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ABSTRACT 

Renewable fuels are recognized as an important energy source in today’s energy market. 

Biodiesel, which is considered more environmentally friendly than fossil fuels, has attracted a 

lot of attention. Nowadays, biodiesel is produced industrially by transesterification of oils and 

fats of different origins. Transesterification, a reaction in which fatty acid esters are produced 

from oils or fats and alcohols in the presence of a catalyst, is the most widely used process for 

producing biodiesel. 

However, the downstream processes used in industrial biodiesel production present a critical 

challenge and determine the final price of biodiesel. One of the biggest issues in biodiesel 

purification is the removal of glycerol, the by-product of a transesterification process. 

To overcome the challenges of biodiesel production and purification, microsystems have been 

introduced as process intensification tools. Microsystems offer numerous applications, from 

microreactors to microextractors. The application of microsystems results in improved mass 

and heat transfer, higher reaction and extraction rates, lower costs and energy consumption, 

while producing much less waste. All these advantages can be used extensively in biodiesel 

production and purification. 

The research conducted in this study was divided into several steps. Firstly, reaction conditions 

for the lipase-catalysed biodiesel synthesis were optimized. Edible and waste sunflower oil 

(acquired from deep frying of potatoes) were used as a substrate while methanol was used as 

the source of alcohol. Different microreactor configurations were analysed (different inlet 

strategy, different oil to methanol molar ratio, different residence times) in terms of getting 

FAME yield to meet the quality standard. The highest yield of 96.5 % at a residence time of τ 

= 20 min was obtained in the microreactor experiment using an emulsion of waste oil and 

commercial enzyme suspended in a water buffer as one inlet stream for a 2-stream inlet 

configuration. 

After biodiesel was produced, purification was performed using two different technologies, 

extraction, and membrane filtration. Extraction was performed in microsystems using water or 

deep eutectic solvents (DESs). By using a ChCl:Gly1:2.5 DES, free glycerol content in extract 

was less than 0.01 % (w/w) for the residence time of only 13.61 s. When biodiesel was purified 

by membrane filtration different membranes were used. Process was performed in an 

ultrafiltration module, where different membranes were tested for biodiesel purification, mainly 

glycerol removal. Polyacrilonitrile membrane showed average ultrafiltration efficiency (during 

6 cycles) of 91.48 % with average free glycerol content in permeate of 0.006 % (w/w). 

Process models for biodiesel production and biodiesel purification were developed. Different 

kinetic models were selected, based on which process models were developed. All process 

models were validated using independent experimental results. 

Finally, integrated microsystems were developed, combining biodiesel production catalysed by 

lipase in a microreactor with biodiesel purification by either microextraction or ultrafiltration, 

connected in series. The best integrated microsystem was the set-up where 2-inlet feeding 

strategy for biodiesel production was combined with DES based microextraction. In this 

integrated system, for the residence time of 20 min, a FAME yield of 94 ± 3.1 % was achieved. 

Since the glycerol content in the purified biodiesel was lower than 0.02 % (w/w), biodiesel 

meets quality standards according to the standard EN 14214:2012+A2:2019. 

Keywords: microsystems, biodiesel production by lipase catalysed transesterification, 

biodiesel purification by microextraction and membrane filtration, kinetics, mathematical 

modelling, integrated microsystem for the production and purification of biodiesel 



 
 

  



 
 

PROŠIRENI SAŽETAK 

Biogoriva se u posljednjih dvadesetak godina pokazuju kao potencijalno rješenje zahtjeva 

globalnog energetskog tržišta, pri čemu njihova primjena omogućuje postizanje ciljeva 

povezanih s održivim razvojem i zaštitom okoliša. Biodizel, kao jedan od predstavnika 

biogoriva, je u usporedbi s fosilnim dizelom ekološki prihvatljiviji, a uz to je netoksičan, 

biorazgradiv te se u primjeni kao gorivo odlikuje niskom emisijom stakleničkih plinova. 

Uz procese direktnog umješavanja, pirolize i mikroemulzifikacije, najzastupljeniji postupak 

proizvodnje estera masnih kiselina (biodizela) je transesterifikacija različitih ulja i masti u 

prisutnosti alkohola (metanol, etanol, propanol, butanol). Transesterifikacija se najčešće odvija 

u kotlastim reaktorima uz prisutnost katalizatora. Katalizatori koji se koriste u reakciji 

transesterifikacije dijele se na homogene, heterogene i enzimatske. Kao homogeni katalizatori 

se najčešće koriste ili lužine (KOH ili NaOH) ili kiseline (sumporna kiselina). Glavni 

nedostatak procesa transesterifikacije kataliziranog lužinama je nastajanje sapuna što rezultira 

nižim iskorištenjem na esterima i stvaranjem emulzije. Osnovni nedostatak transesterifikacije 

katalizirane kiselinama je upotreba većih količina katalizatora. Osim toga, transesterifikaciju je 

moguće provesti učinkovito samo pri većim molarnim omjerima alkohol:ulje. 

Korištenje enzima kao katalizatora u procesu transesterifikacije ima brojne prednosti u 

usporedbi s homogenim katalizatorima, čime se enzimatski katalizirana transesterifikacija 

može svrstati u procese zelene kemije. Enzimatska transesterifikacija provodi se pri blagim 

reakcijskim uvjetima s obzirom na temperaturu, tlak i pH-vrijednost. Kao supstrati u 

proizvodnji biodizela mogu se koristiti jestiva i otpadna ulja, a otpadna ulja mogu se upotrijebiti 

i bez predobrade. Štoviše, glicerol kao sporedni produkt procesa proizvodnje biodizela se kod 

enzimatski katalizirane transesterifikacije smatra visoke čistoće što je važna stavka u 

ekonomskoj opravdanosti ovakvog procesa proizvodnje biodizela. Jedan od najzastupljenijih 

enzima u industriji je enzim lipaza. Lipaza, enzim koji pripada skupini hidrolaza, može 

istovremeno katalizirati nekoliko reakcija kao što su esterifikacija, transesterifikacija i 

hidroliza. TIL lipaze (lipaze porijeklom iz Thermomyces lanuginosus) mogu se koristiti u 

obliku suspenzije ili imobilizirane, te se s obzirom na svoju visoku stabilnost  široko 

primjenjuju u proizvodnji biodizela. 

U industrijskim procesima proizvodnje biodizela, troškovi procesa povezanih s pročišćavanjem 

biodizela čine najveći udio u ukupnim troškovima, a mogu činiti 80 % proizvodnih troškova. 

Nakon proizvodnje biodizela transesterifikacijom, najčešće se za odvajanje glicerola od 

biodizela koristi dekantiranje. Nakon dekantiranja, određena količina glicerola (slobodni 

glicerol) zaostaje u biodizelu te su potrebni dodatni procesi njegova pročišćavanja kako bi se 

dobio biodizel koji zadovoljava odgovarajuće standarde kvalitete. Danas je poznato nekoliko 

metoda za pročišćavanje biodizela, kao što su mokro pranje i suho pranje, a sve veću primjenu 

nalaze i membranski procesi. 

Proces mokrog pranja je najčešće korištena industrijska metoda pročišćavanja biodizela. 

Osnovni nedostatak ove metode je nastajanje velikih količina otpadnih voda, jer je približno 10 

L vode potrebno za pročišćavanje 1 L biodizela kako bi se ispunili zahtjevi definirani 

standardima kvalitete. Kao alternativa korištenju velikih količina vode u procesu mokrog pranja 

sve više se koriste različita “zelenih otapala” kao što su ionske kapljevine (IL) i eutektička 

otapala (DES). Uz primjenu zelenih otapala sve više se za pročišćavanje biodizela koriste i 

membranski procesi. Tim se metodama značajno smanjuje i u nekim slučajevima potpuno 

eliminira korištenje vode pri pročišćavanju biodizela, te posljedično smanjuju ukupni troškovi 

i opterećenje okoliša tijekom proizvodnje biodizela. 



 
 

Osim spomenutih nedostataka, tradicionalni procesi proizvodnje biodizela imaju i druge 

nedostatke kao što su dugo trajanje samog procesa, visoki proizvodni troškovi i potrošnja 

energije te niska učinkovitost. Zbog tih nedostataka nije moguće zadovoljiti potrebe tržišta za 

biodizelom. Kako bi se proces proizvodnje biodizela unaprijedio sve veću ulogu preuzimaju 

nove tehnologije, kojima se može povećati brzina reakcije, smanjiti molarni omjer alkohola i 

ulja u procesu transesterifikacije, te smanjiti potrošnja energije uslijed učinkovitijeg prijenosa 

tvari i energije. 

Jedan od načina intenzifikacije procesa proizvodnje i pročišćavanja biodizela je provedba ovih 

procesa u mikrosustavima. Mikrosustavi su sustavi proizvedeni korištenjem mikrotehnologije 

i mikroinženjerstva. Osnovna strukturna jedinica ovakvog sustava je mikrokanal. Mikrosustav 

se sastoji od mreže mikrokanala s uobičajenim promjerom u rasponu od 10 do 500 µm. Ove 

male dimenzije mikrokanala omogućuju učinkovit prijenos tvari i energije, što uz kratko 

vrijeme zadržavanja doprinosi intenzifikaciji procesa. Druge važne prednosti mikrosustava su 

mala količina nastalih otpadnih procesnih struja i niža potrošnja energije. Također, 

mikrosustavi su kompaktni i jednostavni za korištenje, strujanje u mikrokanalima je najčešće 

laminarno, uz učinkovito miješanje i kratak difuzijski put molekula. Navedena svojstva 

mikrosustava ključni su razlozi za njihovu upotrebu jer procesi provedeni u njima rezultiraju 

visokim iskorištenjima i produktivnosti uz sigurne radne uvjete. Upravo su navedene 

karakteristike mikrosustava potencijalno rješenje problema koji se pojavljuju tijekom 

proizvodnje i pročišćavanja biodizela. 

