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In this research, a physicochemical analysis of the industrial wastewater from a factory that produces maleic 
anhydride was performed. Based on the conducted analysis (pH, electrical conductivity, density of the liquid 
phase, boiling point of the waste suspension, chemical as well as biological oxygen demand, and dry matter), it 
can be concluded that the waste stream obtained at the outlet pipe from the plant resulting from the production of 
maleic anhydride requires appropriate treatments. Some of the parameters measured, e.g. pH (0.97±0.06), boiling 
point (106.8±1.3°C) and acidity, indicate the presence of organic acids such as fumaric and maleic acid s, which 
are formed during the production of maleic anhydride. The possibility of extracting crystals by adding urea and 
thiourea followed by forced cooling in a heat exchanger was investigated. The most effective method was the 
addition of thiourea when the most significant amount of crystals was obtained, namely 17.29 wt%. The addition 
of thiourea in combination with forced cooling greatly facilitates the process of separating the solid and liquid 
phases of the waste suspension, which could later be adequately treated by physical, chemical or biological 
methods. 

Keywords: MAN production, separation, thiourea, cooling, wastewater 

1. Introduction 

Since the chemical industry and the waste streams 

generated during chemical production have a harmful 

effect on the environment, it is necessary to minimize 

their harmful impact before releasing them into the 

environment and comply with legal regulations, both 

locally and globally. Moreover, it is important to conduct 

environmental impact assessments and environmental 

management with regard to the practical implementation 

of environmental regulations [1], e.g. determining the 

Informative Environment Qualifying Index. 

The production process of maleic anhydride (MAN) 

is based on two different technological processes in the 

gas phase, namely the oxidation of benzene and the 

oxidation of n-butane [2]. In 2015, the global capacity of 

MAN production amounted to 2800 million metric tons 

[3]. Scientific and technological developments in the 

manufacture and use of maleic anhydride as well as 

maleic and fumaric acids have been reviewed over the 

past 20 years [4]. During MAN production, a certain 

amount of wastewater is generated, which must be 
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processed and treated in order to minimize environmental 

pollution. The increasing need to mitigate environmental 

impacts has led industries to develop more sustainable 

processes, which may be an arduous task since economic, 

safety, social and environmental factors must be 

considered [5]-[6]. The impact assessment of the 

chemical industry on the environment is becoming more 

and more important with regard to projecting and 

designing processes. A special problem is represented by 

facilities involved in exploitation, which are in the 

process of complying with EU regulations on 

environmental protection. Given that Bosnia and 

Herzegovina, a country in transition, is increasingly 

adopting the laws of the European Union, it is necessary 

to take measures that will reduce the harmful effects of 

the chemical industry both locally and globally. 

Furthermore, the Federation of Bosnia and Herzegovina 

has introduced legislation [7] which is in accordance with 

EU legislation. 

Due to the fact that MAN production facilities have 

a detrimental impact on the environment, various 

methods have recently been applied for the treatment of 

wastewater streams. The wastewater flow from the MAN 

https://doi.org/10.33927/hjic-2022-10
mailto:edisa.papracanin@untz.ba
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production plant consists of a mixture of organic 

omponents, containing mainly fumaric and maleic acids, 

which can be treated by following different physical, 

chemical and biological methods [8]-[14]. Considering 

the physical characteristics of fumaric and maleic acids 

[15], especially their solubility in water (fumaric acid is 

poorly soluble in water), a waste stream consisting of a 

crystal suspension as well as a mother liquor of fumaric 

and maleic acids is obtained at the outlet of the plant. 

Before any treatment, such a suspension must be 

separated into the crystal flow and the mother liquor 

flow, which, if necessary, could be treated later or 

possibly reused to obtain products that do not require 

highly pure fumaric or maleic acid. 

This research was carried out in order to examine 

the possibility of separating the wastewater suspension 

from the industrial MAN production plant and the crystal 

stream, which consists of a mixture of fumaric and 

maleic acids along with other organic impurities, from 

the mother liquor stream. Considering the physical, 

chemical and biological properties of the waste stream as 

well as its components, the goals of this research are to 

choose the most efficient method to separate the 

crystalline product from the waste stream in addition to 

making recommendations concerning its processing and 

further use in the industrial production of unsaturated 

polyester resins. Another aim is to make 

recommendations for possible biological treatments by 

analyzing the liquid component of the waste stream. 

2. Experimental 

2.1 Treatment of the waste stream 

The waste stream of the suspension at the outlet of the 

MAN production facility owned by the company Global 

Ispat Koksna Industrija Lukavac (GIKIL) (Bosnia and 

Herzegovina) was used in this research. The above-

mentioned waste stream is generated discontinuously by 

the process of washing the distillation column and cooler 

with water at a temperature of 100°C. In the 

aforementioned industrial plant, the distillation system is 

washed every 4 days when approximately 70 m3 of water 

is consumed in an hour, resulting in water with a low pH 

due to the presence of maleic and fumaric acids. The 

aftercooler is washed twice a month, consuming 10 m3 of 

water. Given that wastewater contains fumaric acid, 

which is the basic raw material for the production of 

unsaturated polyester resins, it is necessary to investigate 

the possibility of using this waste stream in terms of 

extracting (crystallizing) fumaric acid. The total amount 

of waste suspension generated under industrial 

conditions on a monthly basis is approximately 300 m3, 

which has a significant impact on the environment if it is 

not processed adequately. 

Experimental research and analyses were carried 

out in the Chemical Engineering laboratory of the 

Faculty of Technology at the University of Tuzla. 

Samples were taken twice a month directly at the outlet 

of the tank used to collect the waste stream. Most samples 

were taken after the first wash when the concentration of 

organic matter is the highest. The samples immediately 

after being taken from the plant and after being delivered 

to the laboratory are shown in Fig.1. They were collected 

and delivered to the laboratory in plastic containers with 

a volume of 5L. Certain aliquots were extracted to 

perform physicochemical and other analyses. 

Based on the research objectives, the following 

tasks were conducted: 

- Laboratory modelling of the washing of the distillation 

column and the discharge of the waste stream was 

performed; 

- Physical and chemical analyses of the waste stream 

were performed under laboratory conditions; 

- The quantity of the resulting crystalline product was 

determined in relation to the volume of the waste stream 

under laboratory conditions; 

- Examination of the possibility of extracting crystals 

from the waste stream was carried out in several ways: 

a) by cooling the flow under laboratory 

conditions, 

b) by adding urea and thiourea, 

c) by cooling the waste stream with water in a 

system of tubular heat exchangers. 

Among the physicochemical analyses, the pH, 

electrical conductivity, boiling point as well as the 

chemical and biological oxygen demand were measured. 

All measurements refer to a homogenized sample, 

moreover, after separating the liquid and solid phases, the 

dry matter and acidic properties of the liquid phase were 

determined.  

 

 
(a) 

 

 
(b) 

 
Figure 1. The samples: (a) immediately after being taken from 

the plant; (b) after being delivered to the laboratory. 
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The density of the liquid phase was determined 

using a pycnometer and the bulk density of the dried 

crystalline product was measured according to the ISO 

1183-1:2004 standard. 

2.2 Materials and Methods 

For the purpose of experimental modelling, washing of 

the distillation column and the discharge of the waste 

stream, a special system was designed, consisting of a 

glass container with a volume of 25 liters with openings 

at the top and bottom. The vessel includes a distillation 

column and a glass vessel of the same volume was used 

as a receiving vessel. The amount of sample used was 5 

liters and was preheated to 100°C. 

To obtain a real picture of the industrial plant, the 

process of crystal formation was tested by cooling down 

the waste stream to ambient temperature (laboratory 

conditions). 250 ml samples that were observed were 

taken from a 5-liter sample after mixing and heating to a 

temperature of 100°C. The resulting crystals were 

filtered and air-dried under laboratory conditions. 

Following the addition of urea and thiourea, the 400 

ml samples preheated to 100°C, the temperature of the 

rinsing water, were taken from a 5-liter sample. The test 

was performed by adding urea and thiourea in different 

percentages concerning the volume of the sample. After 

the addition of urea and thiourea, the samples were 

allowed to settle before the crystals were separated by 

filtration on filter paper and air-dried. 

For the purposes of testing whether the waste 

suspension stream crystallizes, a cooling system 

consisting of three laboratory-scale tubular heat 

exchangers was designed. The cooling conditions and 

crystal formation were investigated for different flow 

rates of cooling water. The cooling system is shown in 

Fig.2. 

The total area for heat exchange of the laboratory-

scale cooling system was about 0.43 m2. Once the waste 

suspension had passed through the tubular cooling 

system, the resulting crystals were collected on a metal 

grid and placed on a glass container before being dried 

and weighed on an analytical scale.  

All measurements were performed three times and 

statistical data processing was conducted in Microsoft 

Excel, namely the mean and standard deviation were 

calculated. 

Electrometric measurements of the pH and 

electrical conductivity were carried out by direct 

measurements using a METTLER TOLEDO FE 20-

30/EL 20-30 pH meter/conductometer. The pH was 

measured using the standard method BAS EN ISO 

10523, while the electrical conductivity was determined 

using the standard method BAS EN 27888. 

The Chemical Oxygen Demand (COD) is the 

oxygen equivalent of the amount of potassium 

dichromate consumed during the complete oxidation of 

the organic matter in the measured volume of the sample. 

The COD and Biological Oxygen Demand (BOD) are 

determined by the BAS ISO 6060 and BAS EN 1899-1 

methods, respectively. 

After separating the liquid and solid phases, the 

liquid sample was filtered, evaporated at 100°C and dried 

overnight in an oven before the mass of the dry matter 

was measured on an analytical scale. The content of the 

dry matter was determined according to Method 2540-

Solid B [16]. Furthermore, the solid phase in the solid 

sample was analysed gravimetrically by drying it at 

105°C for 24 h.  

3. Results and evaluation 

3.1 Characterization of the waste stream 

Considering that the waste stream represents a 

heterogeneous mixture (suspension) under laboratory 

conditions, for the purpose of the analysis, the samples 

were homogenized and heated to a temperature of 100°C 

because the waste stream was obtained by washing the 

distillation column in the MAN plant with water at a 

temperature of 100°C. On the walls of the distillation 

column, organic substances, predominantly fumaric and 

maleic acids, are deposited that may occur during the 

production of MAN. Due to its physical and chemical 

properties, fumaric acid is insoluble in water, while the 

solubility of maleic acid in water is 478.8 g/L at 20.0°C, 

i.e. 3926 g/L at 97.5°C [17]. Therefore, by washing the 

distillation column, a suspension is formed in which 

crystals of fumaric acid as well as a solution of maleic 

and fumaric acids are present. Considering the 

aforementioned fact and the boiling points of the pure 

acids, fumaric acid at 287°C and maleic acid at 135°C 

[15], the boiling point of the suspension was measured to 

be 106.81.3°C under laboratory conditions. This data 

indicate the presence of other substances that have 

significantly lower boiling points compared to the 

components that are primarily present.  

As expected, the measured pH is very low, namely 

0.970.06, due to the presence of organic acids, while the 

measured electrical conductivity is 33.624.03 mS. In 

view of the pH prescribed in [6], the measured value does 

 
 

Figure 2. Schematic diagram of the waste-stream cooling 

system: 1) glass container for rinsing, 2) system consisting of 

three tubular heat exchangers, 3) cup containing the sample, 4) 

glass funnel, 5) metal grid for collecting crystals 
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not comply with the legal framework, which indicates 

that this waste stream of industrial wastewater should be 

treated in an appropriate way. The relatively low 

electrical conductivity, for which no legally prescribed 

limits are found, indicates a low concentration of free 

ions in the waste stream. A pycnometer measured the 

density of the liquid phase after separation to be 

1038.844.31 kg/m3, while the bulk density of the solid 

phase was 394.01.4 kg/m3.  

To further examine the characteristics of the waste 

stream, the COD and BOD of the homogenized sample 

were determined to be 233600 and 87280 mg O2/L, 

respectively. The permitted limits for the discharge of a 

waste stream into the environment for COD and BOD are 

25-250 and 135-700 mg O2/L, respectively, which 

indicates the need for pretreatment of the waste stream 

before being discharged into the environment. 

By separating the solid and liquid phases by 

filtering and decanting under laboratory conditions, a 

homogenized 2.5 L sample contains 5.090.05 wt% of 

dry crystalline products. As a result, the total amount of 

solid matter discharged every month (300 m3) is about 

15.27 kg. Therefore, a huge amount of solid waste can be 

treated or possibly used for other purposes. The amount 

of dry matter in the liquid phase is 16.30.2 wt%, which 

also exceeds the permitted limits. 

By titration of the liquid phase with NaOH and 

phenolphthalein as an indicator, it was determined that 1 

g of the liquid solution is titrated with 3.95 mmol of 

NaOH. In simple terms, if the acidity is due to the 

presence of maleic acid, this would correspond to a 

maleic acid concentration of 0.247 mg/ml. 

3.2 Separation efficiency  

Considering the results of the physicochemical analysis 

of the industrial waste stream resulting from MAN 

production, it was observed that this waste stream must 

be adequately treated before being discharged into the 

environment. Due to the composition and characteristics 

of the waste stream, it is necessary to separate it into the 

solid and liquid phases. In this research, several 

experiments based on different methods were conducted 

to obtain an efficient method for separation. 

As described earlier in the Experimental section, 

before testing the aforementioned methods, laboratory 

modelling of the process by which the distillation column 

is washed was carried out. The reason for performing the 

experimental simulation is to experimentally and visually 

determine how the crystals are formed during the 

discharge of the waste-stream suspension into the 

collector. During the simulation, it was observed that 

immediately after the waste stream comes out of the 

outlet pipe, a larger amount of crystals were formed, 

meaning that other organic substances, predominantly 

maleic acid, also crystallized. 

Simply by highlighting the flow, a sudden drop in 

the temperature of the flow from 100°C to ambient 

temperature is observed, during which more intense 

crystallization occurs. Following this observation, a 

system of three heat exchangers (Fig.2) was designed 

under laboratory conditions to cool down the waste 

stream more quickly and test such an efficient way of 

separating the solid and liquid phases. At the outlet from 

the cooling system, a container collected the waste flow, 

on top of which a metal grid to separate the crystals was 

placed. After the cooling and separation processes, the 

crystalline product obtained was dried and measured. 

The mass of crystals obtained by forced cooling (sample 

volume of 5 L) was 638.372.34 g, that is, 12.3 wt% of 

the dry crystalline product. 

Compared with the amount of crystals obtained by 

natural cooling to ambient temperature, it can be seen 

that this method (forced cooling and separation by 

filtration) is significantly more efficient. This technique 

of collecting crystals on a metal grid is very simple to 

perform due to the very structure and size of the resulting 

crystals. The appearance of the crystals obtained is 

shown in Fig.3. 

After experiments were performed using forced 

cooling, the influence of the addition of urea and thiourea 

on the formation and separation of crystals of organic 

substances in the industrial waste stream was examined. 

These components were added to better isolate the 

crystalline product from the mixture of fumaric and 

maleic acids, that is, thiourea acts as a catalyst in the 

isomerization of maleic acid to fumaric acid [18]. 

The masses of the resulting crystalline product 

following the addition of urea and thiourea are presented 

in Table 1. Analyses were performed using a sample that 

 

 
 

Figure 3. Crystals obtained by forced cooling 

Table 1 Mass of the crystalline product obtained following 

the addition of urea and thiourea 

 

Mass 

added 

(g) 

Volume of 

filtrate 

collected  

(ml) 

Mass of crystals 

(g) 

 Thiourea Urea Thiourea Urea 

1 100 200 69.0 44.9 

3 60 210 71.4 46.7 

5 150 200 71.8 46.9 
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was heated to 100°C and homogenized in a volume of 

400 ml. 

The masses of urea and thiourea added were 1, 3 

and 5 g. Samples where different amounts of urea and 

thiourea were added (U1 and T1 1g, U2 and T2 3g, U3 

and T3 5g) are shown in Fig.4. 

As can be seen in Table 1, the largest amount of 

crystalline product was obtained following the addition 

of 5 g of thiourea. As a percentage of the 400 mL sample, 

this value is 17.29 wt% of dry crystalline product, which 

is significantly more compared to forced and natural 

cooling of the waste stream.  

The addition of urea also enhances separation of the 

solid phase from the suspension of the waste stream, 

however, considering the results obtained, the effect of 

adding thiourea on the separation process is significantly 

greater. 

As can be seen in the table, given that the amounts 

of the crystalline product obtained following the addition 

of all three amounts of thiourea are very similar, an 

additional experimental optimization of the mass of 

thiourea to be added to the waste stream was performed. 

Amounts of less than 1 g were added to see if a larger 

difference in the amount of crystalline product formed 

was observed. Amounts of thiourea added of less than 1 

g are presented in Table 2. As can be seen, even small 

amounts of thiourea significantly enhance the separation 

of crystals from the waste stream. 

If 1 g of thiourea is added to a suspension sample of 

400 ml as an optimal cost price and to achieve separation 

of the crystals when treating the waste stream generated 

from an industrial plant, it would be necessary to add 750 

kg to 300 m3 of waste suspensions per month, which is a 

huge amount. However, if 0.25 g of thiourea is added to 

a suspension sample of 400 mL, which equates to 

approximately 0.06%, about 1250 kg of thiourea would 

need to be added annually at a cost of approximately 

$98,550 [19]. In this case, this price is reasonable if the 

separated fumaric acid crystals were to be used for the 

production of resins. 

In light of the research conducted, in the future, 

some other methods for extracting the mixture of fumaric 

and maleic acid crystals should be examined, which 

would be economically profitable and technologically 

feasible in an already existing plant. Furthermore, the 

composition of the crystalline product following the 

addition of thiourea should be tested using appropriate 

methods and analyses. 

4. Conclusions 

In this research, a physicochemical analysis of the 

wastewater flow from an industrial plant resulting from 

the production of maleic anhydride was conducted. 

Based on the obtained results, it is evident that a very low 

pH as well as electrical conductivity indicate the 

presence of organic acids left over from distilling MAN. 

Given that the resulting flow is a suspension flow at the 

temperature of water used to wash the distillation column 

as well as the physical and chemical properties of fumaric 

and maleic acids, it can be stated that both are the two 

dominant components in the waste flow. This was also 

confirmed by determining the acidity by titration with 

NaOH. The research determined the density of the liquid 

phase as well as the bulk density of the separated 

crystalline product. By carrying out different 

experimental methods, the crystals were separated from 

the waste suspension by a combination of cooling and the 

addition of thiourea, a technique which can be applied in 

an industrial plant, facilitating the isomerization reaction 

of maleic to fumaric acid. Furthermore, the installation 

of a metal grid at the inlet to the receiving court is a 

simple structural solution whereby the resulting 

crystalline product, with appropriate analyses, could be 

used in processes that do not require highly pure fumaric 

acid, e.g. resin production. The liquid component, that is, 

the mother solution obtained by separating the waste 

suspension, due to the high COD and BOD, following the 

adjustment of other parameters like pH, could be 

successfully treated by the process of anaerobic digestion 

or co-digestion. Therefore, the liquid stream could serve 

as a good co-digestate for adjusting the characteristics of 

waste sludge that is normally applied in anaerobic 

digestive processes. 

Following a literature review, since it was observed 

that very few studies have been conducted in this regard 

or require significant financial resources, this research 

opens up new possibilities and perspectives for the 

implementation of simple as well as inexpensive 

industrial and implementable solutions.  

