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RESUMO 

Os lubrificantes são produtos cuja fabricação atualmente é muito dependente de recursos 

fósseis não renováveis, possuem mercado e produção expressivos e se encontram na mira de 

várias leis ambientais em todo o planeta. Atualmente já existem alguns produtos de base 

biológicas inseridos neste mercado, denominados de biolubrificantes, porém compõem uma 

fração muito pequena deste segmento e possuem limitações. Estudos que envolvam o 

desenvolvimento de novos produtos, insumos e processos são essenciais para o sucesso e a 

ampliação dos biolubrificantes neste mercado. Assim, esta tese de doutorado teve como 

objetivo: avaliar a produção de bases biolubrificantes na forma de ésteres isoamílicos de ácidos 

graxos (“fatty acid isoamyl ester” – FAIE), a partir do destilado da desodorização do óleo de 

soja (DDOS – como fonte de ácidos graxos) com álcool isoamílico (coproduto gerado na 

fermentação de bioetanol e o principal constituinte do óleo fúsel) catalisada por lipase comercial 

Eversa Transform 2.0 (ETL 2.0) na sua forma livre, e por lipase de Pseudomonas fluorescens 

(PFL) imobilizada pelo método “hybrid nanoflower” (hNF). Planejamento experimental e 

metodologia de superfície de resposta foram utilizadas para definir parâmetros tanto para a 

imobilização da PFL por hNF (hNF-PFL), sendo estes parâmetros: a concentração de proteína, 

a concentração de metal e o pH de imobilização; quanto para a produção dos FAIEs, sendo 

estes parâmetros: a relação molar DDOS/álcool isoamílico, a temperatura de reação, a 

quantidade de enzima (para as reações com ETL 2.0) e a massa de material secante (para as 

reações com hNF-PFL). Estudos voltados para a etapa de incubação na síntese da hNF-PFL 

permitiram reduzir o tempo de incubação de 72 horas (meio estático a 25 °C) para apenas 20 

minutos usando ultrassom, sem perdas no rendimento de imobilização (RI) ou atividade 

imobilizada (AI). Os valores otimizados de RI e AI para a hNF-PFL foram de 54 e 64 TBU%, 

respectivamente. A hNF-PFL mostrou alta estabilidade operacional mantendo praticamente os 

mesmos valores de rendimento de reação (RR) por 8 ciclos, um total de 192 h, e no 10º ciclo, 

total de 240 h, apresentou RR de 80 % em relação aos primeiros ciclos. A produção de FAIE 

utilizando ETL 2.0 com controle de umidade por peneira molecular nas condições de 39 e 9 % 

(relação massa de peneira molecular / massa de DDOS) atingiu valores de RR de 50 e 70 %, 

respectivamente. Quando a hNF-PFL foi utilizada para a síntese de FAIE, chegou-se ao RR de 

64 % sem o uso de agentes de controle de humidade. Produtos com conversões parciais de 

DDOS em FAIE catalisados por ETL 2.0, com RR de 44 e 55 %, e por hNF-PFL, com RR de 

56 e 57 %, apresentaram características físico-químicas similares a bases biolubrificantes 

comerciais. Assim, esta tese de doutorado tem potencial para contribuir economicamente para 
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o mercado de lubrificantes por meio de um processo enzimático ambientalmente amigável para 

a síntese de uma base estoque a partir de coprodutos da indústria nacional. 

 

Palavras-chaves: DDOS, monoésteres isoamílicos de ácidos graxos, hybrid nanoflower, 

lipase de Pseudomonas fluorescens, Eversa. 
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ABSTRACT 

Lubricants are among the many products whose manufacture is highly dependent on 

nonrenewable fossil resources, with high levels of production and a vast marketplace, so they 

are the focus of many environmental laws around the word. Currently, this market includes 

some biobased products, known as biolubricants, although they represent a very small fraction 

of this sector and have certain limitations. Studies concerning the development of new products, 

raw materials, and processes are essential for the expansion and commercial success of 

biolubricants. Therefore, the aim of this work was:  evaluating the production of biolubricant 

base stocks such as fatty acid isoamyl esters (FAIEs) from soybean oil deodorizer distillate 

(SODD) as a fatty acids source, together with isoamyl alcohol (a byproduct from bioethanol 

fermentation and the main constituent of fusel oil), catalyzed by free Eversa Transform 2.0 

lipase and Pseudomonas fluorescens lipase (PFL) immobilized by the hybrid nanoflower (hNF) 

method. Experimental design and response surface methodology were applied to define the 

parameters for PFL immobilization using hNFs (hNF-PFL), viz. protein concentration, metal 

concentration and immobilization pH, and for FAIEs production, viz. SODD/isoamyl alcohol 

molar ratio, reaction temperature, the enzyme mass and secant salt mass (for the reactions with 

hNF-PFL). Studies of the incubation step of the synthesis using hNF-PFL enabled the 

incubation time to be reduced from 72 h (static immobilization medium at 25 °C) to just 20 min 

using ultrasound, without losses of immobilization yield (IY) or immobilized activity (IA). The 

optimized IY and IA values for hNF-PFL were 54 and 64 TBU%, respectively. The hNF-PFL 

showed high operational stability, maintaining practically the same reaction yield (RY) values 

during 8 cycles, over a total of 192 h. At the 10th cycle (total of 240 h), the material presented 

relative RY of 80%, compared to the earlier cycles. In the production of FAIEs using ETL 2.0 

with molecular sieve (for moisture control) at 39 and 9 wt.% (molecular sieve mass / SODD 

mass), RY values of 50 and 70 wt.% were achieved, respectively. When hNF-PFL was 

employed in the FAIEs synthesis, RY of 64 wt.% was obtained, without the use of a moisture 

control agent. Products of partial conversion of SODD into FAIEs, catalyzed by ETL 2.0, with 

RY of 44 and 55 wt.%, and catalyzed by hNF-PFL, with RY of 56 and 57 wt.%, presented 

physicochemical characteristics similar to those of commercial biolubricant base stocks. 

Therefore, this doctoral thesis has the potential to contribute economically to the lubricant 

market through an environmentally friendly enzymatic process for the synthesis of a base stock 

from by-products of the national industry. 
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1 INTRODUCTION 

1.1 Initial considerations 

The structure of this work includes an introduction to the topics studied during a doctoral 

project, followed by a bibliographic review considering these topics in greater detail, together 

with a corresponding list of references. The sections providing the methodologies and the 

discussion of results are presented in the form of structured scientific articles (in English). At 

the end of this text, a summary is provided of the main findings of this work. 

During the study, various ways of defining a biolubricant were encountered, including 

the following: 

• Physiological lubricants applied to/in living beings; 

• Industrial and automotive lubricants based on substances of mineral (petroleum) or 

biological origin, which present biodegradability; 

• Industrial and automotive lubricants based exclusively on substances of biological origin, 

which present biodegradability and low toxicity. 

For the purposes of the present work, the last definition of a biolubricant was adopted.  

 

1.2 Introduction to the topic of biolubricants 

Lubricant oils and greases are essential in human society, since they are required in 

applications ranging from simple tools to complex machinery. Their purpose is to facilitate the 

movement of components, reduce friction and wear, remove particles, exchange heat or avoid 

its generation, prevent corrosion, and provide electrical insulation. The origins of lubricants are 

unclear, although it is speculated that they date back to prehistory, taking the forms of sap, mud, 

or pastes of crushed plants. The invention of the wheel led to the first carts of prehistoric 

civilizations, which had wooden axles that at a certain time began to be lubricated with animal 

fats. The emergence of metallurgy, also in prehistory, led to the manufacture of metal materials, 

providing new solutions and at the same time new problems. The friction between the metallic 

parts was alleviated using animal and vegetable oils, which proved to be more satisfactory than 

animal fat. Crude petroleum was known to ancient civilizations such as the Assyrian and 

Egyptian. However, records of its use for lubricants are recent, dating from 1845 A.D. 

(Anderson, 1991). Since then, mineral lubricants have almost completely replaced those of 

biological origin. Bio-based oils now account for a minor portion of the lubricant market, with 

a relative value of only around 2%. This market, which has an estimated value of approximately 

US$ 160 billion, includes a diverse range of products specifically developed for use with a vast 
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spectrum of tools and machines (Luzuriaga, 2020; Markets and Markets, 2020; Tsagaraki et al., 

2017). 

Lubricants derived from biological sources are attractive due to their renewable 

characteristics, in addition to the fact that most are biodegradable, making them more 

environmentally friendly, compared to petroleum-based lubricants. However, the transition 

from petroleum-based to bio-based lubricants faces obstacles, the main one being the higher 

cost of the latter. Factors including raw material and processing costs (including catalysts) make 

biolubricants more expensive than traditional petroleum-based products. Studies aimed at 

reducing the costs of raw materials, identifying new sources, and developing processes and 

catalysts are essential for improving the competitiveness of biolubricants. This transition also 

requires statutory laws to protect the environment, in addition to economic incentives, before 

the production processes can become self-sustainable (Bart et al., 2013a, 2013b; Tsagaraki et 

al., 2017). Developed regions such as Europe and the United States (together accounting for the 

consumption of >75% of biolubricants globally) have implemented stricter environmental laws 

and targets (Tsagaraki et al., 2017). Such actions should be adopted by developing countries 

(or even be imposed on them), to ensure continuing access to major markets worldwide. These 

factors emphasize the importance of developing substitutes for petroleum derivatives that are 

sustainable, renewable, and nontoxic. 

Biolubricant oil bases are essentially composed of esters that may be of natural or 

synthetic esters. There is a vast range of different types of esters that can be used for this 

purpose. Monoesters, diesters, glycerin esters, polyol esters, oligomeric esters, and complex 

esters, as well as mixtures of two or more types, can be employed as base for biolubricants. The 

great majority of natural esters are obtained from oleaginous plants, mainly in the form of 

triglycerides, while synthetic biolubricant esters are mainly obtained using reactions of fatty 

acids (in the free form or linked to glycerol molecules) obtained from natural oils with mono- 

or polyhydric alcohols, under chemical or enzymatic catalysis (Bart et al., 2013c). In an 

oleochemical and sugar-alcohol biorefinery, the integration of processes, together with a wide 

range of possible inputs, available in the form of products and byproducts from other processes, 

can enable the production of diverse biolubricants. This can also enable reductions of the 

operating and raw materials costs, making the products more competitive (Cherubini, 2010; 

Tsagaraki et al., 2017). The production of refined vegetable oils, biodiesel, glycerin and 

derivatives, sugar, and ethanol (1G and 2G) allows access to a wide variety of alcohols and 

polyols, which can be generated from glycerin and other byproducts of 1G and 2G ethanol 



24 

 

process steps, as well as fatty acid-rich byproducts generated during the refining of vegetable 

oils, enabling the availability of a wide range of substances suitable for producing lubricants 

(Cherubini, 2010; Schultz et al., 2014). 

One of the byproducts of interest generated during the ethanol fermentation process is 

isoamyl alcohol, which is the main constituent of fusel oil, composed of a mixture of low 

molecular weight alcohols (Simsek and Ozdalyan, 2018). Fusel oil, obtained in the stage of 

distillation of the wine to separate ethanol, is mainly sent for combustion in the boiler or is 

incorporated into hydrated ethanol fuel1. Another byproduct of interest is oil deodorizer 

distillate (ODD), produced in the stages of deodorization of refined oils, which has a high 

content of fatty acids and may also contain significant amounts of sterols and tocopherols. In 

Brazil, soybean oil is the most widely produced edible vegetable oil (Corazza, 2021; dos Santos 

et al., 2022). During its industrial processing, soybean oil deodorizer distillate (SODD) is 

generated, which is mainly composed of linoleic acid and oleic acid, together with amounts of 

tocopherols. These tocopherols can act as natural additives, favoring the lubricating 

characteristics of the final product (Fox and Stachowiak, 2007; Gunawan et al., 2010; Khatoon 

et al., 2010; Sherazi et al., 2016). 

Another issue for success in reducing process costs concerns the catalysts employed. 

Enzymatic catalysts usually function under milder operating conditions, compared to chemical 

catalysts, in addition to having greater substrate specificity and chemo-, enantio-, and 

regioselectivities. They present low or no toxicity and are biocompatible and biodegradable. 

These catalysts can contribute to reducing the costs associated with energy consumption, the 

maintenance of machinery and production lines, and the management, purification, and disposal 

of waste (Bart et al., 2013c; Jegannathan and Nielsen, 2013). 

The base materials for synthetic biolubricants are generally obtained by esterification or 

transesterification reactions, which can be catalyzed by hydrolase class enzymes, specifically 

lipases, with commercial versions normally obtained from fungi or bacteria (Schultz et al., 

2010; Türkay and Şahin-Yeşilçubuk, 2017). Enzymes tend to be more susceptible to 

inactivation under operational conditions and are usually more expensive, compared to 

chemical catalysts. Immobilization can be used to make enzymes more robust under operational 

 

 

 

1 Spoken information from a 2018 sugar and ethanol industrial site technical visit 
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conditions, promote greater catalytic activity, change their specificity and/or selectivity, and 

enable easy separation of the enzyme. These features allow greater control of the end of 

reactions, as well as enzyme reuse and expansion of possible reactor configurations (Souza et 

al., 2016). Many techniques using nanomaterials have been successfully explored for the 

immobilization of lipases, including the hybrid nanoflower (hNF) method (Zhong et al., 2020). 

Lipases immobilized by this technique have shown significant increases in activity, thermal 

stability, and stability at extreme pH values, in addition to presenting high porosity, good 

mechanical strength, long storage times, and the capacity for successive reuses without 

significant loss of activity (Cui et al., 2016; Fotiadou et al., 2019; Ke et al., 2016; Li et al., 2016; 

Li et al., 2018; Li et al., 2020; Zhang et al., 2016; Zhang et al., 2020). 

There is expected to be a growing global demand for biolubricants in the next years. 

Consequently, research is needed to identify less expensive sources of raw materials that do not 

compete with food production and do not depend on expanding planted areas. There are several 

possible raw materials in the Brazilian productive chain that could attend those specifications. 

The use of SODD and isoamyl alcohol, as well as the development and application of more 

efficient enzymatic catalysts, such as lipases immobilized by the hNF technique, could open 

new possibilities to answer to the biolubricants challenges. 

 

1.3 Objectives 

The main objective of this work was to establish parameters for the synthesis of isoamyl 

esters of fatty acids with suitable characteristics for biolubricants, using renewable biomasses 

and enzymatic catalysis employing soluble and immobilized lipases. 

In order to achieve this goal, it was necessary to determine the following: 

• The viability of using SODD as a source of fatty acids (acyl donors); 

• The lipase(s) to be employed in the synthesis of fatty acid isoamyl esters; 

• The feasibility of catalyst immobilization using the hNF technique; 

• The physicochemical characteristics of the produced crude fatty acid isoamyl esters. 
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2 BIBLIOGRAPHIC REVIEW 

 

2.1 Biolubricants 

Biolubricants are industrial or automotive lubricants based on substances that have 

natural and renewable origins, are biodegradable, and present low toxicity. These substances 

are typically esters derived from plants, in natural or synthetic forms. Biolubricants of natural 

esters are usually made from rapeseed (canola), soybean, sunflower, palm, or coconut oils (Bart 

et al., 2013a). Compared to mineral oils, natural oils tend to provide less wear on parts, lower 

coefficients of friction and volatility, and higher flash points, as well as better indices of 

viscosity, lubricity, shear stability, load capacity (pressure), detergency, and dispersion. In 

addition, the viscosity and surface tension of vegetable oils are similar to some petroleum-based 

lubricants employed in the steel industry. Since they are mainly composed of triglycerides, 

many of which consist of unsaturated fatty acids, the natural oils tend to have low thermo-

oxidative stability, even at more moderate temperatures. These substances may also suffer from 

hydrolytic stress (Bart et al., 2013d; Reeves et al., 2017). 

Synthetic biolubricant bases can be obtained by esterification or transesterification 

reactions of oils, fats, or free fatty acids (FFAs) from natural sources with mono- or polyhydric 

alcohols, generating different types of esters (Luther, 2014) (Figure 2.1-1). These synthetic 

esters can have physicochemical characteristics that are more favorable than those observed for 

natural oils, such as lower pour point and volatility temperatures, and higher flash points and 

thermo-oxidative stabilities (Reeves et al., 2017). However, the performance of biolubricant 

base stocks depends on factors related to the chains of the constituent molecules, such as the 

degree of unsaturation, carbon chain size, functional groups, and the effects of branching (Chan 

et al., 2018). The technical requirements and characteristics of a lubricant or biolubricant can 

vary greatly, depending on its purpose, given the wide range of possible applications (Bart et 

al., 2013e). 

 

Figure 2.1-1. Scheme for the synthesis of synthetic esters from natural sources. 

 
Source: Author. 
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Despite their advantages, biolubricants can have drawbacks such as temperature and 

viscosity limitations, unpleasant odor, low thermal and oxidative stabilities, and can promote 

the discoloration of metals (Bart et al., 2013d). These limitations can be overcome by chemical 

modification of the compounds in biolubricants, or the use of additives (Chan et al., 2018). Such 

additives are usually specific to biolubricants, since existing additives employed in mineral oils 

can prejudice the properties and performance of biolubricants, or be sufficiently toxic to hinder 

their biodegradation (Reeves et al., 2017). 

 

2.2 Soybean oil residues and byproducts 

Byproducts and residues containing high levels of fatty acid sources are produced 

throughout the lifecycle of edible soybean oil, since its production to its disposal. The 

neutralization, bleaching, and deodorization steps of the edible oil refining process result in the 

production of a soap (formed by the neutralization of FFAs), filter cake, and SODD, 

respectively, with high levels of fatty acids (Mandarino et al., 2015). In addition to fatty acids, 

these residues from the refining process contain significant concentrations of other natural 

compounds such as squalenes, sterols, and tocopherols, which have high commercial value after 

concentration and purification, so these refining residues become byproducts of interest to other 

industrial sectors (Hill and Höfer, 2009). 

Edible oils are widely used in food frying processes, where they suffer degradations 

after prolonged use, forming compounds harmful to health, although they still contain FFAs 

and triglycerides in high concentrations (Avagyan and Singh, 2019; Hosseini et al., 2016; Zhang 

et al., 2019). In several countries, there is widespread the segregation of these used frying oils 

(from residential, commercial, and food industry sources) for reuse, such as to produce 

biodiesel. In China, biodiesel production almost entirely employs used frying oil (Avagyan and 

Singh, 2019). 

