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1 Introduction  
 
Açaí, a highly perishable Brazilian fruit that grows within the Amazonian rainforest, has been 

a subject of global attention during the last two decades [CORTEZZI 2019], especially because 

of its high nutritional value [BEZERRA ET AL. 2018]. Therefore, this paper explains accurately 

what açaí is and how it can be used in the European Food Market. In addition to this, diverse 

preservation processes are introduced. The focus of this work is on a relatively new electrical 

preservation technique called Pulsed Electric Fields (PEF) [TÖPFL 2006]. The fundamentals of 

this technique are explained, and an experiment is performed to find out whether açaí-

smoothies can be preserved using this technique. Further the preservation process with PEF 

will be compared to the currently used preservation methods of açaí.  

 

This bachelor thesis starts with an overview of açaí, including it´s characteristics, production, 

global reach, sustainability, as well as the European food and safety legislation. Current 

preservation methods for açaí will be introduced such as chlorinated and ozonated water, 

alcoholic fermentation, pasteurization, freezing, and dehydration. Subsequently basic 

information about the preservation process with PEF are given. The following experimental 

part includes a setup with a self-built PEF-machine in Brazil. The machine is verified with the 

results from the work of HEINZ ET AL. [2003], where different microorganisms like Escherichia 

coli in apple juice get inactivated with PEF at different temperatures. The viable cells of the 

microorganisms get evaluated with the “Spread Plate Procedure” [SANDERS 2012] in duplicate. 

If the verification shows that the self-built machine works sufficiently, a similar experiment with 

pathogen microorganisms in açaí-smoothie can be carried out. If the self-built PEF-machine in 

Brazil does not achieve the required result during the validation, the PEFPilotTM Dual machine 

from a German company should demonstrate the effective inactivation of microorganisms in 

açaí-smoothie. The microorganisms are subject to the same evaluation of “Spread Plate 

Procedure” [SANDERS 2012] in duplicate. The experimental results are evaluated and compared 

to the characteristics of the known preservation methods for this kind of fruit. The thesis 

concludes with a discussion about the usage of açaí in the European market, including the 

results of the described experiment. At the end of this work an abstract will summarize all 

important aspects.     
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2 Fundamentals  
2.1 Overview Açaí 

2.1.1 The fruit and its production  
 
The word açaí originated for a tropical fruit by an indigenous language in Brazil, called tupi, 

means verbatim “fruit that cries” [BARBOSA ET AL. 2018]. In botany açaí´s taxonomic name is E. 

precatória or E. oleracea and belongs to the genus Euterpe, which is part of the palm tree 

family Arecoidae [LAMARÃO ET AL. 2018]. The difference between the two species is, that E. 

precatória prefers growing conditions in central Amazonia where there is little light, whereas 

E. oleracea is heliophilic, or sun loving, and primarily grows in the Amazonian estuary. 

Therefore E. oleracea is more available for export, because of the better logistics of distribution 

for the local markets and international distributors [PACHECO-PALENCIA ET AL. 2009], therefore it 

is the focus of this work.  

 

E. oleracea grows in lowland regions, close to rivers (figure 1, page 2), in northern Brazil, 

mainly in the federal state county Pará [BARBOSA AND DE CARVALHO JUNIOR 2022], but also in 

Amazonas, Amapá and Maranhão [BARBOSA ET AL. 2018]. The palm reproduces itself by seed 

dispersal, that happens via fish or by large to medium size birds [LAMARÃO ET AL. 2018]. The 

estimated area of the rainforest, where the palm grows is one million hectares [BARBOSA ET AL. 

2018]. 

 
Figure 1: E. oleracea growing close to the river in the federal state country Pará 
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Adult palms are between 15 and 20 m tall and have a radius of 6 to 9 cm [BARBOSA ET AL. 

2018].  An E. oleracea tree has 8 to 14 leaves at one time, with each leaf up to 2.8 m [LAMARÃO 

ET AL. 2018]. One single leaf consists out of 40 to 80 evenly distributed paired pinnae. 

Furthermore, açaí grows in the upper part of a conspicuous palm tree in clumps [GOMES DA 

SILVIA AND NOGUEIRA DE OLIVEIRA 2018], also called bunches [BARBOSA ET AL. 2018]. One clump 

contains around 20 sprouts, on which the fruits grow, seen in figure 2 (page 3) and can produce 

up to 42 kg fruits/clump/year [GOMES DA SILVIA AND NOGUEIRA DE OLIVEIRA 2018].  

 
Figure 2: Three acai clumps on a palm [PINHEIRO 2017] 

One palm produces 3 to 8 bunches at a time, depending on the stage of development. The 

fruiting of a palm starts three years after planting. In the 3rd and 4th year the harvest amount of 

a cultivated area is up to 3 tons/ha/year. In the 5th year production increases to up to 4 

tons/ha/year with a progressive increase until the 8th year when it produces to up to 10 

tons/ha/year [BARBOSA ET AL. 2018]. In comparison native plants produce around 4,500 kg 

fruits/ha/year [GOMES DA SILVIA AND NOGUEIRA DE OLIVEIRA 2018]. This big difference is not only 

because of the development of new species, but also from the high density that palms 

cultivation allows. Cultivated areas have approximately 1,000 plants/ha, which is much higher 

than the density in a native areas with approximately 70 plants/ha [CAMARGO 2021].  

 

The fruit of the E. oleracea palm is a circular shaped drupe, but colloquially known as açaí or 

açaí berry [GOMES DA SILVIA AND NOGUEIRA DE OLIVEIRA 2018]. When the açaí drupe is immature 

it has a green color, but when ripe it is dark purple on the outside [MONTEIRO ET AL. 2019]. 

Underneath the purple epicarp the fruit has a mesocarp, that is around 1 mm thick and pulpy 

[BARBOSA ET AL. 2018]. The inside of the drupe builds an endocarp, which is hard and has the 

same round shape as the fruit itself. The açaí-seed weighs 0.4 to 1.0 g and is responsible for 
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85 percent of the fruits weight. In addition, the seed has a density between 1,496 kg/m3 and 

1,481 kg/m3 and its moisture content varies dependent on weather, storage time and place. 

Moisture reduction and cold temperatures are recommended for the seed storage, to avoid 

microbiol and fungal contamination [BUFALLINO ET AL. 2018]. Further, the açaí pulp surrounding 

the seed consist out of an emulsion of fatty acids, water, polysaccharides, and antioxidants 

[BARBOSA AND DE CARVALHO JUNIOR 2022].  

 

The cities Manaus and Belém are famous for açaí, because of it´s importance for economic, 

cultural and nutritional aspects [BARBOSA AND DE CARVALHO JUNIOR 2022]. Approximately 80 

percent of the açaí production takes place during the second half of the year, during the dry 

season [GOMES DA SILVIA AND NOGUEIRA DE OLIVEIRA 2018]. Production during that time results 

in a higher yield, uniform maturity, superior quality, and better taste. Traditionally native people, 

who live in hamlets in the rainforest harvest the ripe açai by climbing the trees. The fruits are 

collected in woven baskets, cooled with ice cubes, and transported by small boats to a nearby 

city (figure 3, page 4), for example to the market VER-O-PESO in Belém [BARBOSA ET AL. 2018].  

 
Figure 3: a) Boat, that is used for the transportation of acai across the river; b) woven 
baskets with acai 

Then the açaí is processed in small operations where the products are sold to local people. 

Nevertheless, a part of the fruits are sold to large companies, which produce açai pulp for 

export and/or domestic use [BARBOSA ET AL. 2018]. 
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2.1.2 Technological processes for extracting the pulp  
 
Açaí should be processed within 12 hours after harvesting, because of it´s short shelf life 

[LAMARÃO ET AL. 2018]. To make the fruit useable, it is pulped with added water to sodden the 

pulp, for an uncomplicated extraction [GOMES DA SILVIA AND NOGUEIRA DE OLIVEIRA 2018]. The 

whole process includes 3 major steps, the cleaning, the pulping, and the filtration. Whereby 

the 2nd step can be performed by different technological processes [LAMARÃO ET AL. 2018].  

 

Cleaning of the açaí drupes has the purpose to remove contaminants and soften the pulp 

[LAMARÃO ET AL. 2018]. It can be done without or with sanitization [BEZERRA 2007]. The sanitizer 

reduces biological contaminants from harvest and transport and is done with a 200-ppm 

solution of chlorinated water. The fruits are soaked into the pure water or traditionally 

chlorinated water for about 40 minutes. While soaking, the fruits are slowly turned two or three 

times by a plastic shovel and the dirt that emerges, such as petioles or leaves, should be 

removed. The drupes get drawn out from the water with perforated buckets or sieves. For fruits 

soaked in chlorinated water, the fruits need to be washed with pure water, effectively removing 

all traces of chlorine solution, to ensure high quality and taste of the final product. At the end 

of this process a fruit selection is made, and the remaining dirt is removed with water and 

strainers [BEZERRA 2007].  

 

The pulping can be done manually or mechanically [LAMARÃO ET AL. 2018]. Manual pulping is 

a home-based process and can be affordable for family production in low quantities. The fruits 

are soaked in the water and kneaded manually. This operation method is also often used to 

produce açaí-wine. Mechanical pulping uses a customized machine, that has a cylindric shape 

[LAMARÃO ET AL. 2018], seen in figure 4, (page 5).  

 
Figure 4: Mechanical pulping machine at the market VER-O-PESO in Belém 
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Inside the apparatus there is a crank is connected to the shaft of the internal vanes. The 

extraction works from the friction between the vanes and the fruit pulp [LAMARÃO ET AL. 2018]. 

There are two types of machines: a hand-operated and an electric motor-operated machine.  

The hand-operated machine is used in regions, where electrical power supply is scarce. The 

device with the added electric motor can be found in city centers as well as big markets where 

the machine processes up to six liters of açai in five minutes [LAMARÃO ET AL. 2018].  The 

electric machines are made of stainless steel and rotate from 240 to 380 rpm [BEZERRA 2007]. 

In all pulping procedures water is added in small quantities to ensure the flow [LAMARÃO ET AL. 

2018]. The amount of water to be added to remove the pulp specifies the type of pulp in later 

phases [BEZERRA 2007].  

 

The final step involves mash filtration by a sieve with a grade of 0.6 [BEZERRA 2007] to 1 mm 

[LAMARÃO ET AL. 2018]. The sieve can be part of the pulping machine or external [LAMARÃO ET 

AL. 2018]. After the whole extracting process, the fruit flesh is mixed with water, is filtered and 

classified in three different types [BEZERRA 2007]. Grade A is the most valuable quality and 

refers to an açaí pulp, that is thick with a very dense appearance with more than 14 percent of 

total solids. Grade B has a dense structure with 11 to 14 percent of total solids. Grade C is the 

lowest product quality and describes a pulp with a not very dense appearance and 8 to 11 

percent of total solids [MAPA 2000].  

 

 

2.1.3 Composition Açaí pulp and possible health effects 
 

Açaí pulp that is intended for beverage consumption should meet standard guidelines 

according to the Brazilian “Ministério da Agricultura Pecuária e Abastecimento” [MAPA 2000]. 

Those guidelines provide information on the components that make up the fruits flesh [MAPA 

2000]. Next to the pure açaí pulp, that has a low water content of approximately 3.4 percent 

[SCHAUSS ET AL. 2006], optional ingredients like potable water and citric acids are allowed [MAPA 

2000]. Nevertheless, açaí should conform to the chemical and physical quality standards seen 

in table 1 (page 7).  
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Table 1: Standards for the physical and chemical characteristics of açai pulp 
[according to MAPA 2000] 

 Minimum Maximum  
Total solids (g/100g) 40.0 60.0 

Proteins (g/100gdw) 5.0 --- 

Total lipids (g/100gdw) 20.0 60.0 

Total carbohydrates (g/100gdw) 51.0 --- 

Total sugar (g/100gdw) --- 40.0 

pH  4.0 6.2 

gdw = grams in dry weight  

 

Açaí pulp should have a violet-purple color like the purple drupes and a pasty consistency with 

dark spots. The flavor is unsweetened but not sour and the emulsion remains stable up to 80 

℃ [MAPA 2000]. Despite these standards, about 50 percent of açaí pulps fail them in one or 

more aspects [LAMARÃO ET AL. 2018], because the number of nutrients and micronutrients 

differs depending on the source [BARBOSA ET AL. 2018] and various methods are used to 

evaluate the fruits [SCHAUSS ET AL. 2006].  

 

A large range of lipid contents have been reported according to BEZERRA ET AL. [2018]. Lipids 

in açaí vary from 24.75 to 85.38 percent. Despite that, most of the 534 kilocalories in a freeze-

dried açaí are from the 293 kilocalories of fat. This leads experts to believe that açaí pulp 

contains a high number of lipids [SCHAUSS ET AL. 2006]. Polyunsaturated fats account for 13 

percent of the total fats, 61 percent are monounsaturated, and 26 percent are saturated 

[BARBOSA AND DE CARVALHO JUNIOR 2022]. Many of those molecules are omega 6 and omega 

9 fatty acids [DE FREITAS BONOMO AND SILVA 2018]. Further, more than 50 percent of the dry 

weight from the pulp are carbohydrates and less than 80 percent from those are sugars [MAPA 

2000]. In addition, açaí contains a high number of dietary fibers [BARBOSA ET AL. 2018]. The fruit 

pulp includes a high number of polyphenols [BARBOSA AND DE CARVALHO JUNIOR 2022], around 

1,289 mg/100 g of dry weight are flavonoids [PACHECO-PALENCIA AND TALCOTT 2010] and 

between 282 and 303 mg/100g of dry weight are anthocyanins [VERA DE ROSSO ET AL. 2008]. 

