoir as reinjection. 
This fact is due to the need for more infrastructure 
for the flow of natural gas production to avoid the 
emission of the CO2 produced and increase the final 
recovery of oil. However, because natural gas has 
high levels of contaminants, it is necessary to treat 
it so that environmental standards consume it [5].

Considering that CO2 is one of the contaminants 
that can modify the characteristics of natural gas 
to enable the transport and commercialization of 
NG, the allowed limit of CO2 in its composition 
is 3% v/v. 

Gas efficiency is improved, and treatment is 
carried out by means of CO2 separation. There are 
several methods of separating CO2 from natural gas, 
and the main methods are based on five techniques: 
(i) absorption (chemical and/or physical); (ii) 
adsorption on solids; (iii) cryogenic separation; (iv) 
membrane permeation; and (v) hybrid processes, 
which are processes that combine more than one 
separation technique [6,7].

We chose the membrane separation method to 
be studied since it will be the technology used in 
the pilot plant for CO2 removal (PECO2), which is 
in the mobilizing process in Atalaia Experimental 
Nucleus (NEAT) in Aracaju (SE) to SENAI 
CIMATEC Park, in Camaçari (BA).

Membranes are semipermeable barriers that 
selectively separate undesirable compounds 
from a mixture of components. The separation 
occurs by the difference in selectivity, membrane 
permeability, size of molecules, and transmembrane 
pressure. Membrane structures can be spiral, hollow 
fiber, or envelope (Figure 1). The choice of the 
ideal membrane depends on the components to be 
separated and the interaction of these components 
with the membrane material [8].

In the spiral membrane and the envelope type, 
there is a central perforated tube called the collection 
tube. Around this tube, layers of membrane sheets 

are built, composed of two membranes with a spacer 
between them. For the separation, the mixture 
of gases is injected into the space between the 
membranes in a horizontal direction, preventing the 
formation of incrustations on the membrane surface. 
Then, through the positive pressure generated, the 
gases smaller than the membrane’s porosity move 
in the counter-current direction from the feed to 
the collection tube, forming the permeate. On the 
other hand, gases that are larger than the pore size 
cannot pass through and remain in what is called 
retentate [10].

The hollow fiber type membrane is constructed 
by long tubes of small diameter. For industrial 
applications, hundreds of thousands of these 
fibers are arranged in a bundle, with their ends 
connected to a “mirror”, similar to those used in 
heat exchangers. They are inserted into a hull, 
which, unlike a spiral membrane, is generally 
installed upright. For separation, a mixture of gases 
is inserted over the outside of the fibers. Thus, gases 
that interact with the membrane material or that are 
smaller than the membrane’s porosity permeate 
to the fiber’s interior, flowing to the ends of the 
module and forming total permeate currents. Then, 
the stream that did not permeate flows to the central 
tube of the permeator, where it is collected in the 
waste stream [10].

In addition to selecting the ideal membrane 
structure for the process, the membrane material 
must be chosen correctly. This material can be 
divided into three types: (i) ceramic membrane 
(inorganic), (ii) polymeric membrane (organic), 
and (iii) hybrid membrane. Ceramic membranes 
operate in a temperature range greater than 150°C 
to 400°C, for a pH range of 0 to 14. They have 
good mechanical resistance, have a useful life of 
up to 10 years, and are usually used to separate 
gas mixtures with permanent vapors, or water with 
organic products. Polymeric membranes, on the 
other hand, operate in a temperature range of 40°C 
to 90°C, have a pH range of 2 to 12, have medium 
to poor mechanical strength, have a shelf life of 
up to 5 years, and are generally used to separate 
contaminants. Concerning the diameter of the pores 
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used in water treatment, industrial and domestic 
effluent treatment, along with others [11].

After selecting the membrane structure and 
material, the next step is to obtain the operational 
parameters, which can cause changes in membrane 
efficiency. The main parameters observed are: 
component partial pressure, stream inlet pressure, 
the molar fraction of the inlet gas, and the 
difference between the chemical potentials of the 
permeate and the retentate, among other factors 
(Table 1) [11].

Thus, to select and design a membrane, it is 
necessary to study several points, ranging from 
the operational conditions to the material chosen 
to manufacture the membrane. However, compared 
to other separation methods, membranes are a 
potential technology to reduce capture costs [12].

Currently, membranes are not used for industrial 
use, as it is desirable for this use that the separation 
factor is sufficiently high. Therefore, studies are 
being conducted to minimize process limitations 
and increase separation performance [12].

Conclusion

This study aimed to conduct a technical approach 
involving CO2 separation technologies from natural 
gas streams. From the literature study, technical 
information was sought to support the implementation 
of the permeation technique in membranes as a 
promising method for CO2 separation. Compared 
to the other methods, this one has greater energy 
efficiency, lower energy consumption, and simplicity 
in operation, in addition to good results when 