 

2.2.1 SODD 

SODD is generated during the deodorization step of soybean oil refining, when a flow 

of superheated steam (0.5 to 3.0% of steam, relative to the mass of oil), at a temperature of 160 

to 260 °C (depending on the source of the oil), enters into contact with the oil in a deodorizer, 

under low pressure (1.5 to 5.0 mbar). The steam drags FFAs, glycerides (mono-, di-, and 

triglycerides), tocopherols, sterols, carotenoids, squalenes, aldehydes, and ketones, among 

other compounds. Figure 2.2.1-1 shows a flow diagram of a typical industrial deodorization 
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process. SODD typically contains high concentrations of FFAs, lower amounts of glycerides, 

5-20% tocopherols, 6-23% sterols, 0.1-3.0% squalenes, and traces of other organic compounds. 

Certain process conditions can produce SODD with higher quantities of glycerides (Greyt, 

2021; Mandarino et al., 2015). 

 

Figure 2.2.1-1. Flow diagram of a soybean oil deodorization process. 

 

Source: Bragante, 2009. 

 

Commercial interest in SODD is mainly due to its contents of tocopherols and sterols. 

Tocopherols are used as food supplements, in the form of α-tocopherol acetate (vitamin E) or 

as functional food additives. They act as natural antioxidants, preventing oils from going rancid 

and consequently increasing their shelf life. The SODD price is influenced to a greater degree 

by the tocopherols market, compared to the sterols market. When markets for these 

biocompounds are unfavorable, SODD can be sold as a source of fatty acids (FAs) for 

incorporation in animal feed. Otherwise, they become waste, creating problems of disposal, 

with the associated cost (Sherazi et al., 2016). 
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The viability of using SODD to produce biodiesel, whether composed of methyl esters 

(FAMEs) or ethyl esters (FAEEs), has been investigated in several studies (Aguieiras et al., 

2013; Du et al., 2007; Lv et al., 2021; Panpipat et al., 2012; Souza et al., 2009; Vieira et al., 

2021; Visioli et al., 2016; Yin et al., 2017; Zheng et al., 2020). In addition to its use for biodiesel 

production, SODD has also been used as a source of carbon in cultures of Pseudomonas 

aeruginosa MR01 for the production of biosurfactants (Partovi et al., 2013). 

 

2.3 Fusel oil 

Fusel oil is a byproduct obtained in the distillation step of ethanol production. It mainly 

consists of isoamyl alcohol (Figure 2.3-1a), but with significant amounts of other monohydric 

alcohols including amyl alcohol (Figure 2.3-1b), ethanol, isobutanol, and propanol, together 

with water (Ferreira et al., 2013). The fusel oil composition can vary considerably, depending 

on the type of carbon source used and factors related to the fermentation process. The amount 

produced depends on the pH of the fermentation must (Awad et al., 2018). 

 

Figure 2.3-1. Chemical structures of (a) isoamyl alcohol and (b) amyl alcohol. 

 
Source: Author. 

 

In addition to being combusted in boilers or incorporated into fuel ethanol, fusel oil can 

be used in the chemical, food, and pharmaceutical industries. Alcohols of interest, such as 

isoamyl alcohol, can be separated for use in perfumes, aromatizers, and solvents for paints 

(Incauca S.A.S., 2018). 

Some studies have investigated the use of fusel oil to synthesize esters with 

biolubricating properties, employing oleic acid, palm oil, and microalgae oil, together with fusel 

oil, under enzymatic catalysis (Cerón et al., 2018; Da Silva et al., 2020; Dörmő et al., 2004) or 

chemical catalysis (Özgülsün et al., 2000). In comparison to methyl esters (FAMEs), esters 

from fusel oil were shown to be a viable option for application as biodiesel (Monroe et al., 

2020). 
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2.4 Lipases 

Lipases are hydrolase enzymes (EC 3.1.1.3) that act on glycerides, other esters, and their 

constituents such as fatty acids and alcohols, promoting hydrolysis, esterification, 

transesterification, interesterification, and thioesterification reactions (Figure 2.4-1). These 

enzymes are present in all biological kingdoms, participating in metabolic cycles involving 

lipids (Aouf et al., 2014; Konwar and Sagar, 2018). They act both intra- and extracellularly, 

and the same single-celled organism can present more than one form of lipase. For example, 

the fungus Candida rugosa (formerly known as Candida cylindracea) possesses at least 7 

genetically different extracellular lipases (de Maria et al., 2006). They can have high substrate 

specificity, stereospecificity, chemoselectivity, and regioselectivity, which can explain the 

variety of lipases produced by the same organism. They have folded α/β structures, 

characteristic of hydrolases, in many cases with an amphiphilic peptide sequence in the form 

of an α-helix, which behaves as a lid that opens in the presence of an organic phase (Figure 2.4-

2). When the lid opens, access is provided to the active site composed of the 3 amino acids 

serine–aspartic acid–histidine or serine–glutamic acid–histidine (Ser–Asp/Glu–His). When 

solubilized in water, the enzymes can promote heterogeneous catalysis of oils and fats by 

interfacial reactions at the edges of polar/nonpolar systems. Although they can act in organic 

media, lipases require a minimum amount of moisture to maintain their conformation and, 

consequently, their activity (Aouf et al., 2014; Konwar and Sagar, 2018). 
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Figure 2.4-1. Reactions catalyzed by lipases. 

 

Source: Aouf et al., 2014. 
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Figure 2.4-2. Characteristic structure of lipases. Image of a lipase 3 from Candida rugosa with “closed lid” (purple 

section), represented as a ribbon (A) and a surface (B). The access tunnel to the catalytic site is represented by the 

reticulated structure. The protein residues corresponding to the catalytic site are shown at the center of the images. 

 

Source: Barriuso et al., 2016. 

 

Lipases of microbial origin are naturally more stable towards operational conditions 

such as pH and temperature, besides acting in a wide range of lipid reactions and being easier 

to synthesize, so for these reasons they are more commonly used in industrial processes or final 

products (Aouf et al., 2014; Konwar and Sagar, 2018; Schultz et al., 2010; Türkay and Şahin-

Yeşilçubuk, 2017). Many lipases have been studied for producing biodiesel (composed of 

FAMEs or FAEEs), using a wide variety of different sources of fatty acids, as reported in nearly 

2000 papers published between the years 1990 and 2019 (Almeida et al., 2021; Cavalcante et 

al., 2021). There are fewer reports concerning the synthesis of biolubricants. Lipases from 

Burkholderia cepacia (BCL), Candida antarctica (lipase B – CALB), Candida rugosa (CRL), 

Candida sp. (CALA), Eversa Transform 2.0 (ETL 2.0, a variant of Thermomyces lanuginosus 

lipase), Rhizopus arrhizus (RAL), Rhizomucor miehei (RML), and Thermomyces lanuginosus 

(TLL), in free or immobilized forms, have been used in the production of different biolubricants 

(Bolina et al., 2021; Guimarães et al., 2021). 

The presence of some surfactants (mainly nonionic) can increase lipase activity, due to 

the interactions of surfactants with the reaction medium, which decrease the size of micelles (or 

reverse micelles) and consequentially increases the aqueous-organic interfacial area where 

lipases act; and/or due interactions of surfactants with enzymes, favoring a more active and/or 

stable conformations (Delorme et al., 2011; Eckard et al., 2013; Weiss and Landfester, 2013). 

 



33 

 

2.5 Enzyme immobilization 

The enzyme immobilization aims to make enzymes insoluble in the reaction medium 

and allow then to become more robust towards the operational conditions. It also enables easy 

separation of the biocatalysts from the reaction medium, consequently allowing greater control 

of the reaction endpoint and reuse of the biocatalyst, in addition to increasing the purity of the 

product. It also expands the range of possible regimes and reactors used for the reactions, such 

as the continuous fluidized bed regime (which would not be feasible using solubilized free 

enzymes). The greater robustness reduces the loss of enzyme activity during the processes, 

allowing operations to proceed for longer times, more numbers of reuses  (in cases where it is 

possible to make a comparison with the use of free enzyme, such as in the production of 

biodiesel, where the free enzyme remains in the polar phase and the product of interest is found 

in the non-polar phase),and/or to operate under more extreme conditions, with shorter reaction 

times, or when the viscosity of the medium is a limiting factor (since the operation can be 

performed at higher temperature) (Melo et al., 2020; Zdarta et al., 2018). 

After immobilization, enzymes can exhibit increases or decreases in their specificity, 

selectivity, and activity. One of the drawbacks of enzyme immobilization is that it creates 

additional process costs. For immobilization to be viable, the cost must be offset by the gains, 

such as the possibility of reuse without significant loss of activity in batch processes, or easy 

separation reducing the costs associated with product purification. Depending on the support 

used, the biocatalysts may occupy a significant volume of the reactor. There may also be 

diffusional problems, steric hindrance, rigidify or deformation of the enzymes, which can 

compromise their activity (Barbosa et al., 2015; Melo et al., 2020; Romero-Fernández and 

Paradisi, 2020; Santos et al., 2015; Sheldon and van Pelt, 2013; Zdarta et al., 2018). 

Traditional immobilization techniques based on adsorption, covalent bonding, 

encapsulation, entrapment, and crosslinking have been extensively studied and continue to be 

used, although they are now applied to more modern and technological materials, at smaller 

scales and/or employing new compounds. Selection of the technique and material for 

immobilization depend on both the enzyme to be immobilized and the type and conditions of 

the catalytic process. It worth to mention that the selection of the most suitable immobilization 

material, whether as a support or for crosslinking, is a crucial challenge for success in obtaining 

a viable biocatalyst, since this can directly affect the biocatalytic system (Melo et al., 2020; 

Zdarta et al., 2018). 
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Current methods aim to immobilize enzymes on nanometric-scale supports, in order to 

reduce diffusional limitations and increase the loading by maximizing the functional surface 

area (Melo et al., 2020). New nanomaterials have distinct shapes, with the possibility of 

achieving greater control of the desired pore sizes. In addition, they can have highly variable 

amounts of different functional groups available for interactions with enzymes or for surface 

modifications, high chemical and thermal stabilities, and excellent mechanical properties. Many 

of these new nanomaterials are composites or hybrids of materials having organic and/or 

inorganic origins, with combinations of properties that maximize their performance (Zdarta et 

al., 2018). Magnetic nanoparticles coated with mesoporous silicas or other materials, metal-

organic frameworks (MOFs), and hNFs are examples of these new nanomaterials used to 

immobilize different types of enzymes, including lipases (Bilal et al., 2018; Bilal and Iqbal, 

2021; Giannakopoulou et al., 2020; Li et al., 2020; Ye et al., 2020; Zhong et al., 2020). 

 

2.5.1 Hybrid nanoflowers (hNFs) 

Hybrid nanoflowers, discovered by Ge et al. (2012), are composed of proteins and 

inorganic crystals (usually copper(II) phosphate trihydrate, Cu3(PO4)2·3H2O), which combine 

to form microscopic structures that visually resemble flower shapes (Figure 2.5-1). They are 

obtained by mixing a protein solubilized in sodium phosphate-buffered saline (PBS) with an 

inorganic salt, usually copper(II) sulfate (CuSO4). After mixing the components, the 

precipitation of Cu3(PO4)2·3H2O, together with the protein amide groups (Figure 2.5-2a), forms 

precipitates on a nanometer scale (Figure 2.5-2b). There is then nucleation for crystal growth 

by complexation with chloride ions (Cl-) present in the medium. The hNF structure results from 

agglomeration of the crystals formed, with their growth being anisotropic (Figures 2.5-2a, 2.5-

2c and 2.5-2d) (Ge et al., 2012). 
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Figure 2.5-1. Comparison of the structures of flowers and hNFs produced with bovine serum albumin (BSA) at 

different concentrations. 

 

BSA 0.5 mg/mL      BSA 0.1 mg/mL       BSA 0.02 mg/mL 

Source: Ge et al., 2012. 

 

Figure 2.5-2. Formation of hNFs composed of BSA and Cu3(PO4)2·3H2O. (a) Proposed mechanism, consisting of 

three steps: (1) nucleation and formation of crystals; (2) growth of the crystals; (3) formation of the nanoflowers. 

Yellow spheres indicate protein molecules. (b-d) Scanning electron microscopy (SEM) images acquired after 2 h, 

12 h, and 3 days. 

 
Source: Ge et al., 2012. 

 

Besides CuSO4, various other inorganic salts, the majority containing divalent cations, 

have also been used to produce hNFs. These cations include aluminum (Al3+), calcium (Ca2+), 

cobalt (Co2+), iron(II) (Fe2+), magnesium (Mg2+), manganese (Mn2+), nickel (Ni2+), gold (Au3+), 

silver (Ag+), and zinc (Zn2+) (Lin et al., 2020; Ocsoy et al., 2015; Sharma et al., 2017; Talens-

Perales et al., 2020; Xin et al., 2020; Yin et al., 2015; Zhang et al., 2015; Zhang et al., 2016). 

Factors such as the concentrations of protein, PBS buffer, and inorganic salts, as well as medium 

pH, temperature, and incubation time, influence the success of obtaining hNFs (Ge et al., 2012; 

Li et al., 2016; Somturk et al., 2015; Somturk et al., 2016). Figure 2.5-1 shows the effect of 

varying the concentration of bovine serum albumin (BSA) protein on the shape and size of the 
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hNF structures. Various enzymes have been immobilized using this technique, usually resulting 

in significant increases in activity, compared to the free enzymes. Li et al. (2016) and Liang et 

al. (2015) synthesized hNFs using papain, obtaining activities of 7260% and 4510%, 

respectively, relative to the free enzyme. The difference between the results for the two 

immobilizations was related to the pH values employed, which were 9.0 and 7.4, respectively. 

Other features of enzymatic hNFs are improved stability and shelf life. Cui et al. (2016) 

immobilized bovine pancreas lipase type II (BPL tII), resulting in activity of 460%, compared 

to the free enzyme, together with high thermal stability, with 93% activity remaining after 10 h 

at 60 ºC, while the free enzyme showed activity close to zero, under the same conditions. Both 

Cui et al. (2016) and Somturk et al. (2016) reported over 95% activity of hNFs after 20 days of 

storage. 

Lipases activated with surfactants and immobilized by the hNF technique have 

sometimes shown even greater increases in activity. Cui et al. (2016) compared the activities of 

BPL tII hNFs prepared without surfactant and other BPL tII hNFs prepared in the presence of 

different surfactants at varying concentrations. Use of hexadecyltrimethylammonium bromide 

(CTAB) at a concentration of 0.25 mM resulted in 200% higher activity of BPL tII-CTAB-

hNF, compared to the activity found for the BPL tII-hNF biocatalyst without surfactant. 

However, such a positive effect was not always observed, since other CTAB concentrations led 

to BPL tII-CTAB-hNF with less substantial activity increases, as well as lower activities, 

compared to BPL tII-hNF. The same was observed for the other surfactants studied, with one 

of them reducing the activity to less than 20% (compared to the BPL tII-hNF biocatalyst) at any 

applied concentration. Li et al. (2020) immobilized Aspergillus oryzae lipase (AOL) by the hNF 

technique, obtaining AOL-hNFs with 75% and 170% activity, relative to free AOL, under 

conditions without surfactant and in the presence of Tween-80 (0.15 mM), respectively. 

In recent years, the technique has undergone changes aiming at improving both the 

synthesis and its applications. Li et al. (2018) immobilized BCL on carbon nanotubes (CNTs), 

before applying the hNF technique (Figure 2.5-3). As a result, the esterification activity of the 

hNFs formed with Cu2+ was 68 times higher than observed for free BCL, and 51 times higher 

than for the BCL-hNF biocatalyst without CNTs. Zhong et al. (2021) produced magnetic hNFs 

(MhNFs) with AOL using Ca2+ ions and magnetic nanoparticles (MNPs). Two strategies were 

adopted for use of the MNPs, one with covalent binding of the enzymes to the MNPs and the 

other without binding them to the MNPs, prior to the synthesis of hNFs (Figure 2.5-4). In other 

studies, activated carbon fibers (Figure 2.5-5) and activated polyvinyl alcohol nanofibers 
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copolymerized with polyethylene (PVA-co-PE) (Figure 2.5-6) have been used for the in situ 

growth of hNFs (Li et al., 2016; Luo et al., 2020; Vo et al., 2020). 

 

Figure 2.5-3. Comparative schematic illustrations of the synthesis of Burkholderia cepacia lipase hNFs, without 

(BCL-hNF) and with prior immobilization of BCL on carbon nanotubes (BCL-CNT-hNF). 

 

Source: Li et al., 2018. 
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Figure 2.5-4. Syntheses of hNFs and magnetic hNFs (MhNFs) containing Aspergillus oryzae lipase (AOL). 

 

Source: Zhong et al., 2021. 

 

Figure 2.5-5. In situ growth of hNFs on activated carbon fibers. 

 

Source: Vo et al., 2020. 

 

Figure 2.5-6. In situ growth of hNFs on PVA-co-PE nanofibers. 

 

Source: Luo et al., 2020. 
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Other studies have reported the production of hNFs using more than one enzyme 

(Aydemir et al., 2020; Han et al., 2020; Mauryu et al., 2020a; Rai et al., 2020), two different 

cations (Wen et al., 2020), and even bones (Wang et al., 2020). Maurya et al. (2020b) reduced 

the hNFs synthesis time from 3 days to 6 h by using chitosan in the immobilization medium. 

Luo et al. (2020) were able to reduce the hNFs synthesis time even further, to 30 min, using a 

vortex flow system. Dwivedee et al. (2018) and Soni et al. (2018) reduced the hNFs synthesis 

time to only 10 min and 7.5 min, respectively, using an ultrasonication system. These studies 

show that the hNF technique can be highly versatile, with many possibilities still to be explored. 
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4 RESULTS AND DISCUSSION IN THE FORM OF ARTICLES  

As described in the initial considerations (Section 1.1), the parts related to the 

methodologies, results, discussion, and conclusions are arranged in the form of structured 

articles in English, with titles, abstracts, introductions, and separate references. 

Section 4.1 presents the results related to the use of soybean oil deodorizer distillate 

(SODD) in the synthesis of fatty acid isoamyl esters (FAIEs) catalyzed by Eversa Transform 

2.0 (ETL 2.0) in its free form. Section 4.2 presents the results related to the immobilization of 

Pseudomonas fluorescens lipase (PFL) by the hybrid nanoflower (hNF) technique, and its 

application in the synthesis of FAIEs using SODD as a source of fatty acids. 

Preliminary evaluations of the hNF technique were performed, in an attempt to 

reproduce the immobilizations reported in the literature, as well as to immobilize different 

enzymes using the method described by Ge et al. (2012). These results are provided in the form 

of an appendix (Appendix A) at the end of the text. 
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4.1 Structured article on the feasibility of using SODD as a source of fatty acids for the 

synthesis of FAIEs and application as base stock for biolubricant 

This section provides the full reproduction of an article produced from the results 

obtained during the doctoral research. It was published in online format and with free access in 

the journal Molecules (MDPI Publishers), on 04/22/2022, under DOI number 

10.3390/molecules27092692. Its total or partial reproduction is permitted by the journal. The 

text below has been formatted in the same style as the rest of this document. 