 

 
 

Figure 4. Separation of crystals by cooling at room temperature 

following the addition of urea and thiourea: U1, U2, U3 – 

samples to which urea was added; T1, T2, T3 – samples to 

which thiourea was added 

Table 2 Mass of the obtained crystalline product following 

the addition of smaller quantities of thiourea 

 

Mass added 

(g) 

Volume of 

filtrate 

collected  

(ml) 

Mass of crystals  

(g) 

0.25 180 45.2 

0.50 160 52.7 

0.75 170 60.3 
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In this research, the erythritol-producing ability of three Yarrowia lipolytica strains was investigated. The focus of 
our research was to achieve the highest possible erythritol concentration by examining and optimizing the 
cultivation conditions of erythritol fermentation. The complex utilization of the produced fermentation broth was 
also sought, e.g. the ergosterol extraction of yeast cells and isolation of a biodetergent from the foam formed 
during erythritol fermentation. Erythritol is a naturally occurring, widespread sugar alcohol that is gaining 
popularity, moreover, due to increases in usage, its demand among consumers is rising, which is why the 
importance of its biological production is becoming all the more critical in the food industry. Erythritol is 60 -70% 
as sweet as sucrose and a low-calorie sweetener. Some microorganisms are capable of producing erythritol from 
glucose, meanwhile Yarrowia lipolytica strains have been reported as glycerol-consuming erythritol producers. 
These two sources of carbon were compared despite being subjected to further conditions like the initial pH, 
nitrogen sources and some additives. The largest production of erythritol was achieved by Y. divulgata resulting 
in 44g/L on glycerol compared to only 2g/L on glucose. The best supplementation was found to include ammonium 
nitrate and sodium citrate resulting in a product yield of 33%. 

Keywords: erythritol, fermentation, Yarrowia, glycerol, glucose 

1. Introduction 

Due to the current lifestyle of society, the number of 

people suffering from diabetes mellitus and obesity is 

increasing. The desire of consumers to become healthier 

has created a whole market for sugar-free and zero-

calorie foods, an important part of which is the 

production of sugar alcohols called polyols. Erythritol 

(C4H10O4) is a naturally occurring sugar alcohol. Since 

the synthesis of erythritol is more difficult than those of 

other polyols, intensive research has been conducted to 

optimize its production in terms of the erythritol 

concentration, production rate (productivity) and/or yield 

[1]. 

Although erythritol is 60-70% as sweet as table 

sucrose, it is almost calorie-free (0.2 kcal/g), does not 

affect the blood sugar level nor cause tooth decay [2], has 

antioxidant effects, binds free radicals, possesses a 

glycemic index of 0 and increases the ability to absorb 

fructose [3]. Many methods are available to produce 

erythritol, both chemically and biotechnologically. Even 

though one of the most well-known chemical methods is 

high-temperature chemical synthesis from dialdehyde 

starch in the presence of a metal catalyst, namely nickel, 

which yields equimolar amounts of erythritol and 

ethylene glycol, this chemical process involves several 
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steps [2,4-5]. However, it is not used in industry due to 

its very low yield and relatively high costs. Currently, 

biotechnological methods are far superior to chemical 

methods. The large-scale production of erythritol uses 

microbial fermentation processes with pure glucose, 

sucrose and glucose syrup from chemically and 

enzymatically hydrolyzed wheat and corn starches [2]. 

The main microbiological strains in the synthesis of 

erythritol are osmophilic yeasts, e.g. Moniliella pollinis, 

Trichosporonoides megachiliensis and Y. lipolytica, as 

well as many strains of lactic acid bacteria, e.g. 

Oenococcus oeni, Leuconostoc mesenteroides and 

Lactobacillus sanfranciscensis [5]. Within the food 

industry, erythritol is mainly used as a sweetener in 

finished goods. Sugar-free, reduced sugar and calorie- or 

sugar-free alternative foodstuffs can be produced. As a 

sugar substitute, erythritol can be found as a tabletop 

sweetener as well as a sweetener in drinks, chewing gum, 

chocolate, candy and baked goods. Polyols are also 

commonly used in products from the personal care 

industry such as cosmetics or toiletries. As an additive, it 

is increasingly included in care products such as 

toothpastes, mouthwashes, creams, make-up, perfumes 

or deodorants. Due to its properties, erythritol offers 

good fluidity and stability as an excipient, making it an 

ideal candidate for active ingredients in sachets and 

capsules [6]. Yarrowia lipolytica is one of the most 

https://doi.org/10.33927/hjic-2022-11
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widely studied species of yeast [7]. Y. lipolytica exhibits 

strong proteolytic and lipolytic activity [8-9]. One of its 

most important products is lipase, an enzyme widely used 

in various areas of industry. Y. lipolytica can produce 

succinic acid [15] as well as erythritol and mannitol using 

glycerol as a substrate both in the presence and absence 

of sodium chloride [10]. Erythritol (170 g/l) was 

produced at pH 3.0 with the acetate-negative strain Y. 

lipolytica Wratislavia K1 by fed-batch fermentation [11]. 

In terms of its industrial use, it is most widespread in the 

food industry, moreover, is known for both its positive 

and negative effects [8]. To increase erythritol 

production, the effects of various additives, including 

sodium citrate and mannitol, were investigated in order 

to down-regulate the formation of by-products during 

erythritol fermentation. Furthermore, the 

supplementation of metal ions provides cofactors for key 

enyzmes [10], various nitrates [13] and polyethylene 

glycol (PEG) as an osmoticum [12]. 

2. Experimental 

The planned experiment in terms of erythritol production 

was performed by three Yarrowia lipolytica strains from 

the National Collection of Agricultural and Industrial 

Microorganisms (NCAIM, Hungary), namely NCAIM 

Yarrowia lipolytica 00597, NCAIM Yarrowia lipolytica 

00594 and NCAIM Yarrowia divulgata 1485. During the 

fermentations, a 24-well deep-well microtiter plate 

(Fig.1) was applied with a sandwich cover by 

enzyscreen.com (The Netherlands) for each strain 

separately since many small-scale experiments can be 

conducted at the same time. Due to the high osmotic 

pressure and low pH during erythritol production, cells 

grow slowly, so a thorough study of many parallel 

fermentations needs to be performed. Using the 

microtiter plate, 24 experiments in different or even the 

same media in parallel fermentations were performed 

simultaneously to provide a comparison.  

The ability of the strains to produce erythritol and 

the conditions required for erythritol fermentation were 

examined in order to increase the efficiency of 

production and achieve the highest possible erythritol 

concentration. The effects of the initial pH and C:N ratio 

were investigated during the fermentation. Given that 

previous studies [12,14] have shown that proper 

osmolarity has a significant effect on erythritol 

production, the effect of changing it was also investigated 

to determine the most appropriate range of osmolarity for 

erythritol production with these strains. The main 

consideration was the comparison of two substrates, that 

is, glycerol and glucose, in terms of erythritol production. 

After determining the most efficient fermentation 

conditions, our intention was to scale up the process. In 

the case of significant erythritol production, extraction of 

the product from the fermentation medium was sought. 

Our aim was to use the residual cells, e.g. 

Yarrowia  lipolytica lysates, to further investigate 

cosmetic purposes after ultrasonic treatment. 

All the inoculum medium was contained, that is, 

glycerol (50 g/l), yeast extract (3 g/l), malt extract (3 g/l) 

and peptone (5 g/l). The erythritol fermentation medium 

was also contained, namely glycerol (150 g/l), NH4Cl (3 

g/l), MgSO4*7H2O (1 g/l), KH2PO4 (0.2 g/l) and yeast 

extract (1 g/l) [11]. In order to increase erythritol 

production, the effects of the following additives was 

also tested. 20 g/l of both mannitol and sodium citrate 

were added during the fermentation. Metal ion 

supplementation resulted in the following concentrations 

of salts in the medium: CuSO4*5H2O (2.5 mg/l), 

FeSO4*7H2O (10 mg/l), MnSO4*7H2O (25 mg/l) and 

ZnSO4*7H2O (20 mg/l). 100 g/l of the supplement PEG 

(Polyethylene Glycol) was added, moreover, 4.6 g/l of 

nitrate supplementation was applied. Furthermore, co-

fermentation was investigated in combination with the 

two carbon sources, namely glucose and glycerol. 

The strains were inoculated in 100 ml of inoculum 

medium in 250 ml flasks and incubated on a rotary shaker 

(New Brunswick Innova 40) at 250 rpm for 3 days at 

25°C. All wells of the microplate contained 5 ml of 

fermentation medium and were incubated on a rotary 

shaker at 250 rpm for at least 20 days at 25°C. The pH 

was measured by a Mettler Toledo FiveEasy pH meter 

and controlled at 3.0 with NaOH (6N). 

The cell density was measured optically at 600 nm 

by a Camspec M501 Single Beam UV/Vis 

spectrophotometer every other day. Fermentation 

products were determined by a Waters Breeze isocratic 

HPLC system equipped with a Bio-Rad Aminex HPX-

87H column at 65°C. An RI detector was applied at 40°C 

and the eluent was 5mM H2SO4 in ultrapure water 

(Simplicity, Millipore). To determine the osmotic 

pressure of the fermentation, 60 µl of fermentation 

medium was analyzed by measuring the freezing-point 

depression using an osmometer (Gonotec Osmomat 

3000). 

 
 

Figure 1. Deep-well microplate 
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3. Results and Discussion 

3.1. Yarrowia lipolytica strain 594 

Y. lipolytica strain 594 was produced using the least 

amount of erythritol compared to the other two tested 

strains. The highest concentration (10.95 g/l) was 

achieved on the 14th day of the fermentation in the basic 

fermentation media containing 100 g/l glycerol with 50 

g/l glucose supplementation, i.e. co-fermentation. The 

highest product yield of 14.81% was also recorded using 

the same experimental setup, where glycerol in the media 

was completely consumed but not the glucose. In the case 

of Y. lipolytica strain 594, it can be stated that erythritol 

was not produced when only glucose was used as a 

substrate together with any of the other supplements. The 

highest erythritol concentration of 8.65 g/l was achieved 

when glycerol was used as the substrate supplemented 

with PEG, which is also rather low in comparison to other 

reports. Glucose as a substrate was not useful with regard 

to erythritol production using Y. lipolytica strain 594. 

3.2. Yarrowia lipolytica strain 597 

Y. lipolytica strain 597 was able to produce more 

erythritol than Y. lipolytica strain 594. The highest 

concentration (14.04 g/l) was produced in glycerol 

containing a medium supplemented with NaNO3, which 

was achieved on the 20th day of fermentation and 

corresponded to a yield of 30.31%. The average 

osmolarity with a slight decrement was 2243 

mOsmol/kg, which is twice that of glucose. The 

maximum osmolarity of the medium containing glucose 

was approximately 1200 mOsmol/kg, which decreased in 

correlation with the reduction in glucose concentration. 

This may explain why erythritol was produced in larger 

quantities in the medium containing glycerol. Glycerol 

was only completely consumed  by the end of the 

fermentation when the media were combined, containing 

100 g/l of glucose and 50 g/l of glycerol. On the 14th day, 

erythritol production had reached its maximum (11.13 

g/l), after which its amount began to decrease. Although 

the osmolarity was 1043 mOsmol/kg on the 14th day, it 

was initially 1346 mOsmol/kg. In the case of glucose, the 

highest concentration of erythritol was 2.04 g/l, which 

was achieved in a medium supplemented with 

ammonium sulfate and corresponded to a yield of 4.54%. 

Using this setup, even though the average osmolarity was 

1165 mOsmol/kg, which is very low for erythritol 

production, 4.24 g/l of mannitol was produced. 

Therefore, when glucose was used as the substrate 

supplemented with ammonium sulfate, mannitol was 

produced by Y. lipolytica strain 597 instead of erythritol. 

3.3 Yarrowia divulgata strain 1485  

Once again, two different substrates, namely glycerol and 

glucose, were compared. Among the tested additives 

(Fig.2A), the largest increase in erythritol concentration 

was experienced in the case of sodium citrate compared 

to the control samples. The highest concentration  of 

erythritol (44.38 g/l) was produced by Y. divulgata on the 

18th day of the fermentation using glycerol as a substrate 

supplemented with sodium citrate (Fig.2B). The glycerol 

was completely used up in the medium. The highest 

productivity of 0.1 (g/l)/h and highest yield of 37.86% 

were achieved with this supplementation. The osmolarity 

of the medium decreased in correlation with the 

exhaustion of glycerol from 2371 mOsmol/kg initially to 

1099 mOsmol/kg by the end of the fermentation. 

In the case of PEG and metal supplementation, 

32.44 and 8.31g/L of erythritol had been produced by the 

end of the fermentation, respectively. Among the tested 

nitrogen sources (Fig.2C), ammonium nitrate yielded the 

highest erythritol concentration of 30.75 g/l, 

corresponding to a yield of 31.11% based on glycerol. 

Compared to the control media, neither of the nitrogen 

 
 

 
 

 
 

Figure 2. Results of Y. divulgata strain 1485 - A) 

effect of supplements, B) time course of best run, C) 

effect of N-sources 

A 

B 

C 
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sources could significantly increase the erythritol 

production. By the end of the fermentation supplemented 

with ammonium nitrate, 5.13 g/l of mannitol had been 

produced. Regarding the fermentations supplemented 

with  ammonium sulfate and sodium nitrate, 27.60 and 

23.87 g/l of erythritol had been produced by the end of 

the fermentation, respectively. In the case of the substrate 

glucose, the highest production of erythritol (12.95 g/l) 

was achieved in the medium supplemented with sodium 

citrate. 

4. Discussion 

In the present work, 3 strains of Yarrowia species were 

examined on two carbon sources, namely glycerol and 

glucose, in terms of erythritol fermentation. Glycerol 

proved to be more usable. Among the 3 Yarrowia strains 

tested, Y. divulgata was the most productive, achieving 

44.38 g/l of erythritol in the media supplemented with 

sodium citrate during the microplate fermentation. In the 

case of Y. lipolytica strain 594, the highest erythritol 

concentration of 10.95 g/l was achieved without 

supplementation but in a medium containing 100 g/l of 

glycerol supplemented with 50 g/l of glucose on the 14th 

day of the fermentation. Finally, in the case of Y. 

lipolytica strain 597, the highest concentration of 

erythritol was 14.04 g/l in the medium supplemented 

with sodium nitrate. The tested supplementations could 

increase the erythritol concentration from 24.70 to 44.38 

g/L, yield from 33.15 to 37.86% and productivity from 

0.049 to 0.102. 

Among the reported Yarrowia results, although the 

aforementioned erythritol concentrations achieved are 

not particularly high, Y. divulgata may reach the recently 

used strains after optimization. In addition to the use of 

erythritol alone, the complex utilization of the broth for 

the application of ergosterol and cosmetics may be of 

greater interest and feasibility. 

In the future, given the high number of variables 

influencing erythritol productivity, a neural network will 

be used to optimize erythritol fermentation for Y. 

divulgata strain 1485, which proved to be the best. 

Additionally, isolation and determination of the 

ergosterol content of the cells as well as the produced 

biodetergent will also be investigated 
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The root microbiome of halotolerant plants can represent a great source of salt-tolerant plant growth-promoting 
rhizobacteria (ST-PGPR) with a wide range of beneficial effects on plants growth, development and productivity. 
The better understanding of the variety of complex salt tolerance and adaptive mechanisms of haloph ytes can 
contribute to improve salt tolerance in crops, and as a result, a better and increased use of saline areas 
worldwide. In addition, reclaiming saline areas for agricultural use may be able to alleviate the global threat of 
progressive soil salinization. 
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1. Introduction 

Although the threat of the continuous expansion of areas 

of saline soil exhibiting enhanced levels of salinity has a 

negative effect on soil structure, fertility and plant health, 

by progressively constraining plants in narrower habitats, 

they can grow and develop optimally without 

experiencing the negative, stressful impacts of saline 

conditions. Habitat narrowing is expected to decrease 

biodiversity and have negative impacts on the usability 

of land for agricultural practices. One of the most 

damaging abiotic stress factors for plants is the excessive 

accumulation of salt in their natural habitats caused by 

soil salinization. Soil salinity is most often defined by its 

electrical conductivity (EC) with values above 4 dSm−1 

indicative of saline soils [1]. Soil salinity can be 

determined by the occurrence of a variety of salts such as 

NaCl, Na2SO4, Na2CO3, MgSO4, MgCl2, KCl and 

CaSO4. All of these salts have the potential to induce 

salinity stress in plants. From among the aforementioned 

salts, the accumulation of NaCl is the most frequent in 

soils. The adverse effects of NaCl stress on plants has 

been extensively documented [2-4]. Saline soils 

represent a substantial limiting factor for the 

development and propagation of the majority of plant 

species belonging to the group of non-halophytes (also 

referred to as glycophytes). Only halophytes, that is, 
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plants adapted to and capable of achieving optimal 

development in saline environments, can persist in saline 

soils. To counteract salinity stress, salt-tolerant species 

have developed a wide range of tolerance traits such as 

osmotic adjustment, ion sequestration, ion exclusion, 

adaptations of the membrane transport system and 

protection enhanced by the synthesis of a variety of 

macromolecules with osmolytic properties, e.g. glycine 

betaine, proline, etc. [5].  

Petrosimonia triandra is a halophyte able to 

complete its life cycle under moderate saline conditions 

(EC: 4.45 dSm−1) native to the saline area of Cojocna in 

Cluj County, Romania (Fig.1) [6]. While the salt 

tolerance mechanisms of P. triandra are currently poorly 

understood, Podar et al. (2019) documented several 

adaptive mechanisms in this species that can withstand 

soil salinity such as morphological, physiological and 

biochemical adaptations, e.g. the development of 

efficient photosynthetic and antioxidative systems as 

well as the accumulation of the protective osmolyte 

proline. Similar salt tolerance mechanisms have also 

been documented in other halophyte species [7-8]. 

Another strategy of halophyte plant species to 

improve their range of salt tolerance is co-habitation with 

groups of rhizosphere-specific bacteria called plant 

growth-promoting rhizobacteria (PGPR), which live in 

the immediate vicinity of plants’ root systems (also 

referred to as the rhizosphere) as well as exert a positive 

https://doi.org/10.33927/hjic-2022-12
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effect on plant growth and development. These effects 

are underpinned by diverse mechanisms such as the 

addition of essential nutrients (N, K, Zn, Fe, PO4); 

production of 1-aminocyclopropane-1-carboxylate 

(ACC) deaminase, volatile organic compounds and 

phytohormones; as well as the facilitation of favorable 

plant-microbe interactions, antifungal effects, etc. [9-10].  

Some PGPR species have been found to be salt tolerant, 

namely ST-PGPR, and successfully used over recent 

decades to enhance crop yield and improve soil fertility. 

Most recently, Ayub et al. (2020) clearly emphasized the 

role of PGPRs in the salt tolerance of halophytes. In 

addition, nowadays, ST-PGPRs are also used as 

bioinoculants to improve crop productivity and provide 

protection from phytopathogens [11-12]. Therefore, ST-

PGPRs are promising tools to enhance the salinity 

tolerance of plants.  

The goal of the current study was to identify ST-

PGPR species from the rhizosphere of P. triandra. A 

better understanding of the rhizobial community - 

contributing to the enhancement of salt tolerance in 

species adapted to and native to saline areas - is expected 

to lead to valuable applications, thereby enhancing the 

tolerance of high-value crops and other species of 

horticultural use as well as provide technologies to 

expand land-use practices for agricultural purposes to 

underutilized, highly saline areas [13]. 

2. Experimental 

2.1. Soil sampling site 

Soil samples were collected from the rhizosphere of the 

halophyte P. triandra, native to the saline zone of 

Cojocna in Cluj County, Romania (GPS coordinates 

N46.74328 E23.84295, Fig.1).  The salinity of this site is 

characterized by EC = 4.45 dSm-1, which corresponds to 

moderate saline soil [1]. The specific physicochemical 

characteristics of the soil at the sampling site have been 

described in our former study [6]. 