Figure 1. Structures of the different types of membranes [9]: (a) spiral-type membrane; (b) hollow fiber-
-type membrane; and (c) envelope-type membrane
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subjected to a hybrid process, reaching expected 
values and helping to reduce the cost of the process. It 
is expected that this work, still in its preliminary phase, 
can lead to a study of the technical and economic 
feasibility of a process of separation of CO2 in natural 
gas streams, supporting the technological model to 
be implemented in SENAI CIMATEC Park from the 
Atalaia Experimental Nucleus (NEAT).
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Variation Effect
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permeable component (generally CO2) in the permeate
Increase in feed flow Decreases the percentage of CO2 recovery as permeate and decreases 

retentate purity despite increasing permeate purity
Decreased feed flow Decreases separation efficiency (below a critical value)
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Decrease in permeation area Increase in permeate purity
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A Literature Review of Additive Manufacturing in the Fabrication of Soft Robots: 
Main Techniques, Applications, and Related Industrial-Sized Machines
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Soft robots have been receiving unprecedented attention in recent years for being able to be used side-by-side 
with humans, exploring dangerous environments and confined spaces, moving across uneven terrain, and solving 
problems that rigid robots cannot solve. The wide range of additive manufacturing techniques has also boosted 
research in the area. This work summarizes the characteristics of the five most relevant techniques – FDM, DIW, 
SLS, Inkjet, and SLA – for fabricating soft robots together with case studies. A summary contains models of 
industrial-sized additive manufacturing machines that can compose a facility for fabricating large-scale soft robots.
Keywords: Additive Manufacturing. 3D Printing. BiLi Method. Manufacturing Techniques. Soft Robots.

Introduction

Traditional robotics uses hard materials that 
allow robots to be precise but limit their ability 
to deform elastically and closely interact with the 
environment. Soft robots are the next generation of 
robots – made of soft and deformable materials – 
capable of safely cooperating with humans, steering 
through narrow spaces, and performing tasks that 
complex robots cannot do [1].

Several methods have been used to manufacture 
soft robots, but additive manufacturing (AM) 
stands out due to its versatility, especially regarding 
materials and techniques. AM can act on three 
levels in a soft robot project: rapid mold fabrication, 
hybrid approach, and total additive manufacturing. 
The latter is, however, the only one that takes full 
advantage of AM capabilities [2].

Fused deposition modeling, direct ink writing, 
selective laser sintering, inkjet printing, and 
stereolithography are the main techniques covered 
by the AM reviews aimed at soft robot fabrication 
[1-5]. However, to our knowledge, no review 
depicts the techniques and models of industrial-

sized commercial 3D printing machines and 
their corresponding capacities, such as printable 
materials and build volume. Thus, this paper also 
aims to bring this information to the literature.

We organized this  documents in sections: 
Introduction, Materials Methods, which presents 
the method used to gather and extract information 
of the main works on the theme; the Additive 
Manufacturing in Soft Robots that details the 
characteristics of each manufacturing technique, 
along with examples in soft robots and commercial 
machine models, and the Conclusion that closes 
this study.

Materials and Methods

The review was based on three steps: mining 
scientific articles, identifying the main AM 
techniques applied in soft robots, and surveying 
related industrial machinery.

The BiLi method [6] was used in the first step 
for collecting and mining scientific articles. The 
method requires iterative search strings to filter 
relevant candidate works for evaluation. As a result, 
it allowed a significant reduction in the number of 
documents for reading and analysis in this review 
- from 1,136 to 28.

The second step consisted of parsing the 
collection of works to map the main AM techniques 
used for soft robot fabrication according to the 
following criteria:
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•  Application in soft robot fabrication.
•  Occurrences within the scientific works.
The last step consisted of listing industrial-sized 

AM machines corresponding to all techniques 
summarized in the previous step. The research 
sources for these machines comprised articles, 
manufacturer websites, and magazines. The 
selection used the following criteria:

•  Large building volume.
• High market price.
•  Consolidation of the manufacturer in the 

market (qualitatively assessed).

Figure 1 summarizes the method used in the 
study.

Additive Manufacturing in Soft Robots

The concept map shown in Figure 2 depicts 
the main ideas related to the theme “additive 
manufacturing in soft robots,” as provided by 
the research conducted in Materials and Methdos 
Section. It showed that manufacturing in soft robots 
has four main fronts: role (rapid mold fabrication, 
hybrid approach, or total additive manufacturing), 
purpose (actuation or sensing), materials, and 
manufacturing techniques. The latter is the focus of 
this work, so the following subsections present the 
concepts of the main techniques, their applications 
in soft robots, and corresponding models of 
industrial-sized commercial machines.

Figure 1. Summary of the used method.
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FDM

Fused deposition modeling (FDM) is one of the 
most common AM processes, with wide adoption, 
especially in research centers. The material – usually 
thermoplastic filament – is extruded layer by layer, 
being printed continuously. Materials often used in 
FDM machines are polycarbonate (PC), polylactic acid 
(PLA), nylon, and acrylonitrile butadiene styrene 
(ABS). This technology allows printing a wide 
range of geometries, and the principal advantages 
of this method are linked to its low cost and ease 
of use. However, FDM printers usually present low 
resolution, poor surface quality, and long printing 
times, depending on the material’s filaments [4].

The literature reports some cases where FDM 
was used to print soft robots, like a soft-legged robot 
presented in Xia and colleagues [7]. It comprises a 
soft body with motor modules inside, soft legs, and 

electronics, each leg being independently actuated 
by a servo motor. The soft body and legs were 
printed using a desktop 3D printer (Troodon CoreXY 
printer, VIVEDINO) and a flexible thermoplastic 
polyurethane (TPU) filament.

Soft pneumatic actuators with complex geometry 
were printed in Yap and colleagues [8] using FDM 
technology and a commercially available filament, 
NinjaFlex TPU. Through a low-cost 3D printer 
(Geeetech Prusa Pro C), the authors printed four 
soft actuators and built a soft gripper that could 
grasp objects up to 5 kg. Similarly, in Curkovic 
and Cubric [9], the authors utilized a Prusa FDM 
printer with the same material to print soft fingers 
to form an anthropomorphic hand.