Razvoj integriranog mikrosustava za kontinuiranu proizvodnju i pročišćavanje biodizela 

osnovni je cilj ovog rada. Kako bi se uspješno razvio integrirani mikrosustav za kontinuiranu 

proizvodnju i pročišćavanje biodizela, provedena je serija istraživanja kojima su optimirani 

pojedini podprocesi neophodni za razvoj cjelovitog sustava. Na početku su određeni optimalni 

reakcijski uvjeti za sintezu biodizela procesom transesterifikacije kataliziranog enzimom lipaza 

u mikroreaktoru. U procesu transesterifikacije kao supstrati su korišteni jestivo suncokretovo 

ulje i otpadno suncokretovo ulje, dobiveno prženjem jestivog ulja, dok je kao alkohol korišten 

metanol. Ispitani su različiti tipovi mikroreaktora (stakleni i polimerni mikroreaktori) te 

različite konfiguracije mikroreaktora s obzirom na broj ulaznih procesnih struja (dva ulaza i tri 

ulaza), a proces transesterifikacije analiziran je pri različitim vremenima zadržavanja. Najveće 

iskorištenje na biodizelu od 96,5% postignuto je pri vremenu zadržavanja od τ = 20 min za 

reakciju transesterifikacije provedenu u mikroreaktoru s dva ulaza gdje je uz komercijalni 

enzim suspendiran u vodenom puferu kao supstrat korišteno otpadno ulje. 

Nakon što su određeni optimalni uvjeti za provedbu reakcije transesterifikacije u 

mikroekstraktoru, provedena su istraživanja povezana s pročišćavanja biodizela pri čemu su 

korištene dvije metode, ekstrakcija i membranska filtracija. U procesima ekstrakcije, kao 

otapala korišteni su voda i različita eutektička otapala, a cilj ovih istraživanja bio je ispitati 

mogućnost korištenja eutektičkih otapala kao zamjene za vodu koja se koristi u industrijskim 

procesima pročišćavanja biodizela. Eutektička otpala su niskotemperaturna otapala koje 

odlikuje biorazgradivost i niska toksičnost, a pripravljaju se iz komponenti koje najčešće mogu 

biti prirodne tvari. Za pripravu eutektičkih otapala korišteno je nekoliko komponenti (kolin 

klorid, etilen glikol, glicerol, voda) u različitim rasponima omjera. Korištenjem eutektičkog 

otapala na bazi ChCl:Gly:H2O kao otapala, provedeno je uspješno pročišćavanje biodizela, u 

kojem je udio slobodnog glicerola iznosio manje od 0,01 % (w/w), čime je zadovoljena 

vrijednost koju propisuju odgovarajući standardi kvalitete biodizela. 



 
 

Pročišćavanje biodizela membranskom filtracijom provedeno je u ultrafiltracijskom modulu uz 

korištenje četiri membrane: polipropilenska (PP), polietersulfonska (PES), poliakrilonitrilna 

(PAN) i regenerirana celuloza (RC). PAN membrana pokazala se kao najučinkovitija za 

uklanjanje glicerola, a s gotovo konstantnom učinkovitošću (približno 91,48 %) korištena je u 

6 ciklusa ultrafiltracije pri čemu je postignut udio slobodnog glicerola u permeatu od 0,006 % 

(w/w) što je znatno manje od vrijednosti koje propisuju standardi kvalitete biodizela. 

Razvijen je matematički model procesa ekstrakcije pri kojem je simulirano pročišćavanje 

biodizela ekstrakcijom pomoću vode i eutektičkog otapala. Matematičkim modelom procesa 

ekstrakcije opisano je uklanjanje glicerola iz biodizela u mikroekstraktoru korištenjem 

stacionarnog 2D matematičkog modela procesa koji uključuje konvekciju u smjeru strujanja 

(x) i difuziju u dva smjera (x i y). Matematički model procesa ekstrakcije sastojao se od 

bezdimenzijskih parcijalnih diferencijalnih jednadžbi za opisivanje koncentracije glicerola u 

fazi biodizela i fazi otapala te odgovarajućih graničnih i početnih uvjeta. 

Prilikom modeliranja procesa pročišćavanja biodizela membranskom filtracijom, mehanizmi 

čepljenja membrane opisani su Hermia modelima. Kako bi se dobio uvid u mehanizam koji 

dovodi do pada protoka u procesu membranske ultrafiltracije, korištena su četiri mehanizma 

čepljenja: potpuno čepljenje pora, unutarnje čepljenje pora, srednje čepljenje pora i formiranje 

kolača. 

Na kraju je razvijeno nekoliko različitih integriranih sustava za proizvodnju i pročišćavanje 

biodizela. Kao prvi, razvijen je sustav u kojemu su se provedbom reakcije u DES-u osigurali 

uvjeti za sintezu i pročišćavanja biodizela u jednom stupnju, odnosno u jednoj mikroprocesnoj 

jedinici, ali ovaj sustav nije rezultirao zadovoljavajućim iskorištenjem biodizela. Integrirani 

mikrosustavi u kojima se proizvodnja biodizela katalizirana enzimom lipaza odvijala u 

mikroreaktoru, a pročišćavanje biodizela ekstrakcijom ili ultrafiltracijom u drugoj 

mikrojedinici spojenoj u seriju, rezultirala je procesom u kojemu je uz vrijeme zadržavanja od 

20 minuta postignuto iskorištenje biodizela od 96,5 % i sadržaj glicerola u pročišćenom 

biodizelu manji od 0,02 % (maseni). 

Ključne riječi: mikrosustavi, proizvodnja biodizela transesterifikacijom kataliziranom 

enzimom lipaza, pročišćavanje biodizela mikroekstrakcijom i membranskom filtracijom, 

kinetika, matematičko modeliranje, integrirani mikrosustav za proizvodnju i pročišćavanje 

biodizela 
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Modern society is slowly but surely crossing every limit of progress in all possible spheres of 

life. However, progress also brings with it a great burden, namely the negative impact on the 

environment. With the increase in human population, the demand for energy is also 

continuously increasing. One of the most important sources of energy is fossil fuels (88 % of 

the world's total energy consumption), which are mainly obtained from non-renewable energy 

sources [1]. An energy source can be generally recognized as renewable if two very important 

principles are met: lower pollution potential and lower contribution to global warming. 

Biodiesel has found the widest use compared to the other biofuels (biogas and bioalcohols). It 

is recognized as a renewable, non-toxic, biodegradable and environmentally friendly alternative 

to fossil diesel [1,2]. Biodiesel is industrially produced by four main methods: blending, micro-

emulsification, pyrolysis, and transesterification [3]. Transesterification has been shown to be 

the most efficient and economical method for producing biodiesel. In addition, a major 

advantage of transesterification is the wide variety of catalysts, which can be chemical or 

enzymatic [4]. To further emphasize the dominance of transesterification process, waste oils 

and fats can be used as a substrate for biodiesel production, which has been confirmed by 

various research groups [5-10]. Reduced environmental impact can be further emphasized by 

using enzymatically catalysed transesterification [4]. 

After selecting the transesterification type and determining the catalyst and substrate source for 

biodiesel production, it is important to clarify the scale at which the transesterification process 

will take place. Conventional biodiesel production scales have not been able to meet current 

market demands. Since scaling up was not suitable, downscaling was envisioned as a possible 

solution for intensifying all process steps of biodiesel production. Microsystems are recognized 

as one of the most promising process intensification technologies and their applicability in 

biodiesel production is gaining more and more attention [11]. 

Large volume of biodiesel produced is only “one side of the coin” when it comes to meeting 

the needs of the energy sector. Another important thing is the quality criteria defined by 

standards, which can only be achieved through the biodiesel purification. These criteria mainly 

refer to a high FAME (Fatty Acid Methyl Esters) yield and a low content of free glycerol, which 

is a by-product of biodiesel production. Wet washing (washing with water) is the most widely 

used industrial technique for biodiesel purification. By using this technique purity of biodiesel 

can easily achieve demands defined by standards [12]. However, the amount of water used in 

the purification of biodiesel by wet washing is so high that it is not environmentally and 

economically justified [13]. Another solution for purification can be extraction with deep 
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eutectic solvents (DESs). DES is a mixture of hydrogen bond donor (HBD) and hydrogen bond 

acceptor (HBA). DES can be prepared from various compounds, each of which can have some 

kind of extractive property [14]. For this reason, DESs are not only used as catalysts or reaction 

media [15,16], but also find their application in the purification of biodiesel. 

Based on all the information presented, the main objective of this research was to develop an 

integrated microsystem consisting of a microreactor for biodiesel production and a 

microextractor for biodiesel purification connected in series. The research also includes 

optimization of experiments for biodiesel production catalysed by lipase, preparation and 

application of different solvents for biodiesel purification by extraction, modelling of 

transesterification reaction catalysed by lipase and modelling of purification of biodiesel by 

extraction and by membrane filtration. 

Research hypotheses are: 

1. Determination of optimal reaction conditions for lipase catalysed production of 

biodiesel in a microreactor 

2. Optimization of the biodiesel purification process by extraction and membrane filtration 

3. Development of mathematical models, describing the processes of biodiesel synthesis 

and biodiesel purification in microsystems 

4. Development of a fully integrated biodiesel production process on a microscale 

Research hypotheses are confirmed by seven scientific papers regarding development of 

integrated microsystem for biodiesel production catalysed by lipase: 

Paper 1: “Transesterification in Microreactors - Overstepping Obstacles and Shifting Towards 

Biodiesel Production on a Microscale” by M. Gojun, M. Bačić, A. Ljubić, A. Šalić and B. Zelić 

[17] 

Paper 2: “Biodiesel purification in microextractors: Choline chloride based deep eutectic 

solvents vs water” by A. Šalić, A. Jurinjak Tušek, M. Gojun and B. Zelić [18] 

Paper 3: “Purification of biodiesel produced by lipase catalysed transesterification by 

ultrafiltration: Selection of membranes and analysis of membrane blocking mechanisms” by T. 