Those anthocyanins have a color spectrum from blue to red and provide the purple color of the 

fruit [BARBOSA ET AL. 2018]. Moreover, micronutrients like Vitamins A, C [BARBOSA ET AL. 2018], 

E and B1 [DE FREITAS BONOMO AND SILVA 2018] as well as minerals such as magnesium, 

calcium, phosphate, sodium, and iron can be found in the fruit [BARBOSA ET AL. 2018]. The açaí 

berry is often entitled as functional food, which helps to protect the human health [BEZERRA ET 

AL. 2018]. To better understand the connections, it is helpful to take a closer look at the nutrients 

of the fruit and their positive interaction with the body. Açaí pulp contains a high amount of 
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unsaturated and monosaturated fats, such as omega 6. Omega 6 combined with high fiber 

and phenolic compounds controls the low-density lipoprotein and can reduces the risk of 

cardiovascular diseases [DE FREITAS BONOMO AND SILVA 2018] and it is used as “lipid 

metabolism aid” [GOMES DA SILVIA AND NOGUEIRA DE OLIVEIRA 2018]. The intake of dietary fibers 

protects against metabolic disorders, such as type 2 diabetes, obesity, and inflammation 

[BARBOSA ET AL. 2018]. Anthocyanins are potent antioxidants, that neutralize the action from 

free radicals [BARBOSA ET AL. 2018], and scientists say that they can possibly work as chemo-

protectors, anti-inflammatory and radioprotective agents [GOMES DA SILVIA AND NOGUEIRA DE 

OLIVEIRA 2018]. However, it is important to say, that there is no consensus in the classification 

of açaí as a very special health supplement source, because the scientific evidence is 

insufficient until now [BEZERRA ET AL. 2018]. 

 

 

2.1.4 Microorganisms as threat for the human health  
 
 
A various number of factors can cause a foodborne illness [FORSYTHE 2010], therefore, it is 

significant to take a closer look at the threats that can be hidden behind açaí. Ingestion of 

contaminated fruit can cause Chagas disease due to oral contamination with the Trypanosoma 

cruzi [BARBOSA ET AL. 2018], or other complaints from high counts microbiological organisms, 

such as bacteria and mold [BEZERRA ET AL. 2018]. It is expected the bulk contamination occurs 

from river water contact and human hands during harvesting because less than 50 percent of 

the communities in the Brazilian rainforest have access to clean, chlorinated water [BEZERRA 

ET AL. 2018]. However, several other factors can lead to an infection of the food along the 

production chain like cross-contaminants, personal hygiene or inadequate preservation and 

storage [FORSYTHE 2010]. 

 

The Chagas infection, also called American trypanosomiasis [WHO 2022] was originated from 

a wild enzootic illness and adapted accidently to an anthropozoonosis, when people invaded 

new geographies during the last two to three centuries [COURA 2007]. The symptoms of the 

illness come along with fever and impact the whole body [FERREIRA ET AL. 2018]. According to 

the World Health Organization [WHO 2022] 6 to 7 million humans are infected with the Chagas 

disease worldwide and about 10,000 people die in consequence of it every year, therefore, it 

is significantly important to kill the protozoan Trypanosoma cruzi. Killing be done by exposing 

the protozoan to a temperature of 44 ℃	 for 10 minutes [BARBOSA ET AL. 2016], or to 80 ℃	 for 

10 s [BEZERRA ET AL. 2018], because the parasite is as reported by BARBOSA ET AL. [2016] 

immensely temperature dependent. Regional açai products meant for consumption and 

produced artisanal have concentrations of mesophilic bacteria between 2 and 7 colony forming 
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units per gram (cfu/g). The pulp has a high microbiological load, that represents a major health 

risk without any kind of pasteurization, particularly during the off-season from January until 

June [BEZERRA ET AL. 2018]. Corresponding to ARAÚJO DOS SANTOS ET AL. [2016] genus as 

Serratia sp., Enterobacter sp. and Staphylococcus sp. were found, as well as Escherichia coli. 

Further Salmonella spp. was identified in açai as reported by BEZERRA ET AL. [2018]. Over and 

above MOURA ET AL. [2018] discovered a postharvest increase of the genera Pantoea and 

Klebsiella. To better understand the bacteria characteristics and possible pathogenic 

properties it is necessary to take a closer look. 

 

All listed bacteria above except Staphylococcus belong to the group Enterobacteriaceae 

[KRÄMER AND PRANGE 2017; MORIN AND PARVEEN 1999]. The rod-shaped Enterobacteriaceae 

have a length between 2 to 4 µm and a diameter of 0.5 to 1.5 µm. Moreover, the organisms 

from this group are gram-negative and facultative anaerobic. They do not form spores and 

some of them use flagellation to move [KRÄMER AND PRANGE 2017]. More specifically, 

Salmonella is obligate pathogenic. Further, Escherichia coli, as well as the genus Serratia, 

Enterobacter, Pantoea and Klebsiella are facultative pathogenic [KRÄMER AND PRANGE 2017; 

MORIN AND PARVEEN 1999].  Some of the genus, like Serratia, Enterobacter and Klebsiella are 

often found in the soil, in water or on plants. It is important to mention, that Escherichia coli 

and Salmonella play a significant role as food poisoners [KRÄMER AND PRANGE 2017].  

 

Salmonella are peritrichous flagellated rods that cannot utilize lactose. More than 99 percent 

of salmonellosis are caused by a bacterium named salmonella enteritidis, with a minimum 

infectious dose of 105 viable cells. This disease is accompanied by inflammation of the 

intestinal mucosa and vomiting diarrhea. The clinical picture is particularly frequent in the 

summer months [KRÄMER AND PRANGE 2017]. Besides Salmonella can remain viable and 

infectious in the environment for weeks to years. Most bacteria of this type are sensitive to 

extreme temperatures, so they are lethally damaged around the freezing point and can be 

combat at temperatures above 65 ℃. Heat resistance, however, extends with increasing 

concentrations of fat or carbohydrates. Propagation occurs between 7 and 48 ℃, with the 

optimum at 37 ℃. The pH-minimum for propagation is 4 and the pH-maximum is 9, with the 

optimum around pH 7. In the case of oral intake of fecal contaminated food with the pathogens 

Salmonella typhi or Salmonella paratyphi a dose of 103 viable cells is enough to cause illness, 

due to their fast multiplication in the human body. People with this kind of disease have fever 

and different organs can be negatively affected, like the kidneys or the liver. Most infections 

with Salmonella spp. occur through meat, nevertheless they can be transmitted through plant 

foods as well [KRÄMER AND PRANGE 2017]. 
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Escherichia coli is part of the natural intestinal flora of humans and other warm-blooded 

mammals and birds [BFR N.D.]. Presence outside of the intestinal tract it is an indicator for fecal 

contaminated water or foods [KRÄMER AND PRANGE 2017]. Escherichia coli, as an extraintestinal 

pathogen can cause urinary tract infections and blood poisoning as well as diseases of the 

gastrointestinal tract [BFR N.D.]. Some strains of this bacterium are very resistant to 

environmental influences, they can survive even with pH values below 2.5 [KRÄMER AND 

PRANGE 2017]. This microorganism grows between 7.5 to 49 ℃ and a pH-value of 4.4 to 9.0. 

To kill Escherichia coli temperatures above 70  ℃ are necessary [BAV N.D.A].  

 

The most important bacterium from Staphylococcus is the Staphylococcus aureus, which is a 

gram-positive, spherical bacterium with a diameter of 0.8 to 1.2 µm.  It is facultative anaerobic, 

does not form spores and for humans it is the most common suppurative agent. 

Staphylococcus aureus can grow in temperatures from 6.5 to 46  ℃ and builds pathogenic 

endotoxins in a temperature range of 10 to 45  ℃ and a pH-level between 5.3 and 7. The 

endotoxins themselves are known to be of high resistance against heat and can be inactivated 

by heating them for at least 1 hour at 100  ℃ [KRÄMER AND PRANGE 2017]. The microorganisms 

are killed at temperatures above 72 ℃ for at least 2 minutes [BAV N.D.B]. 

 

 

2.1.5 Açaí on global markets 

2.1.5.1 The fruit conquering the world  
 

Until around 3 decades ago, the fruit was basically only known by inhabitants of the Amazonian 

region [CORTEZZI 2019]. It began its journey beyond those borders because of its nutritious 

value rather than its flavor characteristics. Açaí became popular due to international surfing 

circuits and first arrived in southeastern and southern Brazil in the early 2000´s, presented in 

the form of a bowl containing guaraná syrup next to the frozen pulp that masked the distinctive 

taste of the pure product. This format opened the way to new markets in Brazil and later foreign 

trade.  Estimates indicate that the export to Rio de Janeiro increased between 1992 and 1996 

from 2 tons/month to over 180 tons/month and that Pará exported around 10,000 tons of açaí 

pulp by the end of the 90s [CORTEZZI 2019]. As reported by the “Ministério da Economia, 

Indústria, Comércio Exterior e Serviços do Brasil”, MDIC [2017] the export to international 

markets began in year 1999 [CORTEZZI 2019]. The first official country to import açaí were 

Portugal with 20 kg and the United States of America with 60 kg [CORTEZZI 2019], as seen in 

figure 5 (page 11).  
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Figure 5: Acaí export flows in year 1999 [according to CORTEZZI 2019 on the report of 
MDIC 2017] 

In 2001 the fruit reached Africa as well as further Europeans countries such as Italy and 

Germany (seen in figure 6, page 11). That year the total export outside Brazil reached 395 kg 

with more than 75 percent of the exports going tto Germany [CORTEZZI 2019].  

 
Figure 6: Acaí export flows in year 2001 [according to CORTEZZI 2019 on the report of 
MDIC 2017] 

Until 2004 the Amazonian fruit became more popular. Brazil exported 132 tons of açaí during 

one year to five different regions: North America, Australia, East Asia, the middle East, and 

Europe (seen in figure 7, page 12) [CORTEZZI 2019].   
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Figure 7: Acaí export flows in year 2004 [according to CORTEZZI 2019 on the report of 
MDIC 2017] 

The key period for the for the expansion of the spatial circuit of açaí growing was 2010. Within 

one year until 2011 the production increased by more than 73 percent. During this time, Brazil 

obtained a total of 77,637 ha of land designated for growing the fruit. Further, until 2016 açaí 

reached a total number of 30 countries and maintained its presence in North America, 

Australia, East Asia, and Europe as seen in figure 8, page 12) [CORTEZZI 2019].  

 
Figure 8: Acaí export flows in year 2016 [according to CORTEZZI 2019 on the report of 
MDIC 2017] 

Moreover, in year 2019 an amount of 1,398,328 tons of açaí (processed) were produced, 94 

percent from the region Para, and the market is still raising.  Even during the last 4 years 

including the Covid19-crisis, the açaí market has grown by over 200 percent [BARBOSA ET AL. 

2022]. 
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2.1.5.2 Threats and opportunities in the European Market (without sustainability) 
 

From one viewpoint, there are many threats for açaí to capture the European market, such as 

the acceptance of an unfamiliar tropical taste by the inhabitants, the allowance and credibility 

of health claims and nutrition, as well as the access requirements for the market. On the other 

hand, there are opportunities for the fruit in Europe such as the consumers demands for natural 

and healthy food and the interest in innovations by the beverage and food industry [SABBE ET 

AL. 2009]. 

 

Many inhabitants of the European countries are not familiar with tropical fruits and their 

characteristics, which may be a reason why people reject fruit juices only containing exotic 

fruits but would buy beverages with a mix of tropical and well-known fruits [SABBE ET AL. 2009]. 

Further flavor greatly influences the acceptance of beverages containing tropical ingredients. 

As in a study of SABBE ET AL. [2009] the intention of consumers to buy an exotic juice dropped 

after a dissatisfactory tasting of pure açaí. Moreover, health claims and nutrition influence 

people to purchase food with tropical ingredients, but it is important to acknowledge the 

reaction is influenced by the specific attribute that is mentioned. But in some cases, health 

claims are seen as a pure marketing trick. In addition, the absence of scientific evidence to the 

different nutritional aspects and their positive health impact hinders the legal approval 

anyways. Besides the high transportation costs in connection with the access requirements of 

the European market such as “import tariffs and quotas, non-tariff trade barriers and other non-

legislative requisites” are limiting boundaries [SABBE ET AL. 2009]. 

 

Due to global communication and international travelling consumers are exposed to other 

societies and want to adapt some items, like food, to their home country [SABBE ET AL. 2009]. 

In addition, several people are immigrating into European countries, who would like to 

consume familiar flavors. Consequently companies, which are working within the fruit 

beverage industry, already reported that the pressure to create new products increases and 

that they try to use novel flavors to differentiate from competition. What’s more is that the 

naturalness and the healthiness as well as the convenience are important elements for people 

to buy new articles. So, there is a growing demand for food with outstanding attributes 

connected to a good health [SABBE ET AL. 2009]. 
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2.1.5.3 Weaknesses and strengths of açaí (without sustainability) 
 

Açaí drupes have three major weaknesses: they are not constantly available on the global 

market, there is a lack of education regarding the cultivation and processing, and the products 

have an inconsistent quality, plus a short shelf life. Açaí also has its strength. The three major 

strengths of the Amazonian fruits are that it is originated from a tropical region, that it has a 

good nutritional value and that there is an existence of a well-established national market within 

Brazil for the frozen pulp [SABBE ET AL. 2009].  

 

Açaí is not constantly available, because it grows within the Brazilian rainforest, with its main 

production during the second half of the year [GOMES DA SILVIA AND NOGUEIRA DE OLIVEIRA 

2018]. Moreover, the people who are organizing the cultivation usually do not have an 

advanced know-how [SABBE ET AL. 2009], because 80 percent of the açaí production is in the 

hands of small farmers, who harvest the drupe from its natural resources and whose whole 

income depends on this work [BARBOSA ET AL. 2018]. Only 20 percent of production is from 

managed plantations. Therefore, investments into education about this industry are needed to 

improve the product quality for better management, a valuable cultivation, and good 

harvesting-methods [BARBOSA ET AL. 2018]. Also, a technological development for preservation 

methods is necessary [BARBOSA ET AL. 2018], because there is a high variability of 

microbiological contamination dependent on the açaí origin, the type of water used, and the 

processing methods [SABBE ET AL. 2009]. Further, the drupe must be used right away after 

harvest, as it is highly perishable and can become unusable as food if not eaten or processed 

within less than three days [SABBE ET AL. 2009]. Due to that, the products of the fruit are often 

transported in refrigerated components, which leads to complex logistics and specialized 

infrastructure [CORTEZZI 2019].    

 

Açaí from a European consumer perspective can be seen as interesting and special because 

it is grown in the Amazon from Brazil, which is far away from their home. But the definite 

strength of the fruits pulp is that it is commercialized with health-related benefits [SABBE ET AL. 

2009]. For example, according to SCHAUSS ET AL. [2006] the fruit flesh has an extremely high 

content of anthocyanins that are known for the neutralization of free radicals. Besides there is 

a strong existing national market and some international markets for the pulp. This leads to the 

fact that the basic structure for the processing industry is already established and can be used 

and expanded for further commercialization of the fruit within international markets or help as 

a source for new product innovations [SABBE ET AL. 2009].    
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2.1.5.4 The range of açaí products  
 

There are many different products containing various parts of E. oleracea, not only within the 

food industry, but also in feed, cosmetic, jewelry, or heat generating industry [BARBOSA ET AL. 