DIW

Direct ink writing (DIW) is an extrusion-based 
printing process where the ink is extruded, layer 

Figure 2. Concept map regarding additive manufacturing in soft robots
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by layer, through a nozzle under controlled flow. 
Some additional steps may be required to solidify 
the printed object completely. DIW is one of the 
most flexible 3D technologies [10], and with simple 
adaptations, it is possible to have multi-material 
parts, switches, or mixing inks. The possibility of 
using conductive inks allows DIW 3D printers to 
create sensitive elements and actuator elements. 
DIW technique is compatible with many printable 
materials, including electrical, biological, and 
structural ones, e.g., colloidal suspension, hydrogel, 
and thermoset polymers. Besides, it enables the 
production of tiny patterns with high precision.

DIW technology was utilized to print multi-
material pneumatic actuators made from a hybrid 
resin composed of silicon and epoxy [11]. The 
printing was conducted on a commercially available 
3D printer System 30M, Hyrel INC. In Zhou and 
colleagues [12], the authors utilized DIW to print 
soft sensors and pneumatic-actuated artificial 
muscles. In addition, a multi-material ink composed 
of silicone and nanosilica (NS) was developed, 
and results indicate that adding NS increases the 
silicone ink’s viscosity.

In Guan and colleagues [13], a new hybrid 
magnetorheological material was presented and 
fabricated using a custom-made printer in a soft 
gripper by DIW 3D technology. By adjusting the 
magnetic field, the gripper developed accurate grab 
and release tasks, indicating that the developed 
material is feasible for applications in soft robotics. 
A custom-made 3D DIW printer was also used in 
[14], where the authors printed a soft pneumatic 
manipulator made of carbon gel.

SLS

Selective laser sintering (SLS) is a powder bed 
fusion (PBF) technique applicable to metals and 
polymers that uses a rastering laser to fuse solid 
grains of powder in a powder bed [1,5]. Once the 
irradiation stops, the material cools and fuses. Then, 
a new powder layer is deposited on the bed, repeated 
until the part is built [3]. In the process, the non-
fused powders act as support material, being reused 

after fabrication to reduce material consumption 
[1]. SLS is very similar to multi-jet fusion (MJF), 
whose principle is also based on powder fusion. The 
main difference is the heat source. In SLS, a laser 
is used to scan and sinter across each cross-section, 
while in MJF, an ink (fusing agent) is dispensed on 
the powder to absorb infrared light, which fuses the 
inked areas [15].

The main advantages of SLS are the possibility 
of material reuse and the achievement of isotropic 
mechanical proprieties in the printed object. 
However, among the disadvantages stands out the 
constraints regarding material compatibility and the 
need for precise temperature control to maintain an 
appropriately sized melt pool to fuse the material 
without distorting it [3,20].

Researchers have used SLS to fabricate soft 
robots. For instance, in Rost and Schädle [17], a 
silicone robotic hand was printed with four fingers 
and twelve degrees of freedom using bellow 
actuators to perform complex tasks like lifting, 
rotating, and precisely positioning a ball made of 
polystyrene. In Roppenecker and colleagues [18], 
a multi-arm snake-like robot was printed with PA 
12 to manipulate instruments at the tip of a flexible 
endoscope.

Inkjet

Another option for printing soft robots is inkjet, 
an AM technique that uses several nozzles to jet 
droplets of different liquid or molten materials on 
a platform, which become solid by the vitrification 
process, evaporation, or polymerization. The droplets 
can also use components sensitive to UV light to 
solidify the material in a rapid and controlled process 
that accumulates the material in 2D layers to form 
high-precision 3D objects directly [3].

In Drotmand and colleagues [19], the materials 
were combined through selective deposition of 
different materials to build a pneumatic actuator 
for a legged robot capable of navigating over 
unstructured terrain. Using the same printer – 
Objet500 Connex3 PolyJet –, the authors in Zatopa 
and colleagues [20] developed a soft robot with 
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integrated fluidic circuitry. Finally, in Shorthouse 
and colleagues [21], a soft actuator capable of 
bending bi-directional motions was printed with 
the Stratasys J735 printer with multiple materials.

SLA

The stereolithography (SLA) technique uses a 
container with photopolymer resin and a laser or 
ultraviolet light source to solidify a defined area 
through polymerization. Then, a layer is printed by 
moving the laser beams on the material’s surface 
layer by layer to form a complete and unique object 
[3].

Different light sources and materials can be used 
to form structures and maintain a high resolution, 
being a commercially attractive technique for 
soft robots with microscale characteristics and 
complex geometry. The materials usually applied 
for this method are poly(ethylene glycol), diacrylate 
(PEGDA), acrylic-PEG-collagen mixtures, 
elastomeric precursor, and Spot-E, Spot-A resins 
[1]. For instance, one application developed a 
miniaturized walking biological machine with 
an actuation module for movement with PEGDA 
hydrogel and the SLA 250/50 printer from 3D 
Systems [22]. Another example was the building of 
Tango Plus elastomer test samples using a Stratasys 
Objet260 Connex 3D printer [23].

Industrial-Sized Commercial Machinery Models

Among the models of AM machines available 
on the market, some stand out for their applicability 
in the industrial environment, productive capacity, 
printing volume, manufacturing quality, and 
manufacturer consolidation. Table 1 shows machine 
models of the techniques mentioned above, which 
have the potential to constitute an AM facility 
focused on the manufacture of big soft robots. 
Models were selected from the literature [21,24], a 
manufacturer’s website [25], and a digital magazine 
[26,27].