Sokač, M. Gojun, A. Jurinjak Tušek, A. Šalić, B. Zelić [19] 

Paper 4: “Continuous Integrated Process of Biodiesel Production and Purification—The End 

of the Conventional Two-Stage Batch Process?” by M. Bačić, A. Ljubić, M. Gojun, A. Šalić, 

A. Jurinjak Tušek, and B. Zelić [20] 
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Paper 5: “Kinetic Parameter Estimation and Mathematical Modelling of Lipase Catalysed 

Biodiesel Synthesis in a Microreactor” by M. Gojun, L. Pustahija, A. Jurinjak Tušek, A. Šalić, 

D. Valinger and B. Zelić [21] 

Paper 6: “Model-to-model: Comparison of mathematical process models of lipase catalysed 

biodiesel production in a microreactor” by M. Gojun, A. Ljubić, M. Bačić, A. Jurinjak Tušek, 

A. Šalić and B. Zelić [22] 

Paper 7: “Integrated microsystems for lipase-catalyzed biodiesel production and glycerol 

removal by extraction or ultrafiltration” by M. Gojun, A. Šalić and B. Zelić [23] 

Aforementioned hypotheses were confirmed by these seven scientific papers published in 

internationally recognized journals (cited in Web of Science), and their allocation is graphically 

presented in Figure 1. 

 

Figure 1. Relationship between hypotheses of thesis and corresponding scientific papers 
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To justify the scientific output of thesis, emphasis has been placed on two research topics which 

will together present one fully complementary result. The first topic is the research of biodiesel, 

its production and purification. The literature review will cover all important biodiesel 

production and purification processes directly aligned. Emphasis will be on the advantage of 

enzymatic production of biodiesel over chemical synthesis. 

The second topic is microsystems and their advantages over mesoscale systems. A brief 

explanation of microsystems will be given, and different types of microsystems will be 

presented. 

By combining these two research areas, main idea and motivation for thesis will be shown and 

compared to similar experiments described in the literature. To further explore reaction 

behaviour in microsystems, mathematical models of biodiesel production by transesterification 

and biodiesel purification by extraction and membrane filtration will be presented and 

explained. 

2.1. Biodiesel 

Biodiesel, a mixture of fatty acid alkyl esters, has emerged as a non-toxic and biodegradable 

alternative to petrol diesel. It is produced by four main production processes: blending, micro-

emulsification, pyrolysis, and transesterification. Although all of the above processes have 

advantages and disadvantages, transesterification has proven to be the most widely used. A 

variety of transesterification processes can be carried out from triglycerides and some form of 

alcohols in the presence of various catalysts [3]. The alcohol used for transesterification process 

is usually methanol, due to its price and availability. Therefore, biodiesel is usually also 

recognized as FAME – fatty acid methyl esters. 

Biodiesel used in internal combustion engines (as a mixture with fossil diesel) must meet very 

high quality criteria. According to the standard EN 14214:2012+A2:2019 [12], the mass content 

of esters in biodiesel must be higher than 96.5%, while the glycerol content must be lower than 

0.02%. Even though the criteria are very strict today, that was not the case in the early days. 

Biofuels have come a long way since the first use of vegetable oil as a fuel by Rudolf Diesel 

himself. Today, it can be said that biofuels can be divided into four generations, based on the 

source of the biomass used. A brief classification is given in Figure 2. First and second 

generation feedstocks are mostly used for the production of biodiesel. Second generation waste 

oils are used especially in the transesterification process, which is the most widely used process 

to produce biodiesel [6]. 
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Figure 2. Classification of biofuels 

The impact of people’s daily lives on the environment has been thoroughly researched in recent 

decades. The advantage of biodiesel over fossil fuels is its minimal toxicity, biodegradability, 

and near zero-emission of aromatic compounds, sulphates, and other chemical components that 

negatively impact the environment, especially in relation to everyday transportation. In the last 

two decades, the number of scientific papers on biodiesel has increased significantly, as shown 

in Figure 3. 

 

Figure 3. Scientific papers about biodiesel, annual data. Source: Scopus database 

 

2.1.1. Biodiesel production  

Nowadays, catalytic transesterification is the best-known method for biodiesel production on 

an industrial scale [5-7, 24,25], and it is usually carried out in batch reactors. As mentioned 

above, the advantage of transesterification is the possibility to use different biomasses and 

feedstocks (edible vegetable oils, animal fats, waste edible oils) [26] in combination with 
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different alcohols (mainly methanol, ethanol, propanol, or butanol) as substrates for biodiesel 

production. 

Transesterification under energetically sustainable conditions is only possible in the presence 

of the catalyst. The feedstock used for biodiesel production usually determines the type of 

catalyst. Catalysts for transesterification processes can be divided into three main groups: 

homogeneous, heterogeneous and enzymatic catalysts. Homogeneous catalysts are used either 

in alkali-based processes (with KOH or NaOH as catalyst) or in acid-based processes (with 

sulphuric acid as catalyst). The major drawback of alkali-based transesterification processes is 

the undesirable saponification due to side reactions, which leads to lower ester yields and 

emulsion formation. On the other hand, acid-catalysed transesterification requires higher 

amounts of the catalyst. In addition, the process is efficient at higher alcohol-to-oil ratios. This 

leads to problems in the downstream processes, where several steps are required to purify the 

biodiesel after production. In summary, nowadays large amounts of wastewater are generated 

after chemical-catalysed biodiesel production, as the environmentally harmful wet washing is 

still the most widely used purification process [27]. 

2.1.1.1. Enzymatic transesterification 

The use of enzymes in industrial processes has increased greatly in recent decades. One of the 

most widely represented enzymes in industry is lipase (EC 13.1.1.3.). Lipase, an enzyme 

belonging to the hydrolase group, can simultaneously catalyse several reactions such as 

esterification, transesterification, and hydrolysis [28,29]. The reason for this broad versatility 

is a dual hydrolytic and synthetic activity of lipases. Lipases from Thermomyces lanuginosus 

(TlLs) are basophilic and thermostable enzymes. TlLs can be purchased commercially as 

suspensions or in immobilised form. The high stability of TlLs has ensured their very wide use 

in biodiesel production [4]. The use of enzymes in the transesterification process has several 

advantages compared to bases and acids as catalysts, thus forming new green chemistry 

processes. This mainly refers to the performance under mild conditions, which include 

temperature, pressure, and pH. In addition to reaction conditions, substrates in biodiesel 

production can be both edible and waste oils, and waste oils can even be used without pre-

treatment. Moreover, when lipases are used in transesterification glycerol as a by-product of 

biodiesel production is food-grade glycerol. Additionally, soap formation does not occur 

[28,30]. Finally, there is the possibility of reusing lipase during transesterification, which makes 

the whole biodiesel production process more efficient both environmentally and economically. 
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A list of the advantages and disadvantages of enzymatic transesterification compared to 

chemical transesterification can be found in Figure 4. 

 

Figure 4. Advantages and disadvantages of enzymatic transesterification compared to 

chemical transesterification 

2.1.2. Biodiesel purification 

On an industrial scale, the cost of the downstream processes required to purify biodiesel 

accounts for the largest share of the total price of biodiesel, which can be as high as 80% [31]. 

After biodiesel production by transesterification, the most common separation process for 

separating glycerol from crude biodiesel is decantation [32]. Since a certain amount of glycerol 

(free glycerol) is still present in the biodiesel after this step, additional downstream processes 

are required. Nowadays, several methods are known for successful purification of biodiesel, 

such as wet washing, dry washing, and membrane separation processes [33]. A brief 

classification of biodiesel purification processes can be found in Figure 5. 
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Figure 5. Different methods for the purification of the biodiesel 

Wet washing is the most commonly used method. However, the main problem with water use 

is the generation of large amounts of wastewater, which requires additional purification 

methods [26]. According to Karaosmanoǧlu et al. [34], 10 L of water is required to purify 1 L 

of biodiesel to meet the requirements of the standards. To cope with this economic and 

environmental setback, an alternative has been found in the application of green solvents, such 

as ionic liquids (ILs) and deep eutectic solvents (DESs) [35,36]. Another technology for 

biodiesel purification is separation by membranes. The application of membrane technology 

for biodiesel purification has been researched in the last decade. It has been confirmed that 

water consumption can be significantly reduced by alternative purification processes, resulting 

in a large reduction in process costs [37,38]. 
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2.1.2.1. Deep eutectic solvents (DESs) 

A DES is a binary or ternary mixture consisting of a hydrogen bond donor (HBD) and a 

hydrogen bond acceptor (HBA) that form a hydrogen bond [39]. They are called green due to 

their high biodegradability and low toxicity. Moreover, they are prepared from cheap 

components such as choline chloride as HBA representatives, and various sugars, alcohols, and 

amides as naturally derived HBDs [40]. DESs have been utilized in numerous research areas: 

electrochemistry [41], polymer synthesis [42], organic chemistry [43], analytical chemistry 

[44], and as extraction medium [45,46]. Up to now, DESs have been successfully used for 

biodiesel purification [14,35,37,39,47-49], but only in discontinuous extractors/separators. 

Continuous biodiesel purification is the next step to further reduce purification cost and 

complexity of the overall biodiesel production. 

2.1.2.2. Membrane technology  

Membrane technology for biodiesel purification has received much attention in the last decade. 

It has been demonstrated that membrane technology can reduce water consumption during the 

biodiesel purification step, which has a significant impact on process costs [37,38]. Other 

confirmed advantages include process reliability and low energy consumption, as temperature 

and pressure conditions are more moderate [50]. In short, membrane technology is based on 

semipermeable barriers (membranes) that separate different types of a solution in a selective 

manner, allowing only limited passage for some components of the mixture [51]. Membranes 

are most commonly used for microfiltration (MF) and ultrafiltration (UF). The MF membranes 

separate fine particles in the size range of 0.1-10 μm. Ultrafiltration is a separation process in 

which the pore size of the membranes is in the range of 1-100 nm [52]. 

2.2. Microsystems 

Microsystems are microscale systems fabricated using microengineering and microtechnology 

[53]. The basic structural unit is always a microchannel. The microchannel is located in a 

material/base called an element. The element and microchannel together form a chip. A larger 

structure is called a unit, which consists of the chip and the fluid lines responsible for the input 

and output streams. Finally, the combination of the unit and all other pieces of equipment 

(pumps, analytical systems, etc.) is called a microsystem [54]. A microsystem consists of a 

network of microchannels with the usual diameter in the range of 10 to 500 µm. These small 

dimensions of the microchannels allow efficient mass and energy transfer, which, with a short 

residence time, contributes to the intensification of the processes carried out. Other important 
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advantages are the low amount of process waste and lower energy consumption. Moreover, 

microsystems are compact and easy to implement, the flow of compounds through the 

microchannels is usually laminar, while efficient mixing and the short diffusion path of 

molecules are other advantages of microsystems [55]. The above properties of microsystems 

are good reasons for their use. They provide high utilization and productivity in carrying out 

the process, accompanied by safe working conditions [18,56]. 