 

Title: Enzymatic Synthesis of Fatty Acid Isoamyl Monoesters from Soybean Oil 

Deodorizer Distillate: A Renewable and Ecofriendly Base Stock for Lubricant 

Industries 

 

4.1.1 Abstract 

In this study, soybean oil deodorizer distillate (SODD), a mixture of free fatty 

acids and acylglycerides, and isoamyl alcohol were evaluated as substrates in the 

synthesis of fatty acid isoamyl monoesters catalyzed by Eversa (a liquid formulation of 

Thermomyces lanuginosus lipase). SODD and the products were characterized by the 

chemical and physical properties of lubricant base stocks. The optimal conditions to 

produce isoamyl fatty acid esters were determined by response surface methodology 

(RSM) using rotational central composite design (RCCD, 23 factorial + 6 axial points + 

5 replications at the central point); they were 1 mol of fatty acids (based on the SODD 

saponifiable index) to 2.5 mol isoamyl alcohol, 45 °C, and 6 wt.% enzymes (enzyme 

mass/SODD mass). The effect of the water content of the reactional medium was also 

studied, with two conditions of molecular sieve ratio (molecular sieve mass/SODD mass) 

selected as 39 wt.% (almost anhydrous reaction medium) and 9 wt.%. Ester yields of 

around 50 wt.% and 70 wt.% were reached after 50 h reaction, respectively. The reaction 

products containing 43.7 wt.% and 55.2 wt.% FAIE exhibited viscosity indices of 175 

and 163.8, pour points of −6 °C and −9 °C, flash points of 178 and 104 °C, and low 

oxidative stability, respectively. Their properties (mainly very high viscosity indices) 

make them suitable to be used as base stocks in lubricant formulation industries. 
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4.1.2 Introduction 

Synthetic base stocks from bio-based sources produced by chemical modifications 

of natural oils are promising candidates to formulate environmentally friendly lubricants 

(Afifah et al., 2021; Cecilia et al., 2020; Erhan et al., 2008). Although vegetable oils have 

some good lubricant properties, their poor oxidative stability and cold temperature 

properties (e.g., high pour point) must be corrected (Cecilia et al., 2020; Erhan et al., 

2008; Zainal et al., 2018). Several routes can be adopted to chemically (or enzymatically) 

modified natural oils, such as epoxidation, hydrogenation, estolide formation (branched 

esters formed by linking the carboxyl group of one fatty acid to a site of unsaturation of 

another fatty acid), and transesterification/esterification or to obtain straight or branched-

chain monoesters, diesters, triesters, and polyol esters (Afifah et al., 2021; Angulo et al., 

2018; Borugadda and Goud, 2016; Cecilia et al., 2020; Erhan et al., 2008; Prasannakumar 

et al., 2022; Reeves, Siddaiah and Menezes, 2017; Zainal et al., 2018). Organic esters can 

solve some of the oil limitations, (Cecilia et al., 2020; ExxonMobil, 2017; Zainal et al., 

2018). According to American Petroleum Institute (API), the esters are utilized as 

standalone base stocks or as blend components (ExxonMobil, 2017). 

Ester-based base stocks for lubricant formulations can be synthesized by 

transesterification of oils or fats or esterification of free fatty acids (FFAs), with 

monohydroxy or polyhydroxy alcohols, catalyzed by homogenous or heterogeneous 

inorganic catalysts or enzymes (Angulo et al., 2018; Bart et al., 2013a; Bolina et al., 2021; 

Borugadda and Goud, 2016; Cecilia et al., 2020; Devi et al., 2016). The high pour points, 

low viscosities, and oxidation stabilities make them useful in metalworking (Boyde and 

Randles, 2013). To be considered as biolubricant, the ester-based blend must be 

biodegradable (Salih, 2021) and present low human and environmental toxicity, besides 

obviously performing its desired function, such as decreasing friction and heat, protecting 

against corrosion and wear, or transmitting energy (Bart et al., 2013c; Cecilia et al., 2020; 

Zainal et al., 2018). Monoester-based biolubricants are frequently applied as hydraulic 

fluid or lubricant additives; on the other hand, polyolester-based biolubricants also have 

possibilities to be used in transport, food industries, and greases (BASF, 2016). 

Currently, biolubricants are a small fraction (about 2%) of the global lubricant 

market Markets and Markets, 2020), but this small market share has a solid potential to 

grow (Luzuriaga, 2020; Markets and Markets, 2020; Tsagaraki et al., 2017). 

Despite the environmental benefits of bio-based lubricants compared with mineral 

oils, the use of edible vegetable oils as raw material in the biolubricant manufacture is of 
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particular concern (Cecilia et al., 2020). For example, soybean, as well as its oil, is widely 

used in food and feed industries (Byerlee et al., 2017). Using soybean oil as raw material 

in energy industries to produce biodiesel could impact its availability and price, 

generating social problems (Avagyan and Singh, 2019). To circumvent this problem, fatty 

acid sources from non-food biomass, wastes, or low-value byproducts could be viable 

options (Bart et al., 2013d cap 4; Prasannakumar et al., 2022; Syahir et al., 2017; 

Tsagaraki et al., 2017).  

Soybean oil deodorizer distillate (SODD) is a byproduct of the edible soybean oil 

refinement process, rich in FFA and acylglycerols (17 to 47 wt.% and 9 to ~70 wt.%, 

respectively) and with considerable amounts of tocopherols (1.8 to 20 wt.%), a natural 

antioxidant (Greyt, 2020; Gunawan et al., 2008; Sherazi and Mahesar, 2016; Vieira et al., 

2021). Its use as raw material for biodiesel production has been widely reported in the 

scientific literature (Aguieiras, Souza and Langone, 2013; Du, Wang and Liu, 2007; 

Panpipat, Xu and Guo, 2012; Souza et al., 2009; Vieira et al., 2021; Visioli et al., 2016; 

Yin et al., 2015; Yin et al., 2016; Yin et al., 2017; Yun, Ling and Yunjun, 2010; Zheng 

et al., 2020), but its exploitation to produce ester base stocks for the lubricant market is 

scarce, and even less in terms of enzymatic routes (Fernandes et al., 2021). Lately, 

Fernandes et al. (2021) investigated the esterification of FFA obtained from acidulation 

of soapstock of the soybean fatty acid distillate with trimethylolpropane (TMP) and 

neopentyl glycol (NPG) to produce biolubricant base stocks catalyzed by Candida rugosa 

lipase (CRL)s (Fernandes et al., 2021).  

Linear or non-linear monohydroxy alcohols (e.g., methanol and 2-ethylhexanol) 

are commonly used to produce monoester base stocks, depending on the tribological 

properties required for the desired application (BASF, 2016; Boyde and Randles, 2013). 

Fusel oil, a byproduct of the bioethanol distillation (Ferreira et al., 2013) could be a source 

of alcohols to be applied in perfume fixers, essences, or paints (Incauca S.A.S., n.d.), but 

in many instances, they usually are burned in the plant boiler or incorporated in the 

ethanol combustive. Fusel oil has low costs (Pérez, Cardoso and Franco, 2001) and a high 

content of isoamyl alcohol. This has been utilized in the synthesis of esters using palm 

kernel oil (constituted by high amounts of lauric acid) (Cerón et al., 2018) and oleic acid 

(Dörmő et al., 2004) as acyl donors with high conversions but low kinematic viscosities 

at 40 °C. 

Despite being cheaper, chemical catalysts are less selective (producing many by-

products) and need harsher reactional conditions than enzymatic catalysts Falkeborg, 
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Berton-Carabin and Cheong, 2016). Many vegetable oils and esters may be damaged 

under these conditions, (Raof et al., 2019; Reeves, Siddaiah and Menezes, 2017), making 

lipases a good alternative for this application. Lipases are non-toxic and environmentally 

friendly biocatalysts, capable of promoting both esterification and transesterification 

reactions between FFAs and oils or fats as acyl donors, respectively, and alcohols as acyl 

acceptors under mild conditions (Konwar and Sagar, 2018; Monteiro et al., 2021; Parkin, 

2017; Paul and Fernández, 2016; Vieira et al., 2021; Zhong et al., 2020). Lipases usually 

have high organic solvent stability, wide substrate specificity, and high enantioselectivity, 

and do not need cofactors (Konwar and Sagar, 2018; Parkin, 2017; Silva and Freire, 

2016). Among the commercially available lipase, Eversa Transform 2.0 (a liquid 

formulation of an industrial variant of the lipase from Thermomyces lanuginosus) has 

been launched as a biocatalyst suitable for the synthesis of biodiesel in its liquid form, 

although some authors have shown the possibility of improving this feature after 

immobilization (Martínez-Sanchez et al., 2020; Miranda et al., 2020; Monteiro et al., 

2021; Remonatto et al., 2018; Vieira et al., 2021). This enzyme has shown reaction rates 

comparable to transesterification of glycerides and esterification of FFA with methanol 

to produce fatty acid methyl ester (FAME) (Mibielli et al., 2019; Remonatto et al., 2016). 

Eversa Transform 2.0 (ETL 2.0) is more thermostable and has higher specific activity 

than their previous version (Mibielli et al., 2019; Remonatto et al., 2016; Novozymes 

A/S, n.d.), and is also more stable than the original lipase from Thermomyces lanuginosus 

(TLL) (Arana-Peña et al., 2018). Despite its several advantages in the use of immobilized 

lipases (Rodrigues et al., 2013; Rodrigues et al. 2021), in the case of simultaneous 

esterification/transesterification of free-fatty-acid-rich feedstocks, the water generated 

throughout the esterification reaction and accumulated within the biocatalyst particles 

could be a drawback (Marty, Dossat and Condoret, 1997). Although there are alternatives 

to circumvent this problem, such as the use of ultrasound (Alves et al., 2014; Martins et 

al., 2013; Paludo et al., 2015) and highly hydrophobic supports (Lima et al., 2015; Martins 

et al., 2013; Poppe et al., 2013; Séverac et al., 2011; Vescovi et al., 2016; Vescovi et al., 

2017), the use of lipase in its free form is an appealing alternative because the water 

problem in the bulk can be easily circumvented using molecular sieves (Colombié et al., 

1998; Vieira et al., 2021; Wang et al., 2006). Liquid Eversa formulations are highly active 

(low concentrations of different Eversa versions were required to achieve more than 95% 

of FAME yield in 16 h reaction under mild temperatures (Adewale et al., 2017; Mibielli 
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et al., 2019; Remonatto et al., 2016), operationally stable, and cheaper than other 

commercial lipases (Mibielli et al., 2019; Remonatto et al., 2016; Novozymes A/S, n.d.). 

In this context, this study aimed to evaluate the production of fatty acid isoamyl 

esters (FAIE) from crude SODD, catalyzed by liquid Eversa formulation. Considering 

the higher value of biolubricant compared with biodiesel, if the use of Eversa is feasible 

in biodiesel production, we can expect that it can be in biolubricant base stock production. 

A design of experiments was performed to select some independent variables 

(temperature, acyl donor (as saponifiable matter)/alcohol molar ratio, and percentage of 

enzyme mass regarding the mass of crude SODD) capable of enhancing the FAIE through 

esterification/transesterification of SODD with isoamyl alcohol. The control of water 

concentration in the initial reaction medium and throughout the reaction was also 

investigated. A small amount of water in the reaction medium is required to maintain the 

enzyme 3D structure, thus preserving its active site polarity and protein stability adequate 

to the catalysis. However, a large amount of water can negatively affect the esterification 

equilibrium toward the hydrolysis reaction of the newly formed ester (Yahya, Anderson 

and Moo-Young, 1998). For ETL-2.0, in particular, Novozymes (Novozymes A/S, n.d.) 

recommends a reactional medium with 2% water for the best performance of enzyme in 

the synthesis of biodiesel using methanol as an acyl acceptor. The use of a molecular 

sieve (MS) in the reaction medium permits the capture of the excess water formed during 

the esterification reaction, increasing the esterification yield (Nott et al., 2012; Omar, 

Nishio and Nagai, 1988; Paludo et al., 2015). Finally, the products (isoamyl esters) 

obtained under the optimal conditions were characterized determining some of their 

physicochemical properties (viscosities at 40 °C and 100 °C, viscosity indices, pour 

points, flash points, oxidative stability, and copper corrosiveness). 

 

4.1.3 Materials and Methods 

4.1.3.1 Materials 

Eversa Transform 2.0 (ETL 2.0, 1.2 g/mL density, 25 mg/mL protein, and 5425 

Tributyrin Unit (TBU)/mg specific activity) and methyl heptadecanoate were purchased 

from Sigma-Aldrich (St. Louis, MO, USA), molecular sieve (MS) rods (1/16 in, 3 Å pore 

size, and water capacity of 0.20–0.23 g of water per gram of MS) were supplied by Fluka 

(Charlotte, NC, USA), isoamyl alcohol was from Êxodo Científica (Sumaré, SP, Brazil), 

and soybean oil deodorizer distillate (SODD) was kindly donated by COCAMAR 
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(Maringá, PR, Brazil). All other chemicals and solvents were of analytical or HPLC 

grade, and they were used as received. 

 

4.1.3.2 Rotational Central Composite Design (RCCD) 

The assays were carried out in sealed bottles with MS rods to provide a reaction 

medium near anhydrous conditions (32.7–56.7 wt.%, depending on the initial water 

content). The bottles were incubated in a shaker incubator (Marconi, MA832/H) at a 250 

rpm stirring speed for 12 h. In the end, the reaction media were washed with boiling 

distilled water in a volume ratio of 1:1 (water:SODD), centrifuged at 10,400 rcf (9645 

rpm) for 10 min at 25 °C, and the polar phase was discarded (this washing procedure was 

repeated 3 times). The samples were dried on a lab stove at 50-60 °C for approximately 

24 h, and the reaction mass yields were calculated from the FID–GC results. 

The independent variables SODD saponifiable (SODDSap)/isoamyl alcohol molar 

ratio (Risoamyl, 1:0.318 to 1:3.682), reaction temperature (T, 19.8 to 70.2 °C), and enzyme 

mass in the reactor per SODD mass (menz, 1 to 13.1%) were chosen to carry out the RCCD 

(23 factorial with 6 axial points and with 5 repetitions at the central point) totaling 19 trials 

(Table 4.1-1) to evaluate the effects of these variables on the FAIE yields. Data were 

analyzed by Statistic Software, and a third-order model was obtained and evaluated 

statistically by analysis of variance (ANOVA). 

 

Table 4.1-1. Values of independent variables used in the RCCD for enzymatic synthesis of fatty acid 

isoamyl esters for 12 h reaction. 

Factors −1.68 −1 0 +1 +1.68 

SODDSap:isoamyl alcohol molar 

ratio (Risoamyl) (𝑥1) 
1:0.318 1:1 1:2 1:3 1:3.682 

Temperature (°C) (T) (𝑥2) 19.8 30 45 60 70.2 

Enzyme mass/SODD mass, wt.% 

(menz) (𝑥3) 
0 1 5.5 10 13.1 

 

After model validation and using the reaction conditions that yielded the highest 

ester yield, the water initial content of the reaction medium ranged from 1 wt.% to 6 wt.% 

(based on the MS capability to adsorb 0.20 g of water per gram of MS), adding the MS 

to adjust the initial water content in the reaction medium or adding water (without MS). 

The reactions were performed in sealed bottles (with plugs and caps) incubated in a shaker 

incubator (Marconi, MA832/H) at 250 rpm stirring speed for 12 h. In the end, the reaction 
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media were treated as described above to quantify the FAIE yields by gas 

chromatography. 

 

4.1.3.3 Reaction Courses 

The reaction courses were studied under the operational conditions previously 

selected (Section 4.1.3.2). The reaction was conducted in a jacketed reactor (80 × 35 mm, 

H × Di) with mechanical stirring with a straight paddle impeller (25 × 7 mm, L × H). 

Samples were withdrawn at regular time spans, washed with boiling distilled water, and 

dried, as described in Section 4.1.3.2, before being analyzed by gas chromatography 

(Section 4.1.3.4). 

 

4.1.3.4 Chromatographic Analysis 

4.1.3.4.1 Ester Analysis 

FAIE were quantified by gas chromatography according to EN 14103 standard 

(Duvekot, 2011), with modifications. A mass of 50 mg of dry reaction sample was 

weighted in a vial and solubilized in 1.0 mL of a methyl heptadecanoate solution (1.0 

mg/mL in heptane) as the internal standard. The analyses were carried out in a 7890-A 

Agilent chromatograph (Agilent Technologies, Santa Clara, CA, USA) using an Rtx-Wax 

capillary column (30 m × 0.25 mm × 0.25 μm, Restek Co., Bellefonte, PA, USA), injector 

temperature of 250 °C, and helium as carrier gas (19.91 psi, flow rate of 54 mL/min and 

split rate of 50:1). A volume of 1 μL of the sample was injected into the device, with the 

oven and FID detector set at 210 °C and 250 °C, respectively, and hydrogen, synthetic 

air, and nitrogen flow rates of 30, 400, and 25 mL/min, respectively. 

The reaction yield (Y, in wt.%) for each sample was calculated by Equation (1), 

𝑌 [𝑤𝑡. %] = 100 ∙
∑ 𝐴𝑖

𝐴𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
∙

𝐶𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ∙ 𝑉𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
 

(1) 

where 𝐴𝑖 is the sum of chromatography areas of the chromatogram peaks at the retention 

time of isoamyl esters, 𝐴𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 is the area of methyl heptadecanoate peak, 𝐶𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 is 

the mass concentration of methyl heptadecanoate solution in heptane, 𝑉𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 is the 

volume of methyl heptadecanoate solution (1 mL, in heptane), and 𝑚𝑠𝑎𝑚𝑝𝑙𝑒 is the mass 

of reaction sample (~50 mg).  
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4.1.3.4.2 Analysis of Acylglycerides and Glycerin 

Total monoglycerides, diglycerides, triglycerides, and glycerin were quantified by 

gas chromatography according to the ASTM D6584 standard (McCurry and Wang, 

2007), with modifications. The analyses were carried out in a 7890-A Agilent 

chromatograph (Agilent Technologies, Santa Clara, CA, USA)) using a Select Biodiesel 

column (glycerides, UM + 2 m RG, 15 m × 0.32 mm × 0.1 µm, Agilent Technologies, 

Santa Clara, CA, USA), injector with a pressure of 7.52 psi, and 3 mL/min helium (carrier 

gas) flow rate. A volume of 1 μL of the sample was injected into the column, and the 

analysis was run under the following oven temperature ramp, with an initial temperature 

at 50 °C, followed by heating rates of 15, 7, and 30 °C/min to reach 180, 230 and 380 °C, 

respectively; the FID detector was set at 300 °C with hydrogen, synthetic air, and nitrogen 

flow rates of 30, 400 and 25 mL/min, respectively. 