2018; LAMARÃO ET AL. 2018]. Traditionally in northern Brazil people eat the açaí pulp with fried 

fish, for example at the market VER-O-PESO in Belém as seen in figure 9 (page 15) [BARBOSA 

ET AL. 2022].  

 
Figure 9: Acaí pulp with fried fish at the market VER-O-PESO in Belém  

As reported by DE ANDRADE SOARES ET AL. [2020] other products for consumption are made 

from the fruit flesh as ice-creams, juices, energy drinks, liquors, sweets, sauces as well as food 

supplements (figure 10, page 15) Thereby, the pulp gets often mixed with guarana, banana, 

or other fruits, which often times can cause its own flavor to get lost, especially in manufactured 

jellies or ice-creams and in isotonic drinks, where artificial flavor is used [LAMARÃO ET AL. 2018]. 

Further flavorings and colorants can be produced from the pulp according to TONON ET AL. 

[2011]. 

 
Figure 10: Various acaí pulp products within the Brazilian food market 
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Moreover, the fruit has been exported since 2007 in form of pulp to European countries 

[LAMARÃO ET AL. 2018]. Nowadays a bride range of açaí products can be bought on the 

European territory as well. For example, in Paris in year 2019, different products were found 

in the food sector such as the açaí bowl, frozen pulp, açaí powder, juices (mixed with other 

fruits and pure), açaí bars and açaí in capsules [CORTEZZI 2019] (figure 11, page 16).  

 

 
Figure 11: Different acaí pulp products found in Paris, Europe [CORTEZZI 2019] 

The palm itself can as well be used for food purposes, as canned palm hearts made from the 

stipe of the tree [BARBOSA ET AL. 2018] (figure 12, page 16).  

 

 
Figure 12: Canned acaí palm hearts in Brazil 
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2.1.6 Sustainability 
 
Sustainability has become increasingly important for the planet and its consumer, so it is a 

major consideration for every food producing company [WILLETT ET AL. 2019]. The increased 

production of E. oleracea led to monocultural planting as and waste generation which impedes 

a sustainable economy in northern Brazil. This has led to environmental fines, economic 

embargoes, and market instabilities to the people [BARBOSA ET AL. 2022]. Moreover, if the fruit 

is consumed in Europe it needs to be transported across the ocean, which emits a lot of carbon 

dioxide [WILLETT ET AL. 2019].  

 

Because of the expanding popularity of açaí many local producers are interested in cultivating 

the fruit and producing it at industrial scale [GOMES DA SILVIA AND NOGUEIRA DE OLIVEIRA 2018]. 

The declining number of native trees and the increasing amount of açaí palms causes a 

reduction in the variety of species and threatens the Amazonian ecosystem [CAMARGO 2021]. 

Therefore, the environmental department of Pará decided to harvest a maximum of 200 palm 

trees/ha and manage not more than 400 groups of plants/ha to ensure a healthy ecosystem 

and long-term production. The problem is, some local producers do not follow these guidelines, 

because they believe growing a higher number of palms leads to a larger yield. In fact, this is 

not true, because a monocultural system of açaí trees creates a poor ecosystem, with low 

yields and poor-quality fruits. Because of this misconception, local people need to be educated 

about a sustainable management, to have an improved life with regards to the rising demand 

of açaí [CAMARGO 2021]. As reported from ALVES AND RAMOS [2019] there are some producers, 

who want to comply with a new certification, placed by the Bailique communities in December 

2014. This certificate respects traditional and modern knowledge and is called “Forest 

Stewardship Certification (FSC)”, which guarantees not only education and environmental 

sustainability, but also high product quality and social sustainability [ALVES AND RAMOS 2019].  

 

Further, the rising amount of waste from the increased production of açaí in northern Brazil is 

caused mainly by açai-seeds.  Those make up 85 percent of the fruits weight and are left 

behind in the producing regions, which leads to environmental contamination. Hence it is 

important to find a proper usage for this byproduct [BARBOSA ET AL. 2022]. Scientists are working 

on this problem, such as LAMARÃO ET AL. [2018], who mentioned that the seeds can made into 

jewelry or SATO ET AL. [2019], who stated they can be used for the cogeneration of energy or 

for biomethane production.  

 

When the açaí is consumed in Europe, it is transported across the ocean which has a negative 

impact on the climate, because of the emitting of carbon dioxide [WILLETT ET AL. 2019]. Further 
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the products should travel by shipping because it is the least environmentally harmful way for 

commercial transport as seen in figure 13 (page 18) [ICS 2009].  

 
Figure 13: Carbon dioxide “emission between modes of transport” [ICS 2007] 

 

 

2.1.7 Food legislation within the European Union  
 

Within the following sentences the European regulations concerning the allowed amounts of 

contaminants, pesticides, and microbiological spoilage of the raw fruit product açaí will be 

described. The contaminants are regulated in the COMMISSION REGULATION (EC) NO. 1881/2006. 

Current regulations allow up to 0.10 mg/kg lead for fruits, up to 0.020 mg/kg cadmium for stone 

fruits and up to 0.05 mg/kg perchlorate in açaí products. According to REIS FRÓES ET AL. [2012] 

the pesticides teflubenzuron, kresoxim-methyl, parathion-methyl, fenbuconazole and 

bromuconazole are used in Brazil to control fungal pathogens and unwanted insects. The legal 

European provisions of pesticides in fruits can be found in the COMMISSION REGULATION (EC) 

NO. 396/2005. In this regulation açai is counted to the group of dates and the mentioned 

pesticides must be under a specific amount of residue [COMMISSION REGULATION (EC) NO. 

396/2005], as seen in the table 2 (page 18). 

Table 2: Maximum residue levels of commonly used pesticides in acaí [according to 
COMMISSION REGULATION (EC) NO. 396/2005] 

Pesticide  Maximum residue level (mg/kg) 
Bromuconazole 0.01 

Fenbuconazole 0.01 

Parathion-methyl 0.01 

Kresoxim-methyl 0.01 

Teflubenzuron 0.01 

The microbiology spoilage must be limited as regulated by the COMMISSION REGULATION (EC) 

NO. 2073/2005. Specific guideline and warning values for microbiological pathogens are 

published in Germany by the DGHM[N.D.].   
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2.2 Preservation  

2.2.1 Known preservation methods for Açaí 

2.2.1.1 Chlorinated and ozonated water  
 

The preservation methods of chlorinated and ozonated water are nonthermal treatments used 

for the decontamination of raw açaí fruits [BEZERRA ET AL. 2017]. Despite the growing health 

and environmental concerns, chlorinated water is the most common chemical sanitizer for the 

drupes. The recommended concentrations of chlorine in the water solution vary between 50 to 

200 mg/dm3 and the contact time is usually between 15 to 30 minutes. The efficiency of this 

method is dependent to temperature and exposure to light, air, and organic matter present 

within the water. Despite the fact that it is the most used preservation method, there is little 

research about its effect on different sensory attributes. Ozonated water is an oxidizing agent, 

that is effective at killing viruses, bacteria, and yeast [BEZERRA ET AL. 2017]. It can be an 

alternative to the traditional sanitizing method because it decomposes into nontoxic products, 

its preservation effect during a short contact time of about 10 minutes and the need of low 

concentrations of around 4 mg/l aqueous ozonation required.  The tradeoff to using ozonated 

water to extend shelf life is the changes in color and flavor. The beverages produced from 

fruits treated with ozone have a lighter color, from an oxidation of components on the fruits 

surface. Additionally, ozonation negatively impacts the anthocyanins content. Compared to the 

chlorinated water treatment, the number of anthocyanins was reduced by almost 50 percent 

[BEZERRA ET AL. 2017]. 

 

 

2.2.1.2 Alcoholic fermentation 
 

The alcoholic fermentation can be an efficient preservation process for açaí pulp, as illustrated 

by BOEIRA ET AL. [2020] which uses the example of wine production for sanitized drupes. First 

the fruits are soaked in water for 30 minutes at 40 ℃. Then the pulp is mechanically extracted 

with a water addition of 70 percent and filtered. The pH-level at this point should be between 

3 to 4, therefore tartaric acid can be added to adjust pH to the target. The sugar content should 

be at 21	°Brix. If this is not met, chaptalization is used. Afterwards, yeast and a yeast 

supplement are added to the must as recommended by the manufacturer. The fermentation is 

conducted in a 2-l glass equipped with a valve at 25 ℃. The fermentation is analyzed with a 

refractometer because this will measure the sugar transformation into alcohol [BOEIRA ET AL. 

2020]. The fermentation process is completed when the alcohol content is between 10 to 12 

percent. Next 50 mg/l potassium metabisulfite is added to the wine to protect it from microbial 
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spoilage and it is bottled in glass with a cork stopper and stored at 20 ℃.  The quality 

characteristics of the wine are good. The reduced sugar levels of the açaí wine vary between 

3 to 5 g/dm3 and the pH is around 3.5. Further the alcoholic beverage needs toxic methanol 

levels to be below the limits of the global market and are comparable to conventional apple 

wine. The phenolic content and the antioxidant capacity are competitive with other wines. In 

addition, açaí wine contains a high number of unsaturated and monosaturated fatty acids.  The 

negative aspects are the older the wine gets the more orange tones are visible because of a 

decomposition of anthocyanins. Further acid be produced at any time during the production 

process depending on contamination with unwanted microorganisms and their nature of 

interaction with the liquid’s [BOEIRA ET AL. 2020].  

 

 

2.2.1.3 Pasteurization 
 
The pasteurization of açaí is a heat treatment, that reduces the microbiological load. 

Pasteurization can be done with the raw fruits or with the pulp of the drupes in form of a juice 

or a smoothie [LINHARES ET AL. 2020]. Within the following text the blanching process of the 

fruits according to the Brazilian legislation, as well as the preservation process of açaí juice by 

High-Temperature-Short-Time (HTST) and by Ultra-High-Temperature (UHT) will be 

described. The bleaching process of the fruits according to the authority of the Brazilian 

legislation, is done by maintaining a temperature of at least 80 ℃ for a minimum of 10 seconds. 

This treatment is traditionally done as pretreatment in boiling water for sanitization of the 

surface of the fresh fruits. It successfully reduces the microbiological load but can also degrade 

anthocyanins, which are thermosensitive. When anthocyanins are degraded the color of the 

product changes [BEZERRA ET AL. 2017]. When juices or smoothies are pasteurized with this 

kind of process, additional sensorial attributes can be negatively affected. Fruits exposed to a 

temperature higher than 80 ℃ and a longer timespan than 10 s for example cause lipid 

oxidation, which is seen as yellow oil [BEZERRA 2018]. During the thermal processes of HTST 

and UHT, the açai juice is heated for a short time then cooled down quickly, for example within 

a tubular heat exchanger [LINHARES ET AL. 2020]. HTST describes a procedure where the juice 

is at 90 ℃ for 6 s and UHT is the process of heating to 138 ℃ for 6 s. These operations 

decrease the bacterial, yeast, and mold contamination, but it is not effective enough for the 

products to be microbiological stabilized. This might occur due to the high viscosity of the 

product, which leads to poor thermal transfer. Açaí products are pasteurized for longer time or 

at a higher temperature to eliminate all microbiological spoilage, with the trade-off of negative 

impact on the product attributes as mentioned above [LINHARES ET AL. 2020].  
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2.2.1.4 Freezing 
 
Most pulp is commercialized after sanitization and/or heat treatment in frozen form because 

açaí is a problematic food product for microbial stabilization [LINHARES ET AL. 2020]. Freezing 

with cold air at temperatures down to -30 ℃ is a conventional method used to guarantee the 

shelf-life of fruits [ARIAS-GIRALDO ET AL. 2019]. Specifically freezing of açaí pulp at temperatures 

around -20 ℃ significantly inhibits microbial action. Further the quality of frozen products 

depends on the temperature as well as the speed of operation since they determine the 

distribution and size of the ice-masses formed in the tissue. When the freezing process is slow, 

it favors the formation of large ice-crystals, which increases the extracellular spaces and 

osmotic pressure. This causes deterioration of the texture and loss of liquids during thawing. 

However, in a modern method called flash freezing, that is implemented with a nitrogen 

reservoir with a temperature around -196 ℃, crystallization occurs instantaneously in the 

intracellular and external spaces causing the product deterioration to be minimal compared to 

conventional freezing. Besides, already with temperatures below -70 ℃ the bound water 

freezes in the food, solidifying nearly all the water in the product. Further the phase change in 

freezing occurs at a variable temperature, between the initial freezing point and the final 

freezing point. At the initial freezing point only pure ice-masses appear and as the process 

continues and the concentration of the solution increases, the formation of water crystals 

occurs at lower temperatures.  Both, the conventional static air freezing, and the fast liquid 

nitrogen freezing are widely used within the fruit sector [ARIAS-GIRALDO ET AL. 2019].  For açai 

a conventional freezing process, that does not reach a temperature below 6.5 ℃ is suggested 

by ARIAS-GIRALDO ET AL. [2019] to prevent excessive treatments that may harm the nutritional 

attributes of the matrix. In addition to negative consequences from freezing, the product needs 

to stay frozen until consumption to prevent microbial spoilage and this costs a lot of energy 

and money [ARIAS-GIRALDO ET AL. 2019].  

 

 

 

2.2.1.5 Dehydration 
 

Dehydration is used for many different food products and can preserve açaí an retain the 

beneficial chemical compounds [BARBOSA ET AL. 2022]. The drying operation can be done in 

various ways, within the following text the basics of the spray drying process reported by TONON 

ET AL. [2011], and the freeze-drying process according to OLIVEIRA ET AL. [2021] will be 

presented.  
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Before starting the spray drying process of the açaí pulp, it is filtered through pores with a 

length of 205 𝜇m and a diameter of 14 𝜇m [TONON ET AL. 2011]. This creates a homogeneous 

liquid, but reduces the number of lipids, fibers as well as proteins. Then carrier agents, usually 

maltodextrins or gum Arabic, are gradually added to the juice under magnetic stirring until 

everything is dissolved. The carrier agents prevent problems such as stickiness, that would 

have a negative effect on the process yield.  After those preparations the spray drying process 

can start. A typical process, for example, starts in a spray dryer with a co-current flow including 

a feeding pump with a flow rate of 15 g/min., a nozzle with a diameter of 1.5 mm, a spray 

chamber with the size of 215 mm  ∙ 500 mm, air pressure of 0.06 MPa and an air flow rate of 

73 m3/h. The temperature of the inlet air can be between 140 to 200 ℃, dependent on the 

desired moisture content, water activity, density, particle size and morphology. With increasing 

temperature, the moisture content as well as the water activity decreases, the density 

decreases, the particle size is larger, and the surface of the particles get smoother. Overall, 

the expected values for the moisture content are between 0.61 and 2.23 percent, for the water 

activity below 0.3, for the bulk density of the product in the rage of 240 to 350 g/dm3, for the 

particle size a diameter from 0.1 to 56 𝜇m, with the main diameter varying between 9 and 14 

𝜇m. These are the target parameters to achieve the longest shelf life of the dried product. Due 

to the hygroscopic properties, storage parameters should be at a humidity’s below 43 percent 

at 25 ℃ to remain a free-flowing powder. The products from this dehydration process are 

mostly used as flavorings or colorants [TONON ET AL. 2011].  