The best option for printing large-volume parts 
is the Tractus 3D T3500, with a building volume 
of 1.65 m³ and a maximum height (z) of more than 
2 m. According to Wallin and colleagues [3], the 
best options in terms of productivity are SLS and 
SLA, with an approximate deposition rate of 106 
mm³/h, while DIW and SLA are the best regarding 
resolution, reaching up to 1 μm. These values 
cannot be generalized to the machines in Table 
1, making it necessary to consult the technical 
datasheet for each equipment.

Conclusion

We showed a compilation of AM techniques 
aimed at fabricating soft robots – FDM, DIW, SLS, 
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Inkjet, and SLA – by relevant works in the area, 
mined by the BiLi method. Finally, we presented 
a summary containing options of industrial-sized 
machines with the potential to compose a facility 
for soft robot manufacturing.
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Knowledge management and innovation are important for organizational environments, acting as a strategy to 
maintain and improve competitiveness. This article evaluates, in an exploratory study, knowledge management 
in a medium-sized company. To this end, a systematic literature review and a qualitative interview with fourteen 
employees of a medium-sized company in the construction industry were conducted. The questionnaires were 
applied remotely to employees with leadership positions and direct labor from the company. The results showed 
that, although it was evident that the company follows management principles that tangent dimensions of the 
SECI Model, there is an opportunity for improvement in the internalization and combination dimensions.
Keywords: Organizations. Medium-Sized Company. Explicit. Tacit.

Introduction

Nonaka and Takeuchi [1] described knowledge 
as a potential source of advantage and ongoing 
competitiveness in economies permeated by change 
and uncertainty. The authors also point out two types 
of knowledge: tacit and explicit. Tacit knowledge 
is personal, specific to the context, and difficult 
to be formulated and communicate. Explicit or 
codified knowledge, on the other hand, refers to 
knowledge that can be transmitted in formal and 
systematic languages. There are two dimensions 
of this knowledge: the technical and the cognitive. 
The latter relates to values, beliefs, and ability to 
perform, which the individual cannot demonstrate. 
Therefore, organizations must take advantage 
of this inherent knowledge and transform it into 
organizational knowledge, which is a knowledge 
that adds value.

The need for companies to remain competitive 
in the market has favored management practices 
that aim to create and share knowledge. Studies 
show that using knowledge management practices 
provides process optimization and error reduction, 

which contributes to more assertive decision-
making by managers [2].

According to Corrêa [3], several theoretical 
and practical approaches have been developed 
throughout the development of studies related to 
Knowledge Management (KM). There are types of 
theoretical knowledge that can be managed, such 
as declarative, procedural, cause, relational, basic, 
advanced, and innovative [4], tacit and explicit [1], 
and implicit [5, 6]. 

Personal knowledge emerges from information, 
interpretation, reflection, and experience in a 
particular situation. The personal knowledge 
(explicit and tacit) must be externalized to create 
organizational knowledge [7]. Knowledge creation 
is a synthesizing process by which individuals 
interact with each other in the organization 
(internal), external individuals, and the environment 
(external) to transcend emerging contradictions that 
the organization faces [8]. 

According to Nonaka and Takeuchi [1], there 
are four patterns of knowledge conversion: 
socialization, externalization, combination, 
and internalization. Knowledge expands in an 
increasing spiral as it moves from the levels of the 
individual to that of the organization. Therefore, the 
set of these forms is called the knowledge spiral.

Knowledge management is creating and 
disseminating knowledge in the organization 
and its incorporation into many services [1]. In 
addition, its main objective is to favor the best use 
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of the information [9]. According to Nonaka and 
Takeuchi [1], the present work addresses the use of 
knowledge creation in a medium-sized company in 
the construction industry.
           
Materials and Methods

The guiding question of this study was: How is 
the knowledge accumulated over the years shared in 
a medium-sized construction company? Therefore, 
the present research was conducted to guide and 
determine the variables and define the sample to 
be researched. 

The database used to search was Scielo. The 
descriptors used were: Knowledge Management 
and Companies. 

We found 56 relevant studiesabout the subject, 
however, 10 studies were selected as relevant to 
compose this systematic review.

We used the classification of the Brazilian 
Service of Support to Micro and Small Enterprises 
to find the company [10].This database include 
in industrial and construction companies that are 
classified according to the number of employees, 
namely microenterprise (up to 19 people employed), 
small enterprise (from 20 to 99 people employed), 
medium-sized enterprise (from 100 to 499 people 
employed), and comprehensive enterprise (500 
people employed or more)

We also used the classification of the National 
Bank for Economic and Social Development [11], 
which applies to industry, commerce, and services 
and is defined according to the annual turnover of 
the company or the economic group to which the 
company belongs, specifically: micro-enterprise 
(up to R$ 2.4 million), a small company (above R$ 
2.4 million up to R$ 16 million), medium company 
(above R$ 16 million up to R$ 90 million), medium-
large company (above R$ 90 million up to R$ 300 
million) and large company (above R$ 300 million).

The evaluated company, herein named “X”, 
was classified using the abovementioned criteria: 
number of employees and annual turnover. The 
company offers services in the areas of specialized 
boiler making, industrial fabrication, welding, spot 

services, refurbishments, and maintenance. The 
company name has been omitted for confidentiality 
reasons. 