2.2. Isolation of bacterial species from the 
rhizosphere of P. triandra 

P. triandra plants were carefully dug up and removed 

from the soil before gently shaking their roots to remove 

the excess soil. The soil that was directly adhered to the 

roots was collected and transported back to the laboratory 

for analysis where it was transferred into a flask 

containing 99 ml of sterilized distilled water. After 

shaking the flask for 15 minutes, the soil samples were 

subjected to a 10-fold serial dilution and 100 µl of the 

solution was spread on plates containing nutrient agar 

(NA) media (Merck, Germany) supplemented with 2, 4, 

6, 8, 10, 11, 11.5, 12, 12.5 and 13% NaCl, respectively. 

The plate containing NA without external NaCl was used 

as the control sample. The plates were incubated at room 

 

 

 
 

Figure 1. A: Location of the study zone in Cojocna, 

Romania; B: the habitat of P. triandra in Cojocna; C: 

young P. triandra plants 

 

temperature with colonies appearing 3-4 days after 

inoculation. 

2.3. Identification of salt-tolerant rhizobacteria 
using a 16S rRNA gene sequence 

To identify the rhizosphere of bacterial species, strains 

exhibiting the highest salt tolerance were selected, 

namely 11.5, 12 and 12.5% NaCl. Thirty colonies were 

selected for DNA isolation, PCR and gene sequencing of 

their 16S rRNA gene. Having extracted the total genomic 

DNA (QIAGEN, Germany), a fragment of the 16S rRNA 

gene was amplified by PCR using the 16S rRNA 

universal primers (27F: 5′-

AGAGTTTGATCCTGGCTCAG-3′ and 1492R: 5′-

GGTTACCTTGTTACGACTT-3′). The PCRs were 

mixed using a Bioline PCR kit with the polymerase 

MyTaq Red Mix (Bioline, Meridian Bioscience, 

Memphis, TN) in a final volume of 50 µl. The PCRs were 

performed using a MultiGene OptiMax thermal cycler 

(Labnet, Cary, NC) under the following cycling 

conditions: 5 mins. at 95°C, followed by 30 cycles lasting  
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Table 1. Identified rhizosphere bacteria and the salt 

concentration facilitating their optimum growth 

 

No. PGPR name NaCl tolerance (%) 

1. 
Bacillus hwajinpoensis 

FJAT-46935 
12.5 

2. Bacillus sp. LS-X7 12.5 

3. Bacillus sp. EBW4 12.0 

4. Bacillus sp. YTM5 11.5 

 

30s each at 94°C, 30s each at 55°C and 1.5 mins. each at 

72°C followed by a final extension step at 72°C for 

7 mins. 5 μl aliquots of each reaction were analyzed on 

1% (w/v) agarose gel in TBE buffer, stained with Midori 

Green Advance nucleic acid staining solution (NIPPON 

Genetics EUROPE, Düren, Germany). The resulting 

~1500 bp PCR product was purified using an Agarose 

Gel Extraction Kit (Jena Bioscience, Jena, Germany) 

according to the manufacturer’s protocol and sent for 

sequencing at the genomic sequencing service provider 

Macrogen (South Korea, http://dna.macrogen.com/eng). 

BLAST analysis and gene sequencing were also 

performed by Macrogen. 

3. Results and Discussion 

3.1. Determination of the NaCl tolerance of 
the rhizobacteria P. triandra 

Rhizobacteria isolated in close proximity to the roots of 

P. triandra could survive in a media supplemented with 

up to 12.5% NaCl (Fig.2). 46 bacterial colonies were able 

to grow in the presence of salinities as high as 11.5, 12 

and 12.5% NaCl. The number of bacterial colonies grown 

in saline media decreased as the NaCl concentration 

increased. A total number of 26, 12 and 8 bacterial 

isolates survived in salinities of 11.5, 12 and 12.5% 

NaCl, respectively. The 8 most salt-tolerant bacterial 

isolates survived in the presence of 12.5% NaCl. Based 

on their highest level of salt tolerance and diverse 

morphology, 30 isolates were selected for molecular 

identification. 

3.2. Identification of salt-tolerant rhizobacteria  

The bacterial 16S rRNA gene sequence analysis 

determined that of the 30 selected isolates, 26 belonged 

to the Bacillus genus (Bacillus sp. strains EBW4, LS-X7, 

YTM5) with one of them identified as the B. 

hwajinpoensis strain FJAT-46935. The other four 

isolates could not be identified. The names of the isolates 

and  their  highest  salinity tolerance are presented in 

Table 1. 

The important role of some of the identified P. 

triandra rhizobacteria in enhancing plant growth, yield 

and salt tolerance has been described previously [14]. A 

plant growth-promoting effect of the rhizosphere 

bacterial strain Bacillus sp. EBW4 was reported by 

Utkhede and Smith in 1992 [15], who highlighted an  

 
 
Figure 2. Bacterial isolates growing on NA media 

supplemented with 12.5% NaCl 

 

increase in the growth of apple trees and fruit yield after 

applying Bacillus sp. EBW4. Another PGPR identified is 

B. hwajinpoensis, which was also characterized as a 

halotolerant rhizobacterial species with plant growth-

promoting traits by Ferreira et al. (2021) [16]. 

Furthermore, many other Bacillus sp. strains were also 

described as ST-PGPRs. Experiments with several plant 

species proved that a diverse range of Bacillus strains 

such as B. pumilus, B. paramycoides and B. 

amyloliquefaciens exhibit elevated salinity tolerance 

following the induction of a series of salt-tolerance 

mechanisms in plants, e.g. enhance antioxidant enzyme 

activity and reduce lipid peroxidation [16-19]. Ferreira et 

al. (2021) described the plant growth-promoting 

characteristics of salt-tolerant Bacillus sp., e.g. 

production of indole-3-acetic acid (IAA) and 

siderophores, enhanced 1-aminocyclopropane-1-

carboxylic acid (ACC) deaminase activity as well as 

phosphate solubilization [16]. Moreover, Nawaz et al. 

(2020) studied the individual or synergistic effects of ST-

PGPRs on wheat growth as well as yield under saline 

conditions and found that these bacteria may be used as 

bioinoculants to enhance crop yield in saline 

environments [20]. 

Our findings regarding the Bacillus sp. strains LS-

X7 and YTM5 in the rhizosphere of the salt-tolerant P. 

triandra populated by numerous ST-PGPR species are 

novel, moreover, it is hypothesized that these strains are 

also potential candidates for ST-PGPR activity along 

with the other described species and Bacillus strains. The 

potential ST-PGPR function of the aforementioned 

strains requires further investigation, namely analysis of 

their ACC deaminase activity, phytohormone production 

and plant-microbe interactions, which are the goals of our 

future studies. 

In summary, based on our results and prior findings, 

the root microbiome of the halophyte P. triandra is likely 

to be a useful source for the isolation, discovery and 

characterization of yet unknown ST-PGPRs providing 

tools with further applications with regard to inducing 

halotolerance in plants of high economic value. 

Therefore, understanding the salt tolerance mechanisms 

of halotolerant plants in general, e.g. that of P. triandra 

in our study, may ultimately facilitate the exploitation of 



  SZÉKELY, SZÍGYÁRTÓ, TÓTH AND BARTA 

Hungarian Journal of Industry and Chemistry 

14 

saline areas for agricultural purposes, especially in the 

Carpathian Basin. 

4. Conclusions 

P. triandra, similarly to a series of other halophyte 

species, has evolved various morphological, 

physiological and biochemical salt adaptation 

mechanisms to counteract the harmful effects of elevated 

salinity [6]. The isolation of halotolerant bacteria from 

the rhizosphere of this species indicates that plant-

microbe cohabitation may influence the adaptive strategy 

of the plant. Although further investigations are 

necessary to characterize the novel identified bacterial 

strains and demonstrate their PGPR ability, our results 

are promising. Therefore, the identified ST-PGPR 

species from the rhizosphere of P. triandra could 

possibly be used to improve the salinity tolerance of non-

halophyte species such as many common crops 

threatened by the salinization of arable land worldwide. 
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A remarkable interplay between the skin and the fermentation of lactic acid bacteria (LAB) occurs. The lactate 
and amino acids in the supernatant of this bacteria help to hydrate the skin. The fermentation broth of lactic acid 
bacteria, generally referred as "lactic acid bacteria ferment" according to International Nomenclature of Cosmetic 
Ingredients (INCI), has been used to make a variety of cosmetic components. The goal of this study was to 
evaluate new approaches to assess ferment filtrates (also known as cell-free fermentation broths) that could be 
used in cosmeceuticals. Despite years of research on the production of lactic acid, aesthetic evaluations have not 
yet been performed. First, the Lactobacillus paracasei strain NCAIM B.01525 was employed in our research. 
Furthermore, a fermentation broth was produced containing the Hungaricum mineral alginite and the impact of 
hydration on human skin tested. The influence of alginite on the fermentation of LAB was also examined. 
According to the results of the trials, although alginite might double and triple biomass and specific growth rates, 
respectively, it cannot facilitate hydration of the skin. These results might contribute to the development of more 
widely accessible, environmentally-friendly cosmetic components in the future. 

Keywords: human skin, dermatoscope, moisturizing effect 

1. Introduction 

The use of cosmetics dates back 7,000 years to Ancient 

Egypt and were later used in the Roman Empire, for 

example, according to some legends, Cleopatra bathed in 

goats' milk to preserve the youthfulness of her skin. 

Later, milk baths became popular in the English royal 

court, for instance, Catherine Parr, the last queen of the 

House of Tudor, and later Elizabeth I, Queen of England, 

regularly used a milk bath to preserve their beauty. In 

today's modern world, using natural ingredients in 

cosmetics has come to the fore again. Although our 

laboratory has been dealing with lactic acid producers for 

many years, to date, no measurements have been made in 

terms of cosmetics. 

The structure of the skin and the composition of the 

stratum corneum (SC) are shown in Fig. 1, including the 

natural moisturizing factor (NMF). The skin consists of 

two main layers, namely the dermis and epidermis. The 

epidermis is further divided into two main layers, that is, 

the viable epidermis and the stratum corneum (SC), 

which is the outermost layer mainly consisting of dead 

cells. The essential function of the SC is to act as a 

barrier, preventing dehydration caused by water loss 

from the body. The SC contains 30% NMF, which 
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consists of 40% amino acids such as serine, glycine and 

alanine as well as 12% lactate, which is capable of 

retaining water in the stratum corneum [2]. 

On the other hand, lactic acid bacteria (LAB) are 

generally defined as Gram-positive, non-spore-forming, 

catalase-negative, aerotolerant, acid-tolerant, nutrient-

demanding and strictly fermentative organisms that lack 

cytochromes as well as produce lactic acid as the main 

end product of carbohydrate metabolism [3]. LAB 

contains cell wall-bound proteinase that initiates the 

transformation of extracellular proteins into 

oligopeptides [4]. The protease activity as well as 

 
 

Figure 1. Composition of the skin and its natural 

moisturizing factor (NMF), where PCA is pyrrolidone 

carboxylic acid [1] 

https://doi.org/10.33927/hjic-2022-13
mailto:naron@f-labor.mkt.bme.hu


  TÓTH AND NÉMETH 

Hungarian Journal of Industry and Chemistry 

18 

catabolic production of proteins and peptides enable 

LAB to produce amino acids in the fermentation broth 

[5]. Since many amino acids are contained in various 

LAB-fermented foods such as cheese [6], sausage [7] and 

even Japanese sake [8], a LAB-fermented ingredient 

contains large amounts of lactic acid and amino acids, 

which together form the NMF. Therefore, these 

ingredients exert a hydration effect when they are applied 

on the skin. Furthermore, a particular combination of a 

substrate and a strain of LAB could provide another 

beneficial functional impact on the skin.  

Our goal was to investigate how the mineral alginite 

affects fermentation and moisturization of the skin. 

Another aim of this study was to screen for new methods 

to evaluate the ferment filtrate, i.e. cell-free broth, in 

terms of usage in cosmeceuticals. 

2. Experimental 

2.1. Fermentation 

The planned experiment concerning the production of 

lactobacillus ferment filtrate was performed using a 

strain of Lactobacillus paracasei from the National 

Collection of Agricultural and Industrial Microorganisms 

(NCAIM, Hungary), namely NCAIM Lactobacillus 

paracasei B.01525. 

The fermentations were conducted in 250 ml shake 

flasks and 10 ml BacTrac impedance tubes (SY-LAB, 

Austria - Fig. 2) at 37°C. Only the shake flasks were 

shaken at 150 rpm. The fermentations could be 

monitored online using a SY-LAB BacTrac 4100 

microbiological analyzer due to changes in the 

impedance of the medium (M%) and on the surface (E%) 

of the electrodes by following the same method 

previously reported by Áron Németh [9]. The 

measurements were performed using the BacTrac 

analyzer and the results displayed by BacMonitor Y 

1.39Er software. Since the BacTrac program only shows 

curves and does not give the corresponding points, these 

points had to be extracted in a different way. The curves 

were saved as QRP files, which were converted into 

JPEG format using SmartQRP software. The JPEG files 

had already been recognised by DigitizeIt, which made it 

easy to determine the points associated with the curves. 

The points were copied into a Microsoft Excel 

spreadsheet and curves were fitted to the points using 

SigmaPlot 2001 software for Windows version 7.0. The 

generalized logistic equation by Verhulst-Pearl was used 

[10]. 

The nutrient solution was the following Marie-

Rogosa-Sharpe medium: peptone (10.0 g/l), yeast extract 

(5.0 g/l), beef extract (10.0 g/l), glucose (20.0 g/l), 

KH2PO4 (2.0 g/l), sodium acetate (5.0 g/l), magnesium 

sulfate (0.2 g/l), manganese sulfate (0.05 g/l), Tween 80 

(1.08 g/l) and ammonium citrate (2.0 g/l). The 

fermentations with alginite were supplemented with 

10g/l of alginite.  

During the fermentation, the changes in glucose and 

lactic acid concentrations were monitored by a Waters  

Breeze HPLC system consisting of a Bio-Rad Aminex 

HPX-87H Column, Waters 717 Plus Autosampler and 

Waters 2414 RI detector. After appropriate dilution steps, 

the samples were mixed with a 0.2 µm-pore-size mixed 

ester syringe filter (ViaLab Magyarország Kft.). 

The dry matter was measured as follows: the 

contents of the BacTrac tubes, that is, 10 ml of 

fermentation broth, were loaded into Falcon Conical 

Centrifuge Tubes and centrifuged at 6000 rpm for 10 

mins. using a Hermle Z200A centrifuge. The supernatant 

was then decanted before the cells were suspended in 

distilled water and centrifuged once more. The 

supernatant was decanted again and the biomass poured 

into the crystallization cup with 2-3 ml of distilled water 

before being dried relatively quickly using our Sartorius 

MA35 moisture analyzer. 

2.2. Determination of moisture content 

The short-term/immediate hydration effect of the ferment 

filtrates was determined by taking triplicate 

measurements using a dermatoscope (Fig. 3). On the 

forearm of the subject, three 1 cm2 areas were marked out 

onto which 20 µl of fermented juice was pipetted. After 

5 mins., these areas were wiped with a dry hand towel 

and then the hydration on that part of the subject’s skin 

was measured at given intervals with the installed 

Corneometer (capacitance) sensor. In order to establish a 

basis for comparison, the hydration of the subject’s skin  

 
 

Figure 2. BacTrac and its vials with electrodes 

 
 

Figure 3. Measuring with a dermatoscope  
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was recorded before measurements were taken and the 

values displayed here corrected according to this value. 

3. Results and Discussion 

3.1. BacTrac results 

The effect of alginite on the kinetics of LAB 

fermentation was also investigated. The fermentations 

were monitored by BacTrac online by replicating both 

setups three times, that is, in the presence and and 

absence of alginite, supplemented with a non-

inoculated (blank) reference. The reference BacTrac 

tube contained the medium MRS and 10 g/l of non-

inoculated alginite. The replicates were compared by 

excluding outliers from further processing and their 

curves are presented in Fig. 4. The resulting curves 

clearly show the impedance of Lactobacillus paracasei 

fermentations in the presence of alginite during the 

declining growth phase is twice as high as that of non-

alginite fermentations. Furthermore, the specific growth 

rate was also determined to quantitatively compare the 

effect of alginite on fermentation kinetics as is presented 

in Fig. 5. 

The specific growth rates also differ significantly 

between the normal and alginite fermentations, namely 

0.6 and 1.9 l/h, respectively (Fig. 5). Therefore, the 

specific growth rate of fermentation with alginite is three 

times higher than without. 

The data obtained from dry matter measurements 

also indicate that alginite fermentations achieved higher 

yields (Fig. 6). 

3.2. Skin hydration 

Since a lactic acid-producing strain was investigated, 

firstly the moisturizing effect of solutions of different 

lactic acid concentrations, namely 5, 10, 15 and 20 g/l of 

lactic acid in distilled water, was determined by a 

dermatoscope. How skin hydration changes over time 

once the given concentration of the lactic acid solution 

had been reduced is represented in Fig. 7. It is clearly 

visible that the level of hydration rapidly decreases over 

time but eventually stabilizes after ca. 35 mins. 

 

Since the initial phase is difficult to quantify, the 

steady-state values after 30, 35, 40 and 45 minutes were 

used before being plotted against concentration as 

presented in Fig. 8. The trend is clear, that is, as the 

concentration of lactic acid increases, so does the 

moisturizing effect. The effect of the 5g/l lactic acid 

solution is so minimal that it has a relatively mild 

dehydration effect on the skin. A trendline was fitted to 

the points (R^2>0.99) and from the resulting equation, 

the hydration effect of the fermentation broth was 

predicted based on its lactic acid content. 

While our technique for measuring the moisturizing 

effect is first described and applied here, the lactic acid 

sting test (LAST), which also measures capacitance 

 
 

Figure 4. Lactobacillus paracasei fermentations in 

BacTrac tubes 

 
 

Figure 5. Specific growth rates of L. paracasei 

fermentations 

 
 

Figure 6. Concentration of dry matter in the L. paracasei 

fermentations 

 
 

Figure 7. The moisturizing effect of the lactic acid 

(LA) solutions 
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using a Corneometer (similarly to our dermatoscope’s 

Corneometer) is highly comparable to it [11]-[13].  

The only two differences are that the cited authors 

applied the ferment filtrates to the facial skin, to 

nasolabial folds to be exact, where the hydration effect 

was 6 times higher in contrast to on the forearm in our 

study, and that they only reported the measured level of 

hydration after 10 mins., which according to our time 

profile varies rapidly over time suggesting it may be 

more reliable. 

Overall, a correlation with regard to the lactic acid 

solutions is observed between our results and those from 

the cited studies. 

The effect on skin hydration of the Lactobacillus 

paracasei fermented broths was also measured and 

plotted against time (Fig. 9). A comparison concerning 

the steady-state values of the fermentation samples in the 

presence and absence of alginite is presented in Fig. 10. 

According to the results, the samples containing alginite 

were less hydrating than the cell-free fermentation broth. 

This may be due to the higher concentrations of lactic 

acid produced in the alginite-free fermentation broth, 

namely 23.8 g/l and 28.8 g/l, respectively. By applying 

the equation in Fig. 5, hydration values of 15.2 and 

11.7% were predicted for the alginite-free and alginite-

containing fermentation broths, respectively, based on 

these lactic acid concentrations. Although the measured 

results in both cases are slightly lower, the difference is 

insignificant. 