 

The freeze-drying preservation functions because of the water removal by sublimation 

[OLIVEIRA ET AL. 2021]. The product is frozen at - 40 to -75 ℃ and afterwards placed under a 

freeze dryer at high vacuum between 0.075 and 0.375 Torr. The açai samples in the study 

from OLIVEIRA ET AL. [2021] had a weight of 200g and reached a thickness of 2 cm. The freeze-

drying, for the mentioned sample, took almost 54 hours, so on average the drying rate was 

3.75 g/h. The water activity after preservation was 0.38 ± 0.06 and the bulk density 0.19 ± 

0.01 kg/m3. The benefits of freeze-drying are that the low temperature during the processing 

leads to a preserved aroma, a good color, and an aesthetic appearance as well as high 

nutrient-retention for açaí products. The big disadvantage is that the process costs a lot of 

time, energy, and money. Attempts with combined operations, like infrared-assisted freeze-

drying are scientifically tested, to shorten the sublimation time [OLIVEIRA ET AL. 2021]. 
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2.2.2 Preservation by Pulsed Electric Fields  

2.2.2.1 History 
 

Heinz Doevenspeck, a German engineer did primary innovative work in the application of 

Pulsed Electric Fields (PEF) in the 1960s, when he discovered microbiological growth was 

affected by electrical field strength [TOEPFL ET AL. 2007]. Within the following years further 

research was done by Sales and Hamilton. These two scientists discovered the nonthermal 

effect of PEF on microorganisms in the first systematically planned study in the United 

Kingdom [TÖPFL 2006]. Their results pointed out, that the treatment time, the number of pulses 

and the electrical field strength were the most important factors for the microbiological cell 

death. Their hypothesis was, that the high voltage PEF-pulses lead to an irreversible 

microorganism cell membrane damage. The critical electrical field strength for most 

microorganisms was found to be between 10 and 15 kV/cm [TÖPFL 2006]. The industrial 

application of PEF-technology was for the first time widely considered by food companies 

around 1990, because of the consumer´s demand for safe refrigerated and convenient 

products [SITZMANN ET AL. 2022]. It was known that PEF is a nonthermal method, that reduces 

the physical and sensory property changes compared to thermal processes. Attempts at first 

commercialization were by a company named PurePulse Technologies in California. Their 

PEF pilot system, called CoolPureTM, was able to preserve 200 dm3/h of liquid and included a 

heat exchanger as well as temperature controls. With this machine fluid eggs, dairy products 

and fruit juices were processed. In year 1995 the company successfully passed its first 

regulatory obstacle for the application of the technique at an industrial level when “the Food 

and Drug Administration (FDA) expressed no objection to the CoolPureTM Technologies for 

antimicrobial treatment of liquids and pumpable foods” [SITZMANN ET AL. 2022]. In 2005 the 

earliest industrial adopted PEF-technology was used by the Genesis Juice Company for the 

preservation of juices including flavors like strawberry and apple. The work towards the first 

application at a commercial scale in Europe began in year 2009 with a 1500 dm3/h line for juice 

preservation. Nowadays various industrial scale PEF-machines for commercial-scale 

applications are produced in the United States of America, India, and Europe, for instance 

ELEA4 in Germany [SITZMANN ET AL. 2022]. In recent years the aspect of sustainability has 

grown, therefore many studies in the direction of energy saving applications of this technique 

have been published, such as HEINZ ET AL. [2003] with the article: “Impact of temperature on 

lethality and energy efficiency of apple juice pasteurization by pulsed electric fields treatment”.  
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2.2.2.2 The theory 
 

The background information of the PEF-technique used for microbial decontamination 

indicates that intense pulsed electric fields can cause permanent permeabilization of 

microbiological cell membranes [PAGÁN AND MAÑAS 2006]. This phenomenon can be called 

electroporation and builds the basis for the application of PEF in preservation processes within 

the food industry. There are several explanations for the establishment of the electroporation 

process, one of the most acknowledged ones is the “electromechanical instability theory” 

[PAGÁN AND MAÑAS 2006]. This theory is based on the cell membrane beeing seen as a 

capacitor filled with dielectric material with a transmembrane potential of approximately 10 mV 

[PAGÁN AND MAÑAS 2006 reported on ZIMMERMANN ET AL. 1974]. More detailed, while a bacteria 

cell is located within an external electrical field (E), the transmembrane potential rises, because 

of the higher number of free charges that surround the membranes surface. The charges on 

the two sides of the cell are different and therefore attract the opposite charges within the 

bacteria. This leads on the one side to membrane elongation what leads to the shrink of the 

membrane thickness and on the other side to viscoelastic forces which may hinder the 

membrane electro-elongation. In case the electro-elongation strength is higher than the 

viscoelastic membrane properties, an electrical membrane breakdown happens (seen in figure 

14, page 24). The applied energy that creates the electrical field must exceed a specific value 

(Ecrit) for the explained phenomenon to happen. Further the size and number of the generated 

pores within the membrane are dependent on the treatment time and the strength of the 

applied electrical field. Thus, the objective for the preservation process with PEF is to exceed 

the critical electrical field strength as much as necessary for an irreversible permeabilization 

of the targeted cell/s [PAGÁN AND MAÑAS 2006 reported on ZIMMERMANN ET AL. 1974]. Moreover, 

the impact of PEF on microorganisms within food is influenced by microbial characteristics, the 

process parameter, and the product parameter [DELSO ET AL. 2022]. These characteristics are 

explained in the following sections and have a direct influence on the efficiency of the PEF 

treatment.  

 
Figure 14: Membrane permeabilization within an applied electrical field [TÖPFL 2006] 
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2.2.2.3 Microbial characteristics 
 

The microbial resistance against PEF does not correlate with their resistance to other non-

thermal or thermal preservation methods [TÖPFL 2006].  However, its susceptibility is influenced 

by the strain, the cell shape and size, and the culture conditions. The vegetative cells from 

microorganisms’ such as bacteria, yeast, and mold can be successfully inactivated with PEF, 

opposed to spores [DELSO ET AL. 2022]. Further, the differences in resistance against the 

technique are greater for interspecific variability rather than for intraspecific variability. Gram-

negative bacteria are principally less resistant than gram-positive [TÖPFL 2006].  Moreover, 

from the theoretical perspective, the cell shape and size should be the most influencing 

parameter, but this is not always the case, because of other intrinsic attributes, which influence 

the microorganisms as well, such as the composition and structure of cellular envelopes 

[DELSO ET AL. 2022]. Nevertheless, molds and yeasts are typically more sensitive to pulsed 

electric field treatments than bacteria, because of their bigger size. The orientation of non-

spherical cells within an electrical field influences the resistance as well. The cultivation 

conditions like the growth temperature and the growth phase are impacting the microbial 

susceptibleness. In literature different behaviors have been observed regarding the effect of 

the growth temperature, therefore nothing can be stated generally, so this field needs more 

research. But it can be said, that during the lag-phase, microorganisms are more vulnerable 

than at the time of the stationary phase, because in the division stage the lipid bilayer becomes 

less resistant [DELSO ET AL. 2022]. 

 

 

2.2.2.4 Product parameter 
 

The microbial inactivation with PEF is influenced by the chemical and physical product 

properties like electrical conductivity (𝜅(𝑇)), pH-level, water activity (𝑎!), and composition 

[DELSO ET AL. 2022]. The electrical conductivity is “measured in Siemens per unit length (S/m)” 

and is dependent on the treatment media temperature. Some scientists showed that a higher 

inactivation rate of microorganisms is in connection to a lower conductivity and ionic strength 

[TÖPFL 2006]. Whereby some other authors stated no change in microbial inactivation with an 

equivalent treatment and a change in media conductivity in a dimension of 0.05 to 0.45 S/m 

[DELSO ET AL. 2022]. But even with this evidence, it is important to keep in mind, that a higher 

conductivity implies a rising temperature, and this can also have an impact on the microbial 

resistance against pulsed electric fields. The influence of the pH-level for the inactivation of 

microorganisms on the contrary has been generally evaluated [DELSO ET AL. 2022]. The effect 

is dependent on the kind of microorganism, for example gram-negative bacteria such as 
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Escherichia coli or Salmonella typhimurium are more resistant to inactivation in acid conditions 

and gram-positive bacteria such as Listeria monocytogenes or Staphylococcus aureus are 

more resistant in neutral pH products. But the impact of the pH-level on the microorganisms is 

still not fully elucidated. One theory says the capability of the microorganisms to recover after 

sublethal damage to cells is different for each one at diverse pH-levels. Therefore, their 

resistance is influenced by the pH-level of the media during the PEF-treatment. Moreover, the 

parameter water activity has an influence on the resistivity of microbial contaminants against 

PEF. The increase in the water activity decreases the resistance against Pulsed Electric Fields 

of various yeasts and bacteria. The thought behind this phenomenon is, that microorganisms 

in low water activity media release inlet water to the outside and reduce their cell size. This 

can cause a thicker and less permeable membrane and therefore becomes a more resistant 

contaminant. Furthermore, the range of components within the treatment media influence the 

efficiency of PEF. But the wide range of possible combinations and conditions makes it difficult 

to get a general overview about the specific effects of each singular component [DELSO ET AL. 

2022]. Nevertheless, it can be said that air bubbles or particles, like fat globules, within the 

treatment media can have a negative effect on the field strength and/or lead to a dielectric 

breakdown, because of its differences in resistance compared to the rest of the liquid media. 

This is the reason why their presence should be eliminated during the preservation process 

with PEF [TÖPFL 2006]. 

 

 

 

2.2.2.5 Process parameter  
 

The preservation process with Pulsed Electric Fields is determined by different parameters 

such as the electric field strength, the treatment time, the number, geometry, and width of the 

pulses, the frequency of the pulse delivery, the overall specific energy as well as the treatment 

temperature [TÖPFL 2006; DELSO ET AL. 2022]. The electric field strength (E) is measured in 

kV/cm and one of the most influential factors determining the efficiency of microbial inactivation 

[DELSO ET AL. 2022]. Generally, a higher field strength leads to a higher treatment efficiency. 

But this mechanism is finite up to approximately 60 - 80 kV/cm, depending on the treatment 

media and its dielectric strength [TÖPFL 2006]. The configuration of a uniform electric field 

distribution is desired for a consistent treatment [DELSO ET AL. 2022]. The treatment time (t) is 

measured in s and describes the total time, the microorganisms are subjected within the 

induced electrical field. It is also a determining factor for the microbial inactivation and 

dependent on the number and width of the pulses. The width of the pulses is dependent on 

the geometry of the input pulses of the treatment [DELSO ET AL. 2022]. The width for a square 
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wave pulse is the time, where the peak field is stable at a high level and the width for an 

exponential decay pulse is the time until the 37 percent decay [TÖPFL 2006]. Both pulse 

geometries have the same lethal effect with an equivalent use of specific energy on the product 

[DELSO ET AL. 2022]. In practice, however, the square wave shape of the pulses is selected, 

because of its higher energy efficiency and the simpler calculation of the treatment time [TÖPFL 

2006; DELSO ET AL. 2022]. The frequency (f) of the pulse delivery is measured in Hz and most 

scientists reported that it is independent for the microbial inactivation [DELSO ET AL. 2022]. 

Nevertheless, a frequency-dependent rise in temperature must be considered because it can 

enhance the inactivation effect of PEF. The specific energy (𝑤"#$%&'&%) is measured in kJ/kg 

and is dependent on the treatment time, the amount of processed product and the applied 

voltage [TÖPFL 2006]. Generally, the inactivation of microorganisms increases with the rising 

amount of the specific energy input [DELSO ET AL. 2022]. A rising temperature (T) in ℃ of the 

treatment media has a positive impact on the decontamination process of food products with 

the nonthermal preservation process PEF, because it influences the cell membrane stability 

[TÖPFL 2006].  Therefore, a combination from Pulsed Electric Fields with nonlethal 

temperatures is suggested by many authors, to preserve most product nutritional properties 

and inactivate the unwanted microorganisms [DELSO ET AL. 2022].   

 

 

 

 

2.2.2.6 Technological background knowledge  
 

A) Basics about the pulse generating system 
 
The PEF-machine can be divided into the charger and the pulse generating system [DE HAAN 

2007]. The pulse generating system includes the load (treatment chamber) and is supposed to 

induce pulses between 10 – 150 kV with a time duration of microseconds, depending on the 

PEF system. The treatment media, which is in the chamber, can be seen as a resistor R during 

the pulse duration, because as a side-effect, current flows through the food during the 

application of voltage. In a pulsed power circuitry energy is supplied in adjustable intervals. 

This is the reason the power of a single pulse can be in the hundreds of MW whereas the 

average constant supply of power is in the hundreds of kW. Therefore, an energy storage item 

like a capacitor needs to be charged by a DC-voltage charger and discharged by a switch that 

terminates the pulses. Between the switch and the chamber, a pulse transformer must be 

added to increase the voltage one more time [DE HAAN 2007]. The basic setup of the PEF-

machine is seen in figure 15 (page 28).  
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Figure 15: Basic setup of a PEF-machine [DE HAAN 2007] 

The switch is one of the most important components of the machine [DE HAAN 2007]. Together, 

the switch along with the type of discharges circuit specifies the kind of generated pulse [TÖPFL 

ET AL. 2007]. The most used pulses are the square wave ones and the exponential decay ones. 