2.2.1. Application of microsystems 

Microsystems are used in various fields of chemical and pharmaceutical industry, 

biotechnology, and medicine [54]. The application of various microreactors to intensify 

chemical and biochemical production processes is being intensively researched, and the trend 

is increasing every year. Although the vast majority of reaction systems studied in microreactors 

are related to chemical synthesis, biocatalysis and biotransformations in a microreactor are 

receiving more and more attention [57]. In the last two decades, the application of microreactors 

in photochemistry has also been studied [58,59]. Figure 6. shows the number increase of 

scientific works on microsystems in the last two decades. 

 

Figure 6. Scientific papers about microsystems, annual data. Source: Scopus database 

For many years, the focus of microtechnology has been mainly on laboratory scale. Research 

has included process optimization, production, kinetic measurements, separation, and transfer 

of batch processes to continuous systems. In addition to laboratory research, interest has 

recently been slowly shifting to the development of modular systems, which should be the next 

step necessary if microsystems are to be used in industry [60]. The main idea is that these 
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modular systems include all production steps - from substrate preparation to clean products at 

the end of the process. The main advantage of modularity is that once all the required 

information and settings for each module are known, they are simply multiplied by the number 

of modules to be connected. In addition, modules ensure that the process can continue even if 

some modules stop working [55,57,60]. 

2.3. Biodiesel production in microsystems 

Considering the increasing demand for biodiesel, existing conventional production processes 

needs to be improved to meet market demands. Therefore, conventional processes mainly 

related to batch production of biodiesel have recently been converted to continuous production 

processes. In addition, the production time must be shortened, therefore some kind of process 

intensification is required. Among the various process ideas, the use of microsystems has been 

found to be a good solution for biodiesel production [7]. 

The main objective of microsystems is to improve mass transfer, resulting in a shorter overall 

reaction time. Transesterification in microchannels significantly increases the dispersion of two 

phases between the reactants, oil/fat and alcohol, respectively. The ratio of oil to alcohol is one 

of the most important parameters and sometimes the decisive factor for the productivity of 

biodiesel. Since transesterification is an equilibrium reaction, an excess of alcohol is needed to 

shift the reaction towards the formation of alkyl esters [60]. In batch systems, a high excess of 

alcohol is acceptable for chemical transesterification, while for enzymatic transesterification 

this reactor system is not the first choice due to the inactivation of the enzyme by alcohols such 

as methanol and ethanol. The use of microsystems may be able to solve this problem. 

Microreactors have been successfully used for efficient micro-scale biodiesel production for 

some time [8,11,17,60]. 

 

2.4. Biodiesel purification in microsystems 

As mentioned earlier, there are numerous biodiesel purification technologies, most of which 

are macro-scale batch processes. Regardless of which purification technology is used, it usually 

involves multiple purification steps, resulting in the need to install numerous additional pieces 

of equipment. Recently, micro-scale biodiesel purification has been explored. The first major 

advantage of microscale systems is certainly the size, which significantly reduces the space 

required for the purification equipment. Furthermore, if there are more purification steps, it 

means that only a few microchips are used. Another advantage is the transition from 
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discontinuous batch processes to continuous processes. The microscale allows much faster 

separation/extraction times because the diffusion path is very short. This phenomenon is due to 

a very high mass transfer rate in microchannels combined with a large surface area to volume 

ratio [52,61]. Microsystems designed for purification, usually known as 

microseparators/microextractors, have proven to be a favourable technique for the separation 

of chemical and biochemical products [62-66], including biodiesel [18]. 

2.5. Mathematical modelling 

Even laboratory-scale research requires money, time, and manpower. To achieve sustainable 

processes, mathematical modelling can be an effective tool for process development. The 

biggest advantage of modelling is the use of simulations that can replace hours in the lab. 

2.5.1. Enzymatic reactions 

Enzymatic reactions can be successfully optimised by mathematical modelling. In short, in the 

development of enzyme-catalysed biodiesel production by transesterification, one of the most 

important steps is the determination of enzyme kinetics. In addition, knowledge of reactor type 

and dimensions, flow rates, and substrate concentrations are also important. Enzyme kinetic 

models, combined with mass balances, are an important component for the overall picture of 

enzymatic process design [67]. Research on biodiesel synthesis catalysed with lipase has been 

ongoing for two decades [9,68-70]. However, most of the kinetic studies deal with the 

esterification of free fatty acids [68-72]. In recent years, the kinetic model for lipase-catalysed 

transesterification has been established [21,22,76]. The first step in developing a mathematical 

model of the process occurring in a microreactor is to determine the kinetic parameters from 

the microreactor experiments. The already mentioned features of the surface area to volume 

ratio, the transport phenomena, the higher mass transfer rate and the shorter residence time 

distinguish the microscale from the conventional macroscale also in the determination of the 

parameters of the kinetic models [77]. 

The initial reaction rate method is usually used to estimate kinetic parameters. The initial 

reaction rate should be determined for different experimental setups (batch or continuous) and 

for different scales (micro or mesoscale). Since lipase can catalyse numerous reactions 

simultaneously (transesterification, esterification, hydrolysis) [10], estimation of kinetic 

parameters is required for both forward (transesterification) and reverse (hydrolysis) reactions. 

The kinetics of biodiesel production by transesterification are modelled with a Bi-Bi Ping-Pong 

kinetics, Michaelis-Menten kinetics and Hill kinetics [78]. These models are selected for 
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several reasons. Michaelis-Menten kinetics is usually used in a reaction with two substrates, 

Bi-Bi Ping-Pong kinetics is present in biodiesel synthesis, while Hill kinetics showed some 

interesting results in research conducted by Šibalić et al. [79].  

In addition, four mathematical process models were presented and usually used to describe the 

transesterification process catalysed by lipase in a microreactor. The first model used is a 2D 

mathematical process model. It includes the kinetics of the reaction, diffusion in two directions 

(x and y) and convection in the flow direction (x) [21,64,80]. The second model used is a 1D 

model previously described by Jurinjak Tušek et al. [81]. In this model, the approximation of 

the microreactor with two parallel plug flow reactors is described. The third model is also a 1D 

model described by Tušek et al. [82]. In this model, it is assumed that there are no radial velocity 

fluctuations and no axial dispersion. It is also assumed that the mass transfer coefficient is 

insignificant. 

The Bi-Bi Ping-Pong process model, as the fourth model, is based on the assumption that the 

most important step is the esterification of fatty acids. The model further investigated by Liu et 

al. [76] states that there are no mass transfer limitations, various substitutions of mono-, di-, 

triglycerides and fatty acids are treated as a single constituent, methanol is considered as the 

main inhibitor of the enzyme, and the limiting step of the reaction is fatty acid esterification 

and glyceride hydrolysis. 

 

2.5.2. Mathematical model of biodiesel purification in a microextractor 

Glycerol separation in a microextractor was described by Jurinjak Tušek et al. [18] using a 2D 

mathematical model. The model includes diffusion in two directions (x and y) and convection 

in the flow direction (x). The mathematical model for steady-state conditions in a 

microextractor consists of dimensionless partial differential equations for the glycerol 

concentrations in both phases: in the biodiesel and DES /water phases [18]. 

2.5.3. Modelling of blocking mechanisms in the process of dead-end ultrafiltration 

During the process of membrane filtration, the reduction of permeate flux is determined by 

several mechanisms: the formation of a precipitation layer, the clogging of pores, and the 

concentration polarization. To better describe the mechanism of flux decrease, Hermia 

developed a fouling model that includes four basic types of fouling: the complete blocking 

model, the intermediate blocking model, the standard blocking model, and the cake layer model 

[83]. These four models are distinguished by the assumption that molecules of different sizes 
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enter the pores of the membrane to form different fouling. Since the purification of biodiesel 

takes place in an ultrafiltration module, these four models can be used to predict the fouling 

mechanism. Several different factors could be determined prior to the purification process: 

membrane type, pH, temperature, water content, and transmembrane pressure (TMP) [19]. 

Cycles of semi-continuous and discontinuous ultrafiltration are usually used to compare 

selected membranes. 
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The goal of this thesis is to present the development of an integrated system for lipase catalysed 

biodiesel production on a microscale. To develop integrated system on a microscale, several 

process steps should be optimised independently, and finally combined into fully functional 

microsystem. The individual steps of process development are addressed in some of the seven 

scientific papers that form the basis for this discussion. The first step of the process development 

relates to the determination of the optimal reaction conditions for the lipase catalysed synthesis 

of biodiesel in a microreactor. In addition, various biodiesel purification methods were 

investigated on a microscale. This mainly relates to the removal of excess glycerol. To fully 

understand the reaction mechanism of biodiesel production by enzyme catalysed 

transesterification and the separation behaviours in both extraction and membrane filtration, 

mathematical modelling was used. The mathematical modelling served as a tool for process 

optimization and, if possible and applicable, for predicting a part of the results for independent 

experiments performed later. Finally, an integrated microsystem was developed that included 

the biodiesel production and purification steps. The integrated microsystem, as well as all the 

process steps previously developed, were based on the production of biodiesel that meets 

quality standards, while respecting the principles of green and sustainable chemistry. 

3.1. Biodiesel synthesis 

3.1.1. Biodiesel synthesis in batch reactors 

As a basis for the research, lipase catalysed transesterification of sunflower oil (both edible and 

waste) to biodiesel was carried out in four batch experiments (Table 1, Paper 1 [17]). These 

experiments were conducted because there is limited data in the literature on biodiesel 

production by lipase catalysed transesterification [10]. The goal is to ultimately compare the 

performance of batch and microreactor systems to confirm the idea that the use of microsystems 

intensifies biodiesel production. 