We did 12 questions: 4 related to general data 
and 8 related to the SECI dimensions based on the 
study by Arantes and colleagues and Gonzalez and 
colleagues [7,12]. In addition, the questions were 
reworded to make them easier to understand for all 
company’s employees, who had different levels of 
education.

Socialization Dimension

Does the company offer courses/lectures to 
employees to improve their competencies? Do the 
employees recognize the importance of their work 
in the company’s strategy?

Externalization Dimension

Does the company have practices encouraging 
experienced employees to transfer their knowledge 
to new or less experienced professionals? After the 
training sessions, do employees interact with the 
acquired knowledge?

Combination Dimension

Is there in the company the sharing of knowledge 
from a database with regular updates, best work 
practices, lessons learned, and guidance from 
experts (for consultation)? Is there access to a 
computer network where specific knowledge 
related to the work is stored? 

Internalization Dimension 

Does the company offer training outside the 
workplace (e.g., knowledge fairs, workshops, 
along with others) to its professionals? Does it 
disseminate the organizational culture?

The questionnaires were applied remotely, using 
the Google Forms platform, to fourteen company 
employees with leadership positions (coordinator 
and foreman) and direct labor (painter, mason, 
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boilermaker, welder, and construction helper, along 
with others).

Results and Discussion

Table 1 summarizes how knowledge sharing 
accumulated over the years occurs in medium-sized 
companies, according to the studies evaluated).

Regarding the general data from the questionnaire, 
the results showed that 93% of the interviewees 
have more than five years of experience in the 
construction industry, and 71.4% have worked 
less than five years in the same company. As for 
the respondents’ level of education, 71.4% have 
completed high school. Regarding the four ways of 
creating knowledge (Socialization, Externalization, 
Combination, and Internalization), according to 
Nonaka and Takeuchi (1997) [1], the results of the 
questionnaires showed the following:

1.  Socialization Dimension: All interviewees 
informed that they participated in courses 
and lectures offered by their company in the 
last 12 months, as well as recognizing their 
importance for achieving the corporate goals 
of their company.

2.  Externalization Dimension: All respondents 
answered that they received and/or shared 
knowledge with other employees (new and 
experienced) of the company in the last 12 
months and interacted on the topics discussed 
with other employees.

3.  Combination Dimension: One employee 
reported that he or she does not have access to 
the organization’s operational procedures with 
the best practices to perform daily tasks, and five 
reported that they do not have access to training 
and corporate procedures via computer tablet, 
cell phone on topics related to their work.

4.  Internalization Dimension: Internalization 
Dimension: ten employees answered that they 
did not participate in training outside the work 

environment. They also did not participate in any 
event related to disseminating the company’s 
organizational culture (Figure 1).

The result of the questionnaire was discussed 
with the manager of the company studied. This 
collaborator informed that the contracting company 
(which has as its main activity the storage of 
flammable products) requires that all workers who 
performed activities in the company must previously 
undergo training as established in the Regulatory 
Norm (NR-20). This norm establishes minimum 
requirements for managing safety and health at 
work against risk factors of accidents arising from 
extraction, production, storage, transfer, handling, 
and manipulation of flammables and combustible 
liquids. In addition, the company’s manager also 
informed us that recycling training is carried out 
for employees every 12 months.

The manager understands that the internalization 
of explicit knowledge into tacit knowledge is an 
opportunity for improvement within the organization 
after being explained that training outside the 
workplace will allow his employees to interact with 
people from other corporate environments and that 
developing the absorption capacity of workers in 
such training and internalization in the company’s 
environment can culminate in improvements 
in the firm’s organizational performance and 
become a competitive differential [3,12] since 
innovative companies develop a training policy that 
encompasses technical, managerial and creative 
skills, where multidisciplinary teams play an 
essential role in innovation [19] and that knowledge 
assets (in this case people) have a positive influence 
on organizational performance [17].

As for disseminating the organizational culture, 
the manager informed that when they join the 
company, the employees go through a stage called 
integration. At this stage, the company is presented, 
the projects already carried out, and the benefits, 
among other relevant aspects of the company. 
However, since 2015, due to several crises that the 
country has been going through, there has been 
a significant oscillation in the company’s staff, 
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Table 1. Guiding questioNnaire of the study.

References Guiding Question: How is the Knowledge Accumulated Over the Years Shared in 
Medium-Sized Companies?

[3] Holistic knowledge management is a proposal that aims to approach the parts by the 
whole, considering that these parts should not be analyzed in isolation because there is 
an interconnection between them and, therefore, results in contextualizing these parts in a 
mold that contemplates the whole.

[7] As for the degree of maturity of knowledge management, the results showed that companies 
spend more effort on the variables connected to the socialization and externalization 
dimensions and less on internalization and combination.

[12] Five organizational constructs related to knowledge management: human resources, 
teamwork, organizational culture and structure, and knowledge development and absorption.

[13] Management can contribute as a company differential concerning its competitors, providing 
a competitive advantage. These two aspects are essential elements for the performance of 
organizations.

[14] Significant relationships between the dimensions of absorptive capacity and organizational 
performance are translated by adaptive capacity. Firms must be able to use their knowledge 
capacity fully and to transfer and disseminate such information to other relevant people.

[15] Through the application of benchmarking of tacit knowledge that is in the minds of 
employees and can be transmitted through informal conversations, as well as the search 
for information that allows bringing and storing mostly tacit knowledge not only from 
competitors but also from suppliers and the customers themselves.

[16] All the knowledge acquired by the companies was documented, and all the files about the 
simulation project were stored on the company’s computers and had free access to manage 
them: conceptual model in image format, Excel spreadsheets, versions of the computer 
model in simulator-specific format, project reports in document format, and videos.