There are several different switches available at the market, one example is the thyratron [DE 

HAAN 2007]. This type of switch is a device with a turn-on-only capability. The thyratron is a 

gas-filled tube, where voltage can activate gas ionization within microseconds and when this 

happens, current can flow till the potential falls under a specific level. Beside a switch, pulse 

generating systems include items, like storage capacitors, transformers, and different 

measurement devices, like a high-voltage voltmeter [DE HAAN 2007].   

 

 

A capacitor consists of two plates separated by an insulator. In the uncharged state, there are 

equal numbers of positive and negative charges on each plate.  During the charging process, 

electrons move from one plate to another, causing current to flow until the capacitor is fully 

charged. The capacitor now serves as a charge storage device. Then, during the discharging 

process, the capacitor is discharged via a resistor so that the charges get balanced again and 

both plates are electrically neutral [LINDNER 2010]. 

 

A transformer can transform low voltage into a higher voltage by reducing the current [LINDNER 

2010]. It is operated with alternating voltage and consists of at least 2 multiple wire windings or 

coils between which there is no conductive connection. The input coil is called the primary coil 

and the output coil is called the secondary coil, which has a higher number of windings in case 

of a wanted increase of voltage. Both coils are coupled by an induced magnetic field within the 

connecting iron core. When a current flows through the primary coil, a changing magnetic flux 

is generated which, with the help of the connecting iron core, also flows through the secondary 

coil and induces a voltage [LINDNER 2010].  

 

 



Fundamentals 

 

29 

B) Chamber designs  
 
The treatment chamber of a PEF-machine consists of two electrodes or more, disconnected 

with isolating elements in different arrangements [TÖPFL ET AL. 2007]. The produced electrical 

field must be as homogenous as possible across its entire active region, where the food will 

be treated This can be done with a planar, coaxial, or axial electrode geometry [LÖFFLER 2022], 

as seen in figure 16 (page 29).  

 
Figure 16: Different electrode geometries for chamber designs [LÖFFLER 2022] 

The planar electrode consists of two conductive plates fixed by isolating material, and it 

provides the most homogeneous electric field [LÖFFLER 2022]. A reduced intensity is only 

observed in border areas [TÖPFL ET AL. 2007]. The coaxial electrode has two electrodes in a 

circular shape. One smaller than the other. The proportional difference between those two 

electrodes must be less than 1.23, because the electrical field should decay by less than 10 

percent. The axial electrode consists of electrode rings, which are separated by rings made 

from isolating material. Besides geometrical effects the electrical field homogeneity also 

depends on the conductivity of the treatment media [LÖFFLER 2022]. Moreover, Pulsed Electric 

Field treatments can be done batchwise or in continuous flow operations. For laboratory scale 

experiments, often batch systems with parallel plates are used, because of the possibility to 

treat small volumes. For industrial applications continuous chamber systems are superior, due 

to the possibility to preserve high volume capacities and the opportunity to include them in an 

already existing process line [TÖPFL ET AL. 2007].  
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2.2.2.7 Regulations of food processed by PEF within the European Union  
 

The rising impact of chronic diseases in correlation with the consumers diet led to the 

reconsideration of their behaviors and therefore the need for natural, healthy, and safe food 

[LYNG ET AL. 2022]. An application of new processing technologies, such as Pulsed Electric 

Fields, can possibly satisfy consumers demands. The use of new technologies has constraints, 

especially in regard to the regulations within the European Union (EU). These regulations often 

cause a delay of commercial use or prevent the whole extent of their commercial potential. 

Anyways, the consumers protection within the food industry should be seen as priority, 

consequently regulations are essential. Globally institutions like the Food and Agriculture 

Organization of the United Nations (FAO), the World Trade Organization (WTO) and the World 

Health Organization (WHO) are of importance and give a framework for the regulations made 

within the EU. Within the European Union there is a special sub-group called the decision-

making European Commission (EC), which is significant. Its headquarter is in Brussels, 

Belgium and it includes 27 commissioners, one from each member state. The EC has 53 

departments, the one that is relevant for the food safety EU policy is the DG Santé. More 

specific, for new emerging food preservation technologies its directorate E2 is important. 

Further, an organization named European Food Safety Authority (EFSA) located in Parma, 

Italy provides science-based knowledge, which is considered by the European Union during 

the formation process of European legislation and policy. The EFSA has 10 scientific panels. 

The 8th panel, “Nutrition, novel foods and food allergens (NDA)” is important for implementing 

new preservation technologies. Further REGULATION (EU) 2015/2283, the novel food regulation, 

is the most important in terms of new preservation methods [LYNG ET AL. 2022]. The whole 

application process according to REGULATION (EU) 2015/2283 is outlined in figure 17 (page 30). 

 
Figure 17: Authorization process according to REGULATION (EU) 2015/2283 [LYNG ET AL. 
2022] 
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What is interesting to note is that only 9 applications, that make up 3 percent of all completed 

applications for the acceptance as a novel food were related to emerging processing 

technologies [LYNG ET AL. 2022]. Most of the other applications were for novel food ingredients. 

However, no authorization process has involved Pulsed Electric Field Processing for 

preservation purposes so far. Nevertheless, this novel technique is already applied to 

processes, such as to extend the durability of fruit juices up to 21 days. This is possible 

because its process effect does not require the consent of REGULATION (EU) 2015/2283 as it is 

not considered novel food, because from what scientists have learned the preservation 

process with PEF does not lead to “significant changes in the composition or structure of a 

food affecting its nutritional value, metabolism or level of undesirable substances” [LYNG ET AL. 

2022].    
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3 Testing PEF on Açaí 
3.1 The aim of the experiment  
 
The Amazonian drupe E. oleracea has already entered the European market [BEZERRA ET AL. 

2018]. There is a high probability açaí will grow into popularity within the upcoming years 

because the fruit can meet the requirements the European population demands for nutritious 

and healthy food. Since açai is a highly perishable fruit with significant microbial contamination 

a suitable preservation technique needs to be found. This process must reduce the microbial 

load to European standards, but also not change or destroy the ingredients of the açaí pulp 

that make the fruit nutritious. In literature research can be found on thermal and non-thermal 

preservation processes but most of them negatively impact the quality of the product due to 

chemical use, high temperatures etc. (chapter 2.2.1, p.19 et seq). The following experiment, 

therefore, tries to preserve açaí-smoothie with Pulsed Electric Fields. PEF is a relatively new 

non-thermal technique, that is used in the industrial fruit juice preservation [ELEA N.D.A]. Its 

advantage is, it can be easily added to an existing producing machine, it is a low temperature 

preservation process that conserves essential nutrients, and it can reduce the microbial 

contamination at a comparably low energy consumption for a high amount of liquid in a short 

period of time, in case of the usage of a continues PEF-system. After the implementation of 

PEF on açaí, the following questions should be answered: Is it possible to reduce the microbial 

contamination in açaí-smoothie with PEF and how competitive is PEF compared to other açaí 

preservation technologies?  

 

 

3.2 Testing PEF in Brazil 

3.2.1 Experimental setup  

3.2.1.1 Overview  
 

The aim of the experiment is it to test if PEF can decrease the microbial load of the most 

threatening bacteria in açaí according to literature (chapter 2.1.4, page 8 et seq.). More 

specifically, the experiment will test if the amount of Escherichia coli, Salmonella spp. and 

Staphylococcus aureus can be reduced in açaí-smoothie, from the brand AMAZOO, with the 

preservation method Pulsed Electric Fields. Due to the fact, that açai is originated in Brazil the 

experiment is supposed to be realized within the mentioned south American country. The 

relatively new technique is not well-known in Brazil; therefore, a self-constructed PEF-machine 

is planned to be used for the implementation of the experiment. This machine is constructed 
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by Prof. Tit. Lüdke1 and built together with him as well as the student Robertiele Schardong at 

the Universidade Federal de Santa Maria2 in Brazil. Moreover, the machine needs to be 

verified before the realization of the experiment.  

 

 

3.2.1.2 The self-built PEF-machine 
 

A) The pulse generating system 

 

The PEF-machine (figure 18, page 33) was built around a 3C45 thyratron, capable of switching 

at a maximum pulse repetition rate of 1 kHz and 3.5 kV anode-cathode maximum voltage 

[LÜDKE 2022B]. The machine can be divided into three functional areas, the Main Power Supply 

Board (figure 19, page 34), the PMW Generator Power Supply (figure 20, page 35) and the 

High Voltage Power Driver (figure 21, page 36), which will be described in more detail within 

the following text.  

 
Figure 18: Schematic of the self-built PEF-machine [LÜDKE 2022A] 

 
1 Prof. Tit. Everton Lüdke  
  Coordenador do Laboratório de Electrônica/DEFIS/UFSM 
  SIAPE: 1193346 
  Telephone: +55 (55) 99709-4582 
  Email: eludke@smail.ufsm.br 
 
2 Universidade Federal de Santa Maria  
  Bairro Camobi  
  Santa Maria – RS 
  Telephone: +55 (55) 3220-8000 
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The Main Power Supply Board (figure 19, page 34), ensures that the voltage of 220 V, which 

comes from a Brazilian power outlet, is multiplied upwards. A voltage close to 2 kV and a 

current of 2 A on average is required to power the circuit of the machine. This is achieved with 

an upstream custom-built transformer of 1,300 VA rating, with 220 V input and three separate 

windings for independent outputs of 440 V and 1 A each. The AC-outputs are rectified by a 

full-wave rectifier bridge type KBPC5010 and the DC-voltage is generated after a capacitor 

bank of two 560 µF electrolytic capacitors with 85 ℃ thermal tolerance. The terminals of each 

capacitor are connected to a 470 kΩ resistor to distribute the voltage between the capacitors 

and provide a load for slow discharge when the power is turned off. The DC-voltage level is 

440 V times √2 due to full-wave rectification, and thus each cell provides 625 V DC.  Since we 

have 3 independent 625 V DC outputs connected in series, the total DC voltage available is 

+1875 V compared to the ground plane, which is electrically connected to the 220 V electrical 

ground. This design prevents the output windings from being stressed by the high-power pulse 

delivery to the high-power output pulse transformer by the 3C45 military-grade thyratron. A 0-

5 kV voltmeter was built to monitor the voltage feeding the thyratron (vacuum tube plate meter). 

It is a 100 µA-meter with a 5-kV scale printed on it in series with a 50 MΩ, 10 W resistor with a 

specified isolation of 30 kV. A 0 to 5 kV voltmeter was built to monitor the voltage level which 

feeds the thyratron. It is a 100 µA-meter with a 5-kV scale printed on it, in series with a 50 MΩ, 

10 W resistor with a specified isolation of 30 kV [LÜDKE 2022B].. 

 
Figure 19: The Main Power Supply Board [on the report of LÜDKE 2022A] 
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To generate pulses to activate the thyratron, a PWM generator module is required, which 

generates square wave signals using an internal microprocessor. Preset keys allow the user 

to determine the positive duty cycle, which is the period of the square wave signal that remains 

at the maximum voltage level, expressed as a percentage. For the PEF setting, the use of a 

positive duty cycle of 40 percent and a pulse repetition frequency of 1 Hz is suggested. The 

user can read the parameters on an LED display. Thus, square pulses with an amplitude of 9 

Vpp (voltage peak pulse) and with a peak current of 3 A are generated.  A switch allows the 

pulses to be started later, such as after the user has set the pulse parameters. A thyratron grid 

driver pulse transformer is designed to convert a series of 9 Vpp pulses into a series of 280 

Vpp pulses that are injected into the thyratron grid to produce suitable gas ionization between 

the grid (G) and the cathode (K) of the thyratron. This module includes a 6.3 V/ 5 A AC 

transformer that heats the thyratron filament (f) through a balanced 5 µH filter to prevent 

spurious signals from rapid switching of the vacuum tube [LÜDKE 2022B]. This transformer is 

not shown in figure 20 (page 35). 

 
Figure 20: PMW Generator Power Supply [on the report of LÜDKE 2022A] 

To generate and measure pulses at a high voltage, the High Voltage Power Driver Module is 

required (figure 21, page 36). As mentioned before, the high voltage power driver module uses 

a 3C45 thyratron tube. The high voltage supply line of +1,875 V charges a 10 µF oil capacitor, 

which has a maximum rating of 3.5 kV, through a standard RC circuit in charging configuration 

via a 100 kΩ high power wire resistor, when the square wave of the PWM generator has a low 
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value. The other end of the capacitor is grounded. When the PWM square wave pulse has a 

high level, a pulse is delivered to the thyratron grid, completing the ionization of the hydrogen 

gas, and the vacuum tube will act as a closed switch. This discharges the capacitor to ground 

via the primary of the output pulse transformer and delivers an energy pulse of 1,750 Vpp to 

the primary. The output pulse transformer has epoxy-insulated primary and secondary 

windings and is specifically designed for a 110 V input and a 15 kV output (7.5-0-7.5 kV) at the 

extreme ends of the secondary winding. The middle point of the secondary winding is grounded 

for safety. Since the transformer has a turns ratio of 136, it is expected to produce symmetrical 

pulses at the ends with respect to the ground plane with an amplitude swing of maximum 236 

kV (theoretical value) at pulse repetition rates of less than 1 Hz [LÜDKE 2022B].  

 

To measure the magnitudes, duration and rise times of the high voltage pulses, a high voltage 

measurement probe was built, which includes a RIGOL DS1052E digital oscilloscope with a 

maximum bandwidth response of 50 MHz. The probe was fabricated using 4 glass-coated 30 

MΩ resistors, each with 10 W and 30 kV isolation. The resistors are individually insulated in a 

PVC sheath to prevent electrical arcing. The output of the probe with respect to the ground is 

an oscilloscope compatible voltage level safe enough to be read in channel A in the sense that 

10 Vpp read on the digital oscilloscope corresponds to actual 100 kVpp. The voltage pulse 

corresponds to that applied to the chamber [LÜDKE 2022B].  

 
Figure 21: High Voltage Power Driver Module [on the report of LÜDKE 2022A] 

The pulses obtained are variable in length, duration, and voltage amplitude, with an average 

pulse amplitude of 168 kV between the electrodes of the high-voltage pulse transformer. The 

typical rise times for the damped square wave like pulses (seen in figure 22, page 37) are 8.6 

to 10.4 ns and the average duration is 2.4 µs. Further different types of experimental PEF 
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chambers can be used for food treatment by utilizing the available energy from electrodes A 

and B [LÜDKE 2022B].  

 
Figure 22: A damped square wave like pulse 

 
B) Chamber designs  
 
Two different chamber systems, which can be used for the pulse generating system, to 

complete the self-built PEF-machine, are available for selection: a batch chamber system, or 

a continuous chamber system.  