Four combinations of batch experimental setups for biodiesel production were based on two 

different oil sources and two different reaction media (parameters were kept constant in all 

experiments: oil to methanol molar ratio 1:3.4, enzyme concentration γE,0 = 0.1 mg/mL). Two 

different oil sources, edible and waste sunflower oil, were used as substrates. Lipase-catalysed 

transesterification was carried out in two reaction media, an aqueous buffer and ChCl:Gly1:3.0 

DES. DES was proposed as the reaction medium because its composition can ensure stability 

and activity for enzymes such as lipase, even in the presence of high excess of methanol used 

as the second substrate [84]. All experiments were performed for a total time of 48 hours, and 
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commercial lipase, Lipolase 100L, was used as catalyst in all of them. As can be seen (Table 2, 

Paper 1 [17]), the highest FAME yield was obtained with edible sunflower oil as substrate in 

the experiment where an aqueous buffer was used as reaction medium. A slightly lower yield 

was observed in experiments with waste sunflower oil, probably due to impurities present in 

this substrate. In experiments with ChCl:Gly1:3.0 DES, the yield was rather low, which can be 

explained by the lack of water in the system (Experiments 3 and 4, Table 2, Paper 1 [17]). 

According to Merza et al. [85], higher FAME yields for lipase-catalysed transesterification can 

be obtained when at least 1 % (w/w) water is added to pure anhydrous DES. In the experiments 

carried out in this research, the water content in the reaction medium was determined to be 0.7 

%, which is the main reason for the lower value of FAME yield for the transesterification 

reaction carried out in DES as the reaction medium. 

3.1.2. Biodiesel synthesis in a microreactor – results and guidelines for future 

experiments 

After initial batch experiments, several microreactor experiments were set up to find the optimal 

system for biodiesel production by lipase-catalysed transesterification. The aim of this research 

step was to obtain similar FAME yields at shorter (residence) time compared to the yields 

obtained in batch experiments, thus confirming the intensification of transesterification. A two-

inlet strategy was used to feed substrates into a microreactor. The experimental setup is shown 

in Figure 7 (Figure 1, Paper 5 [17]). 

 

Figure 7. Two-inlet strategy used for supply of substrates into a microreactor 

In these microreactor experiments, a two-inlet strategy was used and different process 

conditions were tested, depending on the oil source, reaction medium and source of lipase (both 

commercial and raw lipase produced by solid-state fermentation were used). All experiments 
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(Experiments 5-12, Paper 1 [17]) were performed for the same range of residence times (τ = 

0.5-30.62 min), with the same initial substrate ratio (the molar ratio of oil to methanol 1:3.4.) 

and for the same lipase concentration (γE,0 = 0.1 mg/mL), so that the comparison was easier. 

The main process parameters compared were FAME yield and volumetric productivity. 

Influence of Oil Origin on FAME Yield 

The first two experiments performed in a microreactor were Experiments 5 and 6 (Table 1 – 

Table 4., Paper 1 [17]). These experiments were conducted under the same process conditions 

as batch experiments 1 and 2. Sunflower oil was used as substrate in experiment 5 and WCO 

(waste cooking oil) was used in experiment 6. The comparison of the FAME yield for these 

two experiments is shown in Figure 8. Obviously, for the same residence time the FAME yield 

is higher when WCO was used in transesterification. One explanation for the highest FAME 

yield in the experiment with WCO (I =33 % for residence time τ = 30.62 min) is the cracking 

of the long chains in the oil during frying and the resulting shorter chain fatty acids present in 

the reaction medium during transesterification [17]. 

   

Figure 8. Comparison of FAME yield depending on oil origin (○ – edible oil (Experiment 5), 

● – WCO (Experiment 6)) (Figure 2, Paper 1 [17])). 

Influence of Enzyme Origin on FAME Yield 

To make the overall process more economical raw lipase was used. Raw lipase was produced 

by solid-state fermentation of Thermomyces lanuginosus on by-products from cold-pressed oil 

production. After solid-state fermentation lipase was extracted from fermentation medium by 

water, partially purified, and used as catalyst for biodiesel production. The results of 

transesterification catalysed by raw lipase were compared with those obtained for biodiesel 
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production catalysed by commercial lipase. As shown in Figure 9 (Figure 4, Paper 1 [17]), there 

is a significant difference in FAME yield when commercial lipase and raw lipase [22] were 

used. The main reason for this is the much higher initial activity of the commercial enzyme 

(about 200 times higher) compared to the raw lipase. At this point, the raw lipase is not suitable 

for biodiesel production without additional optimization of the purification steps. An additional 

approach to make the process more economical would be to immobilise or recycle the 

commercial lipase. 

 

Figure 9. Comparison of FAME yield according to lipase origin (● – commercial lipase 

Lipolase 100L (Experiment 5), ○ – raw lipase produced by solid-state fermentation (Experiment 

9)) (Figure 4, Paper 1 [17]) 

Influence of the Reaction Medium on FAME Yield 

Transesterification in a microreactor using DES as reaction medium was performed under the 

same conditions as in the batch experiments (Experiments 3 and 4, Paper 1 [17]). The first 

reason was to obtain more information about the reaction performance in a microreactor, and 

the second reason was to test the possibility of simultaneous glycerol removal using the DES 

present in the system [17]. 

A possible process duality could prove to be a valuable process optimization technique for 

biodiesel production in microreactors. In a separate study [18], ChCl:Gly1:3.0 DES was 

efficiently used to remove glycerol from biodiesel. Based on these results, a DES with the same 

composition was used for biodiesel production. While the amount of DES was 50 % (v/v) in the 

previously conducted experiments, only 10 % (v/v) of DES was used in this experiment. 
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Although the efficiency achieved was not sufficient to meet the biodiesel purity standards in 

terms of glycerol removal [12], this clearly indicates that in future optimization, an integrated 

system for biodiesel production and simultaneous glycerol removal on a single microchip could 

be a solution for further process intensification. 

Figure 10 shows the comparison between the yields obtained in Experiment 6 (buffer) and 

Experiment 8 (DES). As can be seen in Figure 10, in the experiment where a buffer served as 

the reaction medium (Experiment 6), a higher FAME yield was obtained. In the experiment 

were DES was used as the reaction medium (Experiment 8), about 15 % of the FAME yield 

was obtained for the residence time of 30 minutes. 

 

Figure 10. Comparison of FAME yield in different reaction mediums (● – buffer as a reaction 

medium (Experiment 6), ○ – DES as a reaction medium (Experiment 8)) (Figure 3, Paper 1 

[17]) 

Summarized results of FAME yield and calculated volumetric productivity for all conducted 

experiments are given in Table 1 (Table 4, Paper 1 [17]). 
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Table 1. Comparison of the biodiesel production processes performed in a batch and in different 

types of microreactors (Table 4, Paper 1 [17]) 

Experiment t (h) I (%) Qp (kg/ (L∙d) Reference 

1 48 91.34 0.45 

[1
7
] 

2 48 70.22 0.35 

3 48 6.44 0.03 

4 48 5.23 0.02 

 τ (min)   

5 30.62 13.26 9.87 

6 30.62 32.28 20.88 

7 30.62 12.42 5.76 

8 30.62 15.85 7.35 

9 30.62 3.51 1.63 

10 30.62 20.08 9.31 

11 30.62 1.76 0.81 

12 30.62 5.45 2.53 

13 30 97.81 69.88 [26] 

14 19.8 32.72 35.42 [21] 

 t (h)    

15 8 40 1.78 [85] 

 

It is noted that the highest FAME yield is obtained in the batch system (Experiment 1, 91.34 

%). However, comparing the volumetric productivity, the best results are obtained in 

Experiment 6, where 20.88 kg/ (L∙d) of biodiesel was produced. This clearly confirms that the 

use of microreactors for lipase-catalysed transesterification leads to an intensification of 

biodiesel production. In addition, waste sunflower oil was used as substrate in Experiment 6, 

confirming the aforementioned applicability of waste oil in enzymatic transesterification. 

However, when comparing these results with those of Šalić et al. [26], FAME yield and 

volumetric productivity were three times lower. The main difference between the results is the 

consequence of the high methanol excess used in the study of Šalić et al. [26]. 
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The high methanol excess used in the lipase-catalysed transesterification was a direction for 

conducting further experiments and resulted in high FAME yields. Because of the relatively 

short residence time typical for experiments conducted in microreactors, the enzyme and 

methanol should be in contact for only a very short time, potentially reducing the negative 

effects of methanol on enzyme activity, which is typical effect when lipase-catalysed 

transesterification is carried out in batch reactors. Moreover, by creating an emulsion between 

the oil and the enzymes, which is the basic concept for the experiments with the 2-feed strategy, 

the enzyme is partially protected from the negative effects of the methanol, since the reaction 

takes place only at the interface of the two phases. 

Moreover, the results obtained with DES were not as good as those obtained in a buffer medium, 

but this research topic remains open for further experiments using different DESs, different 

DES water contents and different ratios of substrate to DES. 

In summary, the further optimization of the biodiesel production in the continuation of the 

research took place in two directions: 

1. increasing the excess methanol in the reaction medium, 

2. exploration of different DESs and their application for biodiesel synthesis. 

3.1.3. Biodiesel synthesis in a microreactor – methanol excess 

Although lower molar ratios of substrates are more favourable for carrying out enzymatic 

biosynthesis, the oil to methanol molar ratios used in this study were varied in the range of 

stoichiometric 1:3.4 to huge excess 1:90, with some experiments carried out for molar ratios of 

1:10 and 1:30. As can be seen from the results shown in Figure 11 (Figure 5, Paper 6 [22]), the 

yield of FAME increased with increasing methanol concentration in the system, and in the 

process where a large excess of methanol was used, the yield was over 90 % for the residence 

time of only 40 minutes. 
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Figure 11. Influence of different oil to methanol molar ratios on FAME yield (Figure 5, Paper 

6 [22]) 

In comparison, when the same reaction was carried out in a batch reactor [17,86], 24-48 hours 

were required to obtain the same yield. It is also important to note that the reaction in the batch 

reactor was performed with a 30-fold lower methanol concentration (molar ratio 1:3.4) to avoid 

inhibition by methanol. Experiments conducted in a microreactor allow for a very high excess 

of methanol, resulting in the FAME yields that meet the quality standards specified in the EN 

14214:2012+A2:2019 standard [12]. At a molar ratio of oil to methanol of 1:90, FAME yield 

of 92.7 ± 4.6 % was achieved. 