 

 

4.1.3.5 Chemical and Physicochemical Characterizations of the Reaction Products 

Water content was quantified according to the Karl Fisher method (American Oil 

Chemists’ Society, 2004a Ca 2e-84), and acid value and saponification value were 

determined according to AOCS Cd 3d-63 (American Oil Chemists’ Society, 2004b Cd 

3d-63) and Cd 3-25 (American Oil Chemists’ Society, 2004c Cd 3-25) standards, 

respectively. Viscosities at 40 and 100 °C, viscosity index (VI), density, corrosiveness to 

copper, pour point, flash point, and oxidation stability (by rotatory pressured vessel 

oxidation test-RPVOT) were determined by ASTM standards D445, D2270, D1298, 

D130, D97, D93, and D2272, respectively, at the laboratories Lubrin Tribological 

Analyses (São Paulo, SP, Brazil) and SENAI (São Paulo, SP Brazil). Samples were 

washed three times with boiling point water, and the organic phase was dried in an oven 

at 60 °C until constant weight. 

 

4.1.4 Results 

4.1.4.1 Physicochemical Characterization of Soybean Oil Deodorizer Distillate (SODD) 

The saponifiable composition and physicochemical proprieties of crude SODD 

are shown in Table 4.1-2. The crude SODD is saponifiable-rich biomass (>90 wt.%) 

composed mainly of triglycerides (~70 wt.%) and free fatty acids (18.5 wt.%). 

In general, a good lubricant base stock should have high viscosity index, high flash 

point, low pour point, good corrosivity resistance, and high oxidation stability (Zainal et 
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al., 2018). The crude SODD exhibited physicochemical properties suitable to be used as 

(bio)lubricant base stock, such as a very high viscosity index, ~192 (the higher the 

viscosity index, the smaller the changes in viscosity over a broader temperature range) 

and high flash point, at 210 °C (desirable to warrant secure operation at high 

temperatures) (Cecilia et al., 2020; Reeves, Siddaiah and Menezes, 2017), as well as being 

non-corrosive to copper (Table 4.1-2). Although the crude SODD already has interesting 

properties as lubricant bases, its free acidity (~18 wt.%) and pour point (−3 °C) are high, 

and its oxidative stability is low, but the esterification/transesterification of their 

saponifiable matter could improve these parameters and increase the range of applications 

in lubricant formulation industry. 

 

Table 4.1-2. Saponifiable composition and physicochemical properties of soybean oil deodorizer distillate 

(SODD) from Cocamar (Maringá, PR, Brazil), collected in June 2019. 

Parameter Value 

Saponification value (mg KOH/g) 

Saponification value (wt.%) 

186.75 ± 4.25 

93.84 ± 2.13 

Acid value (mg KOH/g) 

Acid value (wt.%) 

36.85 ± 0.07 

18.52 ± 0.03 

Moisture (wt.%) 0.18 

Relative density 0.921 

Viscosity at 40 °C (mm2/s) 33.5 

Viscosity at 100 °C (mm2/s) 7.3 

Viscosity index 191.6 

Pour point (°C) −3.0 

Flash point (°C) 210 

Oxidation stability (min) 43 

Corrosiveness to copper 1A (a) 

Free glycerol (wt.%) 0.003 

Monoglycerides (wt.%) 1.38 

Diglycerides (wt.%) 4.39 

Triglycerides (wt.%) 69.5 

(a) The rating of 1A is given for appearance of freshly polished copper coupons with slight discoloration but 

barely noticeable. 

 

4.1.4.2 Rotational Central Composite Design (RCCD) and Analysis by Response 

Surface Methodology (RSM) 

From the results shown in Table 4.1-3, the regression coefficients of a  third-order 

model of the type 𝑦 =  𝑎0 + 𝑏𝑖𝑥𝑗 + 𝑐𝑖𝑥𝑗𝑥𝑘 + 𝑑𝑖𝑥𝑗
2 + 𝑒𝑖𝑥𝑗

3 were calculated, and a 

mathematical model using Equation (1) was built for the response FAIE yield only using 

significant terms (p-value < 0.05). ANOVA was used to evaluate the accuracy of the fitted 
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model (Table 4.1-4). The FAIE yields (Table 4.1-3) varied from 1.22 wt.% to 48.62 wt.%, 

and the R2 and calculated F-value (Table 4.1-4) were suitable to obtain a third-order 

model using Equation (2), allowing the evaluation of the FAIE yield as a function of 

Risoamyl (x1) and menz (x3), within the range studied. The third-order model was chosen 

based on the literature recommendation when a second-order model is not capable of 

accurately describing the experimental results (Box, Hunter and Hunter, 2005). 

The mathematical model was built using the coded variables with statistically 

significant parameters (at a 5% significance level; the temperature was not statistically 

significant in the evaluated range), according to the measured values for the response, 

defined by Equation (2). 

𝑌[𝑤𝑡. %] = 41.21 + 3.46𝑥1 + 6.74𝑥1𝑥3 − 4.21𝑥1
2 − 16.12𝑥3

2

+ 10.30𝑥3
3 

(2) 

where 𝑥1 and 𝑥3 are the independent variables coded for Risoamyl and menz, respectively. 

 

Table 4.1-3. RCCD matrix for esterification/transesterification of SODD with isoamyl alcohol catalyzed 

by Eversa Transform 2.0 in almost anhydrous media (incubated in shaker at 250 rpm stirring for 12 h 

reaction) with experimental results for fatty acid isoamyl ester yield (Y). 

Run 

SODDSap: Isoamyl 

Alcohol Molar Ratio 

(Risoamyl, 𝑥1) 

Temperature (°C) 

(T, 𝑥2) 

Enzyme Mass 

(wt.%) (menz, 𝑥3) 

Reaction Yield 

(wt.%) (𝑌) 

1 1:1 (−1) 30.0 (−1) 1.0 (−1) 14.63 

2 1:1 (−1) 30.0 (−1) 10.0 (+1) 20.00 

3 1:1 (−1) 60.0 (+1) 1.0 (−1) 8.71 

4 1:1 (−1) 60.0 (+1) 10.0 (+1) 14.81 

5 1:3 (+1) 30.0 (−1) 1.0 (−1) 11.79 

6 1:3 (+1) 30.0 (−1) 10.0 (+1) 33.76 

7 1:3 (+1) 60.0 (+1)  1.0 (−1) 4.56 

8 1:3 (+1) 60.0 (+1) 10.0 (+1) 47.96 

9 1:2 (0) 45.0 (0) 5.5 (0) 39.79 

10 1:2 (0) 45.0 (0) 5.5 (0) 41.45 

11 1:2 (0) 45.0 (0) 5.5 (0) 43.29 

12 1:2 (0) 45.0 (0) 5.5 (0) 42.83 

13 1:2 (0) 45.0 (0) 5.5 (0) 48.62 

14 1:0.318 (−1.68) 45.0 (0) 5.5 (0) 29.09 

15 1:2 (0) 19.8 (−1.68) 5.5 (0) 38.74 

16 1:2 (0) 45.0 (0) 0 (−1.22) 1.22 

17 1:3.682 (+1.68) 4)5.0 (0) 5.5 (0) 33.33 

18 1:2 (0) 70.2 (+1.68) 5.5 (0) 35.57 

19 1:2 (0) 45.0 (0) 13.1 (+1.68) 46.92 
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Table 4.1-4. Analysis of variance (ANOVA) for the experimental design of the 

esterification/transesterification of SODD with isoamyl alcohol catalyzed by Eversa Transform 2.0. 

Source of Variation SS a DF b MS c Fcalculated Ftabulated 

Regression 4129.56 5 825.91 31.09 3.02 

Residue 345.37 13 26.57   

Lack of fit 86.04 3 28.68 1.11 3.71 

Pure error 259.32 10 25.93   

Total 4474.92 18 248.61   

a Sum of squares; b Degree of freedom; c Mean squares. R2 = 92.28% at 5% significance level. 

 

Equation (2) was used to generate the response surface for the FAIE yield (Figure 

4.1-1), which showed a fast growth of Y between the range of 0 wt.% and 6 wt.% of menz. 

From 6 wt.% of menz upward, the Y growth was less pronounced. Aiming to combine 

ester productivity and enzyme consumption, it was established that the first turning point 

observed in the response surface would be the best operating condition for Risoamyl and 

menz, i.e., 1:2.5 wt.% and 6.0 wt.%, respectively. The reaction temperature was set at 45 

°C, the level zero condition for this variable of the experimental design, for the further 

assays, due to this value being reported as a secure operational temperature for ETL 2.0 

(Mibielli et al., 2019; Novozymes A/S, n.d.). 

To validate the model, an experimental assay (in triplicate) was carried out under 

the designed optimal conditions (Risoamyl of 1:2.5, menz of 6.0 wt.%, 45 °C, and stirring at 

250 rpm in a shaker incubator) gave a reaction yield of 35.0 ± 2.5 wt.%, while the model 

Equation (2) predicted a reaction yield of 41.9 ± 6.8 wt.% (a relative error between 

experimental and predicted value less than 20%). This result shows that the model could 

satisfactorily predict the real behavior of this complex reaction system. 

 



62 

 

Figure 4.1-1. Response surface showing the effects of independent variables on the yield of fatty acid 

isoamyl ester constructed from model Equation (2). 

 

 

As previously discussed in the introduction section, the content of water in the 

reaction medium is an important parameter to be controlled aiming to retain the enzyme 

activity and prevent the hydrolysis of the formed ester. Based on the adsorption capacity 

of MS informed by the manufacturer (0.20 g of water per gram of MS), the addition of 4 

wt.% and 9 wt.% of MS in the reaction medium was enough to reach around 2 wt.% and 

1 wt.% water at the beginning of the reaction, respectively. The addition of 39 wt.% MS 

should be enough to guarantee an almost anhydrous medium throughout the reaction. 

Therefore, the presence of 4, 9, and 39 wt.% MS (MS mass/SODD mass), and the addition 

of additional water to the reaction medium (without MS), ranging from 2.8 wt.% 

(percentage of water already contained in the reagents and enzyme) to 6 wt.%, were 

evaluated to determine the influence of water on the reaction yield. Figure 4.1-2 shows 

the reaction yields (Y) with (Figure 4.1-2a) and without (Figure 4.1-2b) MS. 
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Figure 4.1-2. Reaction yields (Y, wt.%) of esterification/transesterification of SODD with isoamyl 

alcohol (molar ratio of 1:2.5, 6.0 wt.% of ETL 2.0, 45 °C, and stirring at 250 rpm in a shaker incubator 

for 12 h) as a function of water content in the reaction medium: (a) without added water and using 

molecular sieve (MS); (b) without MS and adding water at the beginning of the reaction. a Almost 

anhydrous condition throughout the reaction. b Only water content already contained in the reagents and 

enzyme (without molecular sieve or addition of water). 

  
 

The ester synthesis had better performance in a water-controlled medium (Figure 

4.1-2a), resulting in an ester yield almost twofold higher than that in a medium where the 

water content was only adjusted at the beginning of the reaction (Figure 4.1-2b). The 

water control during the reaction could favor the displacement of the equilibrium of the 

reaction towards the product while maintaining a water amount necessary to the enzyme 

catalysis (Marty, Dossat and Condoret, 1997). Differently, Remonatto et al. (Remonatto 

et al., 2016) reported better performance of Eversa in the esterification/transesterification 

of oleic acid/soybean oil (mass ratio of 1:1) with methanol (97% conversion after 16 h 

reaction) with 2.5% added water. In this case, the addition of water was necessary because 

methanol can drastically inactivate the enzyme due to the removal of the enzyme water 

layer required for the catalysis (Cavalcante et al., 2021; Lv et al., 2021). 

 

4.1.4.3 Reaction Course under Optimal Conditions 

Under optimal reaction conditions (SODDSap:isoamyl alcohol molar ratio of 1:2.5, 

45 °C and 6.0 wt.% ETL 2.0 (enzyme mass/SODD mass), the 

esterification/transesterification reaction of SODD with isoamyl alcohol was carried out 

for two distinct MS conditions—9 wt.% and 39 wt.%—monitoring the reaction yield (Y) 
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with the time reaction. Figure 4.1-3 shows a better global evolution of the reaction using 

9 wt.% MS, reaching almost 70 wt.% yield (ester mass/product mass) after 50.5 h 

reaction, but when using 39 wt.% MS, the reaction stopped after 12 h reaction, at around 

50 wt.% yield. Although the lack of water using 39 wt.% MS favored the reaction for the 

first 12 h, this result suggests that, at this time span, the lack of water probably inactivated 

the enzyme. Moreover, it should be considered that this is a solvent-free reaction. This 

means that the composition of the medium is changing along the process, initially, the 

medium properties are defined by those of the substrate mixture, while at the end, the 

medium features are influenced by the isoamyl ester (Sousa et al., 2021). These dynamic 

changes may affect the role of water activity in the performance of the enzyme. Therefore, 

a small amount of water resulting from the use of 9 wt.% MS could be essential to 

preserve catalyst activity when there is a high ester concentration in the medium and, 

consequently, keeping going on the reaction (Adlercreutz, 2013; Han, Walde and Luisi 

1990), even though it may not be so relevant in the initial steps. 

 

Figure 4.1-3. Profiles of ester mass yield vs. reaction time for esterification/transesterification of SODD 

with isoamyl alcohol in presence of two MS concentration (9 wt% (⚫) and 39 wt% (◼)). Reaction 

conditions: SODDSap/isoamyl alcohol molar ratio of 1:2.5, 6.0 wt.% Eversa Transform 2.0 (enzyme 

mass/SODD mass) and 45 °C. 
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4.1.4.4 Chemical Composition and Some Physicochemical Properties of the Products 

SODD and reaction products with 12 and 22 h reaction times (product 1 

containing 43.7 wt.% FAIE and product 2 containing 55.3 wt.% FAIE, respectively) were 

characterized regarding their physicochemical properties and chemical compositions 

(Table 4.1-5). 

As shown in Table 4.1-2 and discussed in Section 4.1.4.1, crude SODD has some 

interesting properties to be used as lubricant base stocks (results are listed again in Table 

4.1-5 only for comparison purposes). Probably, due to the high triglyceride amount (more 

than 70 wt.%), SODD exhibited some physicochemical properties similar to those of 

refined soybean oil (Syahir et al., 2017). However, some properties shown in Table 4.1-

2 were improved after the transesterification/esterification reaction. In general, Table 4.1-

5 shows that the higher the content of isoamyl esters in the reaction products, the smaller 

the viscosities at 40 °C and 100 °C, the viscosity index, relative density, and the pour and 

flash points, but the higher the oxidative stability. In general, based on the 

physicochemical properties (viscosities at 40 and 100 °C, viscosity index, and flash 

point), both synthesized lubricant base stocks could serve to formulate hydraulic fluids 

(BASF, 2016; ExxonMobil, 2017; Petro-Canada, 2017; Shell, 2019). 

A high viscosity index is an essential characteristic of a good lubricant base stock 

since it is an indication that the lubricant can be used over a wide range of temperatures 

by maintaining the thickness of the oil film (Zainal et al., 2018). SODD and products 1 

and 2 had viscosity index similar to those of commercial synthetic lubricant base stocks 

according to the BASF Esters–Base Stocks Selection Guide for Lubricants and 

Metalworking Fluids (BASF, 2016). A high viscosity index (>160) could be associated 

with the polyunsaturated fatty acids chains of the soybean oil because it is reported that 

branched biolubricant (in the alcohol or in the carboxylic acid) favors a lower viscosity 

index (Cecilia et al., 2020). 

The flash point is greatly impacted by the ester amount in the product but is high 

enough to ensure safe operations at moderate temperatures. The flash point of product 2 

was lower than that of product 1, which could be related to the remaining amount of 

isoamyl alcohol (~1 wt.%, determined by gas chromatography) after drying. On the other 

hand, the pour point decreased until 6 °C, with the increase of the concentration (in wt.%) 

of isoamyl esters in the products, probably because the branched groups of isoamyl 

alcohol did hamper the acyl chains to come close for easy stacking because of steric 

interactions, thus inhibiting crystallization, resulting in a lower pour point (Erhan et al., 
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2008). However, all products had poor pour points to work at low temperatures (Zainal 

et al., 2018), as cloudy conditions, precipitates, and solidification could not be avoided 

upon long-term exposure to cold temperatures, resulting in poor flow and pumpability 

(Zainal et al., 2018). Meanwhile, this problem, as well as some others, can be easily 

solved in the lubricant formulation by adding certain additives (e.g., pour point 

depressants, antioxidants, and viscosity modifiers) and diluents (e.g., 2-ethylhexyl oleate, 

isobutyl oleate, dibutyl adipate, di-isodecyl adipate, high oleic vegetable oils) or 

functional fluids in order to fulfill the requirements of a specific application (Cecilia et 

al., 2020; Erhan et al., 2008; Reeves, Siddaiah and Menezes, 2017; Zainal et al., 2018). 

For example, the addition of a 1% pour point depressant (e.g., Lubrizol TM 7670 made 

from sunflower and mineral oils) reduced the pour point of soybean-oil-based lubricant 

from −9 °C to −45 °C (Zainal et al., 2018). 

 

Table 4.1-5. Physicochemical properties and chemical composition of the SODD and the 

esterification/transesterification reaction products containing different content of fatty acid isoamyl esters 

(FAIE). 