4. Conclusion  

The current study investigated the effects of the mineral 

alginite on the fermentation of Lactobacillus paracasei 

and its moisturizing effects on the skin. This study also 

aimed to test novel approaches for evaluating ferment 

filtrates (also known as cell-free fermentation broths) for 

use in cosmeceuticals. According to studies on the 

process, alginite increases the specific growth rate and 

dry matter content during fermentation. While the latter 

doubled, from 1.6 to 3.3 g/l to be exact, the former tripled 

from 0.60 to 1.91 l/h. Based on these encouraging 

findings, it was predicted that the hydration effect of the 

filtrate in the presence of alginite would outweigh that 

without. However, dermatoscopic measurements 

provided evidence to the contrary. The measured 

hydration levels of the alginite-free and alginite-

containing fermentation broths were  13.9 and 8.1%, 

respectively. 

Our future studies will focus on the effects of 

fermented broths containing alginite on additional 

aesthetic aspects such as antioxidants, skin whitening or 

the inhibition of the enzyme hyaluronidase.  
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This study aimed to evaluate a gas-liquid membrane contactor for recovering the dissolved gases of methane 
(CH4) and carbon dioxide (CO2) from model aqueous anaerobic effluents. For this purpose, synthetic effluents 
were prepared by using the gas mixtures of SE-1: 100/0, SE-2: 0/100 and SE-3: 50/50 CH4/CO2 vol.% as well as 
DI water. The units in which the synthetic effluent was prepared were coupled with a dense hollow fiber membrane 
module by employing argon gas at atmospheric pressure. The desorption of the gases CH4 and CO2 dissolved in 
the effluents was investigated with a countercurrent flow of the liquid on the lumen side. The effect of the sweep 
gas flow rate on the removal rate was also investigated. The results showed that the recovery rate of CH4 was 
slightly affected by increasing the sweep gas flow rate, while the recovery rate of CO2 was enhanced considerably. 
By applying a sweep gas flow rate of 20 mL/min, the recovery rate of both gases from SE-3 exceeded 50%. 

Keywords: gas separation; membrane contactor; biogas recovery; anaerobic effluent  

1. Introduction 

Anaerobic wastewater treatment is a widely used 

technology to convert organic waste into well-stabilized 

sludge. Compared to aerobic systems, the major 

advantages of anaerobic-based ones are that the process 

produces higher-quality effluent and has the potential to 

be a net energy producer by utilizing energy from the 

biogas produced. Raw biogas mainly consists of CH4 and 

CO2, moreover, may contain small quantities of 

hydrogen sulphide, moisture and siloxanes [1]. The 

composition of biogas can vary depending on the 

operating conditions and concentrations of organic 

compounds in the treated water. Typically, although the 

methane content in biogas is within the range of 50-70%, 

it can be as high as 90% depending on its interaction with 

the aqueous phase of the carbon dioxide [2]-[3]. 

Furthermore, important benefits of anaerobic treatment 

include the requirement of less nutrients as well as lower 

energy consumption and higher organic loads than most 

conventional biological treatments. Membranes are 

crucial for the separation of biomass and effluent as they 

enable higher concentrations of organic compounds to be 

used in reactors, generation less sludge as well as 

increase the rate of biogas production [4]. Therefore, an 

anaerobic membrane bioreactor system has emerged as a 

potential alternative technology for wastewater treatment 

by coupling anaerobic bioreactors with membrane 

separation, facilitating easy scaling up and selective 
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separation with low energy consumption [5]. Biogas as a 

renewable fuel consisting of 50-70% CH4 and 30-50% 

CO2 can be produced with this method [6]. Since the 

treatment process occurs in a completely closed 

environment, it is crucial that the dissolved gases in the 

produced effluent are in equilibrium with the biogas in 

the headspace, resulting in a significant quantity of 

dissolved CH4 and dissolved CO2 being lost in the 

effluent solution [7]-[8]. Both dissolved gases are 

desorbed into the environment and contribute towards 

greenhouse gas emissions. Several researchers have 

reported that a considerable amount of the methane 

generated is dissolved and wasted in the liquid phase [1]-

[2], [9]-[12].  

Methane loss as a function of the temperature of 

bodies of municipal wastewater containing an average 

soluble COD of 200 mg/L is presented in Fig.1. Since the 

 
 

Figure 1. Dissolved methane in the wastewater as a 

function of temperature 
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solubility of methane increases as the temperature 

decreases, the amount of dissolved methane is higher, 

even as high as 88% at 0°C, at lower temperatures. 

Methane is a greenhouse gas, its global warming 

potential is estimated to be 28–36 times higher than that 

of CO2 over 100 years [13], moreover, is flammable with 

a lower explosive limit of 5 vol.% [2]. Consequently, the 

importance of recovering and utilizing methane 

entrapped in effluent during biogas production is 

significant in order for anaerobic treatment systems to be 

sustainable.  

The membrane degassing technology using gas-

liquid membrane contactors (GLMCs) has emerged as a 

potential approach for recovering entrapped methane in 

fermentation liquor [7]. Preferably, GLMCs are 

assembled into hollow fiber membrane modules since 

they yield a higher gas desorption rate by providing high 

volumetric mass transfer coefficients [14].  

The goal of this research was to determine the 

recovery rates of CH4 and CO2 gas dissolved in synthetic 

effluents by applying a non-porous hollow fiber 

membrane. The effect of gas and liquid flow rates on the 

removal rate was also investigated. 

2. Experimental 

Pure CH4 (98%)/CO2 (99%) and deionized water were 

used to prepare the synthetic effluents (SEs) in glass 

bottles with a volume of 5 L. A peristaltic pump was used 

to displace the air from the bottle to create an anaerobic 

environment, which was confirmed with a dissolved 

oxygen analyzer. Saturation was achieved by bubbling 

CH4 (SE-1), CO2 (SE-2) or a mixture of CH4 and CO2 

(50-50%: SE-3) into the deionized water for 3 hours.  

The composition of the headspace was monitored 

by a Hewlett Packard HP 5890 Series II gas 

chromatograph equipped with a thermal conductivity 

detector (TCD). A capillary CarboPLOT® column was 

employed (Agilent Technologies, length: 60 m, ID: 0.32 

mm, film thickness: 1.5 mm) with Ar (99.9 %) as a carrier 

gas at a flow rate of 15 mL/min. The applied split ratio 

was 100:1. The temperatures of the injector, column oven 

and detector were 130, 90 and 115°C, respectively. At the 

saturation point, the concentration of CH4/CO2 in the 

headspace was in a steady state. Once stability had been 

ensured, deoxygenated and CH4/CO2-saturated water 

was pumped against the membrane by a peristaltic pump. 

The units in which the synthetic effluent was prepared 

were coupled with a PermSelect® silicone, non-porous 

hollow-fiber membrane module with a surface area of 1.0 

m2. The membrane was operated with a countercurrent 

flow of the liquid on the lumen side to examine the 

desorption of CH4 and CO2 gases dissolved in the 

effluents. Argon (99.9%) was used as a sweep gas in the 

experiments. 

The concentration of the outlet gas at the membrane 

module was measured by the gas chromatograph at 

regular intervals. Henry’s law and the liquid flow rates 

were used to calculate the mass flow rate of gases 

entering the membrane module, while based on the ideal 

gas law, results obtained from GC and gas flow rates 

were used to calculate the mass flow rate of gases exiting 

from the membrane module. Based on the results 

obtained, the recovery rates of CH4/CO2 were calculated.  

3. Results and Discussion 

Based on the preliminary experiments, in this research, 

the liquid flow rate used was 15 mL/min, adjusted by a 

peristaltic pump and monitored with a balance. The 

sweep gas flow rate varied from 5-60 mL/min and was 

adjusted by a control valve as well as measured with a 

soap film flowmeter. 

Recovery rates of CH4/CO2 from SE-1/SE-2 as a 

function of the sweep gas flow rate at a liquid flow rate 

of 15 mL/min are shown in Tables 1 and 2 as well as 

summarized in Fig.2.  

 

 

 

Table 1. Recovery rates of CH4 from SE-1 as a function 

of the sweep gas flow rate 

 
Liquid  

flow rate  

(mL/min) 

Sweep gas  

flow rate  

(mL/min) 

Recovery rate  

of CH4  

(%) 

15 

15 

15 

15 

5 

10 

20 

60 

57.1 

58.0 

58.6 

35.9 

 

Table 2. Recovery rates of CO2 from SE-2 as a function 

of the sweep gas flow rate 

 
Liquid  

flow rate 

(mL/min) 

Sweep gas 

flow rate 

(mL/min) 

Recovery rate  

of CO2  

(%) 

15 

15 

15 

15 

5 

10 

20 

60 

9.2 

29.0 

47.0 

61.6 

 

 
Figure 2. Recovery rates of CH4/CO2 from SE-1 and 

SE-2 as a function of the sweep gas flow rate 
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The results showed that the recovery rate of CH4 at 

a sweep gas flow rate of 5-20 mL/min was almost 

constant (57.1-58.6%) and rapidly decreased to 35.9% by 

increasing the gas flow rate to 60 mL/min. Similar effects 

of the gas flow rate on the recovery ratios of the gases 

have been reported by Cookney et al. [15], where 

increasing the gas flow rate had little effect on the mass 

transfer coefficient of CH4 due to mass transfer 

controlled by the resistance in the liquid phase. 

Rongwong et al. [7], [16] also reported that the CH4 

concentration is diluted in the outlet gas in the case of 

high gas flow rates, which was also observed in this 

study. Although the recovery rate of CO2 was increased 

by increasing the sweep gas flow rate, these values were 

much lower than those of CH4 except for at a gas flow 

rate of 60 mL/min. 

SE-3 was prepared by purging a mixture of CH4 and 

CO2 gases (50:50) into deionized water for 3 hours to 

investigate the impact of this mixture on the recovery rate 

of the membrane module. The results were compared 

with those obtained from synthetic effluents prepared 

with pure gases. The recovery rates of CO2 and CH4 as a 

function of the sweep gas flow rate are given in Table 3 

and Fig.3. 

 

 

 

 

The results from SE-3 showed a similar tendency to 

those obtained in the case of individual gases. The 

recovery rate of CO2 was increased from 36.2 to 62.9% 

by increasing the sweep gas flow rate, while these values 

for CH4 at a gas flow rate of 10-20 mL/min were 53.1-

61.3% but dropped drastically to 11.9% by applying a gas 

flow rate of 60 mL/min. At the latter gas flow rate, the 

recovery rate of the membrane module with regard to 

CH4 from SE-1 was 35.9%, therefore, the presence of 

CO2 in the synthetic effluent may have a negative effect 

on the recovery of CH4. Nevertheless, by applying a 

sweep gas flow rate of 20 mL/min, the recovery rate of 

both gases from SE-3 exceeded 50%. 

4. Conclusions  

The anaerobic digestion of wastewater is a commonly 

used technology to produce biogas by converting organic 

waste into well-stabilized sludge. Since the process takes 

place in a completely closed environment, it is crucial 

that the dissolved gases in the produced effluent are in 

equilibrium with the biogas in the headspace, leading to 

a significant quantity of dissolved CH4 and dissolved 

CO2 being lost in the effluent solution. As a result, the 

recovery of dissolved CH4 is critical to increase 

anaerobic energy production while minimizing the 

environmental impact of greenhouse gases. In this study, 

synthetic effluents were prepared by purging CH4/CO2 

into deionized water. A membrane contactor was 

employed as a mass transfer device for measuring the 

recovery rates of CH4 and CO2 gases dissolved in 

synthetic effluents by applying a non-porous hollow fiber 

membrane. The effect of the sweep gas flow rate on the 

removal rate was also investigated. The results showed 

that the recovery rate of CH4 was slightly affected by 

increasing the sweep gas flow rate, while the recovery 

rate of CO2 was enhanced considerably. 
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This paper focuses on the pyrolysis of animal manure in a laboratory-scale tubular reactor between 300 and 900°C 
at nitrogen flow rates of 1 and 5 dm3/h. During the experiments, it was found that both the temperature and 
nitrogen flow rate had significant effects on the product yields and compositions. The highest gas yield and syngas 
content were observed at 900°C at a nitrogen flow rate of 1 dm3/h. In this case, since the gaseous product was 
characterized by a H2/CO ratio of 0:5, its quality must be improved prior to being used for synthesis. The 
composition of the solid residue was also affected by the pyrolysis parameters . Based on the hydrogen/carbon 
and oxygen/carbon ratios, it was concluded that both the water-gas shift and Boudouard reactions were the most 
critical. 

Keywords: cattle manure, pyrolysis, tubular reactor, product yield, composition 

1. Introduction 

The rapid growth of the world’s population is leading to 

a significant rise in the demand and consumption of food, 

including meat and animal-derived products. As a 

consequence, farms and this sector generate huge 

amounts of waste such as livestock manure, sewage 

sludge and poultry litter [1]-[2]. The inadequate 

management of manure and sewage sludge causes 

serious health and environmental issues, e.g. water and 

air pollution as well as the emission of greenhouse gases 

and heavy metals in addition to the spread of pathogens. 

The composition of this residue includes a wide variety 

of chemical and biological compounds which are 

associated with the specific species of animals and age 

ranges amongst other factors. The residue consists of a 

complex mixture of compounds, mainly microbiota, 

lignocellulose, proteins as well as a significant amount of 

inorganic matter such as S, N, P, K, Ca, Mg and Cl. 

Additionally, heavy metals such as Cu, Pb, Cd, Zn and 

Mn can be found in the residue due to the use of 

antibiotics and hormones supplied to the animals [3]-[5]. 

Some of the practices concerning the disposal of sewage 

sludge and manure include landfilling, agricultural 

utilization, composting, anaerobic digestion and 

thermochemical conversion [6]. One of the most 
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traditional and practical alternatives is the usage of these 

residues in agricultural land due to the high content of N 

and P which are essential elements required in plant 

fertilization. However, nowadays, this practice has 

diminished due to the enormous amount of waste 

generated, exceeding the nutritional requirements of the 

soil. Environmental regulations establish limits on the 

values allowed for the usage of sewage sludge in 

agriculture. The excessive use of manure on land causes 

problems such as contamination of the subsoil and 

surface, odors as well as the emission of greenhouse 

gases and ammonia [5,7-10]. 

Therefore, new alternatives for the proper 

management of this type of waste have been explored as 

well as studied more comprehensively in an attempt to 

solve the environmental and social impacts [8]. For 

example, thermal conversion techniques such as 

pyrolysis and gasification could be alternatives for 

transforming the residue into valuable products such as 

oil, char and gaseous products. Additional advantages of 

these techniques are that the huge volume generated is 

reduced, microorganisms are degraded and pathogenic 

organisms destroyed [1,9-10]. It is important to take into 

consideration that the percentage of humidity in the 

residues in the material is high and should be reduced 

while using the thermal techniques. The material could 

mailto:tomasek.szabina@mk.uni-pannon.hu
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be dried through natural, mechanical and thermal drying 

techniques [11]. Depending on the thermal degradation 

technique applied, the composition of the feedstock; 

process conditions, e.g. temperature and heating rate; as 

well as product distribution and its composition will vary 

[11]. For example, during pyrolysis, degradation in the 

absence of oxygen occurs at high temperatures. Through 

pyrolysis, the feedstock decomposes to form char, oil and 

light non-condensable gases [11]. In the case of the raw 

material containing a large amount of hemicellulose and 

cellulose, a product consisting of a higher percentage of 

gases could be expected, while lignin contributes towards 

the formation of char. Regarding the temperature, the 

formation of char is favored by low temperatures, while 

that of oil and volatile gaseous components is more likely 

at high temperatures [12]. The products can be further 

utilized depending on their characteristics. Char has 

interesting physical properties, for example, a high 

surface area, microporosity as well as high adsorption 

and ion exchange capacities. Char potentially could be 

used as an adsorbent, a catalyst, in power plants or as a 

fertilizer. Char obtained from manure is rich in elements 

such as K, P, Ca and Mg [10], [12]. In the oil fraction, 

hydrocarbons are produced but the pyrolysis oil from 

manure and sewage sludge is not regarded as of high 

quality since the oil produced contains oxygen, which 

gives rise to the production of compounds such as 

alcohols, ketones, aldehydes and esters that decrease the 

quality of the product [1]. The gas produced contains a 

mixture of CO, CO2, CH4, H2 and some light hydro-

carbons (C2H2, C2H4, C2H6 and C3H8) [13]. The gas may 

be valuable because the energy it contains could be used 

in gas turbines and power plants or its compounds 

applied as a feedstock to be processed into a more added-

value chemical product [13]-[14]. Despite the wide range 

of possible uses of the products, relatively few studies 

have investigated the pyrolysis of cattle manure. 

Consequently, limited information about the product 

yields and compositions is available.  

In light of the above, this study focuses on the 

pyrolysis of cattle manure within the temperature range 

of 300-900°C using nitrogen flow rates of 1 and 5 dm3/h 

as well as on the impact of the process parameters. 

2. Materials and methods 

2.1. Raw material 

Cattle manure was used as a feedstock for the pyrolysis 

experiments. Before the experiments, the raw material 

was dried at 110°C to constant mass.  

To determine the physical and chemical properties, 

the proximate and ultimate analyses of cattle manure 

(Table 1) were carried out. As data show, the raw 

material is characterized by 40.6% ash, 53.5% volatile 

compounds and 0.3% water content.  

The C, H, N, S and O contents were determined by 

a Carlo Erba-type elemental analyzer and in order to 

identify the inorganic compounds, e.g. Ca, P, S, Si, Na, 

Mg, Fe and Al, Energy Dispersive X-Ray Analysis was 

performed (Shimadzu EDX). 

2.2. Pyrolysis experiments 

Pyrolysis was performed in a laboratory-scale horizontal 

tubular reactor (Fig.1). The cattle manure was placed in 

the center of a glass wool tube. The experiments were 

performed at 300, 500, 700 and 900°C. A N2 atmosphere 

was used and the flow rates established were 1 and 5 

dm3/h. The heating rate used for this experiment was 

100°C/min. The reaction system was equipped with a 

scrubber and silica gel-filled tube, where the gaseous 

products were purified to remove possible impurities and 

dried. At the end of the reaction, the product yields were 

estimated by measuring and calculating their difference 

in mass. 

2.3. Product analysis 

The composition of the gaseous products was determined 

by a DANI-type gas chromatograph using a flame 

ionization and thermal conductivity detectors. 

The equipment contained two capillary columns 

(Rtx-1 PONA (100 m x 0.25 mm x 0.5 µm) and Carboxen 

TM-1006 PLOT (30 m x 0.53 mm)). Regarding the 

isothermal conditions of the PONA capillary column, the 

injector and detector temperatures were both 230°C. In 

terms of the Carboxen TM-1006 PLOT capillary column, 

the applied heating program was as follows: 35°C for 

18 mins before being heated to 120°C at a heating rate of 

15°C/min and maintained at 120°C for 2 mins. The 

Table 1. Proximate and ultimate analyses of cattle 

manure 

 

 Parameter Value (%) 
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Fixed carbon 5.59 

Ash content 40.68 

Volatile organic compounds 53.43 

Water content 0.30 
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C 24.80 

H 3.00 

N 2.90 

S 1.30 

O 45.30 

Others (Ca, P, S, Si, Na, 

Mg, Fe, Al) 
22.70 

 

 
 

Figure 1. Experimental setup 
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retention times of the components were determined using 

gas mixtures and individual components. 

3. Results and Discussion 

3.1. Product yields 

The product yields of the pyrolysis experiments are 

summarized in Fig.2. During the experiments, only gas 

and char were formed. As expected, the gas yields and 

amount of solid residue produced increased and 

decreased, respectively, as a function of the reaction 

temperature. During the pyrolysis process, a series of 

complex reactions took place. 