3.1.4. Biodiesel synthesis in a microreactor catalysed by lipase immobilized on magnetic 

particles 

The idea of this experiment is to preserve lipase during continuous biodiesel production in a 

microreactor. In all experiments presented above, lipase was used in free form and consequently 

was washed out of a microreactor during continuous biodiesel production. Therefore, lipase 

was immobilized on magnetic nanoparticles and then fixed at a specific location in the 

microreactor using the magnetic field generated by a permanent magnet. In this way, the 

enzyme was fixed in a microreactor during the continuous process of transesterification. Since 

lipase is not present in the outlet stream, the purification step after biodiesel synthesis should 

be easier and simpler to perform. The schematic of the experimental setup is shown in Figure 

12. 
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Figure 12. Two-inlets strategy for biodiesel production catalysed by enzyme immobilized on 

magnetic nanoparticles (Figure 2d, Paper 7 [23]) 

Experiment was performed with lipase immobilized on magnetic nanoparticles in a 

microreactor in a magnetic field at different residence times. The major drawback in this 

experiment was the activity of the immobilized lipase. After immobilization on magnetic 

nanoparticles, the lipase activity retained only 57 % of its original activity (S.A. = 412.11 ± 

6.31 U/mg). This resulted in a maximum FAME yield of 35 %, with a relatively short residence 

time of 3.5 minutes. Unfortunately, the FAME yield decreased with longer residence times. 

Nevertheless, the initial results obtained in a microreactor in which transesterification was 

catalysed by lipase immobilized on magnetic nanoparticles were promising and a good basis 

for further optimization of this process. 
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3.2. Biodiesel purification 

As already explained in detail, biodiesel production by transesterification is only the first stage 

to obtain biodiesel that meets the required quality standard [12]. Regardless of the type of 

transesterification process, various impurities such as free glycerol, alcohol, catalyst, and soap 

(in some reactions) must be removed from the produced biodiesel. Free glycerol presents the 

largest share of impurities in crude biodiesel, and its removal is in the focus of the research. 

After transesterification, the most common separation process for removing glycerol from 

crude biodiesel is decantation, followed by additional downstream purification processes that 

are required. These can be generally divided into wet and dry washing processes. To ensure 

sustainability of biodiesel purification, the focus was put on extraction with DESs and 

membrane filtration. In this way, waste streams from biodiesel purification should be 

minimized. It is also expected to reduce the operating time. 

3.2.1. Biodiesel purification by DESs 

To address this economic and environmental drawback of water washing [34], an alternative 

was found in the application of green solvents such as ionic liquids (ILs) and DESs [35,36]. 

After biodiesel production by lipase-catalysed transesterification of fresh sunflower oil and 

waste cooking oil, various DESs were used on a microscale for the extraction process. The 

results were compared with the purification of biodiesel by wet washing in a microextractor. 

The DESs used in this study were choline chloride:ethylene glycol (ChCl:Etgl) DES and 

choline chloride:glycerol:water (ChCl:Gly:H2O) DES. ChCl:Etgl was prepared in a molar ratio 

of 1:2.5, while ChCl:Gly:H2O was prepared in different molar ratios without (1:1; 1:2; 1:2.5 

and 1:3) and with the addition of water (1:1:0.5; 1:1:1 and 1:1:2) (Table 1, Paper 2 [18]). 

To establish the reference point of this study, water was used as a solvent in a microextractor. 

The separation was performed for different flow rates at a flow ratio of biodiesel:water = 1:5.5. 

The results are shown in Figure 13a-c (Figure 5, Paper 2 [18]) in terms of glycerol 

concentration, extraction efficiency and free glycerol content. 
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Figure 13. Influence of the residence time on the extraction of glycerol from the biodiesel using 

water as a solvent (wet washing): (a) glycerol concentration, (b) extraction efficiency, (c) free 

glycerol content and (▬ mathematical model, ● biodiesel phase, ▾ water phase) (Figure 5, 

Paper 2 [18]) 

The separation efficiency was 75.19 % for a residence time of only 8.3 s. This resulted in 

insufficient glycerol separation, and at the end of the process the amount of glycerol remaining 

was higher than the recommended values according to the European standard EN 14214 [12]. 

The reason why the separation efficiency was not higher than 75 % is probably because the 

capacity of the water extraction was too low to perform a complete extraction in one step. 

After using water as a solvent for biodiesel purification in a microextractor experiment, new 

experiments were performed using unpurified biodiesel and ChCl:Etgl-based DESs as solvents. 

As can be observed, DES provided much more efficient glycerol extraction than water and 

almost all of the glycerol was extracted from the biodiesel. An initial extraction efficiency of 

98.35% was obtained when DES was used as solvent. On the other hand, the maximum 

efficiency was obtained at a much higher residence time compared to the experiment conducted 

with water as solvent (τ = 174 s for DES and τ = 8.2 s for water as solvent). Therefore, research 

was continued to see if the extraction time could be reduced using a different type of DES 

(ChCl:Gly:H2O). The purification of the biodiesel was carried out using ChCl:Gly1:2.5. As can 

be seen from Figure 14 (Figure 9, Paper 2 [18]), the glycerol was almost completely removed 

from the biodiesel with a residence time of only 13.61 s. This was a significant improvement 

compared to the ChCl:Etgl based DES, where the same efficiency was achieved after 180 s. 

According to Hayyan et al. [11], the glycerol content in a DES has a greater tendency to attract 

more glycerol into the DES and form a higher glycerol ratio DES, which explains the much 

shorter extraction times compared to the ChCl:Etgl based DESs. 
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Figure 14. Influence of the residence time on the extraction of glycerol from the biodiesel 

synthetized from WCO using ChCl:Gly1:2.5 based DES (a) glycerol concentration, (b) 

extraction efficiency, (c) free glycerol content (▬ mathematical model, ● biodiesel phase, ▾ 

DES phase) (Figure 9, Paper 2 [18]) 

It is important to note the results obtained for biodiesel synthesised from WCO when purified 

with a ChCl:Etgl based DES. Even though the residual concentration of glycerol after the 

decantation was higher than that obtained after synthesising biodiesel from edible sunflower 

oil, the efficiency was the same, resulting in purified biodiesel that met quality standards 

(Figures 7 and 8, Paper 2 [18]). 

The removal of glycerol during biodiesel purification by extraction with any of investigated 

DESs has several advantages compared to the biodiesel wet washing process with water. In 

particular, higher extraction efficiency and a significantly lower amount of solvents used are 

the main advantages of the DES application for biodiesel purification. In addition, there is less 

waste to be treated at the end of the process. Moreover, since it is possible to separate the DES 

and the biodiesel phase at the end of the microchannel, the recirculation of the DES is possible, 

which, in combination with its regeneration, justifies the application of DESs for biodiesel 

purification [18]. 
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3.2.2. Biodiesel purification by membrane filtration 

Biodiesel purification was performed in a semi-batch module shown in Figure 15 (Figure 1, 

Paper 3 [19]) using membranes (45 mm diameter). A total of four membranes were tested and 

compared: polypropylene (PP), polyethersulfone (PES), polyacrilonitrile (PAN), and 

regenerated cellulose (RC). The initial volume of biodiesel in a membrane module was 35 mL 

in each experiment. The process was continued until the remaining volume of biodiesel in the 

membrane module was 5 mL. Semi-continuous and discontinuous processes were performed 

to test the reusability of the membranes. In the discontinuous process, the membrane was 

removed from the module at the end of the first filtration cycle, washed with ethanol, and 

reused. In the semi-continuous process, the amount of 5 mL of biodiesel remaining in a module 

after the first cycle was removed and 35 mL of new crude biodiesel was fed into the system 

without washing the membrane. Cycles were repeated until permeate flux decreased 

significantly. 

The membranes were evaluated based on permeate flux and glycerol content in the permeate. 

The results obtained show that the PAN membrane is the most efficient for glycerol removal. 

It was efficiently reused in 6 cycles and in each cycle of ultrafiltration the efficiency was 91.48 

% with an average free glycerol content in the permeate of 0.006 % (w/w). 
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3.3. Mathematical modelling 

After the initial researches dealing with biodiesel production and purification, focus was shifted 

towards mathematical modelling. Motivation behind it was further process development in 

terms of saving numerous hours of additional experiments in laboratory. With the mathematical 

modelling of biodiesel production and biodiesel purification, optimization of process conditions 

can be made. 

Therefore, various mathematical models of biodiesel production by lipase-catalysed 

transesterification have been developed. For the biodiesel purification step, a model of 

extraction by different solvents (water and DESs) and a model of fouling mechanisms for 

membrane filtration were developed. 

3.3.1. Modelling of biodiesel production by lipase-catalysed transesterification 

Development of lipase-catalysed biodiesel production process was based on the results of our 

initial study [21]. To describe the process more realistically than in initial study, kinetic 

parameters of the reverse reaction – biodiesel hydrolysis, were also estimated in this study. 

Three kinetic models were selected to describe lipase catalysed biodiesel production by 

transesterification where oil and methanol were used as substrates: Michaelis-Menten, Hill and 

Bi-Bi Ping-Pong kinetic models. Flow chart of methodology used for mathematical modelling 

of lipase catalysed biodiesel production by transesterification is shown in Figure 15 (Figure 1, 

Paper 6 [22]). 
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Figure 15. Flow chart of methodology used for mathematical modelling of lipase catalysed 

biodiesel production by transesterification (Figure 1, Paper 6 [22]) 

In the initial research [21], kinetic parameters were estimated based on the assumption that the 

enzyme follows Michaelis-Menten kinetics. Based on kinetics and type of microreactor used, a 

2D mathematical transport model was developed. Biggest simplification of the process model 

used in initial research was the assumption that there is no reverse reaction (hydrolysis). 

As already mentioned, lipase can simultaneously catalyse hydrolysis, esterification and 

transesterification. Due to this property, it was necessary to estimate the kinetic parameters of 

both reactions (transesterification and hydrolysis) that occur in a biodiesel synthesis process. 