[17] Identified the relationship that positively influences organizational performance: knowledge 
assets, organizational learning, knowledge process capability, business process capability, 
and organizational performance.

[18] In reality, as experienced by SMEs, knowledge management still presents itself as a goal 
to be reached that might be achieved through a better understanding and conception of 
the practice of information management and the use of IT is still essentially operative and 
aimed at organizing, systematizing, and making efficient the daily activities, being far from 
knowledge management.

[19] Group of facilitators of innovation in construction companies: external collaboration, 
innovation culture, top management support, and knowledge management, with leadership 
being an essential aspect of promoting systematic innovation.
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which can be reflected in the years of service per 
employee ratio. It is observed that strengthening 
the organizational culture with employees is an 
opportunity for company X to build employee 
loyalty, as well as achieve better financial results, 
especially in challenging scenarios [14,15].

Conclusion

The knowledge creation process in the company 
studied relates to tacit and explicit knowledge. 
Regarding the unfolding of the four ways of 
creating knowledge (Socialization, Externalization, 
Combination, and Internalization), we could 
observe that knowledge is acquired through 
employee training with the participation of 
employees in courses and lectures (conversion of 
explicit knowledge into Tacit knowledge) besides 
the interaction between people in the workplace, 
so that there is the conversion of tacit knowledge 
into other tacit knowledge, in the process of 
socialization.

We observed through the SECI spiral of 
continuous knowledge creation and used that 
tacit and explicit knowledge expands, in an 
unstructured way, from the individual to the 
group and then to the organizational level in 
the company studied. There are opportunities 
for improvement in knowledge management at 
company X, especially in the internalization and 
combination dimensions.
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Project Management Best Practices in the Implementation of a Quality Management System 
(QMS) in an Environmental Analysis Laboratory 
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This article proposes a study on the best project management practices for implementing a Quality Management 
System (QMS) in a Laboratory of Environmental Analysis in a shorter period and with the expected quality. 
In 2020 it was established as a guideline for the self-sustainability of the laboratory, obtained through revenues 
generated from the provision of services. For its insertion in the market of analysis, implementing a QMS was 
essential. This study is a case report of an exploratory, bibliographical nature. Tools and project management 
techniques were applied for its development, such as using PMCanvas, which corroborated fulfilling the established 
deadline with the expected quality.
Keywords: Project Management. Environmental Analysis Laboratory. Quality Management System. PMBOK.

 

Introduction 

The intersection of particular attributes with the 
degree of conformity to an established standard 
characterizes quality. The junction of globalization 
and technology causes these standards to be 
constantly changed, and to adhere to this scenario, 
organizations continually seek improvement 
through a Quality System.

A Quality Management System (QMS) is 
composed of activities that determine processes and 
resources necessary to achieve objectives, add value 
to stakeholders through the interaction of these 
processes and resources, enable optimization of 
resources, and determine the means to plan actions 
that address intended or unintended consequences 
in the provision of products and services [1]. 

A QMS, besides providing quality improvement 
in processes and products, by meeting the 
specifications required in the certification standards, 
also generates credibility for the organization and 
helps fulfill objectives [2]. 

For laboratories, the expectation of QMS 
implementation is the improvements in processes 
for diagnostic testing [3], which ensures high levels 
of efficiency in reproducible and accurate results.

Implementing a Quality Management System 
(QMS) is temporary and has a specific result, 
indicating its project nature. The PMBOK (2018, 
6ª ed., p. 10) elucidates project management as “the 
application of knowledge, skills, tools, and techniques 
to project activities to meet project requirements 
[...]“. The guide clusters 47 management processes 
into 5 groups: Initiation, Planning, Execution, 
Monitoring and Control, and Closing [4].

A study conducted by Helgi (2015) [5] analyzed 
project management practices in implementing 
quality management: the degree to which project 
management was applied, what tools and techniques 
were used, and the most crucial success factors in 
its implementation were considered.

Quality managers from 21 different types 
of ISO 9001-certified organizations in Iceland 
were interviewed during the survey. However, 
of the 21 organizations analyzed, only 5 applied 
essential project management tools, such as 
initial and closing meetings, formal project 
description, Work Breakdown Structure (WBS), 
scope definition, and performed internal costing, as 
time spent by employees for implementation. As a 
result, the average implementation time for these 
organizations was 13 months as planned, unlike 
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the other 16, which had an average time above the 
expected 24 months [5].

The research concluded that the direct 
participation of management and employees and 
including time and spending on these resources 
in the plan are critical factors for project success. 
Therefore, implementing a QMS as a project can 
reduce essential resources such as time and costs.

Research Question 

The Laboratory of Environmental Analysis 
(LAA), allocated at the University of Salvador, 
originated as a place of research and university 
extension, aiming to assist in undergraduate and 
graduate education investigations. However, in 
2020 the direction of the university established new 
guidelines for the laboratory, the main one being 
its self-sustainability obtained through revenues 
developed from service provision.

The educational institution’s market research in 
Salvador and the Metropolitan Region indicated 
that the central environmental analysis laboratories 
have the Quality Management System (QMS). 
Furthermore, the research results contributed to 
the elaboration of the LAA’s Strategic Planning 
(SP), which indicated the need to implement a 

QMS to make the laboratory competitive in the 
analysis market and establish a deadline for the 
implementation (Table 1).