Up to 200°C, to all intents and purposes, only the 

water was removed from the cattle manure (Fig.3). In the 

torrefaction stage, since cellulose, hemicellulose and 

lignin were only slightly degraded, the final product was 

a solid carbonaceous material. This stage was followed 

by the pyrolysis process, where a significant reduction in 

mass resulted. In addition, a sharp peak appeared at 

approximately 300°C in the derivative 

thermogravimetric diagram (DTG), indicating that the 

reduction in mass occurred at a high speed. It is well 

known that cellulose degradation occurs between300 and 

350°C, while protein decomposes between 450 and 

660°C. In addition, deamination also took place. 

During the pyrolysis stage, approximately 30% of 

the initial mass was lost. Above 600°C, another 

significant proportion of mass, ~25%, was lost. This 

reduction in mass was related to the degradation of chains 

of lignin, carbon and minerals. It was also observed that 

the rate at which the mass reduced was low and relatively 

stable. This effect could be attributed to the minerals and 

possible carbonated forms. Additionally, it is worth 

mentioning that within this temperature range, CO2 was 

also formed. CO2 acts as an oxygen donor, promoting the 

Boudouard reaction and, therefore, the formation of CO. 

Another peak is also visible at 800°C in the DTG curve, 

which can be attributed to the devolatilization of the char 

and decomposition of the mineral matter. At the end of 

the test, that is, at a temperature of 900°C, the percentage 

of mass consisting of ash and fixed carbon remaining in 

the crucible was the same as that reported during the 

proximate analysis.  

It is important to note that the N2 flow rate also had 

an effect on the product yields. The lower flow rates 

facilitated the formation of the gaseous products. Given 

the longer residence time, the volatile vapors resuting 

from the pyrolysis exited the reactor more slowly, so they 

had sufficient time to degrade more comprehensively. 

3.2. Composition of the gaseous products  

Although the gaseous products consisted of H2, CO, CO2 

and CH4, C2-C6 hydrocarbons were also formed 

(Fig.4). H2 was formed by dehydrogenation, however, it 

could have formed as a result of the reforming reactions. 

CO may be related to the reactions that facilitated the 

cleavage of bonds in the ether groups and 

decarbonylation from proteins [15]-[16]. 

As Fig.4 shows, the formation of CO considerably 

increased above 700°C and the highest level was 

obtained at 900°C. This large increase was attributed to 

the Boudouard reaction, which has already been referred 

to in the thermogravimetric analysis. The Boudouard 

reaction can also be catalyzed by carbonates present in 

the manure [17]. The increase in CO can also be justified 

by a reaction between CO2 and other compounds 

generated during pyrolysis, the reduction of CO2 to CO 

 
Figure 3. Thermogravimetric results with regard to the 

raw material 
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Figure 2. Product yields of pyrolysis 
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and simultaneously the oxidation of the carbon of the 

pyrolysis product through a homogeneous reaction [18]. 

The quality of the gaseous product can be defined in 

terms of its chemical composition and calorific value. 

Fig.5 represents the content of syngas, namely H2 and 

CO, in the product. 

From the results, it is remarkable that the production 

of syngas only took place above 500°C and the yield 

increased in proportion to the temperature. The highest 

syngas yields (~80%) were observed at 900°C. It is 

important to emphasize that the N2 flow rate also had an 

effect on the syngas yield. The yield of syngas was higher 

at lower N2 flow rates, in the same manner as the overall 

gas yield.  

The H2/CO ratio of syngas (Fig.6) is extremely 

important. The typical initial ratios for the transformation 

of methanol into chemicals are >2:1 for light olefins; 

<2:1 for diesel; 1.5:1 for aldehydes, higher alcohols and 

dimethyl ether; 1:1 for oxygen-containing alcohols and 

acetic acid; and 1:2 for polycarbonate [19]-[20]. As data 

in Fig.6 show, although the ratio of H2/CO at 500°C was 

approximately 1, at 700 and 900°C it was below 0.6.  

The heating values of the gases were also estimated. 

As is depicted in Fig.7, at lower temperatures (300 or 

500°C) and an N2 flow rate of 1dm3/h, the calorific value 

of the gas mixture was higher (~30 MJ/m3), meanwhile, 

at higher N2 flow rates, the heating value of the gaseous 

product was about 15 MJ/m3 at the same temperatures. 

 

This can be explained by the fact that a higher 

percentage of light hydrocarbons is present, the 

individual components of which provide a higher 

 
(N2 flow rate: 1 dm3/h) 

 

 
(N2 flow rate: 5 dm3/h) 

 
Figure 4. Composition of the gas products 
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Figure 5. Syngas yields 

0 20 40 60

300

500

700

900

Yield, mmol/g raw material

T
e
m

p
e
r
a

tu
r
e
, 
°C

CO, mmol/g

H2, mmol/g

0 20 40 60

300

500

700

900

Yield, mmol/g raw material

T
e
m

p
e
r
a

tu
r
e
, 
°C

CO, mmol/g

H2, mmol/g

 
 

Figure 6. H2/CO ratios of syngas 
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Figure 7. Heating values of the gaseous products 
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calorific value than the other compounds present in the 

mixture [21]. 

Another interesting correlation is the difference in 

the proportions of different elements contained in the gas 

as well as the resultant study and proposition of possible 

reaction mechanisms at different temperatures. The 

trends observed when the ratio of components were 

estimated are summarized in Table 2. From the process, 

the water-gas shift reaction and Boudouard reaction are 

some of the critical reactions that took place [14]. 

3.3. Char  

According to the International Biochar Initiative (IBI), 

the char obtained from the pyrolysis experiments can be 

regarded as biochar [22], in which the C content is greater 

than 10% except for during the tests carried out at 900°C.  

 

 

 

To determine the possible applications of char, it is 

recommended to evaluate the relationship between the 

proportions of some elements. For example, the C/N ratio 

could be a positive parameter to determine the microbial 

activity should this residue be used in soils. Another 

aspect possibly worth evaluating and analyzing is the 

H/C and O/C ratios of the manure as well as the char 

obtained in each test (Table 3). The ratios are valuable 

for understanding the reaction mechanisms during 

pyrolysis under specific conditions [15]. The atomic 

ratios show that the process of carbonization changed the 

chemical compositions by removing functional groups. 

Due to the cleavage of the functional groups, the nitrogen 

contents significantly decreased, moreover, as a result of 

the formation of CO, CO2 and CH4, the carbon contents 

also reduced. 

 

  

Table 2. The proportions of different elements 

 

Component 

ratio 

N2 flow rate: 
1 dm3/h 

N2 flow rate: 
5 dm3/h 

Relationship Proposed reaction 

H2/CO 

Optimum 

(highest peak 

at 500°C) 

Optimum 

(highest peak 

at 500°C) 

Higher ratio at a flow 

rate of 5 dm3/h 

(except for at 500°C) 

𝐶𝑛 𝐻𝑚 + 𝐻2 →
𝑛 + 𝑚

2𝐻2
+ 𝑛𝐶𝑂 

𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 

CO/CO2 Increasing Increasing 
Higher ratio at a flow 

rate of 5 dm3/h 
𝐶 + 𝐶𝑂2 → 2𝐶𝑂 

H2/CH4 

Optimum 

(highest peak 

at 500°C) 

Optimum 

(highest peak 

at 500°C) 

Higher ratio at a flow 

rate of 5 dm3/h 
𝐶 + 𝐻2 → 𝐶𝐻4 

CO/CH4 

Optimum 

(highest peak 

at 700°C) 

Increasing 
Higher ratio at a flow 

rate of 5 dm3/h 
𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 +  𝐻2𝑂 

CO2/CH4 Decreasing Decreasing 
Higher ratio at a flow 

rate of 5 dm3/h 

𝐶𝑂2 + 4𝐻2 → 𝐶𝐻4 + 2𝐻2𝑂 

2𝐶𝑂 + 2𝐻2 → 𝐶𝐻4 + 𝐶𝑂2 

 

Table 3. Elemental analysis of the char products  

 

 Cattle 

manure 

at N2 flow rate of 1 dm3/h at N2 flow rate of 5 dm3/h 

 300°C 500°C 700°C 900°C 300°C 500°C 700°C 900°C 

Elements 

content (%) 
         

C 24.8 23.40 20.20 20.90 6.30 23.50 20.50 18.90 7.20 

H 3.00 1.80 0.70 0.30 0.80 1.60 0.60 0.30 0.80 

N 2.90 2.50 1.50 1.00 0.40 2.30 1.60 0.80 0.80 

S 1.20 1.50 1.40 1.40 2.50 1.40 1.60 1.40 2.90 

O 45.30 48.20 53.50 53.70 67.30 48.50 53.10 55.80 65.60 

Al 0.60 0.99 0.98 1.55 1.39 0.72 1.06 1.48 1.57 

Ca 14.12 12.61 12.91 12.83 15.74 12.36 12.40 11.92 14.74 

Cl 0.71 0.82 0.70 0.84 0.21 0.63 0.67 0.78 0.40 

Fe 0.60 0.55 0.18 0.39 0.54 0.72 0.53 0.53 0.52 

K 1.76 3.39 2.90 3.22 1.18 2.75 2.93 2.58 1.31 

Mg 1.19 1.11 1.19 1.55 0.96 1.11 1.13 1.23 0.91 

Mn 0.03 0.03 0.04 <0.001 <0.001 0.05 0.03 0.04 <0.001 

P 2.16 1.40 1.99 2.32 0.96 1.93 2.09 2.05 1.17 

Si 1.48 1.81 1.82 0.00 1.71 2.42 1.86 2.09 2.09 

Atomic ratios          

C/N  8.6 9.4 13.5 20.9 15.8 10.2 12.8 23.6 9.0 

H/C  0.10 0.08 0.03 0.01 0.13 0.07 0.03 0.02 0.11 

O/C  1.8 2.1 2.6 2.6 10.7 2.1 2.6 2.9 9.1 
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4. Conclusions 

In this study, cattle manure was pyrolysed in a horizontal 

tubular reactor between 300 and 900°C at N2 flow rates 

of 1 and 5 dm3/h. During the experiments, 20-60% 

gaseous and 40-80% solid carbonaceous residues were 

formed. The gas yields increased in proportion to the 

reaction temperature and residence time, while the 

amount of char decreased. The decomposition process 

resulted in the formation of H2, CO, CO2, CH4 and C2-C6 

hydrocarbons. Syngas was only produced above 500°C. 

The ratio of H2/CO at 500°C was 1, while at 700 and 

900°C, the proportion of CO was greater than that of H2. 

At lower temperatures (300 or 500°C) and at an N2 flow 

rate of 1dm3/h, the calorific value of the gas mixture was 

higher (~30 MJ/m3) than at the higher N2 flow rate and 

same temperatures (~15 MJ/m3). The process of 

carbonization changed the chemical composition of the 

raw material by removing functional groups, which also 

indicates the occurrence of the water-gas shift and 

Boudouard reactions. 
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This study is part of an anti-corrosion coating development project at CHEMSYSTEMS. The corrosion 
performance was assessed through erosion, immersion and soil corrosion experiments. The erosion results have 
previously been published. This article discusses the impact of soil on control polyaspartic coatings used to protect 
concrete and the modified polyaspartic coating intended to protect underground steel substrates. The modified 
polyaspartic coating was boosted with a micaceous iron oxide barrier, a liquid alkylammonium corrosion inhibitor, 
a powdered zinc phosphate corrosion inhibitor and a novel hardener. The surface finish of the steel samples was 
of a milled and blasted nature (SA 2.5). The coating was applied directly to the metal without the application of a 
primer or second layer of coating. The average thickness of the coating was 220±10 µm as a direct-to-metal 
protection system. The experiments were conducted in soil at room temperature (RT) and 35°C over 30 days. The 
experimental results of the control polyaspartic coating loaded on steel substrates exhibited severe blistering. The 
polyaspartic coating dispersed with a liquid alkylammonium inhibitor also exhibited  blistering, whereas the 
modified polyaspartic coating with a zinc phosphate corrosion inhibitor showed an adequate degree of  resistance 
to the impact of soil under the evaluated conditions. The results confirmed that the presence of a zinc phosphate 
corrosion inhibitor in combination with a micaceous iron oxide barrier improved the resistance of the coating to 
the evaluated soils in which it was positioned and at the investigated temperatures. 

Keywords: soil, polyaspartic coating, corrosion inhibitor, iron oxide barrier 

1. Introduction 

Carbon steels with desirable mechanical properties are 

widely used in infrastructure, including in underground 

assets such as pillars, foundations, storage tanks and 

pipelines. In the field, these structures are more likely to 

degrade and rust due to direct contact with the soil, 

especially if no protection system is provided to hinder 

the effect of the corrosive elements. Corrosion due to soil 

is influenced by the temperature, moisture content, 

oxygen content, environmental pH, microbial activity 

and soluble salts. Soil moisture contains a wide range of 

chemicals which have penetrated through the soil 

surface. Some examples of these chemicals are salts, e.g. 

chlorides, nitrates, nitrites, sulfates, etc., and heavy 

metals, e.g. cadmium, chromium, copper, iron, 

manganese, nickel, lead, zinc, etc. Along with the 

influence of microbial activity and environmental factors 

such as temperature, pH, conductivity and dissolved 

oxygen concentration, salts and heavy metals make the 

study of soil moisture an interesting topic as they are 

related to the corrosion of underground metal structures 

[1]. Jiao Chen et al. 2015 [2] studied the soil corrosion of 

steel as a function of anions in the soil, namely total 
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soluble salts, Cl−, SO4
2− and HCO3

−, and soil nutrition, 

that is, moisture content, organic matter, total nitrogen, 

alkaline hydrolysable nitrogen, available phosphorus and 

available potassium. 

Many attempts have been made in this regard to 

reduce the risk of soil corrosion on submerged steel and 

concrete structures. Organic, inorganic and metal 

coatings such as Zn, Al and Ni are considered to be very 

effective means to protect submerged assets from 

premature corrosion and degradation [3]-[4]. Corrosion 

inhibitors in powdered and liquid forms have been 

incorporated into coatings to enhance their antirust and 

adhesive characteristics when applied to substrates. Zinc 

phosphate is commonly dispersed into coating formulae 

during manufacturing and effectively reduced the 

tendency of a coating to fail and substrates to rust. 

Nevertheless, although further investigations are still 

favorable to evaluate the efficiency of corrosion 

inhibitors in coatings exposed to soil, in this study, an 

attempt was made to compare the efficiency of two types 

of corrosion inhibitors in combination with iron oxide 

coatings for the purpose of developing control and 

inhibited polyaspartic coatings in soils at room 

temperature (RT) and 35°C applied to milled-surface-

finished and sandblasted steels (SA 2.5). 

https://doi.org/10.33927/hjic-2022-16
mailto:abdu.elhoud@chemsystems-technology.com
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2. Materials and experiments 

The study was carried out on polyaspartic coatings 

applied to structural steel plates. The tested plates 

composed of hot-rolled steel grade S235, which was 

chosen due to its wide range of applications in 

infrastructure projects in Belgium and throughout 

Europe, were manufactured by ASK Romein Malle NV, 

a steel company based in Malle, Belgium. The control 

polyaspartic coating was designed to protect concrete 

structures, whereas the modified polyaspartic coating 

containing inhibitors and a barrier was planned to prevent 

steel from corroding. The surface finish of the steel 

panels, as received from the supplier, was milled and 

blasted (SA 2.5). Before blasting, the mill scale was 

removed by immersing the steel plates in 10% H2SO4 for 

30 minutes at 60°C before being cleaned and dried by 

acetone to ensure a suitable steel surface before blasting. 

Sand blasting was carried out using a blasting cabinet, 

while blast cleaning was performed using granular 

aluminum oxide abrasive media. The steel samples were 

150 x 80 x 2 mm rectangular plates. An example of the 

surface morphology of both the milled and blasted steel 

surface finishes are displayed in Figs.1a and 1b, 

respectively. 

Polyaspartic coatings consist of two components. 

Component (A), which also contains a corrosion 

inhibitor and an oxide barrier, is the active material, 

while component (B) is the hardener. The required 

amount of component (A) was added to component (B) 

and mixed for 120 seconds before being applied to the 

steel. One layer of each coating was applied to each steel 

sample using an ERICHSEN 358 spiral film applicator 

and left for one day before being buried in the soil. The 

edges of the steel samples were well covered with tape to 

avoid premature failure of the coating or rusting of the 

steel plates. The edges of the steel plates were carefully 

smoothened and curved. During the coating, extra layers 

were applied to the edges, moreover, a strong tape was 

placed over them to prevent them from rusting and the 

coating from failing. An example of a coated steel panel 

is displayed in Fig.2. The soil used in this study was 

loamy sandy soil according to the Belgian soil analysis 

report [5] collected from arable, residential and light 

industrial flattened land located in Malle in the 

Vlaanderen region of Belgium. The average climate of 

the soil in the region of Vlaanderen is temperate maritime 

with an average 800 mm of precipitation falling annually. 

In many locations, the concentration of heavy metals in 

the soil and groundwater still exceeds environmental 

quality standards due to the use of ash material for road 

stabilization, which has also resulted in the spread of 

heavy metals. The actual carbon content of arable land 

parcels in Flanders is considered to be fairly good. 

Salinization is a minor concern in the region of the tested 

soil because it is regarded as being situated far from the 

coastline [5]. 

The soil was collected at a depth of 0.5 m and 

filtered using sieves of two different mesh sizes to 

remove dirt and purify the soil (Fig.3).    

(a)                                     (b) 
 

Figure 1. Photographs of a) milled steel finish, 

b) blasted steel finish 

 
 

Figure 2: Materials used in the soil experiment: an 

example of a coated steel panel 

 
 

 
 

Figure 3: Soil experiment materials: soil collection 

and coated steel samples buried in soil 
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The рΗ of the soil was controlled before each 

experiment and measured to be between 6.5 and 7.0. The 

tested samples were placed in soil in a plastic container 

(Fig.3) for 30 days at both room temperature and 35°C 

using an oven. The resistance of the coating to soil attack 

was evaluated by identifying any forms of coating 

damage and defects as well as signs of rust on the steel 

using visual and macroscopic inspection techniques. 

3. Results and Discussion 

Optical observations of the control and inhibited 

polyaspartic coatings loaded onto milled and blasted steel 

panels after having been buried in soil for 30 days at RT 

and 35°C are displayed in Figs.4-15. The coatings 

exhibited varying degrees of blistering and, in some 

cases, some rusting was also present following the test. 

The experimental results are presented and discussed 

according to the type of coating applied and the 

experimental conditions. 

3.1. Control polyaspartic coating in soil at RT 
and 35°C 

The macroscopic observations after soil experiments had 

been conducted on the control polyaspartic coating 

applied to the milled and blasted surface finished steel 

panels are depicted in Figs.4-7. A cluster of blisters on 

the control polyaspartic coating applied to the milled 

surface finished steel after a soil experiment had been 

conducted at RT can be seen in Fig.4. Furthermore, 

cracking of the blisters is also clearly visible as indicated 

by the arrows, where rust can be observed under the 

peeled off blisters. Additional clustered and isolated open 

blisters on the control polyaspartic coating tested in soil 

at 35°C are presented in Fig.5. 

Blisters in isolated spherical shapes of the control 

polyaspartic coating applied to the blasted, surface 

finished steel panels are documented in Figs.6-7. 

However, in Fig.6, the surface morphology contains a 

collection of smaller blisters on the control polyaspartic 

coating applied to the blasted, surface finished steel after 

the soil experiments had been conducted at RT. On the 

other hand, in Fig.7, bigger blisters on the control 

polyaspartic coating are visible following the soil 

experiments at 35°C. 