The influence of reactants and products concentrations on the reaction rate were measured to 

estimate the kinetic parameters of the proposed kinetic models. As can be seen on Figure 16 

(Figure 4, Paper 6) [22]), the dominant reaction in biodiesel production process is 

transesterification with an approximately 12 times higher maximal reaction rate in comparison 

to reverse reaction – biodiesel hydrolysis. 
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Figure 16. Kinetics of biodiesel synthesis and FAME hydrolysis: dependence of the reaction 

rate on initial concentration of (a) fatty acids (b) methanol, (c) FAME, (d) glycerol (▬ 

Michaelis-Menten model, = = Bi-Bi Ping-Pong model, ▬ Hill model, • experimental data) 

(Figure 4, Paper 6 [22]) 

To describe the biodiesel production process as detailed as possible, three kinetic models were 

selected for modelling of both forward and reverse reaction. Bi-Bi Ping-Pong and Michaelis-

Menten kinetic models were chosen because they are the mostly used models for describing the 

kinetics of multiple substrate enzymatic reactions. Hill kinetic model was selected because it 

showed some promising results in research conducted by Šibalić et al. [79]. 

As can be seen from Figure 16., all kinetic models (Michaelis-Menten and Bi-Bi Ping-Pong 

kinetic models are overlapping) described the results of kinetic measurements well. The model 

selection criterion (MSC) was used to estimate which kinetic model described the obtained 

experimental data the best. The most appropriate model will be the one with the largest MSC, 

which makes the Hill kinetic model as the best one (Table 3, Paper 6 [22]). 

Four different mathematical process models were proposed: Bi-Bi Ping-Pong, one 2D and two 

1D process models (a process model of steady-state two parallel plug flow reactors and a 
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process model of ideal plug flow reactor). Model validation was performed using data from 

independent experiments, in which oil to methanol ratio was altered. Briefly, the oil to methanol 

ratio was increased starting from 1:3.4 and ending with 1:90. Positive influence of increasing 

methanol excess in the reaction medium during transesterification was described elsewhere, 

contact between alcohol and triglycerides was enhanced [91] and purer product - biodiesel was 

obtained [92]. 

As can be seen from the results shown in Figure 17 (Figure 5, Paper 6 [22]), FAME yield 

increased with increasing the methanol concentration in the reaction medium. The yield was 

over 90 % for the residence time of only 40 min for the experiment with highest oil to methanol 

ratio (1:90). 

 

 

Figure 17. Process model validation of biodiesel synthesis in a microreactor a) 2D mathematical 

process model, b) a process model of steady-state two parallel plug flow reactors, c) a process 

model of ideal plug flow reactor and d) Bi-Bi Ping-Pong mathematical process model (▬ 

mathematical model, ● 1:3.4 oil to methanol molar ratio, ● 1:10 oil to methanol molar ratio, ● 

1:30 oil to methanol molar ratio, ● 1:90 oil to methanol molar ratio) (Figure 5, Paper 6 [22]) 

The comparison of model efficiency was evaluated based on R2 as presented in Table 2 (Table 

5, Paper 6 [22]).  
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Table 2. R2 of analysed mathematical models (Table 5, Paper 6 [22]) 

Mathematical model 
Oil to methanol ratio 

1:3.4 1:10 1:30 1:90 

2D mathematical model 0.535 0.603 0.890 0.933 

A model of steady state two 

parallel plug flow reactors 
0.330 0.653 0.891 0.942 

A model of ideal plug flow 

reactor  
0.108 0.454 0.508 0.910 

Bi-Bi Ping-Pong model 0.148 0.253 0.216 0.264 

 

By increasing the oil to methanol ratio, the value of R2 for all four analysed models was 

increased. The highest numerical value of R2 for all four analysed oil to methanol ratios was 

obtained for the steady-state two parallel plug flow reactor process model, followed by the 2D 

process model and the ideal plug flow reactor process model. The lowest R2 values were 

obtained for the Bi-Bi Ping-Pong model. Based on the obtained results, it could be concluded 

that the Bi-Bi Ping-Pong mathematical process model is not accurate for describing biodiesel 

synthesis in a microreactor, but perhaps could be used for rough predictions. Other models 

proposed in this study are better suited for more refined and accurate predictions. 

 

3.3.2. Modelling of biodiesel purification by extraction 

All investigated DESs have the overall advantage when compared to the biodiesel wet washing 

process using water [18]. The high extraction efficiency was supported by mathematical model 

of biodiesel purification by extraction (Figure 14). By using a ChCl:Gly1:2.5 based DES, glycerol 

was almost completely removed from the biodiesel for the residence time of only 13.61 s 

(glycerol content < 0.01 % (w/w)). In Figure 14 (Figure 9, Paper 2 [18]) extraction efficiency 

and glycerol concentration and content are shown for the ChCl:Gly1:2.5 based DES. 

The glycerol separation in a microextractor was described with 2D model including convection 

in the flow direction (x) and diffusion in two directions (x and y). The mathematical model for 

steady-state conditions in a microextractor was composed of dimensionless partial differential 

equations for glycerol concentrations in biodiesel and DES (water) phase and corresponding 

boundary and initial conditions. 
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2D model provides good description regarding glycerol concentration, extraction efficiency and 

free glycerol content, for both biodiesel/water system and biodiesel/DES system.  

3.3.3. Modelling of blocking mechanisms in the process of dead-end membrane filtration 

When working with membranes, fouling, the deposition of substances on the membrane 

surface, is one of the biggest problems. It causes deterioration of all membranes and is a major 

economic burden on the processes in which membranes are used. In addition to pore blocking, 

there are two other processes that can lead to a reduction in permeate flux: concentration 

polarisation and the formation of a precipitation layer [93]. To gain better insight into the 

mechanisms that lead to a decrease in flux in dead-end filtration at constant pressure, the Hermia 

model of dead-end filtration at constant pressure was used. All four basic fouling models were 

considered: the complete blocking model, the intermediate blocking model, the standard 

blocking model, and the cake layer model. The estimated model constants (kc, ks, ki, and kg) and 

flux at t = 0 min were determined along with the correlation coefficients (R2) (Table 2, Paper 3 

[19]). The predominant fouling mechanism for each membrane was analysed by fitting all four 

models to the experimental data and based on the obtained R2, R2
adj, and F-values for each 

model. From the analysis of the results, it appears that the predominant fouling mechanism 

changes during the filtration cycles. Also, different fouling mechanisms may occur during the 

same ultrafiltration run, which may be the reason for the discrepancy between experimental and 

predicted data for certain operating conditions. 

In Figure 18 the experimental and model simulation results of biodiesel ultrafiltration 

performed by polyacrylonitrile (PAN) membrane through 6 cycles of reuse are shown (Figure 

4, Paper 3 [19]). Intermediate blocking was prevalent after the first filtration cycle and a 

complete cake layer was present in the following five filtration cycles. In addition, a significant 

decrease in flux is observed in the first few minutes of each cycle. 
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Figure 18. Permeate flux for biodiesel ultrafiltration using polyacrylonitrile membrane in six 

(a-f) semi-continuous process (● permeate flux, Hermina’s model: ▬ complete blocking, ▬ 

standard blocking, ‒ ‒ ‒ intermediate blocking, complete cake) (Figure 4, Paper 3 [19]) 
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3.4. Development of integrated microsystems for biodiesel production  

As mentioned above, the increase in methanol concentration led to an increase in FAME yield 

in the reaction medium. It was observed that in the process where a large excess of methanol 

was used, the FAME yield exceeded 90% when the residence time was between 20 and 40 min 

[22,26]. This was only possible in a microreactor configuration with a 2-inlet strategy, where a 

mixture of oil and methanol (emulsion prepared by adding emulsifier SDS) was used as one 

inlet stream and methanol as the second inlet stream.  

Purification of the produced biodiesel is mainly related to the removal of glycerol in 

microextractors [18] using either water [20] or DESs as solvents. Glycerol- and ethylene glycol-

based DESs were mainly used in experiments where DES was used as solvent [18,39]. As an 

alternative to avoid the addition of different solvents into the product stream, purification of 

biodiesel by membrane ultrafiltration could be used [19]. 

3.4.1. Simultaneous (one-pot) biodiesel production and purification 

Further research was conducted with the idea of developing an integrated system that would 

combine biodiesel production and biodiesel purification in a single pot. The main feature of this 

system was the dual role of DESs, allowing the simultaneous use of DES as reaction and 

extraction media [20]. 

In short, DESs (ChCl:Gl and ChCl:EtGl) were used as reaction and extraction media in this 

integrated process. To optimize the integrated one-pot biodiesel production and purification, 

the experiments were conducted according to the experimental design (Table 2, Paper 4 [20]). 

The integrated process of biodiesel production and purification was carried out in both, batch 

and microreactor, respectively. The parameters that were changed were the mass ratio of a 

reaction phase (oil, methanol, enzyme and water) and the DES phase, the water content and the 

molar ratios of the DES components. The effects of the three separate variables (water content 

(X1), DES composition (X2), and mass ratio of phases (X3)) on biodiesel yield (Y) were evaluated 

by applying the Box-Behnken design. 

Experiments conducted with ChCl:Gly resulted in higher biodiesel yield and glycerol extraction 

efficiency. A phase mass ratio of 1:1, a water mass fraction of 6.6 %, and a ChCl:Gly molar 

ratio of 1:3.5 were determined to be optimal process conditions. When the reaction was carried 

out in a batch reactor under the optimal conditions, the process resulted in a yield of 43.54 ± 

0.2 % and a glycerol extraction efficiency of 99.54 ± 0.19 % (t = 2 h). Unfortunately, the free 
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glycerol content was higher than specified in the international standards (wGly > 0.02 %); 

therefore, the process was carried out in a microsystem to improve mass transfer. Since the 

yield remained approximately the same (45.33 ± 1.74 %) and the free glycerol content was 

lower than the standards (wGly = 0.0019 ± 0.003 %), the microsystem proved to be a good 

direction for future process optimization. 