Parameters SODD Product 1 a Product 2 b Unity Standard 

FAIE content 0 43.7 55.3 wt.%  

Viscosity at 40 °C  33.5 20.5 13.5 cSt ASTM D445 

Viscosity at 100 °C  7.3 4.9 3.6 cSt ASTM D445 

Viscosity index 191.6 175.0 163.8 - ASTM 2270 

Relative density 0.921 0.911 0.899 - ASTM D1298 

Pour point  −3.0 −6.0 −9.0 °C ASTM D97 

Flash point  210 178 104 °C ASTM D93 

Oxidative stability  43 37 53 min ASTM D2272 

Corrosiveness to copper c 1A - 1B - ASTM D130 

Saponification value 186.75 ± 4.25 153.3 ± 11.4 152.2 ± 0.46 mgKOH/g AOCS Cd 3-25 

Acid values  36.85 ± 0.07 9.78 ± 0.04 15.45 ± 0.08 mgKOH/g AOCS Cd 3d-63 

Free glycerol 0.003 0.25 0.50 wt.% ASTM D6584 

Monoglycerides 1.38 4.36 7.96 wt.% ASTM D6584 

Diglycerides 4.39 9.04 8.38 wt.% ASTM D6584 

Triglycerides 69.5 3.05 1.40 wt.% ASTM D6584 

a Product 1 was synthesized in presence of 39 wt.% molecular sieves for 12 h reaction, and b Product 2 was 

synthesized in presence of 9 wt.% molecular sieves for 22 h reaction, both using 1:2.5 (mol:mol) SODD: 

isoamyl alcohol, 6.0 wt.% (menzyme/mSODD) Eversa Transform 2.0 and 45 °C; c The rating of 1A is given for 

appearance of freshly polished copper coupons with slight discoloration but barely noticeable; 1B indicates 

slight tarnish, and the ratings proceed further down the scale as corrosion staining of the test coupon 

increases, with 4C being the worst, typically appearing as severely corroded, blackened, and pitted coupon. 
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The oxidative stability was not expected to improve greatly because the 

unsaturated nature of fatty acids in soybean oil makes them prone to rapid oxidation 

(mainly linolenic and linoleic acids) (Perez, Rudnick and Erhan, 2013; Zainal et al., 2018) 

and, in turn, the SODD and their isoamyl esters. The oxidative stability of product 2 

increased by 10 min, compared with SODD, most likely due to the elimination of the β-

CH group of the acylglycerol structure, highly susceptible to thermal instability (Zainal 

et al., 2018). As discussed above, this parameter can be improved by adding antioxidants 

in the lubricant formulation depending on the desired application. The presence of 

tocopherols, a natural antioxidant, is reported to improve the oxidative stability of 

unrefined vegetable oils, compared with refined ones (Bart et al., 2013b; Sathwik Chatra, 

Jayadas and Kailas, 2012). In fact, naturally occurring antioxidants such as tocopherol, ʟ-

ascorbic acid, esters of gallic acid, citric acid derivatives, or EDTA derivatives have been 

reported to serve as synthetic metal scavengers and provide viable alternatives to the 

currently used toxic antioxidants (Reeves, Siddaiah and Menezes, 2017). However, the 

low content of tocopherols in the SODD (Vieira et al., 2021), and thus in the reaction 

products, was not enough and/or inefficient to reach high oxidative stability at harsh assay 

conditions (measured by RPVOT method in a sealed cell pressurized with oxygen and 

submitted to a temperature of 150 °C). Thus, the improvement of this parameter requires 

the use of suitable antioxidants or even a chemical modification of acyl moieties double 

bonds of the isoamyl esters, depending on the desired applications (Reeves, Siddaiah and 

Menezes, 2017). 

The acid value of crude SODD was greatly reduced with the reaction, but when 

using only 9 wt.% MS, this decrease was not enough. The presence of some water could 

permit the glycerides hydrolysis, probably impacting the product viscosity. On the other 

hand, the presence of water avoided lipase inactivation, allowing a reaction yield to be 

reached that is higher than that achieved using 39 wt.% molecular sieves. However, FFAs 

and monoglycerides (higher in product 2 than product 1), such as glycerol monooleate, 

are known as friction modifiers, with high tribological appeal (Kenbeck and Bunemann, 

2017; Luther, 2014). 

Synthetic esters-based lubricants still display several limitations to compete with 

mineral lubricants, since chemical modification raises the price of the lubricant, slightly 

increases the volatility and toxicity, and diminishes the friction tolerance, and the esters 

do not work well with mineral oils in comparison to unmodified vegetable oils (Thangaraj 

et al., 2019). Resources regarding the improvement of some properties must continue, 
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mainly regarding the improvement of oxidative stability and pour point. Besides the use 

of additives mentioned above, modification of unsaturated acyl chains by chemical 

processes (epoxidation followed by ring opening) is a promising alternative to improve 

oxidative stability (Borugadda and Goud, 2016; Cecilia et al., 2020; Prasannakumar et 

al., 2022; Zainal et al., 2018). On the other hand, the goals for environmental protection 

are essential to change this scenario. Beyond that, vegetable oil products are ideally suited 

for applications such as lubrication of sawmill blades or chain drives, whereby the 

lubricant is used on a single-use basis (Zainal et al., 2018). However, to reach a final 

decision, a complete tribological study (study of friction, lubrication, and wear) must be 

carried out. 

 

4.1.5 Conclusion 

The soybean oil distillate deodorizer (SODD) showed to be a promising source of 

acyl donor to produce isoamyl esters via enzymatic catalysis. The partial conversion of 

the fatty acids (in form of free fatty acids or glycerides) from the SODD produced base 

stocks with some interesting lubricant properties, mainly high viscosity index (>160). The 

synthesized lubricant base stocks have suitable properties to be used as hydraulic fluid or 

as biolubricant additive. Nevertheless, for use in other specific applications, its 

physicochemical properties must be adjusted. 
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4.2 Structured article on the application of Pseudomonas fluorescens lipase (PFL) 

immobilized by the hybrid nanoflower (hNF) technique in synthesis of FAIEs 

from SODD 

This section presents the results for immobilization of PFL by the hNF technique 

and its application in the synthesis of FAIEs from SODD and isoamyl alcohol, using a 

drying salt to control free moisture in the reaction medium. This material has not yet been 

published or submitted for publication in any scientific journal. 

 

Title: Application of Pseudomonas fluorescens lipase immobilized by the hybrid 

nanoflower method in the synthesis of fatty acid isoamyl esters from soybean oil 

deodorizer distillate 

 

4.2.1 Abstract 

The application of lipases immobilized using the hybrid nanoflower (hNF) 

technique is usually restricted to the hydrolysis of para-nitrophenol esters, with little 

exploration for other reactions. Few works have applied lipase hNFs in organic systems 

for esterification or transesterification reactions. After an initial screening of six lipases 

to identify the most appropriate lipase for esterification of oleic acid and 

transesterification of soybean oil with isoamyl alcohol, Pseudomonas fluorescens lipase 

(PFL) immobilized by the hNF method was selected for the synthesis of fatty acid isoamyl 

esters (FAIEs) from soybean oil deodorizer distillate (SODD) and isoamyl alcohol. 

Experimental design and response surface methodology were used to identify significant 

variables and trends, as well as for optimization of the PFL immobilization and the FAIEs 

synthesis parameters. Improvements in the hNF-PFL incubation were studied, with the 

use of ultrasound enabling the incubation time to be reduced from 72 h to only 20 min. 

The immobilized activity of hNF-PFL reached 64 TBU%, with a well-defined hNF 

structure. During the FAIEs synthesis, it was observed that the desiccant salt (sodium 

sulfate) employed to control the moisture in the reaction medium could damage the hNF-

PFL structure. Synthesis of FAIEs using hNF-PFL achieved a maximum reaction yield 

(RY) of 64 wt.%, without use of a moisture control agent. The hNF-PFL showed high 

operational stability, maintaining practically the same RY during 8 cycles (totaling 192 h 

of operation), with 80% of the initial RY obtained in the 10th cycle (after 240 h of 

operation). Partially converted SODD, with FAIEs content of 57 wt.%, was submitted to 

chemical and physicochemical characterization, before and after caustic polishing, with 
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the physicochemical characteristics of the materials being very similar and analogous to 

those of commercial biolubricant base stocks. 

 

4.2.2 Introduction 

The hybrid nanoflower (hNF) immobilization technique is a very simple method 

of enzyme immobilization that can provide a microscale material with high surface area 

(usually resembling flowers), composed of an insoluble inorganic phosphate salt (from 

phosphate-buffered saline, PBS) and a metal (copper is most commonly employed, 

although other metals that can be used include aluminum, gold, calcium, iron(II), 

magnesium, manganese, nickel, silver, and zinc), combined with the enzyme protein (Ge 

et al., 2012; Lin et al., 2020; Ocsoy et al., 2015; Sharma et al., 2017; Talens-Perales et 

al., 2020; Xin et al., 2020; Yin et al., 2015; Zhang et al., 2015; Zhang et al., 2016). The 

nitrogen present in protein amide groups and some amino acid residues of the polypeptide 

chain of the enzyme, such as histidine, are linked with the metal by complexation, with 

the complexed metal then being linked to phosphate, creating a complex network of 

inorganic/organic material (Ge et al., 2012). The mechanism of hNF immobilization 

consists of three steps: nucleation of the organic-inorganic structures; agglomeration of 

these structures and formation of primary crystals; and anisotropic growth of the crystals, 

resulting in branched structures resembling flowers (Ge et al., 2012). The agglomeration 

and anisotropic growth are mediated by chloride ion complexes (Somturk et al., 2016) 

present in PBS. Enzymes immobilized by this method are frequently reported to achieve 

hyperactivation, with improvements in stability also being common. Li et al. (2016) found 

that hNFs with papain presented immobilized activity of 7260%, compared to the free 

enzyme. Cui et al. (2016) observed high thermal stability of a lipase type II from bovine 

pancreas (BPL tII), after hNF immobilization. After 10 h at 60 °C, the hNF-BPL tII 

maintained 93% of the initial activity, while the free BPL tII had almost no activity. In 

addition, a 200% increase of the hNF-BPL tII activity was observed when 0.25 mM of 

cetyl trimethyl ammonium bromide (CTAB) surfactant was used during the 

immobilization, reaching an immobilized activity of 460%, compared to the free lipase. 

Modifications of the hNF immobilization procedure could lead to further improvements. 

Soni et al. (2018) found that the application of ultrasound during the incubation of a 

Burkholderia cepacia lipase hNF increased the immobilized activity from 399% to 423%, 

while the immobilization time was reduced from 3 days to only 7.5 min. Ultrasound was 

also applied for 10 min to form a cobalt hNF with Pseudomonas fluorescens lipase (PFL), 
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with the immobilized activity increasing by 89%, when compared to static incubation at 

25 °C for 3 days (Dwivedee et al., 2018). 

The protein concentration, metal concentration, incubation time, pH, and 

temperature of the immobilization medium can significantly influence hNF size, shape, 

and immobilized enzyme activity. Somturk et al. (2016) and Li et al. (2016) studied the 

effects of enzyme concentration and PBS pH on the activity of hNFs at two different 

temperatures. Somturk et al. (2016) immobilized urease and obtained a maximum activity 

of 3990% (compared to the free enzyme), using 0.02 mg/mL of urease, PBS at pH 7.4, 

and 0.8 mM of Cu2+, at ambient temperature of 20 °C for 3 days. Li et al. (2016) 

immobilized papain and porcine pancreas lipase type II (PPL tII), obtaining maximum 

activities of 7260% and 876% (compared to the free enzyme), respectively, using 0.25 

mg/mL of papain, PBS at pH 9.0, and 0.8 mM of Cu2+, at 25 °C for 3 days, and using 

0.25 mg/mL of PPL tII, PBS at pH 6.0, and 0.8 mM of Cu2+, at ambient temperature of 

25 °C for 3 days. Horseradish peroxidase (HRP) was immobilized by the hNF method 

using two different metals, Cu2+ and Fe2+, reaching immobilized activities of 300% using 

0.02 mg of HRP, PBS at pH 7.4, and 0.8 mM of Cu2+, at 4 °C for 3 days (Somturk et al., 

2015), and 710% using 0.10 mg of HRP, PBS at pH 7.4, and 0.8 mM of Fe2+, at 4 °C for 

3 days (Ocsoy et al., 2015). 

Lipases are among the various enzymes that have been successfully immobilized 

using the hNF technique, including those from Alcaligenes sp. (lipase QLM) (Liu et al., 

2021), Aspergillus oryzae (AOL) (Li et al., 2020; Zhong et al., 2021), Bacillus subtilis 

(BSL) (Wu et al., 2014), bovine pancreas (BPL tII) (Cui et al., 2016), Burkholderia 

cepacia (BCL) (Ke et al., 2016; Li et al., 2018; Sharma et al., 2017; Soni et al., 2018), 

Candida antarctica (Ge et al., 2012), Candida antarctica (lipase B, CALB) (Hua et al., 

2016; Yu et al., 2018; Zhang et al., 2018), Candida rugosa (CRL) (Lee et al., 2017), 

Enterobacter sp. MG10 (Mohammadi-Mahani et al., 2021), porcine pancreas (PPL) 

(Altinkaynak et al., 2020; Jiang et al., 2018; Yu et al., 2018; Zhang et al., 2016), porcine 

pancreas (PPL tII) (Li et al., 2016), Pseudomonas fluorescens (PFL) (Dwivedee et al., 

2018), Pseudozyma antarctica (lipase B, PALB) (Fotiadou et al., 2019), Psychrobacter 

sp. (lipase ZC12) (Zhang et al., 2020), and Thermomyces lanuginosus (TLL) (Yu et al., 

2018; Wang et al., 2020). However, the applications of these immobilized enzymes have 

still not been fully explored. The use of hNF lipases has been restricted to the synthesis 

of fatty acid methyl esters (FAMEs) (Jiang et al., 2018; Mohammadi-Mahani et al., 2021; 

Zhong et al., 2021), tyrosol esters (Fotiadou et al., 2019), clindamycin palmitate (Yu et 
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al., 2018; Wang et al., 2020), and fructose lauric ester (Zhang et al., 2020), in addition to 

the epoxidation of alkenes (Hua et al., 2016; Zhang et al., 2018) and enzymatic kinetic 

resolution of racemates (Dwivedee et al., 2018; Ke et al., 2016; Li et al., 2018; Soni et 

al., 2018; Wu et al., 2014).  

A potential application of immobilized lipases is in the synthesis of long chain 

esters that could be applied as biolubricants or biolubricant components (base stocks or 

additives), due to the urgent need to reduce petroleum dependency, decelerate climatic 

changes, and diminish environmental degradation and hazards (European Environmental 

Agency, 2020; Nowak et al., 2019; Tsagaraki et al., 2017). 

Biolubricants are natural or synthetic bio-based compounds that are 

biodegradable, with low human and environmental toxicity, employed as lubricants for 

corrosion and wear protection, reduction of friction and heat, and in energy transmission 

(Bart et al., 2013; Cecilia et al., 2020; Zainal et al., 2018). The various classes of 

biolubricant compounds include monoesters (Luther, 2014), which are easily obtained 

from the reaction of fatty acids and monohydroxy alcohols in the presence of lipases 

(Parkin, 2017). Araujo-Silva et al. (2022) obtained fatty acid isoamyl esters (FAIEs) from 

soybean oil deodorizer distillate (SODD) and isoamyl alcohol, catalyzed by Eversa 

Transform 2.0 (ETL 2.0), obtaining products with biolubricant base stock characteristics. 

SODD, a byproduct from the edible soybean oil production process, is a rich source of 

free fatty acids (FFAs, 17-47 wt.%) and glycerides (9-70 wt.%) (Araujo-Silva et al., 2022; 

Gunawan et al., 2008; Sherazi et al., 2016). Isoamyl alcohol is a byproduct from 

bioethanol production, which can be extracted and purified from fusel oil (Ferreira et al., 

2013). 

Over the last few years, many studies of hNF lipases have focused on the 

immobilization process and characterization of the catalysts formed, but few have 

explored their applicability. Therefore, this study investigated the use of a lipase 

immobilized by the hNF technique in the synthesis of FAIEs from SODD and isoamyl 

alcohol. Firstly, an appropriate lipase for the FAIEs synthesis was selected. A study of 

immobilization of the selected lipase by the hNF method was performed, using 

experimental design and response surface methodology. This enabled identification of 

the most significant variables, elucidation of trends, and optimization of the 

immobilization conditions. It was also possible to propose enhancements in the 

incubation step of the immobilization and the use of surfactants. The best condition for 

obtaining lipase hNFs was determined considering the immobilization yield (IY) and 
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immobilized activity (IA), together with image and elemental composition analyses, 

before employing the catalyst in FAIEs synthesis. Experimental design with response 

surface methodology was used to identify the significant variables and trends, in order to 

optimize the FAIEs reaction yield (RY).  Reaction course curves were plotted to identify 

the maximum conversions, with the products being characterized by chemical and 

physicochemical analyses. 

 

4.2.3 Materials and Methods 

4.2.3.1 Materials 

CRL, ETL 2.0, PFL, Rhizopus niveus lipase (RNL), TLL, tributyrin, methyl 

heptadecanoate, and standard solutions for ASTM D6584 analysis were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Isoamyl alcohol was purchased from Êxodo 

Científica (Sumaré, SP, Brazil), CALB was kindly donated by Novozymes Latin America 

(Araucária, PR, Brazil), and soybean oil deodorizer distillate (SODD) was kindly donated 

by COCAMAR (Maringá, PR, Brazil). All other chemicals and solvents were of 

analytical or HPLC grade. 

 

4.2.3.2 Lipase screening 

Six lipases (CALB, CRL, ETL 2.0, PFL, RNL, and TLL) were investigated for 

the esterification of oleic acid and the transesterification of soybean oil with isoamyl 

alcohol, in order to select the best lipase for production of isoamyl esters. Triplicate 

reactions were conducted in sealed bottles with plugs and caps, incubated in a shaker for 

12 h at 37.5 °C and 250 rpm. The reaction media had the stoichiometric compositions of 

1:1 mol of oleic acid per mol of alcohol, or 1:3 mol of soybean oil triglycerides per mol 

of alcohol, together with 600 tributyrin hydrolysis units (TBU) per g of acyl donor (oleic 

acid or soybean oil), and sufficient molecular sieve to provide an anhydrous medium 

condition. At the end of the reactions, the liquid phases were transferred to 15 mL Falcon 

tubes, washed with 3 mL of boiling water, centrifuged at 10707 rpm and 25 °C for 5 min, 

and the polar phase was discarded. The washing and centrifugation processes were 

repeated one more time, followed by separation of the nonpolar phases in 2 mL Eppendorf 

tubes and drying in an oven at 60 °C for one day. The reaction yields were determined by 

GC-FID analysis. 
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4.2.3.3 Lipase hybrid nanoflower immobilization 

Screening of the lipases showed that PFL provided good esterification and 

transesterification yields, so it was chosen as a viable lipase for application in the 

production of isoamyl ester from SODD (which is composed by long chain fatty acids 

and glycerides). The hNF immobilization of PFL used Cu2+ (from CuSO4 reagent) as the 

metal ion to compose the inorganic portion of the hNF-PFL. The immobilization was 

optimized using experimental design, as described below. The performance of the hNF-

PFL formation process was quantified in terms of immobilization yield (IY) and 

immobilized activity (IA), according to Equations 1 and 2, respectively: 

𝐼𝑌 [%𝑇𝐵𝑈] = 100 ∙
𝐴ℎ𝑁𝐹𝑠𝑢𝑠𝑝

𝐴𝑜𝑓𝑓𝑒𝑟𝑒𝑑
        (1) 

𝐼𝐴 [%𝑇𝐵𝑈] = 100 ∙
𝐴ℎ𝑁𝐹𝑠𝑢𝑠𝑝

𝐴𝑜𝑓𝑓𝑒𝑟𝑒𝑑−𝐴𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡
      (2) 

where, AhNFsusp, Aoffered, and Asupernat are the total activity in the hNF-PFL suspension, the 

activity initially offered, and the activity in the supernatant, respectively. 