The period of 180 days, 6 months, set in the 
SP, is below the average in his study in Iceland. 
He presented the average period of 13 months for 
companies that implemented QMS using project 
management tools [5].

In the article, we will answer the following 
question: How can a Quality Management System 
implementation project in an environmental analysis 
laboratory be best managed to achieve compliance 
in a shorter period with expected quality?

Research Objective

The principal objective of this work was to 
propose the best project management practices for 
implementing a Quality Management System in 
an environmental analysis laboratory in a shorter-
than-average timeframe.

The specific objective was to analyze the 
Project Plan for implementing the QMS in the 
environmental analysis laboratory, which was used 
as the basis for developing this work, and to identify 
the optimum management practices that meet the 
specificity of the project.

Table 1. Strategic planning mapped activities for LAA.

Mapped Activities Actions Deadline
Plankton Analysis Hiring a mid-level technician Immediate
Developing research in Biology and Chemistry 
(1st Environmental Monitoring)

Atomic Absorption equipment 
in operation

45 days after 
the operation

Commercialization of environmental analyses Implementation of the Quality 
Management System

180 days

Support for physicochemical assay certifications Hiring a consultant (financial 
resources); Laboratory structure

240 days

Partnership with the Bahia Network of Atlantic 
Forest Seeds.

Refrigerated Chamber in 
Operation

Immediate

Research development - water analysis 
(physicochemical)

Spectrophotometer in operation 
and a scientific initiation student

30 days

Analysis of organic compounds. Gas Chromatography equipment 
in operation and 20h contract

Immediate

Source: Authors, 2022.
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Expected Results

We expected to elucidate best practices of 
project management in 180 days that meet the 
project’s specificity, QMS implementation in a 
small environmental analysis laboratory, originally 
constituted to meet academic demands.

Materials and Methods 

This study is characterized as an exploratory case 
study of a bibliographical nature, applying project 
management best practices.

Aiming to reactivate the competitiveness of the 
environmental analysis laboratory for the external 
market, the Rectory of the University where the 
laboratory is located established new guidelines. 
Based on market research, it was defined that 
implementing the Quality Management System 
(QMS) is fundamental for the commercialization 
of the analyses.

In 2021 began, the preparation of the Project 
Plan; the plan had the Project Management Body 
of Knowledge (PMBOK Guide) as a reference, 
built-in detail with 10 knowledge areas.

This case study was developed from February 
to June 2021 at a university in Salvador – Bahia 
– Brazil, where we collected the data. This 
data comprised the project documents for the 
laboratory’s implementation, the laboratory’s 
internal quality policy, and the university’s strategic 
plan. In addition, we did local visits accompanied 
by the team responsible for the laboratory. After 
the document analysis, we identified many points 
of project management practices’ application. A 
new project plan proposal was elaborated based on 
the QMS structuring phase and the standards, and 
the PMBOK Guide. In this international pattern 
of project management, tools and techniques 
used in the knowledge areas were analyzed and 
compared with other case studies, which generated 
the mapping of best management practices that 
helped to comply with the guideline. Besides these 
standards, the Project Model Canvas method was 
also used to structure a systemic vision of the 

project. Finally, the new proposal was presented 
to the university chancellor along with the benefits 
to be gained.

Results and Discussion 

Based on the demand indicated by the 
Environmental Analysis Laboratory’s Strategic 
Planning, we prepared a complete Project Plan with 
the 10 knowledge areas (Integration, Scope, Time, 
Costs, Quality, Human Resources, Communication, 
Risks, Procurement, and Stakeholders) listed by the 
PMBOK Guide.

In the integration area, the Project Model Canvas 
methodology was used (Figure 1), which allowed 
collaborative planning, with the participation of 
the main stakeholders (Sponsor, LAA Employees, 
Potential Customers, and Project Manager and 
Team)6. Essential project information, such as the 
objective, requirements, assumptions, constraints, 
team, delivery group, risks, and cost, was grouped 
and consolidated.

The PM Canvas enabled the project team to 
take ownership of the plan because it was easy to 
visualize and understand. In addition, it is a tool 
that strengthens communication.

The project’s initial references defined in the 
PM Canvas brought an overview of the project that 
served as the basis for the construction of the scope, 
which creates 7 phases, 2 managerial (Project 
Management and Closing) and 5 operational 
(Hiring, Informational Project, QMS Structuring, 
Assisted Operation, and Improvement) (Figure 2). 

The definition of the packages in the scope of 
the QMS implementation was based on the ISO 
9001 Quality Management System - requirements 
and ISO 9000 - fundamentals and vocabulary, in 
case the laboratory was interested in obtaining 
the certification later. In addition, these packages 
provided the basis for estimating costs, human 
resources, and time and making results specific 
and measurable.

During the project, 11 key deliverables were 
defined, constituting the milestones, which go from 
the managerial to the operational packages, and 
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Figure 1.PM Canvas.

Source: Authors, 2022.

conclude with the implementation of the Quality 
Management System:

1.  Approved opening term;
2.  Approved plan;
3.  Quality Policy Developed;
4.  Document with the objectives and actions  

 elaborated;
5.  Change document validated;
6.  Software installed;
7.  Employees trained;
8.  Standards for Updating/Control of 

Documented Information developed;
9.  Manual for Communication with the Client 

and Control of Requirements Related to 
Internal and External Products and Services 
developed;

10.  Continuous Improvement Pilot Completed;
11.  SGQ Implanted.  

The quality management of the project was based 
on the internal quality policy of the laboratory, 
elaborated from the QMS Structuring phase and 
the standards:

a. ABNT NBR ISO 9000:2015 - QMS - 
fundamentals and vocabulary;

b. ABNT NBR ISO 9001:2015 - QMS - 
requirements;

c. ABNT NBR ISO/IEC 17025:2017 - General 
requirements for the competence of testing 
and calibration laboratories;

d. PMBOK® Guide 6th edition.
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Figure 2. Graphical WBS.