  

 
 

Figure 4. Control polyaspartic coating, milled steel 

panel, RT 

 
 

Figure 6. Control polyaspartic coating, blasted steel 

panel, RT 

 
 

Figure 7. Control polyaspartic coating, blasted steel 

panel, 35°C 

 
 

Figure 5. Control polyaspartic coating, milled steel 

panel, 35°C 
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3.2. Polyaspartic coating loaded with an 
alkylammonium corrosion inhibitor tested 
in soil at RT and 35°C 

Corrosion inhibitors are used to reduce the risk of 

corrosion on metal substrates in aqueous media by 

forming a barrier film or controlling the corrosion 

reactions of the corrosion cell. Alkylammonium salt 

inhibitors exhibit excellent biocidal and anticorrosive 

properties [6]. Corrosion inhibitors have been added to 

coating systems as one of the direct additives or in 

capsular form in the smart coating. Although the addition 

of a corrosion inhibitor to a coating system is primarily 

intended to improve its degradation resistance, adhesion 

between the film coating and metal substrate may also be 

improved to some extent. Nevertheless, some corrosion 

inhibitors have a tendency to degrade in microbial 

cultures such as soils. 

In this regard, the performance of the 

alkylammonium inhibitor in the examined polyaspartic 

coating submerged in soil is presented in this section. 

Surface morphological observations of the polyaspartic 

coating incorporated with the alkylammonium inhibitor 

and micaceous iron oxide barrier following soil corrosion 

experiments at RT and 35°C are displayed in Figs.8-11. 

In Fig.8, it can be seen that the liquid alkylammonium 

inhibitor reduced but did not prevent the formation of 

blisters on the polyaspartic coating applied to the milled 

surface finished steel panels tested in soil at RT. 

Perforations through the coatings of the alkylammonium 

corrosion inhibitor and iron oxide barrier were visible 

after having been immersed in soil for 30 days at RT.  

For clear verification, the images of the perforations 

were inverted horizontally and vertically as documented 

in Figs.8a and 8b, respectively. Since these perforations 

were not observed when the coating was applied and 

before it was immersed in the soil, they may have 

resulted from the corrosion reactions occurring 

underneath the coating or the coating substances reacting 

with the soil causing leaching of coating contents such as 

the corrosion inhibitors. Groups of blisters and the iron 

oxide barriers on black spots distributed over the surface 

of the coating layer can be seen in Fig.8c.  

As for the samples tested in soil at 35°C presented 

in Fig.9, damage to the coating was in the form of wider 

bulging blisters, moreover, iron oxide barriers were 

visible. The effect of the surface finish of the steel panels 

on the organic inhibitor polyaspartic coating was not 

noticeable. 

However, the degree of blistering still visible on the 

coating applied to the blasted panels as well as tested in 

soil at RT and 35°C is illustrated in Figs.10 and 11, 

respectively. The experiments in this study simulated to 

a certain extent the performance of both steel structures 

immersed in soil and coatings as one of the most 

commonly used protection systems for underground 

assets. In this regard, the examined soils at RT and 35°C 

were found to threaten the control polyaspartic coating 

and polyaspartic coating dispersed with the 

alkylammonium corrosion inhibitor. This outcome is 

proven by the penetration and accumulation of the 

 

 

 
 

Figure 8. Polyaspartic coating (alkylammonium 

corrosion inhibitor + iron oxide barrier), milled steel 

panel, RT 

 
 

Figure 9. Polyaspartic coating (alkylammonium 

corrosion inhibitor + iron oxide barrier), milled steel 

panel, 35°C 
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aggressive elements in moisture through the coating 

matrix, whereas the visual and macroscopic 

interpretations confirmed the existence of a mass of 

blisters and cracks in the control coating. 

The identified blisters in the coating are most likely 

caused by a combination of factors such as saline 

conditions as well as the presence of sulfate, bacteria and 

sulfide. The role of such parameters, in addition to 

chemical, mechanical and biological activities, in the 

corrosion of buried steel on top of the degradation of 

other materials are discussed elsewhere [2,7-8]. 

Furthermore, the microbial culture of the soil has a 

tendency to cause the biodegradation of the 

alkylammonium salt that exists in the chains of some 

corrosion inhibitors in the main structure. This type of 

biodegradation has been studied by several previous 

researchers, who summarized that a closely packed 

nitrogen atom yields biodegradable alkylammonium 

salts. However, its degree of resistance improves 

significantly in correlation with the number of long alkyl 

chains associated with the nitrogen atom [9]. 

3.3. Polyaspartic coating loaded with a zinc  
phosphate corrosion inhibitor tested in 
soil at RT and 35°C 

Figs.12-15 depict the macroscopic observations of a 

polyaspartic coating containing a zinc phosphate 

inhibitor and a micaceous iron oxide barrier applied to 

milled and blasted steel panels. It was clearly observed 

that the combination of zinc phosphate and the iron oxide 

barrier in the polyaspartic coating significantly inhibited 

the formation of blisters. The optical photographs of the 

polyaspartic coating tested in soil at RT and 35°C on the 

milled surface finished and blasted surface finished steel 

panels are strongly in line with the presence of the zinc 

phosphate corrosion inhibitor and iron oxide barrier, 

since neither blisters nor rust were recorded. Only flakes 

of the iron oxide barrier dispersed in the matrix of the 

polyaspartic coating are visible. The experimental results 

show that the dispersion of the zinc phosphate corrosion 

inhibitor and iron oxide barrier in the polyaspartic 

coating led to the development of its resistance to soil 

attack without exhibiting any considerable indications of 

deterioration. The resistance of this type of coating to the 

soil is attributed to the effectiveness of the zinc phosphate 

corrosion inhibitor, which reacted with and bonded to the 

steel substrate, forming a zinc phosphate protective layer 

and an iron oxide barrier composed of the phosphating 

 
 

Figure 10. Polyaspartic coating (alkylammonium 

corrosion inhibitor + iron oxide barrier), blasted steel 

panel, RT 

 
 

Figure 11. Polyaspartic coating (alkylammonium 

corrosion inhibitor + iron oxide barrier), blasted steel 

panel, 35°C 
 

 

Figure 12. Polyaspartic coating (zinc phosphate 

corrosion inhibitor + iron oxide barrier), milled steel 

panel, RT 

 
 

Figure 13. Polyaspartic coating (zinc phosphate 

corrosion inhibitor + iron oxide barrier), milled steel 

panel, 35°C 
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film containing FePO4, Fe2O3 and FeO. The effectiveness 

of both the zinc phosphate and barrier are in agreement 

with the findings of several studies that investigated 

epoxy and waterborne acrylic coatings [10]. 

3.4. Mechanism of blister formation 

Blistering phenomena are associated with the absorption 

of water into the coating. Two of the most common types 

of coating blisters are: 1) osmotic blisters associated with 

the diffusion of water through the coating due to the 

presence of soluble salts on substrates or interlayers; 

2) non-osmotic blisters due to swelling and buckling of 

the coating associated with the absorption of water in the 

coating [11]. In Figs.4 and 5, rust is observed under 

blisters in the control coating on the milled surface 

finished steel panels. The blisters on the milled surface 

finished steel panels can be classified as osmotic blisters 

because the milled layer might contain impurities 

resulting in a weak degree of adhesion of the coating to 

the substrate, thereby leading to the possible formation of 

blisters given the presence of the penetrated moisture. 

However, since the same coating on blasted steel yielded 

isolated blisters, as can be seen in Figs.6 and 7 after soil 

experiments were conducted at RT and 35°C, it seems 

that the steel finish controlled the formation of blisters on 

the control polyaspartic coating. Horizontal and vertical 

flip images of perforations in the alkylammonium 

coating on milled steel plates following soil tests at RT 

are depicted in Figs.8a and 8b, respectively. These can 

be explained by either corrosion reactions beneath the 

coating leading to osmotic blisters and subsequently 

perforations or reactions between the soil and the 

contents of the coating yielding perforations in the 

coating due to leaching of some of its contents such as 

the corrosion inhibitor. Nevertheless, examination of the 

coating before being buried in the soil did not exhibit 

perforations, which were only seen after the soil tests. 

The same sample in Fig.8c shows a group of 

unperforated blisters. 

The hypothesis for the formation of blisters 

recorded in the experimental results is schematically 

described in Fig.16. How moisture from the soil 

penetrated through the coating is outlined in Fig.16a; 

with regard to the control coating, which does not contain 

inhibitive pigments or a coating loaded with the 

alkylammonium corrosion inhibitor, the moisture can 

easily pass through the coating into the substrate causing 

blistering. However, the presence of the zinc phosphate 

corrosion inhibitor and the iron oxide barrier protected 

the coating against soil attack (Fig.16b). Anyway, high-

tech investigative techniques such as SEM could be 

applied in future studies to better understand the behavior 

of polyaspartic coatings in soils. 

4. Conclusions 

Since the content of the coating and temperature are 

important factors controlling the impact of soil on the 

performance of coatings and its reliability, the following 

conclusions have been drawn: 

 
 

Figure 14. Polyaspartic coating (zinc phosphate 

corrosion inhibitor + iron oxide barrier), blasted steel 

panel, RT 

 
 

Figure 15. Polyaspartic coating (zinc phosphate 

corrosion inhibitor + iron oxide barrier), blasted steel 

panel, 35°C 

 
 

a) 

 

 
 

b) 
 

Figure 16. A schematic diagram representing the 

formation of blisters in the control and inhibitive 

coatings: a) control coating and b) zinc phosphate + iron 

oxide barrier inhibitive coating 
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• Increasing the soil temperature from RT to 35°C 

increased the severity of blistering in the control 

polyaspartic coating and polyaspartic coating loaded 

with the alkylammonium corrosion inhibitor after 30-

day-long soil experiments due to the high degree of 

moisture absorption. 

• The advantages of applying the zinc phosphate 

corrosion inhibitor and the micaceous iron oxide barrier 

are significant in eliminating the soil risk to buried steel. 

• This coating efficiently protects milled surface 

finished steel as well as blasted steel in soil experiments 

conducted over 30 days at RT and 35°C.  

• The newly invented coating formula may well be 

applied as a protection system for steel assets submerged 

in soil in industry and the infrastructure sectors. 

• The soil experimental results of the polyaspartic 

coating containing the zinc phosphate corrosion inhibitor 

supported the final remarks that this type of coating 

exhibits a good degree of resistance to erosion when 

immersed, as determined in earlier stages of this project. 

Future studies should include experimentally 

measuring and examining the soil parameters as well as 

physical testing, which could not be examined at this 

stage of the project: 

1. Soil parameters such as soil type, pH variation, 

bacterial activity, water content and soil 

resistivity. 

2. Physical and mechanical testing of coatings, e.g. 

with regard to their compatibility with protective 

coatings and cathodic protection, cathodic 

disbondment, flexibility, cracking resistance, 

electrical and insulation resistance as well as 

compressive and tensile strength. 

3. Thermal resistance and permeability of the 

coating in the simulation of anticipated working 

environments. 
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Polylactic acid (PLA) is a biodegradable polymer that is widely used in medical devices, drug delivery systems, 
fibers for packaging containers and textiles. However, given that interactions between the polymer and the 
materials in contact with it affect its applications, it is important to study its adsorption and diffusion properties. 
The adsorption capacity of different polylactic acid particles regarding different additives, e.g. essential oils 
(Thymus vulgaris, Melissa officinalis and Foeniculum vulgare), was investigated. PLA microparticles of various 
sizes were prepared by a solvent emulsification evaporation method. In this study, the specific adsorption of 
essential oils on PLA microparticles was also investigated, which is related to the solubility parameters of essential 
oils. The experiments were performed using three different solutions of essential oils and ethanol as a solvent. 
Two sets of PLA microparticles were prepared with different solvents using three different particle sizes. PLA 
microparticles exhibited different adsorption properties depending on the solvent that was used for their 
production. Samples of particles prepared using the solvent dichloromethane had a higher essential oil uptake 
than those prepared with chloroform. The uptake of essential oil solution did not change significantly (∼60%) by 
varying either the type of solvent used for PLA preparation or PLA particle size. The solubility of the essential oils 
affects the specific adsorption of essential oils on the microparticles. Among the components of the Hansen 
solubility parameters (HSPs), the polarity of essential oils is strongly related to adsorption. 

Keywords: polylactic acid, microparticles, essential oil adsorption, Hansen solubility parameters 

1. Introduction 

Biodegradable polymers are important feedstocks in 

industry as they offer an environmentally-friendly 

alternative to fossil-based polymers in biomedical, 

agricultural and household applications [1]. PLA is an 

aliphatic polyester as well as one of the most 

commercially available, bio-based, biodegradable and 

biocompatible polymers. PLA is commonly considered 

for different applications such as in drug delivery 

systems, tissue engineering, packaging and textiles. The 

fields of application of this polymer are limited by certain 

properties, e.g. its low mechanical strength or 

hydrophobicity [2]-[3]. Different additives, e.g. essential 

oils, can be incorporated into biodegradable polymers to 

improve their functional properties [4]. Different types of 

essential oils such as thyme, cinnamon, oregano and basil 

are incorporated into biodegradable polymer films, e.g. 

for the development of food packaging films to enhance 

antimicrobial properties [5]. Essential oils also act as 

plasticizers in polymers. Due to their plasticizing 

properties, the structural and mechanical properties of 

such polymers can be altered [6], thereby also changing 

the sorption properties of PLA. 
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Interactions between essential oils and PLA have 

been studied by several researchers (Dusankova et al., 

Martins et al., Dicastillo et al.) using different processing 

methods [7]-[9] and are mainly determined by the 

composition of the essential oil and its polarity. 

Dusankova et al. studied PLA microspheres 

containing different components of essential oils. They 

found that the more polar components adsorb better in the 

microspheres than the more apolar ones, as PLA itself is 

polar [7]. Martins et al. came to a similar conclusion. 

When the incorporation and release of the components of 

the essential oils thymol and p-cymene were studied, the 

diffusion rate of these components through the PLA 

matrix differed significantly (diffusion coefficient was 

1.99 × 10−16 m2/s for thymol and 4.34 × 10−16 m2/s for p-

cymene), which could be explained by their difference in 

polarity [8]. 

In our work, the adsorption properties of polylactic 

acid particles regarding different essential oils like those 

from lemon balm, fennel and thyme were investigated. 

The microparticles were prepared by a solvent 

emulsification evaporation method [10]. The structure of 

the polymer particles formed is critical, as their particle 

size distribution and porosity influence their adsorption 

properties. The properties of the particles that are 

https://doi.org/10.33927/hjic-2022-17
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produced by the solvent emulsification evaporation 

method are mostly affected by the concentration of the 

PLA solution, type and amount of surfactant as well as 

the mixing speed. Besides the concentration of the PLA 

solution, its composition is also important [11]. The 

organic solvent in which PLA is dissolved will affect the 

structure of the microparticles produced [10], [12]. Shi et 

al. found that PLA particles prepared using chloroform 

as the solvent were less porous than those prepared in 

ethyl acetate [12]. 

Consequently, in our work, the adsorption of 

essential oils on PLA microparticles as a function of the 

PLA particle size was investigated. To modify the 

particle size distribution, the concentration of PLA 

solution was changed during the emulsification method. 

2. Experimental 

2.1. Materials 

NatureWorks Ingeo Biopolymer 3D850 PLA granules, 

dichloromethane (>99.8%, Fisher), chloroform 

(technical grade, stabilized with ~0.6% of ethanol, VWR) 

and polyvinyl alcohol (fully hydrolyzed, Mw approx. 

60,000; Merck) were used to prepare the PLA 

microparticles. To measure the degree of adsorption, 

ethanol (99.8% G.R., ISO reagent, Lach-Ner, s.r.o.) and 

three kinds of essential oils: Melissa officinalis (from 

lemon balm, Neuston Healthcare Kft.), Foeniculum 

vulgare (from fennel, Neuston Healthcare Kft.) and 

Thymus vulgaris (from thyme, Neuston Healthcare Kft.) 

were used. 

2.2. Methods 

Microparticles were prepared based on a solvent 

emulsification evaporation method. The particles were 

prepared as follows: firstly, 200 ml of PLA solution of a 

given concentration (2.5, 5.0 and 7.5 wt. %) using 

dichloromethane or chloroform as a solvent; secondly, 

the solution was added to 400 ml of 1 wt. % polyvinyl 

alcohol (PVA) solution. The emulsion was stirred with a 

magnetic stirrer at 820 rpm for 24 or 48 hours, depending 

on the solvent used (dichloromethane or chloroform, 

respectively). After filtering and washing, the solid 

particles were dried in a Binder FD 53 oven at 50 °C for 

24 hours. 

To determine the average diameter and size 

distribution of the particles, an image was taken using an 

optical microscope (Lacerta, zoom: 40x). The particle 

size was determined from the images using the program 

ImageJ. 

To measure the degree of adsorption, 1.000 g of 

PLA particles were weighed on an Ohaus Adventurer 

AR3130 analytical balance in a pre-weighed dry test 

tube, then 2.000 g of a 1.00 mg/ml ethanolic solution of 

essential oil was added to it. The microparticles were 

soaked for 24 hours before the samples were separated 

by filtration. 

The essential oil concentrations of the residual 

ethanolic solutions were analyzed by UV-Vis 

spectrophotometry. The absorption spectra of the 

samples were recorded between 200 and 800 nm using an 

Agilent Cary 60 UV-Vis Spectrophotometer.  

Differential scanning calorimetry (DSC) was 

performed with a NETZSCH DSC 214 Polyma 

differential scanning calorimeter. The measurements 

were carried out under a 60 ml/min N2 flow rate 

according to the following protocol: first the sample was 

heated from 20 to 200 °C at a heating rate of 10 °C/min 

before being cooled from 200 to  

20 °C at a cooling rate of 10 °C/min then reheated from 

20 to 200 °C at the same heating rate. 

Notation was applied to the samples, e.g. 

PLA_K_100_EL. The first letter refers to the solvent that 

was used for PLA preparation (DKM for 

dichloromethane and K for chloroform), the number 

refers to the size of the microparticles (Table 1). At the 

end of the sample identification, the first letter refers to 

the type of solvent used for essential oil solution (E for 

ethanol) and the last letter refers to the essential oil, 

namely L for lemon balm, T for thyme and F for fennel. 

3. Results and Discussions 

3.1. Microparticle properties 

The properties of the microparticles such as their particle 

size distribution are shown in Fig.1. As the concentration 

of the PLA solution increased, the size of the particles 

produced also increased. The correlation between the 

concentration of PLA solution and the diameter of the 

particles is linear. The solvent emulsification evaporation 

method mainly produced spherical particles that did not 

aggregate (Fig.2). 

3.2. Solution uptake by microparticles 

Regarding the uptake of ethanolic solution of essential oil 

by the particles prepared from a PLA solution prepared 

in dichloromethane, it was concluded that the solution 

uptake increases slightly by 10% on average as the 

particle size increases. However, the presence of 

essential oils in the solutions did not significantly affect 

the solution uptake of the particles. For a given particle 

size, the solution uptake was practically the same for all 

examined solutions. The average solution uptake by 

Table 1. Notation for the microparticles 

Sample name PLA-solution – 

solvent type 

Average size, 

µm 

PLA_DKM_50 Dichloromethane 

(DKM) 

57±12 

PLA_DKM_100 116±21 

PLA_DKM_200 207±57 

PLA_K_50 Chloroform 

(K) 

56±14 

PLA_K_100 121±31 

PLA_K_200 198±40 
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particles 50, 100 and 200 µm in diameter is 60, 66 and 

75%, respectively. 

3.3. Adsorption of essential oils on 
microparticles 

The different types of PLA microparticles exhibited 

different adsorption properties (Figs.3 and 4) regarding 

various essential oils. 

It was found that in the case of lemon balm, the 

uptake of essential oils by PLA_DKM particles from 

ethanolic solutions and the specific amount of the 

essential oil adsorbed increased as the particle size 

increased, while the degree of uptake and adsorption 

decreased in the case of ethanolic solutions of thyme and 

fennel. Lemon balm essential oil yielded an outstanding 

result. In this case, by increasing the particle size from 50 

to 100 µm and then to 200 µm, the degree of essential oil 

uptake increased by 19% and then by a further 16%. 