 

4.2.3.3.1 Determination of trends and ranges for basic variables of the hNF 

immobilization process (protein concentration, metal concentration, and pH), 

using experimental design and response surface methodology  

This experiment used an adaptation of the hNF immobilization procedure 

described by Ge et al. (2012), employing an experimental design to evaluate three 

variables important for the success of hNF immobilization, namely the enzymatic protein 

concentration (Cprot), the CuSO4 concentration (CCuSO4), and the pH of the phosphate-

buffered saline (PBS). Mixtures were prepared in 5 mL Eppendorf tubes, using 3 mL of 

PBS at different pH values, a volume of 2 mgprot/mL PFL solution solubilized in ultrapure 

water (sufficient to achieve the Cprot concentration), and a volume of 120 mM CuSO4 

solution solubilized in ultrapure water (sufficient to achieve the CCuSO4 concentration). 

The immobilization medium was homogenized by vortex agitation after each addition. 

The Eppendorf tubes were incubated in a thermostatic bath at 25 °C for 3 days, followed 

by separation of the solids from the supernatant by centrifugation at 7000 rpm and 25 °C 

for 5 min, washing with 3 mL of distilled water at room temperature, separation by 

centrifugation at 7000 rpm and 25 °C for 5 min (repeating the washing process 2 times), 

and resuspending to 3 mL with distilled water. The hydrolytic activities of the supernatant 

and the resuspended hNF-PFL were measured using the tributyrin method with a pHstat 

instrument. PFL protein content was determined by Bradford method (Bradford, 1976). 
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Table 4.2-01 shows the conditions of the different experiments of the experimental design 

for the variables PBS pH, Cprot, and CCuSO4. 

 

Table 4.2-01. Different conditions for the hNF-PFL experimental design using three variables (Cprot, 

CCuSO4, and PBS pH). Incubation at 25 °C for 3 days. 

Exp. Cprot (mgprot/mL) CCuSO4 (mM) PBS pH 

1 0.21 (1) 2.0 (1) 7.0 (0) 

2 0.21 (1) 0.8 (-1) 7.0 (0) 

3 0.21 (1) 1.4 (0) 8.0 (1) 

4 0.21 (1) 1.4 (0) 6.0 (-1) 

5 0.11 (0) 2.0 (1) 8.0 (1) 

6 0.11 (0) 2.0 (1) 6.0 (-1) 

7 0.11 (0) 0.8 (-1) 8.0 (1) 

8 0.11 (0) 0.8 (-1) 6.0 (-1) 

9 0.01 (-1) 2.0 (1) 7.0 (0) 

10 0.01 (-1) 0.8 (-1) 7.0 (0) 

11 0.01 (-1) 1.4 (0) 8.0 (1) 

12 0.01 (-1) 1.4 (0) 6.0 (-1) 

13 0.11 (0) 1.4 (0) 7.0 (0) 

14 0.11 (0) 1.4 (0) 7.0 (0) 

15 0.11 (0) 1.4 (0) 7.0 (0) 

16 0.11 (0) 1.4 (0) 7.0 (0) 

 

 

 

4.2.3.3.2 Improvements in the hNF methodology and optimization of variables for 

maximization of the immobilization yield. 

The results of the first experimental design revealed the need for improvement 

with respect to the level of CCuSO4. Therefore, assays were performed according to the 

procedure described in Section 4.2.3.3.1, under the best conditions of PBS pH and Cprot 

(pH 8.0 and 0.14 mgprot/mL, respectively), increasing the value of CCuSO4 until a peak of 

the immobilization yield was observed. 

The influence of different incubation methods was also explored, using a reaction 

medium composed of 3 mL of PBS pH 8.0, 0.14 mgprot/mL of PFL, and 7.04 mM CuSO4. 

The medium was submitted to the following procedures: (i) ultrasonication in an 

ultrasonic bath (Maxi Clean 1450, Unique); (ii) incubation at 35 °C for 3 days; (iii) 

ultrasonication followed by incubation at 25 °C for 3 days; (iv) agitation at 8 rpm and 25 

°C for 3 days, using a blood roller mixer (model K45-8020, Kasvi) (low speed agitation 
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condition); (v) agitation at 45 rpm and 25 °C for 3 days (medium speed agitation 

condition); (vi) no incubation, with the steps of supernatant separation, washing, and 

resuspension performed immediately after the addition of CuSO4. 

Investigation was also made of the use and concentration of different surfactants. 

For this, 5 mL Eppendorf tubes were prepared with 3 mL of PBS (pH 8.0), 0.14 mgprot/mL 

of PFL, 7.04 mM CuSO4, and 0.001, 0.01, 0.1, or 1.0% (v/v) of Triton X-100, Tween 20, 

or Tween 80. The tubes were ultrasonicated for 20 min, followed by separation of the 

supernatant, washing, and resuspension of the hNF-PFL, as described in Section 

4.2.3.3.1. 

Having defined a new range of CCuSO4 and a new incubation method, optimization 

of the variables Cprot and CCuSO4 by experimental design was performed using 5 mL 

Eppendorf tubes containing 3.0 mL of immobilization medium composed of PBS pH 8.0 

and different concentrations of Cprot and CCuSO4, as described in Table 4.2-02. 

 

Table 4.2-02. Concentrations of protein and copper sulfate for the second experimental design to 

determine the best conditions for hNF-PFL immobilization. 

Exp. Cprot (mgprot/mL) CCuSO4 (mM) 

1 0.180 (1) 7.60 (1) 

2 0.180 (1) 6.40 (-1) 

3 0.100 (-1) 7.60 (1) 

4 0.100 (-1) 6.40 (-1) 

5 0.140 (0) 6.15 (-1.41) 

6 0.083 (-1.41) 7.00 (0) 

7 0.140 (0) 7.85 (1.41) 

8 0.197 (1.41) 7.00 (0) 

9 0.140 (0) 7.00 (0) 

10 0.140 (0) 7.00 (0) 

11 0.140 (0) 7.00 (0) 

 

4.2.3.4 Use of experimental design and surface response methodology to establish the 

reaction conditions for the synthesis of SODD isoamyl esters using hNF-PFL as 

catalyst 

In this step, an initial screening was firstly performed of the variables of interest, 

using experimental design. A study was then performed with different values for each of 

the variables. Finally, fine tuning using experimental design was applied to determine the 

best operational conditions for the synthesis of SODD isoamyl esters using hNF-PFL as 

catalyst. 
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4.2.3.4.1 Screening to determine the values of the variables of interest using 

experimental design and surface response methodology 

Optimization of synthesis of the SODD FAIEs catalyzed by hNF-PFL considered 

the following three variables: molar ratio of saponifiable SODD and isoamyl alcohol 

(SODDSap/isoamyl alcohol, Risoamyl, mol saponifiable SODD/mol of isoamyl alcohol), 

reaction temperature (T, ºC), and mass of anhydrous Na2SO4 desiccant (mdesiccant salt, 

desiccant salt/SODD mass percentage). A first screening using experimental design and 

response surface methodology for a quadratic model was used to evaluate the effects of 

these variables, considering their values, ranges, and trends. The initial ranges applied, 

shown in Table 4.2-03, were based on a previous study of SODD isoamyl esters synthesis 

(Araujo-Silva et al., 2022). The experimental points were obtained for assays performed 

in sealed bottles (with plugs and caps), with 100 TBU of hNF-PFL per mL of SODD and 

incubation in a shaker incubator (MA832/H, Marconi) at 250 rpm for 24 h. The nonpolar 

liquid phase was drained from the bottles, washed with water at boiling point 

(water/SODD ratio of 3:1 v/v), and centrifuged at 10707 rpm for 2 min, followed by 

draining of the polar phase (repeating the washing process two times). The samples were 

dried in an oven at 60-65 °C for 2 days, followed by GC-FID analysis to determine the 

reaction yield. 
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Table 4.2-03. Conditions of reagents molar ratio, temperature and desiccant salt mass for the experimental 

design of the screening step. 

Exp. 

SODDSap : Isoamyl alcohol molar 

ratio, mol:mol (Risoamyl) 

Temperature, °C 

(T) 

Desiccant salt mass/SODD 

mass, wt.% (mdrying salt) 

  SODD   Isoamyl alcohol         

1 1 : 2 (-1) 35 (-1) 1 (-1) 

2 1 : 2 (-1) 35 (-1) 2 (+1) 

3 1 : 2 (-1) 45 (+1) 1 (-1) 

4 1 : 2 (-1) 45 (+1) 2 (+1) 

5 1 : 4 (+1) 35 (-1) 1 (-1) 

6 1 : 4 (+1) 35 (-1) 2 (+1) 

7 1 : 4 (+1) 45 (+1) 1 (-1) 

8 1 : 4 (+1) 45 (+1) 2 1 

9 1 : 3 (0) 40 (0) 1.5 (0) 

10 1 : 3 (0) 40 (0) 1.5 (0) 

11 1 : 3 (0) 40 (0) 1.5 (0) 

12 1 : 3 (0) 40 (0) 1.5 (0) 

13 1 : 3 (0) 40 (0) 1.5 (0) 

14 1 : 1.32 (-1.68) 40 (0) 1.5 (0) 

15 1 : 3 (0) 31.6 (-1.68) 1.5 (0) 

16 1 : 3 (0) 40 (0) 0.659 (-1.68) 

17 1 : 4.68 (+1.68) 40 (0) 1.5 (0) 

18 1 : 3 (0) 48.4 (+1.68) 1.5 (0) 

19 1 : 3 (0) 40 (0) 2.341 (+1.68) 

 

4.2.3.4.2 Influence of desiccant salt mass concentration on reaction yield 

The influence of the desiccant salt mass concentration in the synthesis of isoamyl 

esters was evaluated using mdesiccant salt values from 2 to 16%. The procedure was the same 

as described in Section 4.2.3.4.1, using the best conditions of Risoamyl and T obtained from 

the experimental design of the screening assays (1 mol of SODDSap to 2.3 mol of isoamyl 

alcohol, 40 °C). 

 

4.2.3.4.3 Refining of the isoamyl esters synthesis using experimental design 

A final refining for the variables Risoamyl and mdesiccant salt was performed using 

experimental design and response surface methodology to establish the optimum 

conditions. The experimental procedure was the same as described in Section 4.2.3.4.1, 

with T of 40 °C for all experiments. Table 4.2-04 provides the experimental conditions 

for the variables Risoamyl and mdesiccant salt. 
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Table 4.2-04. Conditions of reagents molar ratio and desiccant salt mass for the experimental design of 

the refining step. 

Exp. 

SODDSap : Isoamyl alcohol molar 

ratio, mol:mol (Risoamyl) 

Desiccant salt mass/SODD 

mass, wt.% (mdesiccant salt) 

  SODD   Isoamyl alcohol     

1 1 : 2 (-1) 12 (-1) 

2 1 : 2 (-1) 18 (+1) 

3 1 : 4 (+1) 12 (-1) 

4 1 : 4 (+1) 18 (+1) 

5 1 : 1.59 (-1.41) 15 (0) 

6 1 : 4.41 (+1.41) 15 (0) 

7 1 : 3 (0) 10.76 (-1.41) 

8 1 : 3 (0) 19.24 (+1.41) 

9 1 : 3 (0) 15 (0) 

10 1 : 3 (0) 15 (0) 

11 1 : 3 (0) 15 (0) 

 

4.2.3.5 FAIEs reaction course 

Monitoring of the reaction for synthesis of the isoamyl esters was performed 

during assays performed in a jacketed reactor at 40 °C, with 350 TBU of enzyme (free or 

hNF-PFL) for each 1 mL of SODD, 1.0 mol SODDSap : 3.51 mol isoamyl alcohol, and 

15% of desiccant salt (desiccant salt mass/SODD mass), under mechanical stirring at 

1250 rpm with a straight blade impeller. Samples were collected at different time intervals 

and were washed as described in Section 4.2.3.4.1, prior to quantification of FAIEs by 

GC-FID. Monitoring was also performed of the reaction for synthesis of FAIEs in the 

absence of the desiccant salt, using 500 TBU of hNF-PFL for each 1 mL of SODD (the 

other conditions and procedures were kept the same). 

 

4.2.3.6 Assay of hNF-PFL reuse test 

The hNF-PFL reuse assay was performed using a jacketed reactor at 40 °C, in the 

absence of desiccant salt, with 500 TBU of hNF-PFL for each 1 mL of SODD, 1.0 mol 

SODDSap : 3.51 mol isoamyl alcohol, and mechanical stirring at 1250 rpm with a straight 

blade impeller. After 24 h, the reaction medium was centrifuged at 10707 rpm and 25 °C 

for 5 min, a sample of the liquid phase was withdrawn, the rest of the liquid phase was 

discarded, and the hNF-PFL (solid phase) was resuspended in SODD and isoamyl alcohol 

for a new cycle. The sample was washed as described in Section 4.2.3.4.1, prior to 

quantification of the FAIEs by GC-FID. 
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4.2.3.7 Hydrolytic activity determination 

The hydrolytic activity of the PFL (free or immobilized) was measured by the 

tributyrin hydrolysis method, using a pHstat instrument (Ramos et al. 2018), in order to 

determine the initial reaction rate and, therefore, the hydrolytic activity. The PFL samples 

were transferred to a jacketed reactor containing 22.5 mL of 26.67 mM sodium phosphate 

buffer pH 7.5 and 1.5 mL of tributyrin, at 37 °C, under mechanical stirring at 900 rpm. 

The butyric acid released in the medium was neutralized using 20 mM potassium 

hydroxide (KOH) solution to maintain the medium pH at 7.5 (using a 1:1 molar ratio of 

butyric acid to KOH). One tributyrin hydrolysis unit (TBU) was considered as the 

quantity of micromoles of KOH consumed per minute (1 TBU = 1 µmolKOH/min). 

 

4.2.3.8 GC analysis 

4.2.3.8.1 FAIEs quantification 

Quantification of the FAIEs was performed by GC-FID analysis using a 

chromatograph (Model 7890A, Agilent Technologies, Santa Clara, CA, USA) equipped 

with a capillary column (Rtx-Wax, 30 m × 0.25 mm × 0.25 μm; Restek Co., Bellefonte, 

PA, USA). The injector was operated at 250 °C, with a split ratio of 31.25:1. The carrier 

gas was helium, supplied at a pressure of 13.593 psi and total flow rate of 67.5 mL/min.  

The oven had a temperature ramp of 150 °C (hold time and rum time of 2 min), 180 °C 

(rate of 10 °C/min, hold time of 3 min and rum time until 8 min) and 230 °C (rate of 10 

°C/min, hold time of 12 min and rum time until 25 min). The FID was operated at 250 

°C, with hydrogen, synthetic air, and nitrogen flow rates of 30, 400, and 25 mL/min, 

respectively. The sample injection volume was 1 µL. Isopropanol and hexene were used 

to clean the injection syringe. 

The samples consisted of approximately 50 mg of dry sample (weighed out using 

a high precision balance) and 1 mL of a solution of 1 mg/mL methyl heptadecanoate in 

heptane. Equation 3 was used to calculate the reaction yield percentage (Y, wt.%): 

 

(3) 
𝑌 [𝑤𝑡. %] = 100 ∙

∑ 𝐴𝑖

𝐴𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
∙

𝐶𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ∙ 𝑉𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
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where, Ai is the sum of the areas of the FAIE peaks in the chromatogram, Astandard is the area of 

the methyl heptadecanoate peak, Cstandard is the mass concentration of methyl heptadecanoate 

solution in heptane (1 mg/mL), Vstandard is the volume of the methyl heptadecanoate heptane 

solution (1 mL), and msample is the mass of sample used in the reaction (~50 mg). 

 

4.2.3.8.2 Quantification of acylglycerides and glycerin 

The contents of monoglycerides, diglycerides, triglycerides, and glycerin were 

quantified by GC-FID, according to the ASTM D6584 standard (American Society for Testing 

and Materials, 2018), using a chromatograph (Model 7890A, Agilent Technologies, Santa 

Clara, CA, USA) equipped with a Select Biodiesel for Glycerides column (15 m × 0.32 mm × 

0.1 µm + 2 m RG, Agilent Technologies, Santa Clara, CA, USA). The carrier gas was helium, 

at a pressure of 7.52 psi and flow rate of 3 mL/min. The oven had a temperature ramp of 50 °C 

(hold time and rum time of 1 min), 180 °C (rate of 15 °C/min, hold time of 0 min and rum time 

until 9.67 min), 230 °C (rate of 7 °C/min, hold time of 0 min and rum time until 16.81 min) and 

380 °C (rate of 30 °C/min, hold time of 10 min and rum time until 31.81 min). The FID was 

operated at 300 °C, with hydrogen, synthetic air, and nitrogen flow rates of 30, 400, and 25 

mL/min, respectively. Injection was made of 1 µL of dry sample, with isopropanol and hexene 

used to clean the injection syringe. 

 

4.2.3.9 Chemical and physicochemical characterizations of biolubricant products 

4.2.3.9.1 FAIEs synthesis for the characterization tests 

It was necessary to perform 4 batches, using 150 mL of SODD for each batch, in order 

to obtain the amount of sample required for the characterization measurements. Each batch was 

performed in a jacketed reactor at 40 °C, without desiccant salt, using 1.0 mol SODDSap : 3.51 

mol isoamyl alcohol, under mechanical stirring at 800 rpm with a straight blade impeller, until 

maximum Y was reached. Before the first batch, the hNF-PFL was placed in ~40 mL of reaction 

medium, and submitted to a blood roller mixer for 1 h, at room temperature, followed by 

centrifugation at 10707 rpm and 25 °C for 5 min to separate the hNF-PFL. The first batch had 

100 TBU of hNF-PFL available for each 1 mL of SODD, while the subsequent batches used 

the hNF-PFL recovered at the end of each previous batch. After each batch, the liquid phase 

was drained from the reactor, centrifuged at 10707 rpm and 25 °C for 5 min (to separate the 

remaining suspended hNF-PFL), and transferred to a separation funnel. It was then washed two 
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times with water at boiling point (3:1 v/v water : SODD ratio) and the nonpolar phase was 

stored in a refrigerator. 

After the 4 batches, the washed nonpolar phase was transferred to a rotary evaporator, 

at 75 °C and -710 mm Hg, for evaporation of the remaining moisture and isoamyl alcohol 

(volatile light phase). The heavy phase with FAIEs (nonvolatile phase) was divided into two 

equal parts, one of which was treated with 4% (w/v) sodium hydroxide (NaOH) solution 

(caustic polishing, CP), using a ratio of 1 mol of FFA to 1.15 mol of NaOH (Miranda et al., 

2020), with roller agitation for 30 min at room temperature. The CP FAIEs sample was washed 

five times with water at room temperature (1 mL of water for each mL of sample), in a 

separation funnel, followed by drying the CP-treated and untreated FAIEs samples overnight 

in an oven at 60 °C. 

 

4.2.3.9.2 Chemical and physicochemical characterization tests for the oils 

Determinations of moisture (Karl Fisher method), acid value, and saponification value 

were performed according to the AOCS Ca 2e-84, Cd 3d-63, and Cd 3-25 standard methods, 

respectively (American Oil Chemists’ Society, 2004). The viscosities at 40 and 100 °C, 

viscosity index (VI), density, pour point, and flash point were determined according to ASTM 

standards D88, D2270, D1298, D97, and D92, respectively (American Society for Testing and 

Materials, 2018). The latter tests were performed at Lubrin Tribological Analyses (São Paulo, 

SP, Brazil). 