 

The batch system has a planar electrode geometry (chapter 2.2.2.6, page 29) and is seen in 

figure 23 (page 37). The diameter of the aluminum electrode A and electrode B is the same, 

8mm. Further the distance between the two electrodes for the closed chamber is 2 cm. This 

last number is important for the subsequent calculation of the electrical field strength, when 

the sample is under test.  

 
Figure 23: Batch chamber system for the self-built PEF-machine [on the report of 
LÜDKE 2022A] 
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The continuous system is seen in figure 24 (page 38) and its electrical field is less 

homogeneous compared to the batch chamber system pictured in figure 23 (page 37). 

Moreover, the continuous system has two treatment cells. Besides the continuous chamber 

can be operated with the gravitational force of the earth. The liquid flows untreated in the 

preheating chamber, which can preheat the sample with the help of hot water inside a copper 

tube spiral in contra [LÜDKE 2022B]. Afterwards the liquid is exposed to an electrical field within 

the PEF-treatment cells A and B. Then the liquid is cooled down in the cooling chamber, which 

can be run like the preheating chamber, just with cold water. The sample is released through 

a flux control valve, which can be adjusted depending on the desired duration of treatment. A 

singular PEF treatment cell has a length of 2 cm and a diameter of 2 cm. But it is important to 

note, that the voltage peak per pulse per PEF-treatment cell is divided by two compared to the 

batch chamber system, because of the separating ground electrode between electrode A and 

B.  

 
Figure 24: Continuous chamber system for the self-built PEF-machine [on the report of 
LÜDKE 2022A] 
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3.2.1.3 Materials 
 

A) Validation of the self-constructed PEF-machine 
 

• 1 self-built PEF-machine (pulse generating system) 

• 4 batch chamber systems 

• 1 continuous chamber system  

 
In sum 2 x (1 x batch chamber systems + 1 x continuous chamber system): 

• Bacteria 

o Escherichia coli 

o Staphylococcus aureus 

• Nutrition broth  

o 20 cm3 Agar MacConkey for Escherichia coli 

o 20 cm3 Mannitol Salt Agar for Staphylococcus aureus 

• Agar plates:  

o 8 Plates (glass) Plate Count Agar for Escherichia coli 

o 8 Plates (glass) Plate Count Agar for Staphylococcus aureus 

• 1 turntable  

• 1 Bunsen burner 

• 8 spreaders out of glass 

• 1 incubator at 35 – 36 ℃ 

• 2 x 100 cm3 measuring cup (glass) 

• 4 x 60 cm3 container (glass) 

• 2 x 10 cm3 pipette (glass) 

• 1x 1 dm3 bowl with hot water (at the beginning 80 ℃)  

• 1 digital thermometer: TM-902C (-50 – 1,300℃), accuracy 0.1 ℃ 

• 1 pH-meter: Instrutherm PH2600 

• 2 dm3 apple juice from Suvalan (100% de suco) (figure 25, page 39) 

 

 
Figure 25: Apple juice from Suvalan (100% de suco) 
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B) Realization of the experiment  
 

• 1 self-built PEF-machine (pulse generating system) 

• 1 continuous chamber system  

• 6 batch chamber systems 

 
In sum 2 x (1 x batch chamber systems + 1 x continuous chamber system): 
 
• Bacteria 

o Escherichia coli 

o Staphylococcus aureus 

o Salmonella Enteritidis 

• Nutrition broth  

o 20 cm3 Agar MacConkey for Escherichia coli 

o 20 cm3 Mannitol Salt Agar for Staphylococcus aureus 

o 20 cm3 Bismuth Sulphite Agar for Salmonella Enteritidis 

• Agar plates:  

o 8 Plates (glass) Plate Count Agar for Escherichia coli 

o 8 Plates (glass) Plate Count Agar for Staphylococcus aureus 

o 8 Plates (glass) Bismuth Sulphite Agar for Salmonella Enteritidis 

• 1 turntable  

• 1 Bunsen burner 

• 12 spreaders out of glass 

• 1 incubator at 35 – 36 ℃ 

• 3 x 100 cm3 measuring cup (glass) 

• 6 x 60 cm3 container (glass) 

• 3 x 10 cm3 pipette (glass) 

• 1 x 1 dm3 bowl with hot water (at the beginning 80 ℃)  

• 1 digital thermometer: TM-902C (-50 – 1,300℃), accuracy 0.1 ℃ 

• 1 pH-meter: Instrutherm PH2600 

• 3 dm3 açaí-smoothie from AMAZOO (figure 26, page 40) 

 
Figure 26: Açaí-Smoothie from AMAZOO 
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3.2.1.4 Methods 
 
A) Validation of the self-constructed PEF-machine 
 
Before the realization of the experiment can begin, the self-constructed PEF-machine needs 

to be verified. This is done in reference to the article of HEINZ ET AL. [2003], where the 

inactivation rate of Escherichia coli in apple juice at different temperatures due to a PEF 

treatment is described (figure 27, page 41). In addition, the inactivation effect of PEF on 

Staphylococcus aureus within apple juice is tested. The first run is performed with the 

described batch chamber system and in case this works a second run is performed with the 

continuous chamber system. 

 
Figure 27: Escherichia coli inactivation by PEF with an electrical field strength of 36 
kV/cm at different temperatures and different specific energy inputs [HEINZ ET AL. 2003] 

Before the verification of the self-built PEF machine can start, the pH-level of the apple juice 

is measured with the pH-meter and the electrical resistance of the liquid is measured with 

current that flows through the batch chamber. Further the bacteria colonies need to be 

prepared following the protocols of the nutrition broth and the bacteria producing companies.  

 

For the first run of the verification process (the self-constructed PEF-machine with the batch 
chamber) 0.1 cm3 of Escherichia coli are added with the 10 cm3 pipette to 1 dm3 of apple juice. 

Afterwards the combined liquid gets mixed within the apple juice package. Then 40 cm3 of the 

solution are filled in a 60 cm3 container glass, this step is done twice. Now the 100 cm3 

measuring cup gets filled with 50 cm3 of hot water, which has a temperature of around 80 ℃. 

When the hot water inside the 100 cm3 measuring cup reaches 60 ℃, 1 of the 2 60 cm3 

container glasses gets placed inside, so that no hot water reaches the inside of the smaller 

vessel. The solution inside the 60 cm3 container gets stirred and controlled during the heating 

process with a digital thermometer, until it reached the target temperature (1st 40 cm3 
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contaminated apple juice 35 ℃	; 2nd 40 cm3 contaminated apple juice 50 ℃). After the final 

temperature is reached the 60 ml container glass is removed from the hot water and 1.01 cm3 

of the apple juice solution is placed in one batch chamber system and treated with the self-

built PEF-machine for 5 minutes at 1 Hz. The electrical field strength is 84 kV/cm. After the 

PEF-treatment is done, the PEF-samples are cooled down to room temperature. The leftovers 

of the apple juice solution in the 60 cm3 container are used as control sample. All the described 

steps with the bacteria culture Escherichia coli are also done separately with the culture 

Staphylococcus aureus. The PEF-samples and the control samples are evaluated with the 

“Spread Plate Procedure” [SANDERS 2012] in duplicate by the microbiology lab3 of the 

Universidad Federal de Santa Maria. For this, 8 agar plates are prepared in advance with Plate 

Count Agar. Then 0.1 cm3 of a singular sample is placed on one agar plate. Afterwards the 

petri dishes with closed lids stay in the incubator for 24 h at 35 – 37 ℃. After this time, the 

colonies can be counted. In case the number of colonies of Escherichia coli and/or 

Staphylococcus aureus are significantly less in the PEF-sample, compared to the control 

sample, the self-constructed PEF-machine works with the batch chamber(s). Then a similar 

experiment can be done as a second verification run for the self-constructed machine with the 

continuous chamber system.  

 

For the second run of the verification process (the self-constructed PEF-machine with the 

continuous chamber) 0.1 cm3 of Escherichia coli are added with the 10 cm3 pipette to 1 dm3 

of apple juice. Afterwards the combined liquid is mixed within the apple juice package. Then 

0.45 dm3 of the contaminated apple juice is treated by the PEF-machine with the continuous 

chamber system. The liquid is first heated to 35 ℃ in the preheating chamber, and 

subsequently treated by pulsed electric fields (in 2 treatment cells) in sum for 5 minutes at 1 

Hz at an electrical field strength of 42 kV/cm.  Afterwards the liquid is cooled in the cooling 

chamber to 20 ℃ and released with the flux control valve.  The same is done with another 0.45 

dm3 of the with Escherichia coli contaminated apple juice, but with a preheating procedure to 

50 ℃. Moreover, 50 cm3 of the contaminated apple juice get heated to 35 ℃ and cooled down, 

as well as another 50 cm3 of the contaminated apple juice get heated to 50 ℃ and cooled 

down, according to the heating and times within the continuous chamber system. This is done 

with the hot water, as described within the first run of the PEF-machine. Those samples are 

used as control samples. All the described steps with the bacteria culture Escherichia coli are 

 
3 Departamento de Microbiologia e Parasitologia 
Laboratório de Análises Microbiológicas  
Prédio 20 – Sala 4215 
Telephone: +55 3220-9384 
Email: labmicro@ufsm.br 
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also done separately with the culture Staphylococcus aureus. The PEF-samples and the 

control samples get evaluated with the “Spread Plate Procedure” [SANDERS 2012] in duplicate, 

as described above. In case the number of colonies of Escherichia coli and/or Staphylococcus 

aureus are significantly less in the PEF-sample, compared to the control sample, the self-

constructed PEF-machine works with the continuous chamber system as well. Then the PEF 

machine is ready for the realization of the planned experiment with the batch chambers and 

the continuous chamber systems.  

 

B) Realization of the experiment 
 
The realization of the experiment with the self-built PEF machine can start when the verification 

of it is successful. In the case where only the verification process with the batch chambers was 

working, the experiment is only performed with this kind of chamber. When the batch chambers 

and the continuous chamber worked, the realization is made with both systems. For the 

realization of the experiment the bacteria cultures Escherichia coli, Staphylococcus aureus and 

Salmonella Enteritidis are used with the nutrition broth and agar plates according to the list of 

the materials. The completion of the realization is done the same way as the verification of the 

machine, only with one more bacteria culture and an açaí-smoothie is used instead of an apple 

juice.  

 

C) Calculation of the conductivity and the specific energy input  
 
For the calculation of the conductivity the following equations are used [LINDNER 2010]:  

𝛾 = 	 (
	*
	    𝜌 = 	𝑅	 ∙ +

,
    𝐴 = 	𝜋 ∙ 𝑟- à  𝛾 = 	 ,

.	∙	0	∙	1!
 

And the energy input of one pulse	as well as the specific energy input per pulse and per sample 

can be calculated according to LÜDKE [2022B] with the following equations:  

𝐸2 = 𝑃	 ×	∆𝑡	         𝑃 = 𝑉	 ∙ 	𝐼 = 𝑉	 ∙ 	3
.
	= 	3

!

.
    à    𝐸2 =	
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.
∙ 	∆𝑡	 

𝑤# = 4"
∆6

   and   𝑤" =	𝑤# ∙ 	𝑓	 ∙ ∆𝑡7	 
𝜌	= specific resistance in Ωm 
𝑅 = resistance in kΩ 
𝐴 = cross-sectional area in m2 

𝑑 =	distance (electrode spacing) in m 
𝑃= power in W 
𝑡	= time in s 
𝑉 = voltage in kV 
𝐼 = current in A 
f = frequency in Hz 
𝛾 = conductivity in S/m 
𝐸# = energy input of one pulse in kJ 
𝑤$ = specific energy input per pulse kJ/kg 
𝑤% = specific energy input per sample kJ/kg 
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3.2.2 Results  
 
A) Validation of the self-constructed PEF-machine 
 
For the validation of the PEF-machine with the batch chambers, the general process 

parameters are summarized in table 3 (page 44).   

Table 3: Process parameter for the PEF-machine with the batch chamber systems with 
the apple juice  

Batch system  

Electrical Field strength (kV/cm) 84  

Energy input of one pulse (kJ) 4.8 ∙ 10-2 

Specific energy per pulse (kJ/kg) 4.8 ∙ 101 

Specific energy per sample (kJ/kg) 1.4 ∙ 104 

Residence time in the treatment chamber (min) 5 

Pulse repetition rate (Hz) 1 

pH-level apple juice 3.5 

Resistance at 20 ℃ (kΩ) 1.4 

Specific resistance apple juice at 20 ℃  (Ωm) 3.6   

Conductivity apple juice at 20 ℃ (S/m) 2.8 ∙ 10-1 

Pulse raises time (ns) 9.0 (between 8.6 and 10.4) 

Pulse duration time (µs) 2.4 

 
The agar plates could not be evaluated and compared to the result of HEINZ ET AL. [2003], 

because there were to many viable colonies. However, no significant difference was observed 

between the control samples and the samples that were treated with the self-built PEF-

machine. Two examples of the agar plate comparisons are seen below: for Escherichia coli at 

35 ℃	in figure 28 (page 44) and for Staphylococcus aureus at 35 ℃ in figure 29 (page 45). 

 
Figure 28: Escherichia coli agar plate comparison between the control sample and the 
PEF-treatment sample at a pretreatment temperature of 35 ℃ 
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Figure 29: Staphylococcus aureus agar plate comparison between the control sample 
and the PEF-treatment sample at a pretreatment temperature of 35 ℃ 

The validation process of the self-built PEF-machine with the continuous chamber system was 

not performed, because the first run of the validation already showed that the machine did not 

have an effect.  

 
B) Realization of the experiment 
 
The realization of the experiment with the açai-smoothie and the microorganisms Escherichia 

coli, Staphylococcus aureus and Salmonella Enteritidis could not be done, because the 

validation of the self-built PEF-machine showed that it is does not inactivate the 

microorganisms Escherichia coli or Staphylococcus aureus by one log or more.  

 

 

3.2.3 Discussion 
 

The results of the self-built PEF-machine showed that the machine at the current state of work 

does not inactivate Escherichia coli or Staphylococcus aureus in apple juice sufficiently, even 

if the most processing parameters are close to the numbers from the PEF-machine of the 

paper from HEINZ ET AL. [2003]. Therefore, the experimental setup needs to be improved. 