It was concluded that the effect of PLA_K particle 

size on the specific adsorption of thyme and fennel 

essential oils is insignificant, there is no correlation 

between the amount of essential oil adsorbed and the 

particle size. However, in the case of the lemon balm 

essential oil, the degree of specific adsorption increased 

as the particle size increased. 

In general, it was concluded that for PLA_DKM 

particles, the essential oil uptake mainly resulted from the 

differences between the microparticles (degree of 

crystallinity, size, porosity) and the types of essential oils 

present in the solutions. Nonetheless, in the case of 

PLA_K particles, the specific amount of essential oil 

adsorbed on the surface or in the pores of the particles did 

not change significantly as the particle size changed, 

rather each essential oil was adsorbed differently on the 

particles. The particles prepared by using 

dichloromethane as a solvent had a higher specific 

essential oil adsorption (0.8-3.4 mg EO/g PLA) than 

particles prepared in chloroform (0.6-1.6 mg EO/g PLA). 

Variation in the adsorption properties of the particles was 

probably caused by the differences in their structure. The 

different solvents used in the production process caused 

the particles to solidify at different rates, leading to 

possible differences in their internal structure and 

porosity. 

3.4. The correlation between adsorption 
properties in light of the Hansen solubility 
parameters (HSPs) 

Adsorption properties are affected by the composition 

and properties of the adsorbate. The connection between 

 
 

Figure 1. Particle size distribution of the different PLA 

microparticles 

 
 

Figure 2. Images of the microparticles: 

a.) PLA_K_100 and b.) PLA_DKM_100 

 
Figure 3. Essential oil uptake (%) by the microparticles in the case of a.) particles prepared in dichloromethane and 

b.) particles prepared in chloroform 
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the solubility of essential oils and the adsorption 

properties of PLA was investigated. Solubility can be 

characterized by the HSPs, which describe the affinity of 

the polymer for different organic substances. Hansen 

total solubility parameter (δt) is composed of three 

parameters, one indicating the contribution to the 

dispersion forces (δd), another characterising the polar 

interactions (δp) and one more demonstrating the 

formation of H-bonds (δh). These solubility parameters 

can be determined using different methods such as the 

group contribution method (Hoftyzer-Van Krevelen 

method) [13]-[15]. 

The specific amount of essential oil adsorbed on 

PLA can be related to the total solubility parameter or 

one of its components. Since different essential oils have 

different solubility parameters depending on their 

composition (Table 2), the specific adsorption on PLA is 

different for different essential oils.  

A correlation between the adsorbed amount of the 

essential oil and Δδp,EO was observed. (Δδp,EO shows how 

much the δp of an essential oil differs from that of PLA.) 

In the case of PLA_DKM particles, the specific 

adsorption decreased as Δδp,EO increased (Fig.5). In 

contrast, it was found that the specific amount of essential 

oil adsorbed on PLA_K particles deviated in the case of 

Δδp,EO less than 5.5 (MPa1/2). 

3.5. Thermal properties of the PLA particles 

DSC was used to evaluate the thermal properties of the 

samples. The glass transition (Tg), cold crystallization 

(Tcc) and melting temperatures (Tm) of the PLA particles 

were determined during the second heating of the DSC 

measurement. 

The degree of crystallinity (XC%) was calculated 

from the enthalpy of melting (ΔHm) and the enthalpy of 

cold crystallization (ΔHcc), taking into account an 

enthalpy of melting (ΔHm
0) of 94 kJ/kg for 100% 

crystalline PLA [16]-[17]: 

 XC% = [(ΔHm-ΔHcc)/ΔHm] × 100 (1) 

Both types of PLA particles exhibited two 

exothermic, cold crystallization peaks and an 

endothermic melting peak (Fig.6). For both PLA_DKM 

and PLA_K particles, the glass transition occurred at 

~61°C (61.3±0.6 and 60.9±0.3°C, respectively) and the 

melting at 177°C (177.3±0.8 and 176.6±0.3°C, 

respectively). However, a difference is observed in the 

cold crystallization temperatures between the two types 

of particles. For the PLA_K and PLA_DKM particles, the 

first cold crystallization peaks appeared at 96.7±0.6°C 

and 104.4±0.2°C, respectively. The probable reason for 

this is that during the emulsification method, the particles 

solidified at different rates based on the organic solvent 

used for the PLA solution. As the particles solidified at 

different rates, their structure and porosity vary. The 

thermal properties of the granules did not change even 

when the concentration of the PLA solution was changed 

during their preparation. The degree of crystallinity of the 

PLA_K particles was approximately 25.0±0.7%, while 

that of PLA_DKM was different. The degree of 

 

 
Figure 4. Specific adsorption of essential oil (EO) on microparticles (mg EO/g PLA) in the case of a.) particles prepared in 

dichloromethane and b.) particles prepared in chloroform 
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Table 2. Hansen solubility parameters (HSPs) of the materials 

 

Material δd (MPa1/2) δp (MPa1/2) δh (MPa1/2) δt (MPa1/2) 

PLA 18.6 9.9 6.0 21.9 

Ethanol 15.1 8.4 18.3 25.2 

Lemon balm essential oil 16.4 4.6 5.1 17.8 

Thyme essential oil 21.5 3.3 9.6 23.8 

Fennel essential oil 24.3 3.9 28.0 37.3 
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crystallinity of the PLA_DKM_50, PLA_DKM_100 and 

PLA_DKM_200 particles was 24.3±0.4, 19.6±0.7 and 

21.5±0.8, respectively. 

After the degree of adsorption was measured, the 

thermal properties of the microparticles did not change 

due to their interaction with the essential oils (Fig.7). 

However, the adsorption of essential oils had an effect on 

the degree of crystallinity of the particles, as the degree 

of crystallinity of the PLA_DKM particles increased by 

2% and that of PLA_K_50 particles increased to 30%. 

The degree of crystallinity of the PLA_K_100 and 

PLA_K_200 particles was not influenced by which 

essential oil was used. 

Based on the results, it was found that the thermal 

properties of the PLA microparticles are affected by the 

type of solvent used during their preparation rather than 

by the concentration of the PLA solution used. It was 

concluded that the thermal properties of the 

microparticles were not changed by the adsorption of 

essential oils. Therefore, the amount of essential oil 

adsorbed was insufficient to cause a significant change to 

the PLA structure.  

4. Conclusion 

In our work, the adsorption properties of polylactic acid 

particles for lemon balm, fennel and thyme essential oils 

were investigated. The adsorption of these essential oils 

on the PLA particles was investigated as a function of 

particle size (50, 100 and 200 µm). 

It was concluded that the adsorption of essential oils 

is affected by both differences between types of 

microparticles (degree of crystallinity, size, porosity) and 

the types of essential oils present in the solutions of 

PLA_DKM samples. Although the specific amount of 

essential oil adsorbed on the surface or in the pores of 

PLA_K particles did not change significantly as the 

 
Figure 5. Correlation between the HSPs and the specific adsorption of essential oil (EO) on microparticles (mg EO/ g PLA) 

in the case of a.) particles prepared in dichloromethane and b.) particles prepared in chloroform 

 

 
Figure 6. The second heating DSC curves of the PLA granules and microparticles in the case of a.) their different types 

and b.) their different sizes 
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particle size varied, the degree of adsorption of the 

essential oils on the particles varied. The particles that 

were prepared in dichloromethane as a solvent, exhibited 

a higher specific adsorption of 0.8-3.4 mg EO/g PLA 

compared to particles prepared in chloroform of 0.6-1.6 

mg EO/g PLA. The difference in the adsorption 

properties of the particles is probably caused by 

variations in their structure. The different solvents used 

in the production process caused the particles to solidify 

at various rates, which may lead to differences in their 

internal structure and porosity.  

The reason for differences in the degree of 

adsorption of the essential oils is variation in the 

composition of the essential oil solutions, which is 

characterized by the HSPs. In ethanolic solutions, a 

correlation between the adsorbed amount of the essential 

oil and the δp component of the total HSPs was observed. 

Based on the results, it was determined that the 

thermal properties of the PLA microparticles are affected 

by the type of solvent used during their preparation rather 

than by the concentration of PLA solution applied. It was 

concluded that the thermal properties of the 

microparticles were not affected by the degree of 

adsorption.  
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Biosurfactants are surface-active compounds that can reduce surface tension in both aqueous solutions and 
hydrocarbon mixtures, which in recent times have become more valuable due to their lower toxicity and are 
generally referred to as green or organic surfactants. Such products are much better than chemical surfactants in 
terms of their enhanced biodegradation rates and the bioavailability of organic contaminants. Fungi, yeast and 
bacteria are mainly capable of producing microbial biosurfactants. Bacteria, especially Bacillus, are one of the 
most frequently applied and studied biosurfactant producers. This study investigated the kinetics of cell growth, 
the production of biosurfactants as well as the effect of and interactions between the (A) pH within the range of 
4.1 to 9.8, (B) glucose concentration between 3.0 and 36.9 g/l, (C) surface tension and (D) emulsification index 
to maximize biosurfactant production. The analysis was carried out using a central composite design (CCD) model 
with four factors and five levels. The optimized medium (pH=8 and glucose concentration = 38 g/l) decreased the 
surface tension to 60 mN/m and increased the product yield up to 2.7 g/l. 

Keywords: cell growth, effect of pH, glucose concentration 

1. Introduction 

Surfactants are surface-active compounds that reduce the 

surface tension between two liquids. Surfactant 

molecules are comprised of hydrophobic and 

hydrophilic, that is, water-hating and water-loving 

components, respectively. They are also regarded as 

detergents because of their wetting potential and 

emulsifying as well as foaming agents. Biosurfactants are 

also surfactants but from a microbial source. They have 

proven to be more sustainable due to their ability to leave 

less of or even no chemical residues after their use. 

Biosurfactants have been commonly used in industries 

such as the petroleum, cosmetics, antimicrobial, 

pharmaceutical and bioremediation industries [1]-[4]. 

Biosurfactants, also known as biological 

surfactants, are structurally varied molecules with high 

surface and emulsifying activities [5]-[6]. Glycolipids, 

lipopeptides and polymeric biosurfactants are the three 

major groups of biosurfactants. Biosurfactants have 

many advantages over conventional surfactants, 

including their ease of renewability, large-scale 

production, economic viability, cheaper substrates, more 

significant degree of foaming, good selectivity, turbidity, 

good biocompatibility, effectiveness at high 

temperatures or pH levels, chemical diversity and 

environmentally-friendliness [7]-[8]. Biodegradation is 
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one of the most effective methods for combating 

environmental degradation mainly as a result of 

petroleum hydrocarbons, which pose a significant danger 

to ecosystems. This includes bacteria that use toxic 

materials as carbon sources, resulting in the breakdown 

of polluted components into low-molecular-weight or 

less harmful chemicals with no adverse effects [9]. 

Biosurfactants can decrease the surface tension of 

water to between 35 and 27 mN/m, which has been 

recorded by biosurfactant-producing bacteria [10]-[11], 

as well as increase the emulsifying activity from 20 to 

30% for different hydrocarbon compounds during 

experiments on the emulsification index. A CCD was 

used to create appropriate testing levels for our response 

surface methodology (RSM). This analysis will create 

relevant parameters by making observations or taking 

measurements to determine the best combination of 

media that produces the desired response as well as 

characterizing the reaction so the conventional medium 

optimization strategy of modifying one independent 

variable while keeping the rest constant can be applied 

[12]. 

The main aim of our research is to produce 

biosurfactants to study their antifungal effects on crops 

in agriculture. Therefore, the first step is to produce 

biosurfactants efficiently. For this purpose, media 

optimization is commenced by using statistical 

optimization for cell growth in the fermentation broth to 

https://doi.org/10.33927/hjic-2022-18
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increase the biosurfactant yield, i.e. decrease the surface 

tension and increase the emulsification index of the 

biosurfactant produced by Bacillus licheniformis 

DSM13. 

2. Materials and Methods 

2.1. Microorganism and cultivation of strain 

The Bacillus licheniformis DSM13 strain was purchased 

from Hungary's National Collection of Agricultural and 

Industrial Microorganisms. The biosurfactant 

fermentations were conducted in 500 ml shake flasks 

(Erlenmeyer flasks with cotton plugs covered with 

aluminum foil). The inoculum was incubated for two 

days at 150 rpm and 37°C in a rotary shaker (New 

Brunswick Excella E24) by applying an inoculation ratio 

of 10 %. During the biosurfactant fermentation, the 

starting total volume, including the inoculum, was 

150 ml, with an aeration greater than the working 

volume. 

For the biosurfactant fermentation, a minimal 

medium was used; 1 liter of minimal media (pH=6) 

contained 1.0 g NH4NO3, 34.0 g glucose (Hungrana Kft., 

Szabadegyháza, Hungary), 6.0 g KH2PO4, 2.7 g 

Na2HPO4, 0.1 g MgSO4*7H2O, 1.2x10-3 g CaCl2, 

1.65x10-3 g FeSO4*7H2O, 1.5x10-3 g MnSO4*4H2O and 

2.2x10-3 g Na-EDTA (Reanal Laborvegyszer Kft., 

Hungary) Joshi et al. [13]-[14]. 

2.2. Unoptimized (reference) fermentation 

Scale-up tests were conducted in a 1 l benchtop fermenter 

Biostat Q bioreactor (B Braun Co) filled up to 700 ml. 

During batch fermentation, the temperature was 

maintained at 37°C, the agitation rate at 300 rpm and the 

aeration rate at 0.5 VVM without pH control. A 

collection vessel was added to the exhaust air of the 

fermenter to collect the foam produced during the 

fermentation. 

2.3. Statistical analysis of CCD (RSM) for 
optimization 

Using a CCD for two variables, the power of the response 

surface approach to maximize biosurfactant production 

by Bacillus licheniformis was investigated in this study, 

which has served as the foundation for the simulated 

experimental plan and subsequent analysis. The 

randomized empirical findings were statistically 

analyzed using the statistical program TIBCO Statistica 

(version 13 for Windows) to detect the significant 

differences between the independent variables, namely 

(A) glucose concentration between 10 and 36 g/l and 

(B) pH between 4 and 9, to achieve maximum 

biosurfactant production by B. licheniformis DSM13 

(Table 1). 

2.4. Biomass analysis 

A CamSpec M501 spectrophotometer was used to 

determine the biomass content via optical density 

measurements at a wavelength of 600 nm (OD600). 

2.5. Surface tension analysis 

Surface tension is the force per unit length measured in 

Millinewtons per meter (mN/m). The surface tension was 

measured using a stalagmometer (Wilmad-LabGlass 

LG-5050-100) according to the method of Czinkóczky et 

al. [11]. 

2.6. pH analysis 

Initially, the pH of the media was set by adjusting it to 

several pH values ranging from 4 to 9 with 5M HCl or 

6M NaOH. The pH was measured by a METTLER 

TOLEDO FiveEasy™ pH meter. 

2.7. Emulsification index (E24) 

The emulsification index measurement applied was 

established by Plaza et al. [15]. The emulsification index 

was determined from the supernatant of the fermented 

broth at intervals corresponding to the sampling 

frequency during the fermentation. In a test tube, 2 ml of 

crude oil and 2 ml of cell-free media (supernatant) were 

introduced and homogenized for 2 minutes by vortexing 

at 4000 rpm. The emulsifying activity was once more 

determined after 24 hours as follows: the relative height 

of the two liquid layers was documented by photos and 

the pixel size divided to obtain the values of the 

emulsification index [16]. E24 (%) is defined as [(total 

height of the emulsified layer) / (total height of the liquid 

layer) x 100] after 24h of vortexing. 

Table 1. CCD runs showing factors and their levels 

 

Standard 

run 

2**(2) central composite, 

nc=4 ns=4 n0=2 

Runs=10  

Glucose [g/l] pH 

3 34.00 5.00 

8 20.00 9.83 

1 10.00 5.00 

6 36.97 7.00 

7 20.00 4.17 

2 10.00 9.00 

5 3.03 7.00 

4 34.00 9.00 

10 (C) 20.00 7.00 

9 (C) 20.00 7.00 
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2.8. Isolation and purification of the 
biosurfactant 

Acid precipitation was used to isolate the biosurfactants. 

The bacterial cells were first removed by centrifugation 

and the remaining supernatant containing the 

biosurfactant was acidified with 2M HCl solution until 

the pH reduced to 2. The mixture was then incubated at 

4 °C for 24 hours. The precipitate was collected by 

centrifugation at 10,000 rpm and 4°C for 30 minutes. The 

residue was then resolved in distilled water and the pH 

reset to neutral before being freeze-dried by a Martin 

Christ Alpha 1-4 LSCbasic lyophilizer [13]. 

3. Results 

3.1. Unoptimized (reference) fermentation 

An unoptimized fermentation according to Section 2.2. 

was carried out and the parameters that were measured 

during the process are shown in Fig.1. The highest 

reduction in the surface tension (ST) was observed 4 - 30 

hours after the fermentation commenced. ST ranged from 

75.5 to 68.3 mN/m. After 8 hours, the foam began to 

overflow and was collected in a vessel for further 

processing. The collected foam had a ST of 60 mN/m, 

indicating that the biosurfactants produced are mainly 

collected in the foam phase. 

 

 

 

3.2. RSM 

The effects of the glucose concentration and pH is shown 

in Fig.2. The highest biomass growth (OD) was recorded 

at a glucose concentration of 40 g/l and a rather higher 

pH value of approximately 9 resulting in an optical 

density of 4.5. 

The mixed effect of the pH and glucose 

concentration regarding the surface tension is shown in 

Fig.3. The minimum surface tension was achieved while 

fermenting at pH 7. 

According to Fig.4, the smallest product amount 

was achieved when the pH was extremely high at 11 and 

the glucose concentration was the lowest, while at a 

higher glucose concentration, the highest product yield 

was still achieved. This indicates that the gradient of the 

surface is minimal and very high at low and high glucose 

concentrations, respectively; moreover, depends on the 

pH. Therefore, the pH was the most important factor 

leading to an increase in the amount of biosurfactant 

produced. 

 
 

Figure 1. Growth, surface activity and emulsification index (E24) of Bacillus licheniformis in a 1 l fermenter during growth 

on a mineral salt medium 
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Figure 2. 3D RSM plot of the interactive effects of 

glucose concentration (g/l) and pH on biomass 

production 
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The model predicted the following ideal conditions 

to maximize the biosurfactant productivity using Bacillus 

licheniformis DSM13: pH=8 and glucose 

concentration=40g/l. The anticipated optimum point was 

confirmed experimentally, moreover, the observed and 

isolated product was 2.7 g/l. These findings show a 

strong connection between the predicted and actual 

experimental values, moreover, this model accurately 

represents biosurfactant production in the presence of 

Bacillus licheniformis DSM13. Since the highest product 

yield (i.e. lowest surface tension, Fig.3) was observed at 

different conditions, it is recommended to examine 

product purity in the future as the presence of 

contaminants can depend on the pH because of pH-

dependent precipitation during product isolation. 

 

4. Conclusions 

Biosurfactants are emerging as suitable alternatives to 

their predominant, less sustainable, petroleum-derived 

counterparts. In this study, the CCD, in conjunction with 

the response surface approach, is used to predict the 

optimization of Bacillus licheniformis DSM13 

effectively. An increase in the glucose concentration 

yielded a high biosurfactant concentration while also 

increasing the fermentation time. At a lower pH level, the 

strain achieved a low biomass yield and lower 

biosurfactant yield but no change in the surface tension 

was observed. It was observed that the best operating 

conditions for biosurfactant production with Bacillus 

licheniformis DSM13 was a higher pH (pH=8) and a 

glucose concentration of 38 g/l. Future process validation 

to optimize biosurfactant manufacturing techniques is 

advised as follow-up research.  
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Biohydrogen production based on agro-industrial wastes might be an attractive and effective technology for 
providing an energy source in the future. Dark fermentation is considered to be one of the most suitable 
biohydrogen formation processes. In this paper, various agro-industrial wastes as well as microorganisms applied 
for biohydrogen formation are reviewed. 
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1. Introduction 

Hydrogen produced biologically (biohydrogen) can be 

considered as a renewable source of energy [1]-[4]. 