 

4.2.3.10 Scanning electron microscopy 

Scanning electron microscopy (SEM) analyses were performed using a Philips XL-30 

microscope equipped with a field emission gun and a Bruker energy dispersive X-ray 

spectroscopy (EDS) accessory, at the Structural Characterization Laboratory of the Materials 

Engineering Department, Federal University of São Carlos (São Carlos, SP, Brazil). 

 

4.2.4 Results 

4.2.4.1 Lipase screening 

Among the six lipases analyzed, PFL showed a very high transesterification capacity 

and a good capacity for esterification employing isoamyl alcohol, when compared with the 

other lipases (Table 4.2-05). CALB presented a very high esterification capability, but almost 

no transesterification capability, under the test conditions. The differences in the reaction yields 
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(RY) observed for the lipases were probably related to structural differences, with effects on 

substrate affinity, interfacial activation mechanisms, and optimum operational conditions. 

Based on the lipase screening results (Table 4.2-05), PFL was selected as the catalyst in the 

subsequent experiments. 

 

Table 4.2-05. Reaction yields (RY) for esterification of oleic acid and transesterification of soybean oil with 

isoamyl alcohol. Molar ratios of 1 mol : 1 mol of oleic acid/isoamyl alcohol and 1 mol : 3 mol soybean 

oil/isoamyl alcohol. The experiments were conducted in a shaker at 37.5 °C and 250 rpm, during 12 h, using 600 

TBU per g of acyl donor (oleic acid or soybean oil) for each lipase. 

 Oleic Acid Soybean Oil 

Lipase Reaction Yield (%) Reaction Yield (%) 

ETL 2.0 4.40 ± 0.31 0.92 ± 0.31 

CALB 38.02 ± 0.54 0.17 ± 0.04 

TLL 4.66 ± 0.17 7.03 ± 0.87 

CRL 5.04 ± 0.08 8.61 ± 0.95 

RNL 4.54 ± 0.00 2.22 ± 0.08 

PFL 7.43 ± 0.32 41.39 ± 1.01 

 

4.2.4.2 Optimization of hNF hNF-PFL immobilization parameters 

An experimental design for a quadratic model, with broad ranges of the variables Cprot, 

CCuSO4, and PBS pH, was used as a first approach to identify their appropriate levels and to 

better understand the relations among the variables. The variation of Cprot, CCuSO4, and PBS pH 

in the proposed ranges resulted in IY varying from 0.04 %TBU (Exp. 6) to 34.55 %TBU (Exp. 

5), as shown in Table 4.2-06. 
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Table 4.2-06. Immobilization yields (IY) of hNF-PFL for the different experimental conditions of Cprot, CCuSO4, 

and PBS pH, as described in Table 4.2-01. Incubation at 25 °C for 3 days. 

Exp. Cprot CCuSO4 PBS pH IY (%TBU) 

1 1 1 0 21.97 

2 1 -1 0 3.46 

3 1 0 1 17.02 

4 1 0 -1 1.31 

5 0 1 1 34.55 

6 0 1 -1 0.04 

7 0 -1 1 14.41 

8 0 -1 -1 7.72 

9 -1 1 0 0.32 

10 -1 -1 0 5.02 

11 -1 0 1 6.68 

12 -1 0 -1 5.40 

13 0 0 0 22.64 

14 0 0 0 20.33 

15 0 0 0 24.54 

16 0 0 0 24.83 

 

The coefficients of the second-degree equation obtained are shown in Table 4.2-07. 

Many of these coefficients had p-value slightly higher than 0.05. Analysis of variance 

(ANOVA) applied to the model (Table 4.2-08) showed that it had slight lack of fit, as indicated 

by a small difference between the calculated and tabulated F values. However, R2 was relatively 

high, indicating satisfactory agreement between the model and the experimental data (IY values 

in Table 4.2-06). Comparison of the experimental data with the values predicted using the 

quadratic equation (coefficients in Table 4.2-07) showed that the experimental and predicted 

data were similar (Table 4.2-09). 
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Table 4.2-07. Coefficients calculated for the quadratic model based on the results data set of Table 4.2-06. 

Coefficients 

Standard 

Error p-value 

Independent (a0) 23.09 2.14 3.80 x 10-5 

Cprot 3.29 1.52 7.29 x 10-2 

CCuSO4 3.28 1.52 7.35 x 10-2 

PBS pH 7.27 1.52 3.02 x 10-3 

Cprot x CCuSO4 5.80 2.14 3.53 x 10-2 

Cprot x PBS pH 3.61 2.14 1.44 x 10-1 

CCuSO4 x PBS pH 6.96 2.14 1.76 x 10-2 

Cprot
2 -10.99 2.14 2.17 x 10-3 

CCuSO4

2 -4.41 2.14 8.57 x 10-2 

PBS pH2 -4.50 2.14 8.09 x 10-2 
For a 95% of confidence level, the p-value for the coefficients must be < 0.05. 

 

Table 4.2-08. ANOVA for the quadratic equation model with the coefficients of Table 4.2-07. 

 SS DF MS F calculated F tabulated 

Regression 1618.06 9 179.78 9.7693 4.0990 

Residual 110.42 6 18.40   
Total 1728.48 15 115.23   
Residue      
Pure Error 12.99 3 4.33 7.5026 9.2766 

Lack of Fit 97.43 3 32.48   

      
R2 0.93612 R 0.96753   
Rmax

2 0.99249 Rmax 0.99624   
SS: Sum of Square; DF: Degrees of Freedom; MS: Mean Square 
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Table 4.2-09. Experimental data from Table 4.2-06 and the corresponding predicted results using the quadratic 

model with the coefficients of Table 4.2-07. 

 IY (%TBU) 

Exp. Experimental Predicted 

1 21.97 20.07 

2 3.46 1.90 

3 17.02 21.77 

4 1.31 0.02 

5 34.55 31.70 

6 0.04 3.24 

7 14.41 11.21 

8 7.72 10.58 

9 0.32 1.88 

10 5.02 6.92 

11 6.68 7.97 

12 5.40 0.64 

13 22.64 23.09 

14 20.33 23.09 

15 24.54 23.09 

16 24.83 23.09 

 

Considering the significant coefficients (p-value < 0.05), shown in Table 4.2-07, it was 

not possible to disregard any of the variables, since all had at least one significant coefficient. 

When a regression was performed with only the significant coefficients, the model showed 

substantial lack of fit and the R2 value decreased to 0.71415. The predicted values generated 

also became worse than the predicted values obtained using all the coefficients of Table 4.2-07, 

when compared with the experimental data. Therefore, the response surfaces were constructed 

using a model with all the coefficients of Table 4.2-07. 

Figure 4.2-01 shows a trend of higher IY with increasing CCuSO4, obtaining the best IY 

at Cprot and CCuSO4 of 0.14 mgprot/mL and 1.75 mM, respectively. Figure 4.2-02 evidences a trend 

of higher IY at more alkaline PBS pH, with the best IY at Cprot and PBS pH of 0.14 mgprot/mL 

and 7.92, respectively. Figure 4.2-03 confirms the two trends towards higher IY provided by 

increasing CCuSO4 and PBS pH, with the best IY observed at the extreme of the graph, at CCuSO4 

and PBS pH of 2.00 mM and 8.00, respectively. An experimental point made at Cprot, CCuSO4, 

and PBS pH of 0.14 mgprot/mL, 2.00 mM, and 8.00, respectively, resulted in IY = 34.83 ± 1.53 

%TBU, while the predicted value for the same conditions (using the coefficients of Table 4.2-

07) was 34.52 %TBU. 
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Figure 4.2-01. Response surface for the quadratic model obtained using the coefficients of Table 4.2-07 for the 

variables Cprot and CCuSO4. 
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Figure 4.2-02. Response surface for the quadratic model obtained using the coefficients of Table 4.2-07 for the 

variables Cprot and PBS pH. 
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Figure 4.2-03. Response surface for the quadratic model obtained using the coefficients of Table 4.2-07 for the 

variables CCuSO4 and PBS pH. 

 

 

The results shown by the response surfaces (Figures 4.2-01, 4.2-02, and 4.2-03) 

indicated that further investigation was required of the effect of increasing CCuSO4. It was not 

possible to increase PBS pH, due to the pH limitation of the phosphate buffer required to 

compose the inorganic matrix of the hNFs. Therefore, CCuSO4 was increased, using Cprot and PBS 

pH of 0.14 mgprot/mL and 8.00, respectively. Figure 4.2-04 shows increases of IY and IA to 

45.75 ± 0.46 %TBU and 51.26 ± 0.50 %TBU, respectively, at CCuSO4 of 7.04 mM. 
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Figure 4.2-04. Influence of CCuSO4 on IY and IA for Cprot of 0.14 mgprot/mL and PBS pH of 8.0. Incubation at 25 

°C for 3 days. 
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The literature concerning enzymes immobilized by hNFs frequently reports 

hyperactivation of enzymes. For example, immobilization of a PPL tII using hNFs achieved an 

immobilized activity of 876% (Li et al., 2016). Therefore, aiming at improving the hNF-PFL 

immobilized activity, changes were made in the incubation step, together with the application 

of surfactants. Soni et al. (2018) used the hNF method to immobilize BCL, with pretreatment 

using sodium dodecyl sulfate and incubation of the immobilization medium at 25 °C for 3 days, 

resulting in 399% immobilized activity (compared to the free lipase). When the immobilization 

medium was incubated using ultrasonication for 7.5 min, the immobilized activity reached 

423%. Dwivedee et al. (2018) reported an immobilized activity increase of 89% (from 826.3 to 

1562.7%) for a PFL hNF produced with cobalt metal, when the incubation was changed from 

static at 25 °C for 3 days to 10 min under ultrasonication. Cui et al. (2016) used 0.25 mM of 

cetyl trimethyl ammonium bromide (CTAB) as surfactant to activate BPL tII during the hNF 

immobilization, obtaining immobilized activities of 460% and 200%, compared to the free 

lipase and BPL tII hNF without surfactant, respectively. Li et al. (2020) reported immobilized 

activity of 172%, compared to the free lipase, using 0.15 mM of Tween 80 in the preparation 

of hNFs with AOL. In the absence of the surfactant, immobilized activity of 75% was obtained. 



100 

 

In the present work, the changes studied in the incubation step of the PFL-hNF synthesis 

were as follows: use of ultrasound before the 3 days of static incubation at 25 °C; use of 

ultrasound alone, without the 3 days of static incubation; use of stirring by flask rotation for 3 

days at 25 °C; static incubation at 35 °C for 3 days; and no incubation at all. Investigation was 

also made of the influence of different concentrations of three nonionic surfactants: Triton X-

100 (TX-100), Tween 20 (T-20), and Tween 80 (T-80). None of the incubation alterations or 

surfactants had any significative effect on the IY or IA of the hNF-PFL (Figures 4.2-05 and 

4.2-06). The use of ultrasound (for 20 or 60 min) or static incubation at 35 °C for 3 days resulted 

in practically the same IY and IA as obtained using static incubation at 25 °C for 3 days. Given 

the considerable reduction of the incubation time from 3 days to 20 min, an incubation step of 

20 min under ultrasonication was selected in the subsequent tests. 

Figure 4.2-05. Comparison of different strategies for incubation of the hNF-PFL immobilization medium. 

Immobilization conditions: Cprot of 0.14 mgprot/mL, CCuSO4 of 7.04 mM, and PBS pH of 8.0. US: ultrasound; LR: 

low speed rotation; MR: medium speed rotation. 
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Figure 4.2-06. Comparison of the effects of different concentrations of three nonionic surfactants on the IY and 

IA of the hNF-PFL. Immobilization conditions: Cprot of 0.14 mgprot/mL, CCuSO4 of 7.04 mM, and PBS pH of 8.0. 

Incubation for 20 min under ultrasonication. TX-100: Triton X-100; T-20: Tween 20; T-80: Tween 80. 
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Finally, fine tuning of Cprot and CCuSO4 was performed using experimental design 

(quadratic model). The assays employed PBS at pH 8.0, with incubation of the immobilization 

medium for 20 min under ultrasonication. Table 4.2-10 shows the IY results for the different 

experimental conditions, with the values varying from 40.63 %TBU (Exp. 6) to 54.96 %TBU 

(Exp. 7). 
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Table 4.2-10. IY results for the fine tuning of the hNF-PFL synthesis. The experiments were conducted using 

PBS at pH 8.0, with incubation for 20 min under ultrasonication. 

Exp. Cprot (mgprot/mL) CCuSO4 (mM) IY (%TBU) 

1 1 1 51.70 

2 1 -1 52.04 

3 -1 1 45.42 

4 -1 -1 43.53 

5 0 -1.414 52.91 

6 -1.414 0 40.63 

7 0 1.414 54.96 

8 1.414 0 52.59 

9 0 0 51.26 

10 0 0 50.44 

11 0 0 49.30 

 

The first attempt revealed that CCuSO4 was not statistically significant, as shown in Table 

4.2-11. This could have been due to the previous optimization of CCuSO4 and the more restricted 

range adopted. 

 

Table 4.2-11. Coefficients of the quadratic model for the variables Cprot and CCuSO4, based on the data set of Table 

4.2-10. 

Coefficients 

Standard 

Error p-value 

Independent (a0) 50.34 0.88 3.07 x 10-8 

Cprot 3.96 0.54 7.27 x 10-4 

CCuSO4 0.56 0.54 3.48 x 10-1 

Cprot x CCuSO4 -0.56 0.76 4.96 x 10-1 

Cprot
2 -2.39 0.64 1.36 x 10-2 

CCuSO4

2 1.27 0.64 1.04 x 10-1 
For a 95% confidence level, the p-value for the coefficients must be < 0.05. 

 

Disregarding the CCuSO4 variable, a new regression showed that the Cprot coefficients 

were significant (Table 4.2-12). Application of ANOVA (Table 4.2-13) and comparison of the 

calculated and tabulated F values showed that the model provided a satisfactory fit to the 

experimental data, with relatively high R2. The experimental data and the predicted values were 

very similar (Table 4.2-14). 
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Table 4.2-12. Coefficients of the quadratic model for the variable Cprot, based on the data set of Table 4.2-10. 

Coefficients 

Standard 

Error p-value 

Independent (a0) 51.53 0.73 1.90 x 10-12 

Cprot 3.96 0.62 2.07 x 10-4 

Cprot
2 -2.76 0.70 4.38 x 10-3 

For a 95% of confidence level, the p-value for the coefficients must be < 0.05. 

 

Table 4.2-13. ANOVA results for the quadratic equation model of Cprot, with the coefficients of Table 4.2-12. 

 SS DF MS F calculated F tabulated 

Regression 172.78 2 86.39 28.2456 4.4590 

Residual 24.47 8 3.06   

Total 197.25 10 19.72   

Residue      

Pure Error 21.43 6 3.57 0.4255 5.1433 

Lack of Fit 3.04 2 1.52   

      

R2 0.87595 R 0.93592   

Rmax
2 0.89136 Rmax 0.94412   

SS: Sum of Square; DF: Degrees of Freedom; MS: Mean Square 

 

Table 4.2-14. Comparison of the experimental data from Table 4.2-10 and the predicted values obtained using 

the model with the coefficients of Table 4.2-12. 

 IY (%) 

Exp. Experimental Predicted 

1 51.70 52.74 

2 52.04 52.74 

3 45.42 44.81 

4 43.53 44.81 

5 52.91 51.53 

6 40.63 40.41 

7 54.96 51.53 

8 52.59 51.62 

9 51.26 51.53 

10 50.44 51.53 

11 49.30 51.53 

 

The response surface based on the coefficients of Table 4.2-12 (Figure 4.2-07) showed 

an optimum Cprot of 0.1688 mgprot/mL, predicting hNF-PFL with IY of 52.96 %TBU. Therefore, 

hNF-PFL synthesis was performed using Cprot, CCuSO4, and PBS pH values of 0.1688 mgprot/mL, 

7.0 mM, and 8.00, respectively. The resulting material presented IY of 53.94 ± 1.29 %TBU and 

IA of 63.98 ± 1.87 %TBU. 
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Figure 4.2-07. Response of the Cprot model using the coefficients of Table 4.2-12. 
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Analysis of the hNF-PFL obtained under the optimized conditions was performed using 

scanning electron microscopy (SEM), with elemental mapping by energy dispersive X-ray 

spectroscopy (EDS). Figure 4.2-08 (a-b) shows the formation of hNF-PFL structures, which 

were highly porous and with diameters varying from ~1 to ~9 µm. EDS elemental mapping 

(Figure 4.2-08 (c-g)) showed that the enzyme was homogeneously distributed in the hNF-PFL 

structures, as indicated by the nitrogen and carbon elements, which corresponded to 1.08 ± 0.97 

and 16.99 ± 2.64 wt.%, respectively (Table 4.2-15). 
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Figure 4.2-08. (a) and (b) High resolution SEM images of hNF-PFL. EDS elemental mapping of copper (c), 

phosphorus (d), oxygen (e), nitrogen (f), and carbon (g), and SEM image (h). 

      

 

 

Table 4.2-15. EDS elemental analysis of hNF-PFL. 

Element Nitrogen Carbon Phosphorus Oxygen Copper 

Mass (wt.%) 1.08 ± 0.97 16.99 ± 2.64 10.41 ± 0.81 25.00 ± 1.14 46.51 ± 1.12 

 

4.2.4.3 Optimization of reaction conditions for obtaining FAIEs from SODD  

In order to establish the optimal conditions for production of FAIEs from SODD, 

catalyzed by hNF-PFL, a screening of the variables was first performed according to an 

experimental design for a quadratic model, based on the range conditions used in the SODD 

FAIEs studies reported by Araujo-Silva et al. (2022). The reaction yield (RY) results for the 

different conditions of Risoamyl, T, and mdesiccant salt applied in the synthesis of FAIEs from SODD 

using hNF-PFL as catalyst are provided in Table 4.2-16. The lowest and highest observed RY 

values were 4.59 wt.% (Exp. 7) and 12.54 wt.% (Exp. 2), respectively. 

 

a) b) 

c) d) e) 

f) g) h) 
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Table 4.2-16. FAIEs reaction yields (RY) for the experimental design conditions of Table 4.2-03, with 100 

TBU/mL of SODD, in a shaker at 250 rpm for 24 h. 

Exp. 