Source: Authors, 2022.
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We associate the quality standards with the 
products/services and list their requirements to 
make the project’s quality management more 
efficient (Table 2).

The project’s risk management was formatted by 
the following processes: planning, identification, 
qualitative and quantitative analysis, response 
planning, and risk control. For each risk pointed out, 
a response and the person responsible for meeting 
the demand were defined. Verify evaluation details 
in Table 3. 

The risk response plan enabled the project’s 
strategic vision by planning to diminish or mitigate 
threats and visualize opportunities.

Conclusion 

The PM Canvas methodology generated a 
framework of easy understanding and visualization, 
with the consolidation of the essential information 
for the development of the plan and consequently 
of the project, which enabled not only the 
participation of stakeholders in the first moment 
and the monitoring of the elements throughout 
the project. 

If PM Canvas serves as a guide for the project, 
the Work Breakdown Structure (WBS) is the 
map that guided us throughout the process. The 
detailing and logical grouping of the phases, such 
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Table 2. Quality requirements and minimum criteria.

Product/
Service or Aspect 
Evaluated

 Requirement Standard /
Acceptance
Criterion

Verification 
Method

Project 
Management

Control of 
the project 

management plan.

Follow 100% of the requirements of 
NBR ISO 9001 and NBR ISO 9000 
and 90% of the PMBOK® Guide.

Perform inspection 
on the execution of 

the plan.
Quality 
Management 
System

All processes 
are in quality 

standard.

Follow 100% of the requirements of 
NBR ISO 9001, NBR ISO 9000, and 

60% of NBR ISO/IEC 17025.

Inspection with 
Checklist.

Training Laboratory 
personnel 

qualified in 
quality.

Follow 100% of the requirements of 
NBR ISO 9001, NBR ISO 9000, and 

the laboratory’s quality policy.

Perform internal 
audit after 

implementation.

Software Software 
for Quality 

Management 
System.

Follow 100% of the requirements of 
NBR ISO 9001, NBR ISO 9000, and 

the laboratory’s quality policy.

Performance 
evaluation.

Continuous 
Improvement 
Pilot

Critical analysis 
of the Quality 
Management 

System

Follow 100% of the requirements of 
the standards NBR ISO 9001 and NBR 

ISO 9000 and 40% of the standard 
NBR ISO/IEC 17025.

Simulation of 
system use and 

Checklist.
 

Source: Authors, 2022.

as the hiring phase being operationally first, made 
it possible for us to reduce time with bureaucratic 
processes and allocate human resources when 
needed, reducing financial resources.

The definition of milestones in the project 
schedule was created based on the main 
deliverables that could compromise the project’s 
progress.

To maintain the quality of the project, we also 
follow international quality standards, besides 
providing guidelines, aligning our expectations with 
the market, and generating the possibility for the 
laboratory to obtain certification later on.

The mapping of risks was one of the main 
factors in „controlling“ future situations, identifying 
possible factors that could intervene in the project, 
and establishing and directing actions. In this way, 
the project plan was followed as planned.

The fulfillment of the 180-day deadline set by 
the University Rector’s Office, the implementation 
of the QMS in the Environmental Analysis 
Laboratory was only possible due to the planning, 
the involvement of the interested parties, including 
the top management, and the understanding of tools 
that would have a significant impact on the project.

The limitations of the research are, at the same 
time, opportunities for future development. The 
research was limited to a small environmental 
analysis laboratory. The tools and techniques used 
in this study, PM Canvas, WBS, Milestone, Quality 
Requirements, Minimum Criteria, and Planned 
Risk Responses, would have to be validated in 
other laboratory profiles. Comparative studies of 
the performance of projects implemented with and 
without these are also recommended to demonstrate 
best project management practices.
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Table 3. Planned responses to risks

Item Risk Probability Gravity 
Index

Exposure Answer Description

1.1 A pandemic/epidemic 
can cause a delay in 
the schedule, missing 
team members, and 
change in the global 
scenario.

Low High High Acceptance Establish remote 
work strategies 
and maintain 
all project 
documentation in 
the cloud.

2.1 Lack of control 
of activities and 
processes due 
to inefficient 
communication.

Medium Medium Medium Attenuation Follow the 
communication 
techniques 
provided in the 
plan and hold all 
scheduled events/
meetings.

3.1 Hiring qualified 
employees due to 
bureaucratic processes 
generates delays and 
additional costs.

Medium Medium Medium Mitigation Conduct the 
selection process 
in advance and 
maintain an 
updated vacancy 
database.

4.1 Wrong mapping of the 
laboratory operational 
processes may cause 
distortions in the 
QMS.

Medium High High Mitigation Involve a 
consultant with 
QMS experience 
in laboratories 
and the Project 
Manager to 
analyze the 
mapping of the 
processes before 
implementing the 
QMS.

4.2 Lack of technical 
mastery of the Quality 
Management Software 
by the laboratory staff 
may cause delays and 
quality problems in 
the standards created.

Medium Medium Medium Attenuation Require software 
training (basic 
and advanced) for 
all employees.

Source: Authors, 2022.
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