Moreover, it is regarded as one of the most promising, 

environmentally-friendly “fuels” of the future due to its 

favourable characteristics, e.g., only water is formed by 

the combustion of H2, no environmental pollution is 

produced, highest energy density of 143 kJ/g. Agro-

industrial residues seem to be suitable feedstocks for the 

production of biohydrogen [5].  

Large amounts of solid and liquid waste are formed 

in agriculture every year, moreover, the majority of it is 

unutilized. However, promising technologies are 

available whereby agro-industrial residues are applied to 

produce value-added products and green energy by 

biological methods [6]. Liquid wastes are usually found 

in the form of wastewater. Solid agro-wastes can be 

classified into four groups [7]: 

(i) field residues 

(ii) waste of processing 

(iii) livestock waste 

(iv) chemical waste 

 

Field residues generally originate from crop 

production and consist of the remains of crops, e.g., 

leaves, stalks, stems, seeds, straw, husks, shells, pulp, 

roots, woodland waste, etc. 

Industrial food processing results in solid wastes 

which are mainly by-products of and leftovers from 

various plants, e.g., bagasse, sugarcane molasses, wheat 

bran, rice bran, groundnut shells, apple pomace, fruit 

peels, de oiled rice bran cake and oil cakes. 
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Livestock waste consists of by-products of 

slaughterhouses or originates from processing, e.g., 

bones, feathers, shells of crustaceans, as well as 

bedding/litter, carcasses and damaged feeders. 

Chemical waste includes plant protection 

compounds, e.g., pesticides, insecticides and herbicides, 

as well as their containers and bottles. However, since 

these materials cannot be utilized in biological methods, 

this study focuses on the first three groups of solid 

wastes. 

Biological hydrogen production from agro-

industrial wastes includes dark fermentation, 

photofermentation and microbial electrolysis cells 

(MEC) [5]. Photofermentation is a process whereby 

organic substrates are converted into hydrogen by 

photosynthetic organisms under anoxic conditions. 

H2 production in MECs is a bioelectrochemical process, 

where electrochemical and biological techniques are 

combined [8]. Given that dark fermentation is one of the 

most common methods used for hydrogen production 

from agro-wastes due to its higher hydrogen production 

rate, it is the focus of this mini-review. 

2. Biohydrogen production by dark 
fermentation  

The composition and certain characteristics of agro-

wastes are determining factors of biohydrogen 

production. Generally speaking, although these materials 

are rich in carbon sources, the majority of them require 

some sort of pretreatment. The lignin content in 

particular should be treated to increase the efficiency of 

https://doi.org/10.33927/hjic-2022-19
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biodegradation and conversion processes [5]-[7]. 

Pretreatments of agro-industrial residues include:  

(i) physical,  

(ii) chemical,  

(iii) physicochemical and  

(iv) biological methods. 

 

Physical methods involve ultrasonication, 

ozonization, thermal- and microwave-assisted techniques 

as well as size-reduction processes, e.g., milling, 

grinding, etc. 

Chemical methods include acid or alkali treatments, 

moreover, more recently organic solvents have been 

applied. 

In physicochemical methods, a combination of 

physical and chemical techniques is used, e.g., steam 

explosion, hydrothermal treatment and chemical 

treatment complemented with microwave irradiation. 

Biological methods include enzymatic and 

microbial (whole cell) treatments, where mainly the 

degradation of biopolymers occurs. 

Using these pretreatment methods, higher yields 

and more efficient hydrogen formation can be achieved. 

Dark fermentative biohydrogen production can be 

carried out by facultative anaerobes and obligate 

microbes [1], [4]-[5]. In many cases, the suitable types of 

microorganisms are determined by the substrate applied 

and mixed microbial consortia are frequently used. 

Nevertheless, numerous microbes have still been used in 

dark fermentative biohydrogen production based on 

agro-wastes, examples of which are listed in Table 1: 

 

 

 
Table 1: Examples of the utilization of various agro-wastes to produce biohydrogen 

 

Agro-waste Microorganism H2 production rate or yield Ref. 

Sugar and rice mill 

wastewater 

Acinetobacter junii Rate 5.23 mLH2L-1h-1 [9] 

Rice mill wastewater Clostridium beijerinckii Yield 214.9 mLH2L-1 [10] 

Cheese whey powder Enterobacter asburiae Yield 1.19 ± 0.01 molH2mol-1 [11] 

Sugarcane molasses  Eisenia fetida Yield 1571.81 mLH2L-1 [12] 

Cashew apple bagasse Clostridium roseum Yield 15 mmolH2 L-1 hydrolysate [13] 

Fruit and vegetable wastes + 

seawater 

Thermotoga maritima Rate 12.4 mmolh-1L -1 [14] 

Fruit wastes (apple, banana, 

grape, melon, orange) 

consortia from biogas 

sludge  

Yield 523 mL/g VS (volatile solid) [15] 

Sweet sorghum bagasse Caldicellulosiruptor 

saccharolyticus 

Yield 73.6 mLH2mmol-1 C6 sugars [16] 

Cornstalk Thermoanaerobacterium 

thermosaccharolyticum  

Yield 89.3 mLH2g-1 DB (dry biomass) [16] 

Distillers grains Caldicellulosiruptor 

thermocellum 

Yield 29.2 mLH2g-1 DB [16] 

Fruit and vegetable wastes as 

well as corn stover  

anaerobic sludge Yield 1.91 molH2mol-1 glucose [17] 

Beer lees consortia from cow dung 

compost 

Yield 68.6 mlH2/g TVS [18] 

Corn straw Ethanoligenens 

harbinense 

Yield 9 mLH2g-1 [19] 

Wheat straw consortia from cow dung 

compost 

Yield 68 mLH2g-1 [20] 

Grass silage manure Yield 16 mLH2g-1 [19] 

Extracts of sweet lime peel  anaerobic mixed consortia Yield 76.4 ml/g COD [21] 

Palm oil mill effluent Thermoanaerobacterium-

rich sludge 

Yield 84.4 mLH2g-1 [22] 

Beet pulp mixed culture from 

anaerobic sludge 

Yield 115.6 mLH2g-1 COD [24] 

Sunflower stalks Clostridium sp. Yield 2.04 molH2mol−1 eq. hexose [25] 

Miscanthus sinensis Thermotoga elfii Rate 23.99 mLH2h-1 [16] 

Cassava pulp hydrolysate mixed culture Yield 342 mlH2g-1 CODreduced [26] 

Tequila vinasse Eisenia fetida Yield 1246.36 mLH2L-1 [12] 

Sugarcane bagasse Eisenia fetida Yield 232.72 mLH2L-1 [12] 
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As can be seen, although several types of agro-

wastes and microbes have been used for biohydrogen 

fermentation, the results regarding the yield or 

production rate of the processes are difficult to compare 

since their units vary and the data on hydrogen formation 

is diverse. Moreover, in this study, no information was 

collected about the treatment of the substrate (if any) nor 

which kind of bioreactor, set-up or mode of operation 

was used, making their comparison even more difficult. 

Therefore, only some special considerations can be 

discussed in this work. 

3. Special considerations  

In addition to single microorganisms, mixed consortia 

are often applied in these processes, which originate from 

various sources [19], e.g., sludge from biogas production; 

anaerobic sludges from municipal wastewater treatment 

plants and cow-dung composts; cattle or dairy residue 

composts; sludge from palm oil mill effluent; soil, rice 

and straw composts; fermented soybean meal, etc. Even 

though these sources usually contain the microbes which 

are able to form biohydrogen, they need to be acclimated 

which includes some sort of pretreatment, e.g., heat 

shock, starving for a couple days, etc., to enrich the 

suitable microorganisms [3], [28] or sometimes 

bioaugmentation [10]. 

In hydrogen-producing consortia, a wide range 

of species have been isolated [19], e.g., under 

mesophilic conditions, Clostridium (C. pasteurianum, 

C. saccharobutylicum, C. butyricum), Enterobacter 

(E. aerogenes) and Bacillus, while under thermophilic 

conditions, the genera Thermoanaerobacterium 

(T. thermosaccharolyticum), Caldicellulosiruptor 

(C. saccharolyticus, C. thermocellum) and Bacillus 

thermozeamaize. 

Regarding the utilization of certain fruit wastes, 

some flavor compounds were found to exhibit an 

antimicrobial effect [15], e.g., a citrus flavor, since 

D-limonene is able to weaken the fermentation even at 

very low concentrations (0.01% w/v). Therefore, the 

undesired effect of these substrates can be diminished by 

special treatments, e.g., encapsulation of the microbes in 

a membrane or pretreatment of the feedstock. 

4. Conclusions  

In biohydrogen production, the application of agro-

industrial residues has a great potential since they are 

renewable, huge amounts of them are formed year by 

year and have not been utilized. Various types of agro-

wastes have been investigated with regard to 

biohydrogen production using a wide variety of 

microbes, namely single microorganisms or consortia. 

Although it seems that both can be effective in terms of 

fermentation, higher yields and/or production rates could 

be achieved when carbohydrates – which can be easily 

uptaken – are present in the initial substrate. 
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Abstract – PC-FMEA is a method that combines the pairwise comparison and basic FMEA (Failure Modes and 
Effects Analysis) methods. Using the pairwise comparison, which of the risks is more severe, common or 
noticeable can be determined. The results evaluated by the pairwise comparison can be modeled with networks, 
where the risks can be ranked according to the criteria using the PageRank and weighted in-degree values. 
Applying these two solutions together, a form of risk assessment can be created where risks are assessed by 
pairwise comparisons and the results analyzed using network research tools. The resulting method also provides 
two types of evaluations to rank the risks and also facilitates visualization. This study aimed to develop the 
application of PC-FMEA in network research. 
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1. Introduction 

Failure Modes and Effects Analysis (FMEA) is a method 

of identifying and fully understanding the potential 

causes as well as effects of failures on systems or end 

users with regard to a given product, process or project 

[1]. FMEA is a risk assessment method that is widely 

used in several fields [2], particularly in the automotive 

industry, to formalize a complete set of actions, thereby 

reducing the risk associated with a system or 

manufacturing and assembly process [3]. In FMEA, each 

failure is ranked in order of its Risk Priority Number 

(RPN), which is calculated by multiplying the values of 

the three risk factors for failure, namely severity, 

probability of occurrence and probability of detection 

before the effects of the failure are realized, moreover, is 

represented by numbers, generally between 1 (in the case 

of no or a negligible risk) and 10 (in the worst-case 

scenario) [4]. The new method is based on a reference 

table, which gives the most critical risk. The FMEA team 

takes into account previous FMEAs, test results of 

similar items, experience with comparable systems and 

sources of information. A subjective element of this 

ranking will over time arise as the FMEA always 

includes new parts and all sources of risk must be 

reexamined. However, the FMEA team should be as 

objective as possible by using the criteria from the scales 

to help determine the appropriate ranking. Therefore, the 

FMEA team defines the classification of the failure 

modes based on their experience and knowledge [5]. 

To eliminate subjectivity, an improved method has 

been developed in which the evaluation is carried out by 
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a pairwise comparison. According to the three criteria, 

the risks are assessed by the pairwise comparison. The 

essence of the pairwise comparison can be grasped in the 

form of a prepared table, the output of which is the 

ranking of risks [6].  

The results evaluated by the pairwise comparison 

can be further examined using the tools of network 

research. From the results of the pairwise comparison, a 

criticality network can be created in which the directed 

edges represent the direction of the preference and the 

weight of such edges can also be specified as the weight 

of the preference. Based on the criticality network, 

PageRank and weighted in-degree values can be used to 

determine which vertices have the most input edges that 

are also important or the most high-weight input edges 

[7]. Using the Pairwise Comparison-based FMEA 

(PC-FMEA) along with network research, a risk 

assessment method can be created where risks are 

evaluated by pairwise comparisons and the most severe 

risks extracted from the results of networks. The 

following section introduces this method. 

2. Experimental 

PC-FMEA is a method based on a pairwise comparison 

to improve the precision of a risk evaluation. The 

members of the FMEA team evaluate the risks in pairs 

based on a defined scale from 0-9, where 0 means equally 

critical and 9 means extremely critical. The scale was 

created from the fundamental scale of AHP (Analytic 

Hierarchy Process), which is a decision-making method 
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[6]. This scale is based on the three evaluation factors, 

namely severity, occurrence and detection. The second 

step of the method is to calculate the importance weights 

based on a comparison matrix [8]. The presented method 

offers a new method for enhancing the visual evaluation 

of the importance weights. 

2.1. Modelling risk assessments with networks 

Since the network compiled from the results of the 

pairwise comparison is directed, the direction of 

criticality is shown. The degree of this criticality can also 

be specified. The edges are merged with the sum of the 

weights. A weighted network is C = {V, E, W}, where 

V denotes the set of vertices, E represents the set of edges 

and W refers to the weights of the edges. In the network, 

αij denotes the connection of node i to node j and each 

link (i, j) has a weight wij. The weighted in-degree w1Dj 

is calculated as follows [9]: 

𝑤1𝐷𝑗 = ∑ 𝑤𝑖𝑗

(𝑣𝑖,𝑣𝑗)∈𝐸

 (1) 

 

 

The other indicator from a network that can be 

easily used for the evaluation of the weights of the risks 

is the PageRank value. PageRank is an algorithm that 

defines the importance of a node in a network. The 

algorithm is calculated from the data to determine how 

many connections the vertex has and how important they 

are. 

3. Results 

The methodology combines the techniques of PC-FMEA 

and network research. The evaluation is carried out by a 

pairwise comparison, which is evaluated by network 

modeling. The following subsections show how the 

method can be applied to individual and aggregate risk 

assessments. In both cases, the weighted in-degree and 

PageRank values are used for ranking. The weighted in-

degree shows how many input edges a given node has 

and their weights [10]. The PageRank indicator also takes 

into account the role of these nodes in the network [11]. 

To demonstrate the method, data were generated 

randomly. 

3.1. Individual criticality network 

Risk assessments using the FMEA methodology are in 

most cases carried out by a team from different 

professions. Evaluation within the group can be modeled 

individually and in aggregate with networks. The 

modeling of an individual evaluation is shown in Fig.1, 

where the vertices indicate the risks and the directed 

edges between them indicate the preferential 

relationship. The sizes of the nodes show the weighted 

in-degree results. The larger the node, the more critical 

the risk is in that regard. The colors of the nodes illustrate 

the evaluation according to the PageRank indicator. The 

darker the node, the more critical the risk. At the edges, 

weights are visible on a scale of 1 to 7. The sizes of the 

edges show the extent of the preference. An example 

scale for the pairwise comparison of the risk according to 

the occurrence is shown in Table 1. 

The results of the network model are presented in 

Table 2 by the weighted in-degree and PageRank 

indexes, moreover, are ranked according to the criticality 

of the risks. It can be seen that the rankings are different 

based on the two ratings because PageRank also takes 

into account the role of neighboring nodes in the network. 

Each node in the network is visualized in Fig.2 to 

show the connected edges with their weights. 

3.2. Aggregate criticality network 

Aggregate criticality networks can be used to evaluate the 

risk assessment results produced by an FMEA team. If 

the evaluation is conducted by everyone individually, the 

aggregate result can be modeled with networks. 

Preferences in this case are summarized along with their 

weights. The results of the aggregate criticality network 

are shown in Fig.3. The visualization of the results is the 

same as in the individual network. 

The results of the network model are presented in 

Table 3 in terms of the weighted in-degree and PageRank 

indexes as well as ranked according to the criticality of 

the risks. The results of the evaluation are not completely 

the same in this case either. 

 
Figure 1. Individual criticality network. The sizes of the 

nodes show the results based on the weighted in-degree 

values and the colors of the nodes represent the results 

of the risk assessment based on the PageRank value 

Table 1. Scale for the occurrence evaluation 

 

Value Occurrence 

0 Equally frequent 

1 Slightly more frequent 

2 Moderately more frequent 

3 More frequent 

4 Strongly more frequent 

5 Very strongly more frequent 

6 Extremely more frequent 

7 Extremely more ( + ) frequent 
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Each node in the network can be visualized to show 

the connected edges along with their weights as presented 

in Fig.4. 

The results of the modeling show that the 

transformation of the result concerning the pairwise 

comparison of a risk assessment could yield a new 

method of evaluation. Severity, Occurrence and 

Detection values can be evaluated with the weighted in-

degree and PageRank values. In a traditional FMEA, the 

members of the team assess the risks together and try to 

come to a common understanding. However, the 

members could have different opinions and comprehend 

the criticality of the risks in various ways based on their 

fields of expertise. To eliminate subjectivity within the 

team, individual criticality networks can be used. An 

aggregated criticality network can evaluate the overall 

opinion of the team. 

4. Conclusions 

In this study, how the risks assessed by pairwise 

comparisons can be modeled by networks was 

demonstrated. The combination of PC-FMEA and the 

network research toolkit based on pairwise comparisons 

provides a new method for implementing risk 

assessment. Risks can be assessed individually and in 

aggregate based on two indicators. This modeling can be 

Table 2. Results of the individual criticality network 

model based on the weighted in-degree and PageRank 

values 

 

ID 
Weighted in-

degree 
ID PageRank 

E 38 B 0.124224 

J 27 E 0.113282 

I 24 J 0.092585 

D 23 D 0.073775 

A 19 I 0.072988 

L 18 L 0.070678 

M 16 K 0.065196 

F 15 F 0.063325 

H 14 C 0.058084 

C 13 H 0.053769 

K 13 M 0.044907 

O 10 G 0.044183 

G 9 A 0.040232 

B 8 N 0.029640 

N 7 O 0.023272 

P 7 P 0.021036 

Q 0 Q 0.008824 

 

 
Figure 2. Visualization of the connection between a 

vertex in the network and the weights of the preference 

 
Figure 3. Aggregate criticality network. The sizes of 

the nodes represent the results based on the weighted 

in-degree value and the colors of the nodes show the 

results of the risk assessment based on the PageRank 

value 

Table 3. Results of the aggregated criticality network 

model based on the weighted in-degree and PageRank 

values 

 

ID 
Weighted 

in-degree 
ID PageRank 

I 227 A 0.111017 

Q 221 I 0.111016 

M 205 Q 0.106530 

A 176 M 0.096950 

J 141 J 0.070793 

H 134 C 0.067337 

C 98 H 0.058812 

E 97 E 0.055613 

B 90 B 0.049083 

L 74 L 0.043342 

N 69 K 0.040657 

P 69 N 0.038440 

K 65 D 0.036829 

O 48 F 0.032958 

F 47 P 0.030556 

D 40 G 0.026501 

G 36 O 0.023568 
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applied to all three bases and additional risk factors. Of 

the two indicators, the FMEA team can choose which one 

they prefer. Evaluation is not time-consuming and the use 

of a pairwise comparison and network research reduces 

the level of subjectivity. The results are less liable to 

manipulation by participants than in the traditional 

FMEA, where assessment is added individually to the 

risks. The results do not match the scales used by the 

FMEA. Deriving results from scales could be another 

research direction. Another advantage of this method is 

that it visualizes the relationship between the risks, which 

can greatly support their presentation. 
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Figure 4. Visualization of the connection between a 

vertex in the network and the aggregated weights of the 

preference 
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