The major drawback of one-pot biodiesel production and purification performed in a 

microreactor was the low FAME yield of 43.5%, which does not meet quality standards [12]. 

3.4.2. Integrated system with glycerol removal by DES based extraction 

Integrated system with DES as extraction medium is comprised of two microsystems units: 

microreactor responsible for biodiesel production and microextractor responsible for biodiesel 

purification. Basic scheme is given in Figure 19 (Figure 2, Paper 7 [23]). 

 

Figure 19. Scheme of the integrated microsystem composed of biodiesel production in a 

microreactor and microextractor for biodiesel purification by DES 

In the study conducted by Šalić et al. [18], ChCl-Gly DES has been confirmed as best extraction 

medium for biodiesel purification. However, in that study, crude biodiesel produced previously 

in batch reactor was used in the purification. In another study performed by Šalić et al. [26], 

first proposal of an integrated microsystem was presented, consisting of two microchips 

connected in series, for biodiesel production directly aligned by biodiesel purification. In first 

microchip biodiesel production by lipase catalysed transesterification occurred, with the usage 

of 2-inlet strategy. Emulsion (a mixture of oil and lipase combined with emulsifier SDS) was 

one inlet, and high methanol excess was second inlet. Reason for using high methanol excess 

to get high FAME yield was described previously [22]. A second microchip was responsible 

for biodiesel purification by means of extraction with ChCl-Gly DES.  
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Even though it was promising, this system had some drawbacks. A major drawback was the 

inability to reuse the lipase. That problem can be solved either by enzyme recirculation or 

enzyme immobilization. In this work, integrated system with immobilized lipase was proposed. 

Moreover, improvement of the first integrated system shown in Šalić et al. [26] will be 

presented. 

3.4.3. Integrated systems with glycerol removal by membrane ultrafiltration 

While extraction was successful as a purification method, a different approach to glycerol 

removal based on membrane ultrafiltration was investigated. The integrated system was based 

on the studies of Sokač et al. [19], where the PAN membrane was successfully used for glycerol 

removal, resulting in glycerol concentrations in the purified biodiesel that met the quality 

standard. As described earlier, after biodiesel production in a microreactor, the reaction mixture 

was fed into the separation unit shown in Figure 20 for glycerol removal (Figure 3b, Paper 7 

[23]). To ensure that the biodiesel was successfully passed through the membrane as an upper 

stream, the flow ratio of upper stream to lower stream was maintained at 4:1 to achieve a 

uniform flow of purified biodiesel. 

 

Figure 20. Scheme of the integrated microsystem composed of biodiesel production in a 

microreactor and microextractor and unit for biodiesel purification by membrane ultrafiltration 

(Figure 3b, Paper 7 [23]) 
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3.4.4. Integrated systems – results and concluding remarks 

According to the standard [12], in order to present a successful result from the integrated 

system, two guidelines must be met: the content of FAME in the biodiesel must be higher than 

96.5 %, while the glycerol content must be lower than 0.02 % (w/w). In order to fully cover the 

possibilities of adjusting the integrated system, a total of eight experiments were conducted. All 

of these experiments have been covered in previous research [17-22,26], but it was important 

to investigate them in a fully integrated microsystem. In Experiments 1-7, free lipase was used 

as catalyst while Experiment 8 was the only one in which immobilised lipase was used. The 

process conditions are given in Table 3 (Table 1, Paper 7 [23]). 

Table 3. Process conditions used for biodiesel synthesis for experiments performed in integrated 

systems (Table 1, Paper 7 [23]). 

Experiment Strategy 
PTFE tube 

diameter 

Oil to 

methanol ratio 
Oil source 

1 3-inlets 500 μm 1:3.4 Edible oil 

2 3-inlets 500 μm 1:90 Edible oil 

3 3-inlets 500 μm 1:90 Edible oil 

4 
2 x 2-

inlets 
500 μm 1:90 Edible oil 

5 2-inlets 1000 μm 1:90 Edible oil 

6 2-inlets 1000 μm 1:90 Waste oil 

7 2-inlets 1000 μm 1:90 Edible oil 

 

Experiment 8, the only one with immobilised lipase, had the same process conditions as 

Experiment 5. Two main strategies were used to feed in substrates into the microsystem: the 3-

inlet strategy and the 2-inlet strategy. In the 3-inlet strategy, one inlet is divided into two inlets, 

so oil was feed through first inlet, lipase was feed through second inlet, while methanol was 

feed as third separate inlet. When considering the diameter width of the microchannel, 2 

dimensions were used: 1000 and 500 μm. Two molar ratios of oil to methanol and two oil 

sources were used (edible sunflower oil and waste cooking oil). Figure 21 shows the FAME 

yield (Figure 7, Paper 7 [23]) after biodiesel production while Figure 22 (Figure 8, Paper 7 [23]) 

shows the glycerol content after biodiesel purification for all eight experiments. 
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Figure 21. FAME yield accomplished for different integrated systems (biodiesel purification 

by: ■ - ultrafiltration, ■ - DES based extraction) (Figure 7, Paper 7 [23]) 

 

The highest FAME yield was obtained in the experiments in which the feeding strategy with 2 

inlets was combined with DES based purification (Experiments 5 and 6). Considering the 

confidence intervals, the FAME yield obtained in these experiments was within the range 

defined by the biodiesel quality standards. Similar results were obtained in the experiments 

where the 2 inlet strategy was combined with ultrafiltration (Experiment 7). Obviously, the 

feeding strategy with 3 inlets is not a suitable method to obtain a high FAME yield, despite the 

method used for biodiesel processing (Experiments 1-3). The same is for the feeding strategy 

with 2 x 2 inlets. Consequently, the low FAME yield obtained during production cannot be 

increased by the integrated purification. Although promising, the integrated biodiesel 

production based on lipase immobilized on magnetic nanoparticles needs further optimization 

(Experiment 8). 
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Figure 22. Glycerol content in biodiesel for different integrated systems (biodiesel purification 

by: ■ - ultrafiltration, ■ - DES based extraction) (Figure 8, Paper 7 [23]) 

The glycerol content (w/w) in the different integrated experiments is also analysed (Figure 23 

– Figure 8, Paper 7 [23]). Obviously, the highest biodiesel purities were obtained in the 

experiments with low FAME yields. On the other hand, both purification methods were quite 

successful, even in the integrated experiments where the FAME yield was high. 

Experiment 5 was identified as the best integrated microsystem. The highest FAME yield of 94 

± 3.1 % and glycerol content below 0.02 % (w/w) were obtained in the integrated system in 

which the 2-inlet strategy was combined with the DES based extraction. 
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4. CONCLUSIONS 
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 Enzymatic transesterification in microreactors is a viable option for biodiesel 

production when sunflower waste oil serves as the primary substrate. The highest yield 

of 96.5 % at a residence time of τ = 20 min was obtained in the microreactor experiment 

using an emulsion of waste oil and commercial enzyme suspended in a water buffer as 

one inlet stream for a 2-stream inlet configuration. 

 The results obtained using DES as the reaction medium in enzymatic transesterification 

were not as good as those obtained in a buffer medium, but this area of research will be 

explored further. While DESs have already been confirmed as excellent extraction 

media, their role in synthesis has yet to be confirmed. 

 Although promising, biodiesel production using lipase immobilized on magnetic 

nanoparticles needs further optimization. The most important goal is to preserve the 

original lipase activity of free lipase after the process of immobilization.  

 Different kinetic models were used for the description of biodiesel synthesis in a 

microreactor catalysed by lipase. The Bi-Bi Ping-Pong mechanism, the most commonly 

used, was compared to Michaelis-Menten and Hill kinetic mechanisms. Based on the 

model selection criterion, the Hill model was proposed as the best kinetic model for 

biodiesel production catalysed by lipase. 

 Amongst the four proposed mathematical process models in this research, titled the 2D 

mathematical process model, the process model of steady-state two parallel plug flow 

reactors, and the process model of steady-state plug flow reactor and Bi-Bi Ping-Pong 

mathematical model, the 2D mathematical process model and the process model of 

steady-state two parallel plug flow reactors showed good agreement between 

experimental results and model simulation. 

 Glycerol removal in biodiesel purification by extraction was found to be very efficient 

using a ChCl:Etgl based DES and a ChCl:Gly:H2O based DES as solvents. All DESs 

studied have the overall advantage compared to the biodiesel wet washing process with 

water.  The glycerol separation in a microextractor was described with 2D model in 

biodiesel and DES/water phase. 

 Four different ultrafiltration membranes: polypropylene (PP), polyethersulfone (PES), 

polyacrilonitrile (PAN), and regenerated cellulose (RC) were tested for the removal of 

glycerol from biodiesel produced by lipase-catalysed transesterification. PAN 

membrane is most efficient for glycerol removal. It was efficiently reused for 6 times 
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and in every cycle of ultrafiltration efficiency was around 91.48% with average free 

glycerol content in permeate of 0.006 % (w/w). 

 Hermia's model was used to analyse the blocking mechanism. Working with the PAN 

membrane in discontinuous mode, intermediate blocking was the predominant 

mechanism after the first filtration cycle, while complete cake layer was the 

predominant mechanism for the following five filtration cycles. 

 The first attempt at an integrated biodiesel production and purification process using 

DESs was a one-pot system. In this system, DES served as the reaction and extraction 

medium. The highest FAME yield and extraction efficiency was obtained in 

experiments with the ChCl:Gly:H2O DES. Optimal conditions: Mass ratio of the phases 

1:1, the mass fraction of water 6.6 % and a molar ratio of ChCl:Gly 1:3.5. Although the 

glycerol content was within the limits, FAME yield of 43.5 % was obtained, which was 

not sufficient according to the standard. 

 Several integrated microsystems have been developed consisting of biodiesel 

production and purification. The best integrated microsystem was the setup in which the 

2-inlet feeding strategy for biodiesel production was combined with DES based 

extraction and connected in series. In this integrated microsystem, a FAME yield 94 ± 

3.1 %  and a glycerol content in the purified biodiesel of less than 0.02 % (w/w) were 

achieved with a residence time of 20 minutes. 

 The integrated microsystem, which consists of production and purification steps 

connected in series, proves to be a viable solution for intensifying the biodiesel 

production process. 
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