Several possible sources of errors can be named such as the pulse generating network, the 

used chamber system(s), or the spread planting method. For the pulse generating network, 

the produced pulses can be observed again, and a work towards more uniform shaped and 

stable square wave pulses can be pursued. Moreover, the measurement devices can be 

checked, to make sure that all the indicated measured values were correct. In case one value 

was measured incorrect it can be used as indicator for improvements. Further the batch 

chamber system(s) need to be checked as well. Are the connections between the electrodes 

and the chamber good enough or can be ensured, that no air bubbles or other particles caused 

a less efficient treatment? Besides mistakes could have been done during the evaluation 

process of the bacteria. Different things must be questioned, like: was workplace sterile 

enough? Can be ensured that the agar plates were not contaminated before usage? Was there 
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no human error in execution? However, a dilution series of the apple juice solution would have 

been necessary for a good enumeration of the viable cells. 

 

 

3.3 Testing PEF on Açaí at ELEA in Germany   

3.3.1 Deviating aspects 
 

Due to the circumstance, that the experiment in Brazil with the self-built PEF-machine has not 

come to a satisfactory result regarding to the aim of the experiment, a second approach is 

done at ELEA4 in Germany with a deviating experimental setup. Instead of the self-built PEF-

machine the PEFPilotTM Dual from ELEA4 is used with a continuous chamber system, as seen 

in figure 30 (page 46). Within this machine several sensors are installed for measurement 

purposes. 

 
Figure 30: PEFPilotTM Dual from ELEA4 with a continuous chamber [ELEA N.D.B] 

For the PEFPilotTM Dual no separate validation step is planned because the machine is used 

regularly, and its function can be insured by ELEA4. Besides, the microorganisms 

Staphylococcus aureus and Salmonella Enteritidis cannot be tested because the laboratory at 

ELEA4 has a laboratory biosafety level of 1 and a higher biosafety level is needed for this kind 

of microorganisms [MCLEOD 2010]. Alternatively, as advised by ELEA4, the microorganisms 

Saccharomyces cerevisiae and Lactobacillus plantarum are used for the experiment next to 

Escherichia coli. Another difference is that all the microorganisms get treated together by PEF 

within one liquid solution and not in separated solutions, and the control sample does not get 

heated at all. Moreover, the açaí-smoothie samples will be treated at different field strengths 

and specific energy inputs. Nevertheless, the samples are evaluated with the “Spread Plate 

Procedure” [SANDERS 2012] in duplicate, too.  

 
4 ELEA  
Prof.-von-Klitzing-Str. 9 
49610 Quakenbrück, Germany  
Telephone: +49 5431 92629 70 
E-mail: info@elea-technology.com 
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3.3.2 Experimental setup  

3.3.2.1 Materials 
 
• PEFPilotTM Dual with the continuous chamber system (ELEA4) 

• 500 series cased pump (Watson-Marlow) 

• RCBM-41NCS Spiral (Royal Catering)  

• Bacteria 

o Escherichia coli 

o Saccharomyces cerevisiae 

o Lactobacillus plantarum 

• Nutrition broth  

o 250 cm3 Caso (Carl Roth, Karlsruhe, Germany) for Escherichia coli 

o 250 cm3 Yeast& Mold (Sarstedt, Germany) for Saccharomyces cerevisiae 

o 250 cm3 MRS-Medium (Carl Roth, Karlsruhe, Germany) for Lactobacillus plantarum 

• Agar plates:  

o 34 Plates (plastic) Caso (Carl Roth, Karlsruhe, Germany) for Escherichia coli 

o 34 Plates (plastic) Yeast& Mold (Sarstedt, Germany) for Saccharomyces cerevisiae 

o 34 Plates (plastic) MRS-Medium (Carl Roth, Karlsruhe, Germany) for Lactobacillus 

plantarum 

• 1 turntable (Schuett-biotec) 

• 1 Bunsen burner  

• Waterproof pen 

• 1 5-dm3 bucket  

• 5 plastic reaction vessels with a volume of 120 cm3  

• 60 L-shape spreaders out of ABS plastic 

• 35 2 cm3 plastic reaction vessels (Eppendorf) 

• 200 mm3 pipette inclusive 80 plastic tips (Eppendorf) 

• 1000 mm3 pipette inclusive 80 plastic tips (Eppendorf) 

• 1 dm3 Ringer solution (saline solution 0.9 %)  

• 1 big bowl with ice cubes  

• 1 incubator innova40 (New Brunswick) at 37 ℃ 

• 1 incubator HettCube400R (Hettich) at 30 ℃ 

• 1 pH-meter lab 865 (SI Analytics GmbH) 

• 1 Conductivity meter Cond 3310 (Xylem Analytics Germany GmbH)  

• 1 Viscotester 6 plus (Haake) 

• 5 dm3 açaí-smoothie (AMAZOO)  
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3.3.2.2 Methods 
 
In preparation for the experiment, the nutrition broths with the associated microorganism 

culture as well as the agar plates are prepared according to the producers. Approximately 25 

cm3 of nutrient agar are used for one petri dish, 9.2 cm ∙ 1.6 cm with cams. The first step is to 

measure the viscosity and the electrical conductivity at a specific temperature as well as the 

pH-level of the açaí smoothie. The viscosity is determined with the Viscotester 6 plus, the 

electrical conductivity is measured with the Conductivity meter Cond 3310 and the pH-level is 

determined with the pH-meter lab 865. Then 200 cm3 of each of the 3 grown microorganism 

cultures inside the nutrition broth are added to 4 dm3 of açai-smoothie inside a 5-dm3 bucket. 

The whole mixture gets stirred. Then 100 cm3 of the mixed liquid gets separated in one plastic 

reaction vessel with a volume of 120 cm3 as control sample for later use. Subsequently the 

PEFPilotTM Dual with the continuous chamber system and the 500 series cased pump as well 

as the RCBM-41NCS Spiral for the pre-heating purposes can be prepared as instructed by 

ELEA4, the flow chart can be seen in figure 31 (page 48).  

 
Figure 31: Flow chart of the PEF-treatment including the heating system and the 
PEFPilotTM Dual as pulse generating system with the continuous treatment chamber  

Then the treatment of the liquid can start. A total of 4 different settings are used in succession 

for the treatment of the açaí smoothie, the exact numbers are seen in table 4 (page 48). 

 
Table 4: Settings of the PEF-machine for the treatment of the contaminated acaí-
smoothie at ELEA4 in Germany 

 PEF 1 PEF 2 PEF 3 PEF 4 
Field strength (kV/cm) 20 21 22 24 

Specific energy (kJ/dm3) 60 80 100 120 

Pulse energy (J) 9 10 12 15 

Pulse width (𝝁s) 8 8 8 8 

Pulse repetition rate in Hz 9 11 12 11 

Product flow rate (dm3/h) 5 5 5 5 

 Final pre-heating temperature in ℃  31 31 31 31 
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For each of the 4 settings around 100 cm3 of the treated açai smoothie are collected in a plastic 

reaction vessel with a volume of 120 cm3 and placed on ice. After all the 4 samples are 

collected, the treatment process can be stopped, and the evaluation of the experiment can 

start. The procedure is a 6 dilution-series using liquid Ringer solution 0.9 % in logarithmic 

steps, inside 2 cm3 plastic reaction vessels according to the following pattern:  

 

Culture: until 10-9 

Control: until 10-8 

PEF 1: until 10-4 

PEF 2: until 10-4 

PEF 3: until 10-2 

PEF 4: until 10-2 

 

Then the “Spread Plate Procedure” [SANDERS 2012] in duplicate is used for the distribution of 

the samples on each kind of agar plates, under the instruction of ELEA4 with the dilutions as 

seen below:  

 

Culture:  10-9; 10-8 

Control: 10-8; 10-7; 10-6 

PEF 1: 10-4; 10-3; 10-2 

PEF 2: 10-4; 10-3; 10-2 

PEF 3: 10-2; 10-1; 10-0 

PEF 4: 10-2; 10-1; 10-0           

 

After it is ensured that no condensate water is left within the agar plate or its lid, a volume of 

0.1 cm3 is plated in the center of each agar plate. Then the turntable is spun with the left hand 

with one agar plate at the time on the top, and the sample of the specific agar plate is evenly 

distributed with the spreader in the right hand. One spreader is used for each sample in 

duplicate. After this step, the agar is allowed to rest to absorb the sample for about 5 minutes. 

All plates with closed lids are placed in the incubators. The agar plates with Caso are held in 

the incubator innova40 at 37 ℃ for 24 h and the other two kind of agar plates are held in the 

incubator HettCube400R at 30 ℃ for 72 h. After this time, the colonies can be counted, and 

the experiment can be evaluated. If it is possible an enumeration of petri dishes with 30 to 300 

colonies is done.  For inaccuracies regarding the mean value a student factor of 68.3 percent 

is applied. The mean values were calculated according to the following equations [KÖHLER ET 

AL. 2012]:  
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Mean value =	𝑚G 	± ∆𝑚					 
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		 ∙ ∑𝑚& 									∆𝑚 = 	 9

√8
          𝑆 =
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𝑚0 = average value  
∆𝑚	= standard error 
𝑡 = student factor  
𝑛 = number of results  
𝑆 = confidence interval  
 

 

3.3.3 Results 
 

The pH-level of the açai-smoothie was 3.8 and the conductivity of the açai smoothie at 9 ℃ 

was 1.1 mS. The viscosity at 13 ℃ was 117 mPas and at 21 ℃ it was 102 mPas. Moreover, 

the temperature of the samples rose during the PEF-treatments as seen in figure 32 (page 50).  

 
Figure 32: Sample temperatures before and after the PEF treatments 

Besides enumeration of the agar plates is seen in table 5 (page 51) and table 6 (page 51). The 

fields with the gray background were used for the calculations of the mean values, which are 

shown in the fields with the blue background.  
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Table 5: Enumeration of the samples that were treated with PEF 

 
PEF 1  

 
E. coli                  

 
S. cerevisiae                

 
L. plantarum                  

10-4 17 15 12 15 0 0 
10-3 181 169 111 119 0 0 
10-2 --- --- 744 812 3 4 
cfu/cm3 (1.8±0.1) ∙	106 (1.2±0.1) ∙	106 (3.5±0.9) ∙	103 
PEF 2    
10-4 12 13 3 3 0 0 
10-3 44 43 35 31 0 0 
10-2 238 298 238 253 1 0 
cfu/cm3 (3.3±0.6) ∙	105 (2.9±0.3)∙	105  

PEF 3    
10-2 242 197 144 165 0 0 
10-1 --- --- 1096* 1124* 4 2 
10-0 --- --- --- --- 79 77 
cfu/cm3 (2.2±0.4) ∙	105 (1.5±0.2) ∙	105 (7.8±0.2)	∙ 102 
PEF 4    
10-2 113 128 138 129 0 0 
10-1 --- --- 444* 676* 0 0 
10-0 --- --- --- --- 1 2 
cfu/cm3 (1.2 ±0.1) ∙	105 1.3 ∙	105 (1.5±0.9) ∙	101 

 

Table 6: Enumeration of the control and culture samples 

 
Control 

 
E. coli                   

 
S. cerevisiae                

 
L. plantarum                  

10-8 0 0 0 0 0 0 
10-7 0 0 1 0 0 0 
10-6 2 3 19 11 6 8 
cfu/cm3 (2.5±0.9) ∙	107 (1.5±0.7) ∙	108  (7±0.9) ∙	107 
Culture    
10-9 0 0 0 0 2 0 
10-8 0 0 1 0 3 0 
cfu/cm3 --- --- --- 

 
When a comparison is made between the result of the control samples in table 6 (page 51) 

and the PEF 4 treatment samples in table 5 (page 51) the conclusion can be made that the 

treatment was able to reduce Escherichia coli by 2 logs, Saccharomyces cerevisiae by 3 logs 

and Lactobacillus plantarum by 6 logs. Moreover, figure 33 (page 52) shows that the viable 

cells decreased with an increase of the field strength and an increase of the specific energy 

input. 
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Figure 33: Reduction of the microorganisms due to the different PEF treatments at a 
sample temperature of 31 ℃ 

 

 

3.3.4 Discussion  

3.3.4.1 Reduction of the microbial contamination in açaí-smoothie with PEF 
 

The results of this work show that it is possible to reduce the microbial load in açaí-smoothie 

with Pulsed Electric Fields (table 5, page 51). Further the reduction of Escherichia coli in açaí-

liquid is comparable to its reduction in apple juice (figure 27, page 41; figure 33, page 52). The 

reduction of this kind of bacteria in both liquids is around 2 logs, when apple juice has a starting 

treatment temperature of 35 ℃ and a specific energy input of 40 to 50 kJ/kg and when açaí 

smoothie has a starting treatment temperature of 31 ℃ and a specific energy input of 80 to 

100 kJ/kg. However, accurate statements in which kind of liquid the inactivation of Escherichia 

coli is more successful cannot be done, because of the differences in the experimental setup. 

Besides the temperatures during the various PEF-treatments rose from 31℃  to up to 59 ℃ 

(figure 32, page 50), due to the electrical resistance of the açai-smoothie [DELSO ET AL. 2022].  

Therefore, it is important to take a closer look to the heat resistivity of the 3 used 

microorganisms, to ensure, that the inactivation of them was not caused by the induced heat. 

To kill viable cells of Escherichia coli temperatures above 70 ℃ are necessary [BAV N.D.A]. 

Lactic acid bacteria such as Lactobacillus plantarum get killed at temperatures higher than 60 

℃ [Q&A 2021] and yeasts like Saccharomyces cerevisiae start to be reduced at temperatures 

above 50 ℃ [ENGEL ET AL. 1994]. So, the reduction of the microorganisms Escherichia coli and 
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Lactobacillus plantarum is not caused by the induced heat exposure, but through PEF. Besides 

the paper of TIMMERMANS ET AL. [2014] states, based on an experimental setup with watermelon 

juice, apple juice as well as orange juice, Saccharomyces cerevisiae is more sensitive to PEF 

than Escherichia coli.  This can also be observed in the conducted experiment with the açai-

smoothie and might be caused by the different size of the microorganisms. Saccharomyces 

cerevisiae is larger than Escherichia coli [TIMMERMANS ET AL. 2014].  

 

Moreover, just one microorganism of the threatening bacteria that can be found in açaí was 

tested in this experiment. Thus, to make a general claim, all dangerous microorganisms need 

to be reduced by PEF with certain settings. The chances are high, that other threatening 

bacteria in açai-smoothie can be inactivated with PEF as well. For example, CREGENZÁN-

ALBERTI ET AL. [2015] prove that Staphylococcus aureus in milk can be reduced by the same 

proportional number as Escherichia coli.  After the PEF treatment the numbers of the 

microbiological contaminants in açai products must be as low as necessary to meet the 

European food law. Nevertheless, the way is paved for açai to be preserved with PEF, because 

initial success has been achieved.   

 

 

3.3.4.2 Comparison between PEF and other preservation technologies for açaí 
 

The question if PEF is a competitive preservation technique compared to other preservation 

technologies that are known for açaí (chapter 2.2.1, page 19 et seq.), can be answered by 

reviewing literature, because no other quality parameters of the food, than the microbial load 

were tested with the conducted experiment. TÖPFL [2006] stated, the best PEF preservation 

can be achieved with a combination of mild heat as well as Pulsed Electric Fields. This will not 

only inactivate microorganisms, but also enzymes. On the one hand, the advantage of the 

combined treatment of fruit juices with PEF is, that no evidential sensorial changes occur 

because of the preservation process, for example the color stays stable. This is a big 

advantage compared to the treatment with ozonated water or the thermal preservation 

process, where the color of the fruit products turns different. During ozonated water treatment 

an oxidation on the fruits surface can happen, what leads to a lighter color of the products 

[BEZERRA ET AL. 2017] and during thermal heating at over 80 ℃  for example, a lipid oxidation 

can happen, this leads to unwanted yellow oil spots [BEZERRA 2018].  In addition, Pulsed 

Electric Fields preserve a high nutritional value and taste [ELEA N.D.A], for PEF the flavor losses 

of juices or smoothies only vary between 5 to 9 percent as reported by TÖPFL [2006], with high 

thermal treatments on the contrary flavor losses up to 25 percent can happen. Moreover, 

through Pulsed Electric Fields the composition of the end-products does not change in contrast 
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to the preservation through dehydration or alcoholic fermentation. Before spray drying 

processes certain components of the product are sieved out and during the drying step water 

content gets lost [TONON ET AL. 2011]. With the alcoholic fermentation sugars are transformed 

into alcohol and this strongly impacts the taste of the produced açai product [BOEIRA ET AL. 

2020]. Besides no additional components, such as chemicals, are needed next to water for 

açai, when preserved with PEF, unlike the commonly used preservation method with the 

chlorinated water where chemicals are put into the water for decontamination [BEZERRA ET AL. 

2017] or the spray dry process, where carrier agents are added to the liquid before dehydration 

for a better yield and quality [TONON ET AL. 2011]. In addition, PEF is relatively energy and cost 

efficient, because it just needs to be treated once and cooled down to refrigerator temperatures 

[TÖPFL 2006] not like the preservation through freezing, where açai must be frozen as fast as 

possible to obtain a good quality and then stored at minus temperatures until consumption 

[ARIAS-GIRALDO ET AL. 2019]. On the other hand, fruit juices or smoothies preserved with PEF 

only have a shelf life of weeks [DELSO ET AL 2022] and liquids preserved with dehydration 

[TONON ET AL. 2011], freezing [ARIAS-GIRALDO ET AL. 2019]. or high temperatures [LINHARES ET 

AL. 2020] can have a shelf life of months. Therefore, a combination between different 

preservation methods is recommended to use the various advantages of the single processes, 

such as a dehydration process in combination with PEF. This opens a wide field of research 

for the future.  
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4 The Usage of Açaí for the European Market 
 
To build a successful as well as sustainable market for açaí in Europe, several things in 

addition to the access requirements and further food-related regulations (chapter 2.1.7,  page 

18) need to be considered, like the kind of cultivation of the raw material, the sort of 

manufacturing of the fruits and its location, the kind of usage of the by-products, the  type 

transportation and the kind of açai-products that are offered to the European population.  

 
Within Brazil a well-established market for açaí already exits [SABBE ET AL. 2009], so certain 

cultivation structures must be in place. These structures and the knowledge in this context can 

be used as basis for further development. Most of the açaí yield is produced by small 

uneducated farmers, who need more advanced know-how for a long-termed profitable 

cultivation of açaí. Therefore, European companies that want to work with the Brazilian fruit 

should support the local people in the south American country for their own sake. For example, 

people should invest and pass on the knowledge, that monocultural plantations must be 

avoided, because they lead to a poor ecosystem [CAMARGO 2021]. Instead, the açaí palm trees 

are supposed to grow surrounded by many other native trees of the Amazonian rainforest. 

Besides a sustainable cultivation of the fruits in Brazil can be good for marketing purposes, 

because the attention of the European population to this topic has grown during the last years 

[WILLETT ET AL. 2019].  

 
The manufacturing of the açaí-drupe, more specifically the pulping step as well as the 

preservation should take place in Brazil, because the açaí-seeds make up most of the weight 

of the fruit [BARBOSA ET AL. 2022] and the drupe is highly perishable after harvest [SABBE ET AL. 

2009]. When the pulping step happens in Brazil, just the pulp needs to be transported to the 

European countries and therefore travelling resources can be saved. But in the mentioned 

situation the disadvantage is that the açaí-seeds are causing a huge amount of waste in its 

country of origin. This is the reason why the açaí-seeds must be seen as by-product and not 

as waste, and a sensible utilization for those resources need to be found. Initial approaches 

have already been made by some scientists [LAMARÃO ET AL. 2018; SATO ET AL. 2019], but more 

research needs to be done. So European companies who are going to work with açaí should 

invest in this area. Furthermore, due to the fact, that the Brazilian drupe is highly perishable it 

needs to be preserved before its transportation to Europe. For the preservation of açaí many 

different techniques are possible (chapter 2.2.1 p. 19 et seq). But since for the European 

consumer sustainability as well as the naturalness and healthiness of the food becomes more 

and more important [SABBE ET AL. 2009], a gentle energy saving preservation method, that does 
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not lead to an aftertaste should be chosen. In this area the preservation with Pulsed Electric 

Fields could be an option (chapter 3.3.4 p. 52 et seq). 

 

A negative aspect about the consumption of açaí by the European population is, that the fruit 

needs to be transported across the ocean and this costs a lot of resources. Therefore, açaí 

should be transported with the smallest volume and weight possible. In respect to this aspect 

the pure pulp with a preservation method, that reduces the weight should be chosen, such as 

an energy saving dehydration process [TONON ET AL. 2011]. Moreover, the type of 

transportation also plays an important role in terms of sustainability. The shipping by a large 

container vessel seems to be the best choice for long distances, because it is the least harmful 

way of commercial transportation in terms of the emission of carbon dioxide [ICS 2009].  

 
Arrived in Europe, açaí itself can be sold and various açai-foods can be produced and offered 

to people. The development of açaí-products can be inspired by Brazil because there an 

extensive market for this kind of fruit already exists, especially in northern parts of the country, 

close to the rainforest [SABBE ET AL. 2009]. Further the drupe can achieve great popularity in 

European countries, because of its good nutritional value that meets the consumers’ needs for 

natural and healthy food. Additionally, açaí can bring innovations in the food- and beverage 

industry such as tropical spirit beverages. But while the Brazilian fruit is being made famous it 

is important that people like the new product to get a high repurchase rate. One option is to 

mix açaí in the beginning with familiar fruits and/or flavors of Europe people for a higher 

acceptance rate.  
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5 Abstract and Outlook 
 
The highly perishable fruit açaí grows on palm trees in northern Brazil and is colloquially known 

as a berry with high nutritional value. The seed of the drupe makes up around 85 percent of 

the fruits weight and only the pulp around the seed is used for human consumption. The 

manufacturing step after harvest includes the pulping and the preservation of the fruit. The 

preservation step is necessary, because the açaí pulp contains a high microbial load. There 

are several preservation processes including the use of chlorinated or ozonated water, 

alcoholic fermentation, pasteurization, freezing or dehydration. Those techniques are overall 

not very gentle and have the potential to leave residues in the final product, which can change 

its typical sensorial characteristics. Therefore, an experiment was conducted, to see if a 

relatively new gentle preservation method called PEF can reduce the microbial load in an açaí-

smoothie.  

 

For this purpose, a PEF-machine was built and verified based on the paper from HEINZ ET AL. 

[2003].  The self-built machine works efficiently, when there is a reduction of microorganisms 

like Escherichia coli in apple juice due to the induced Pulsed Electric Fields. If this is the case, 

the described experiment with açaí-smoothie can be carried out with the self-built PEF-

machine. In this experiment the results of the validation of this PEF-machine were not 

comparable to those from the paper from HEINZ ET AL. [2003]. So, the self-built PEF-machine in 

Brazil did not work sufficiently. Hence, the experiment which should show that a reduction of 

microorganisms, such as Escherichia coli, in açaí-smoothie with PEF is possible, was 

performed in Germany. It was accrued out at ELEA4  with using the PEFPilotTM Dual. This 

experiment confirmed the assumption, that microorganisms can be reduced in açaí-smoothie 

with PEF. Escherichia coli was reduced by 2 logs, Saccharomyces cerevisiae by 3 logs and 

Lactobacillus plantarum by 6 logs. And a comparison between PEF and the known 

preservation methods for açaí showed that it can be a compatible alternative.  

 

Moreover, the topic, how açaí fits into the European Food Market is answered within this paper. 

When offering açaí food products to the European population, ideas can be originated from 

the well-working Brazilian market. It can be helpful to mix açaí with known European fruits for 

a better acceptance by the people. Then açaí can help to meet the Europeans needs of the 

current time for fresh and healthy food, especially when preserved with PEF. Furthermore, it 

is important to work towards a sustainable supply chain system from the cultivation until the 

unloading at the destination in Europe. Sustainability is important for the integration in the 

European market, not only for environmental protection, but also in terms of social stability and 
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marketing purposes. In addition, access requirements, further food-related regulations, and 

the seasonality of açaí present a major hurdle.  

 

Building on this thesis, further papers shall be written, not only in the field of the preservation 

of the açaí pulp with PEF, but also in the direction of combined preservation methods for açaí, 

the sustainable usage of the açaí seeds, product innovations containing the Brazilian fruit or 

various market research.    
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6 Zusammenfassung und Ausblick 
 
Açaí ist eine Steinfrucht, die im Norden von Brasilien wächst und sich durch ihre guten 

Nährwerte auszeichnet, jedoch leicht verderblich ist. Der Kern der Steinfrucht macht etwa 85 

Prozent des Fruchtgewichts aus, jedoch nur das Fruchtfleisch um den Kern herum wird derzeit 

für den menschlichen Verzehr verwendet. Die Verarbeitungsschritte nach der Ernte umfassen 

sowohl die Trennung von Fruchtfleisch und Kern als auch die Konservierung der Frucht. 

Aufgrund der hohen mikrobiologischen Belastung des unbehandelten Fruchtfleisches der 

Açaí-Beere, ist eine Konservierung notwendig. Diese kann auf verschiedene Weisen erfolgen, 

z. B. mit chloriertem, oder mit Ozon versetztem Wasser, mit alkoholischer Gärung, mit 

Pasteurisierung, mit Gefrieren, oder mit Dehydrierung. Der Nachteil dieser Techniken ist, dass 

diese insgesamt nicht sehr schonend sind und/oder Rückstände im Endprodukt hinterlassen 

können, welche die typischen sensorischen Eigenschaften von Açaí verändern. Daher wurde 

innerhalb dieser Arbeit ein Experiment durchgeführt, um zu überprüfen, ob eine neuere, 

schonendere Konservierungsmethode, namens PEF, die mikrobielle Belastung in einem Açaí-

Smoothie reduzieren kann.  

 

Zu diesem Zweck wurde eine selbstgebaute PEF-Maschine auf Grundlage der Arbeit von 

HEINZ ET AL. [2003] verifiziert, mit dem Ziel, Mikroorganismen wie Escherichia coli in Apfelsaft 

zu reduzieren. Für den Fall einer erfolgreichen Verifizierung, war das Hauptexperiment mit 

dem Açaí-Smoothie und der selbst gebauten Maschine geplant. Die Ergebnisse der 

Validierung der Maschine waren jedoch nicht vergleichbar mit denen aus der Arbeit von HEINZ 

ET AL. [2003], also hat die selbstgebaute PEF-Maschine in Brasilien nicht den Erwartungen 

entsprechend funktioniert. Das Experiment, welches zeigen sollte, dass eine Reduktion von 

Mikroorganismen wie Escherichia coli in Açai-Smoothie mit PEF möglich ist, wurde, daher in 

Deutschland, bei ELEA4, mit dem PEFPilotTM Dual durchgeführt. Dieser Versuch bestätigt die 

Vermutung, dass Mikroorganismen in Açaí-Smoothie mit PEF reduziert werden können. Und 

ein Vergleich zwischen PEF und den bekannten Konservierungsmethoden für Açaí zeigt, dass 

dies eine schonende Alternative darstellt.  

 

Darüber hinaus wird in dieser Arbeit die Frage beantwortet, inwiefern Açaí in den europäischen 

Lebensmittelmarkt passt. Dies baut auf der Marktforschung von SABBE ET AL. [2009] und 

anderer Literatur auf. Bei dem Angebot von Açaí-haltigen Lebensmitteln für die europäische 

Bevölkerung können Ideen aus dem bereits bestehenden brasilianischen Markt als Grundlage 

dienen. Außerdem kann es hilfreich sein, Açaí mit bekannten europäischen Früchten zu 

mischen, um eine bessere Akzeptanz in der Bevölkerung zu erreichen. Des Weiteren kann die 

Frucht dazu beitragen, die aktuellen Bedürfnisse der Europäer nach frischen und gesunden 
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Lebensmitteln zu erfüllen, vor allem, wenn diese mit PEF konserviert werden. Darüber hinaus 

ist es wichtig, auf ein nachhaltiges Lieferkettensystem vom Anbau bis zur Entladung der 

Produkte am Zielort in Europa hinzuarbeiten. Nicht nur aus Gründen des Umweltschutzes, 

sondern auch im Hinblick auf die soziale Stabilität und die Vermarktung. Darüber hinaus stellen 

die Zugangsvoraussetzungen, und weitere lebensmittelrechtliche Bestimmungen, sowie die 

Saisonalität von Açaí eine große Hürde dar.  

 

Aufbauend auf dieser Bachelorarbeit können weitere wissenschaftliche Texte verfasst werden, 

nicht nur über die Thematik der Konservierung des Açaí-Fruchtfleisches mit PEF, sondern 

auch über kombinierte Konservierungsmethoden für Açaí, die nachhaltige Verwendung der 

Açaíkerne, Produktinnovationen, welche die brasilianische Frucht enthalten, oder 

verschiedenste Marktforschungen zum Thema Açaí.    
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