Risoamyl (mol 

SODDSap : mol 

isoamyl alcohol) 

T (°C) 
mdesiccant salt 

(wt.%) 

Reaction Yield, 

RY (wt.%) 

1 -1 -1 -1 9.65 

2 -1 -1 1 12.54 

3 -1 1 -1 7.30 

4 -1 1 1 11.49 

5 1 -1 -1 6.59 

6 1 -1 1 8.43 

7 1 1 -1 4.59 

8 1 1 1 5.55 

9 0 0 0 9.57 

10 0 0 0 9.79 

11 0 0 0 9.02 

12 0 0 0 8.91 

13 0 0 0 10.11 

14 -1.68 0 0 5.76 

15 0 -1.68 0 9.28 

16 0 0 -1.68 7.02 

17 1.68 0 0 5.19 

18 0 1.68 0 6.88 

19 0 0 1.68 8.48 

 

The quadratic model obtained presented many indicators of lack of fit, so cubic terms 

were inserted in the model, improving the lack of fit and increasing R2 from 0.76356 to 0.91537. 

The variable T was not statistically significant for variation of the results (considering a 

confidence level of 95%), so a model with the two remaining variables (Risoamyl and mdesiccant 

salt) and cubic terms was evaluated. This model generated the coefficients shown in Table 4.2-

17. The ANOVA results, shown in Table 4.2-18, indicated that the model had low lack of fit, 

with a small difference between the calculated and tabulated values of F. The R2 value was 

moderate, but was close to the Rmax
2 value. Comparison between the experimental data and the 

predicted values (calculated using the coefficients of Table 4.2-17) showed that they were 

similar (Table 4.2-19). 
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Table 4.2-17. Coefficients of the proposed model for Risoamyl and mdesiccant salt, with cubic terms, for the data set of 

Table 4.2-16. 

Coefficients 

Standard 

Error p-value 

Independent (a0) 9.23 0.49 1.04 x 10-9 

Risoamyl -2.97 0.79 3.17 x 10-3 

mdesiccant salt 1.68 0.79 5.74 x 10-2 

Risoamyl x mdesiccant salt -0.53 0.47 2.80 x 10-1 

Risoamyl
2 -1.10 0.36 1.01 x 10-2 

mdesiccant salt
2 -0.30 0.36 4.16 x 10-1 

Risoamyl
3 0.99 0.40 3.08 x 10-2 

mdesiccant salt
 3 -0.44 0.40 2.95 x 10-1 

For a 95% confidence level, the p-value for the coefficients must be < 0.05. 

 

Table 4.2-18. ANOVA of the model with the coefficients of Table 4.2-17. 

 SS DF MS F calculated F tabulated 

Regression 64.37 7 9.20 5.1934 3.0123 

Residual 19.48 11 1.77   

Total 83.84 18 4.66   

Residue      

Pure Error 16.17 10 1.62 2.0456 4.9646 

Lack of Fit 3.31 1 3.31   

      

R2 0.76771 R 0.87619   

Rmax
2 0.80716 Rmax 0.89842   

SS: Sum of Square; DF: Degrees of Freedom; MS: Mean Square 
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Table 4.2-19. Experimental RY data and predicted values calculated using the coefficients of Table 4.2-17. 

 RY (wt.%) 

Exp. Experimental Predicted 

1 9.65 8.03 

2 12.54 11.57 

3 7.30 8.03 

4 11.49 11.57 

5 6.59 5.14 

6 8.43 6.55 

7 4.59 5.14 

8 5.55 6.55 

9 9.57 9.23 

10 9.79 9.23 

11 9.02 9.23 

12 8.91 9.23 

13 10.11 9.23 

14 5.76 6.39 

15 9.28 9.23 

16 7.02 7.65 

17 5.19 5.82 

18 6.88 9.23 

19 8.48 9.10 

 

Not all the coefficients of Table 4.2-17 were significant, so a new regression was 

performed using only the significant coefficients. Tables 4.2-20 and 4.2-21 present the new 

coefficient values and the ANOVA results for the model obtained using only the significant 

coefficients. All the coefficients of Table 4.2-20 were significant (p-value < 0.05) and there 

were improvements in the lack of fit, indicated by the F values, although R2 decreased slightly 

to 0.69985 (Table 4.2-21). The experimental data and the predicted values were still close 

(Table 4.2-22). 

 

Table 4.2-20. Coefficients of the new model using only the significant coefficients of Table 4.2-17. 

Coefficients 

Standard 

Error p-value 

Independent (a0) 8.98 0.40 2.22 x 10-12 

Risoamyl -2.97 0.80 2.24 x 10-3 

mdesiccant salt 0.90 0.36 2.61 x 10-2 

Risoamyl
2 -1.07 0.36 9.64 x 10-3 

Risoamyl
3 0.99 0.40 2.77 x 10-2 

For a 95% confidence level, the p-value for the coefficients must be < 0.05. 
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Table 4.2-21, ANOVA results for the model of Table 4.2-20. 

  SS DF MS F calculated F tabulated 

Regression 58.68 4 14.67 8.1608 3.1122 

Residual 25.17 14 1.80   

Total 83.84 18 4.66   

Residue      

Pure Error 16.17 10 1.62 1.3911 3.4780 

Lack of Fit 9.00 4 2.25   

      

R2 0.69985 R 0.83657   

Rmax
2 0.80716 Rmax 0.89842   

SS: Sum of Square; DF: Degrees of Freedom; MS: Mean Square 

 

Table 4.2-22. Experimental RY data and predicted values calculated using the coefficients of Table 4.2-20. 

 RY (wt.%) 

Exp. Experimental Predicted 

1 9.65 8.99 

2 12.54 10.80 

3 7.30 8.99 

4 11.49 10.80 

5 6.59 5.04 

6 8.43 6.84 

7 4.59 5.04 

8 5.55 6.84 

9 9.57 8.98 

10 9.79 8.98 

11 9.02 8.98 

12 8.91 8.98 

13 10.11 8.98 

14 5.76 6.25 

15 9.28 8.98 

16 7.02 7.47 

17 5.19 5.69 

18 6.88 8.98 

19 8.48 10.50 

 

The response surface obtained using the coefficients of Table 4.2-20 (Figure 4.2-09) 

indicated the need to increase mdesiccant salt, in order to increase RY. A simple study of mdesiccant 

salt was conducted to determine a more appropriate range for a new experimental design. The 

assays used Risoamyl of 1 mol of SODDSap to 2.3 mol of isoamyl alcohol (suggested from the 

response surface of Figure 4.2-09) and T of 40 °C (since the temperature was regarded as not 
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significant, it was fixed at its level zero value). As shown in Figure 4.2-10, increase of mdesiccant 

salt to 14 wt.% increased RY by 35% (from 14.5 to 19.6 wt.%). 

 

Figure 4.2-09. Response surface of the cubic model of Risoamyl and mdesiccant salt using the coefficients of Table 4.2-

20. 
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Figure 4.2-10. Influence of mdesiccant salt on RY. Reaction conditions: 100 TBU/mL of SODD, Risoamyl of 1 mol of 

SODDSap to 2.3 mol of isoamyl alcohol, and T of 40 °C, in a shaker at 250 rpm for 24 h. 
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A refinement using experimental design for a quadratic model with the variables Risoamyl 

and mdesiccant salt was conducted to identify the optimum conditions for higher RY. The results 

(Table 4.2-23) showed RY from 13.80 wt.% (Exp. 6) to 27.65 wt.% (Exp. 3 and Exp. 4). The 

results for a quadratic model were not satisfactory, so it was necessary to introduce cubic terms 

in the model. The coefficients of the cubic model are shown in Table 4.2-24, and the ANOVA 

results are provided in Table 4.2-25. 
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Table 4.2-23. FAIEs reaction yields (RY) for the experimental design conditions of Table 4.2-04, with 100 

TBU/mL of SODD, in a shaker at 250 rpm and 40 °C for 24 h. 

Exp. 

Risoamyl (mol 

SODDSap : mol 

isoamyl alcohol) 

mdesiccant salt 

(wt.%) 

RY 

(wt.%) 

1 -1 -1 19.06 

2 -1 1 16.57 

3 1 -1 27.65 

4 1 1 27.65 

5 -1.414 0 19.61 

6 1.414 0 13.80 

7 0 -1.414 21.29 

8 0 1.414 25.88 

9 0 0 23.74 

10 0 0 23.70 

11 0 0 24.75 

 

Table 4.2-24. Coefficients of the model for Risoamyl and mdesiccant salt with cubic terms for the data set of Table 4.2-

23. 

Coefficients 

Standard 

Error p-value 

Independent (a0) 24.06 1.25 3.08 x 10-4 

Risoamyl 11.89 2.43 1.63 x 10-2 

mdesiccant salt -2.88 2.43 3.21 x 10-1 

Risoamyl x mdesiccant salt 0.62 1.08 6.06 x 10-1 

Risoamyl
2 -3.03 0.91 4.50 x 10-2 

mdesiccant salt
2 0.41 0.91 6.86 x 10-1 

Risoamyl
3 -6.97 1.53 2.00 x 10-2 

mdesiccant salt
3 2.25 1.53 2.39 x 10-1 

For a 95% confidence level, the p-value for the coefficients must be < 0.05. 
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Table 4.2-25. ANOVA results for the model with the coefficients of Table 4.2-24. 

  SS DF MS F calculated F tabulated 

Regression 189.66 7 27.09 5.7554 8.8867 

Residual 14.12 3 4.71   

Total 203.79 10 20.38   

Residue      

Pure Error 0.71 2 0.36 37.7450 18.5128 

Lack of Fit 13.41 1 13.41   

      

R2 0.93070 R 0.96473   

Rmax
2 0.99651 Rmax 0.99825   

SS: Sum of Square; DF: Degrees of Freedom; MS: Mean Square 

 

As shown in Table 4.2-24, the variable mdesiccant salt was not statistically significant 

(considering a confidence level of 95%) for the variation of the results, in the range considered 

(from ~10 to ~20 wt.% of desiccant salt). The model presented substantial lack of fit, as 

indicated by the F values, but high R2 was obtained, due to the similarity between the 

experimental data and the predicted values (Table 4.2-26). 

 

Table 4.2--26. Experimental RY data and predicted values calculated using the coefficients of Table 4.2-24. 

 RY (wt.%) 

Exp. Experimental Predicted 

1 19.06 17.77 

2 16.57 15.27 

3 27.65 26.36 

4 27.65 26.35 

5 19.61 20.90 

6 13.80 15.09 

7 21.29 22.58 

8 25.88 27.18 

9 23.74 24.06 

10 23.70 24.06 

11 24.75 24.06 

 

When regression was performed using only the significant coefficients shown in Table 

4.2-24, all of them remained significant (Table 24.2-7) and the lack of fit improved 

considerably, as indicated by the F values (Table 4.2-28). The R2 decreased from 0.93070 to 

0.85900, but the experimental data and the predicted values were still very similar (Table 4.2-

29). 
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Table 4.2-27. Coefficients of the model using only the Risoamyl variable and the data of Table 4.2-23. 

Coefficients 

Standard 

Error p-value 

Independent (a0) 24.45 0.85 1.59E-08 

Risoamyl 11.89 2.27 1.19E-03 

Risoamyl
2 -3.15 0.81 6.13E-03 

Risoamyl
3 -6.97 1.43 1.82E-03 

For a 95% confidence level, the p-value for the coefficients must be < 0.05. 

 

Table 4.2-28. ANOVA results for the model using the coefficients of Table 4.2-27. 

  SS DF MS F calculated F tabulated 

Regression 175.05 3 58.35 14.2152 4.3468 

Residual 28.73 7 4.10   

Total 203.79 10 20.38   

Residue      

Pure Error 11.73 4 2.93 1.9340 6.5914 

Lack of Fit 17.01 3 5.67   

      

R2 0.85900 R 0.92682   

Rmax
2 0.94246 Rmax 0.97080   

SS: Sum of Square; DF: Degrees of Freedom; MS: Mean Square 

 

Table 4.2-29. Experimental RY data and predicted values calculated using the coefficients of Table 4.2-27. 

 RY (wt.%) 

Exp. Experimental Predicted 

1 19.06 16.38 

2 16.57 16.38 

3 27.65 26.21 

4 27.65 26.21 

5 19.61 21.05 

6 13.80 15.24 

7 21.29 24.45 

8 25.88 24.45 

9 23.74 24.45 

10 23.70 24.45 

11 24.75 24.45 

 

The response graph for the model obtained using the coefficients of Table 4.2-27 (Figure 

4.2-11) showed an optimum point at 3.5 mol of isoamyl alcohol (per 1 mol of SODDSap), with 

RY of 28.94 wt.%. The mdesiccant salt value selected in the subsequent experiments was at the 

experimental design level zero (15 wt.%). Experimental confirmation under the optimum 
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conditions (Risoamyl of 1 mol of SODDSap to 3.5 mol of isoamyl alcohol, mdesiccant salt of 15 wt.%, 

and T of 40 °C) resulted in an observed RY of 23.80 ± 2.32 wt.%. 

 

Figure 4.2-11. Response of the model using the coefficients of Table 4.2-27. 
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4.2.4.4 Time courses of the FAIEs reactions 

The courses of the reactions for SODD FAIEs synthesis using hNF-PFL and free PFL 

as catalysts, shown in Figure 4.2-12, were evaluated using the conditions of Risoamyl, T, and 

mdesiccant salt identified in the previous section (1 mol of SODDSap to 3.5 mol of isoamyl alcohol, 

T of 40 °C, and mdesiccant salt of 15 wt.%). Different to the optimization step, these reactions were 

conducted in a jacketed reactor with mechanical stirring using a straight blade impeller at 1250 

rpm. The reaction using hNF-PFL was initially very fast, up to 12 h (RY = 29.0 ± 0.7 wt.%), 

after which the velocity showed a small decrease between 12 and 32 h (RY = 40.1 ± 0.8 wt.%). 

After 32 h, the reaction proceeded very slowly, until reaching the maximum RY at 70 h (RY = 

46.2 ± 10.7 wt.%). The reaction using free PFL was initially slightly slower than obtained with 

hNF-PFL, in the first 6 h, but was nevertheless also very fast, reaching RY = 49.4 ± 5.6 wt.% 

at 24 h, after which the reaction velocity decreased drastically, with maximum RY of 58.6 ± 
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2.1 wt.% reached at 100 h. Neither of the reactions (using hNF-PFL or free PFL) achieved the 

maximum RY of 68.1 ± 1.4 wt.% reported by Araujo-Silva et al. (2022). 

 

Figure 4.2-12. Courses of the SODD FAIEs synthesis reactions using hNF-PFL (15 wt.% of mdesiccant salt), free 

PFL (15 wt.% of mdesiccant salt), and hNF-PFL without desiccant salt (WOSS – 0 wt.% of mdesiccant salt). Reaction 

conditions: 1 mol of SODDSap to 3.5 mol of isoamyl alcohol, 40 °C, and 1250 rpm. 
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SEM images of the hNF-PFL after 165 h of reaction (Figure 4.2-13) revealed that the 

hNF structure had been compromised, with the catalyst changing from a solid form to a 

gelatinous material during the synthesis. Further tests with incubation of the hNF-PFL in the 

reaction medium components SODD, isoamyl alcohol, and 1 M Na2SO4 aqueous solution 

(Figure 4.2-14) indicated that the presence of Na2SO4 affected the hNF-PFL structure, resulting 

in fusion of the hNF spheres (Figure 4.2-14c). This was not observed in the presence of SODD 

or isoamyl alcohol (although the images were not very clear, due to interferences of organic 

compounds in the SEM analysis). Fusion of the spheres would require partial solubilization of 

the hNF-PFL, suggesting that when this occurred in the reaction medium (composed mainly of 

FAIEs, SODD, isoamyl alcohol, Na2SO4, and a small amount of water), the organic compounds 

could had interfered in the fusion process, so that the structures became gelatinous, rather than 

undergoing fusion. 
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Figure 4.2-13. SEM images of the hNF-PFL structures before (a and b) and after (c and d) the reaction. 

   

   

 

a) b) 

c) d) 
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Figure 4.2-14. SEM images of the hNF-PFL after incubation in SODD (a), isoamyl alcohol (b), and 1 M Na2SO4 

aqueous solution (c), compared to the control (d). 

  

  

 

Given the evidence that Na2SO4 affected the hNF-PFL structure and that the velocity of 

the SODD FAIEs reaction at low mdesiccant salt could be similar to the velocity obtained with 2 

wt.% mdesiccant salt (Figures 4.2-09 and 4.2-10), there were two possibilities: either change the 

desiccant material or operate without a desiccant. Therefore, a SODD FAIEs reaction, catalyzed 

by hNF-PFL, was performed without any desiccant (hNF-PFL WOSS curve in Figure 4.2-12). 

In the first 12 h, the behavior was similar to that observed using the free PFL, after which the 

reaction velocity gradually decreased until reaching the maximum RY of 64.2 ± 2.3 wt.% at 72 

h. 

In all the tests, decrease of the FAIEs content occurred after reaching the maximum RY 

(Figure 4.2-12). A possible explanation for this behavior was oxidation of the double bonds 

present in the fatty acid chains, due to the high contact of the reaction medium with oxygen 

(dos Santos et al., 2011), promoted by the agitation at 1250 rpm. It is also possible that 

hydrolysis of the FAIEs formed could have occurred, due to the equilibrium shift caused by a 

higher content of water (Yahya et al., 1998) produced from esterification reactions and from 

the oxidation reactions involving the fatty acid chain double bonds. This behavior could be 

more easily observed in the reaction without desiccant, compared to those with desiccant. 

a) b) 

c) d) 
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4.2.4.5 hNF-PFL reuse assay 

At this stage, the use of a desiccant was discarded. Each batch employed 1 mol of 

SODDSap to 3.5 mol of isoamyl alcohol, with 500 TBU/mL of SODD, under mechanical stirring 

at 40 °C for 24 h. At the end of each batch, the solid and liquid phases were separated by 

centrifugation, all the liquid was drained, and a new reaction medium was poured into the 

reactor with the solids. 

Figure 4.2-15 presents the results for the synthesis of SODD FAIEs during 10 batches 

of 24 h. The first batch showed an unexpected RY value of 16.0 ± 1.1 wt.%, rather than an 

expected value similar to the RY of 42.6 wt.% previously achieved at 24 h in the reaction using 

the hNF-PFL without desiccant (Figure 4.2-12). At the end of the first batch, it was observed 

that the liquid phase in the centrifuge tube had separated into two layers, with a very small one 

at the bottom of the tube (aqueous phase about 1 mm in height) and a predominant upper layer 

(nonpolar organic phase about 20 mm in height). This phase separation indicated saturation of 

the reaction medium with water, which could explain the low RY observed for the first batch. 

The second batch showed RY of 53.8 wt.%, in better agreement with the RY of 42.3 wt.% at 

24 h observed previously (Figure 4.2-12). The difference in RY between the 1st and 2nd batches 

of the reuse assay suggested that the hNF-PFL could still retain considerable amounts of 

moisture, even after centrifuging and draining of the water, which was sufficient to affect the 

FAIEs conversion. The RY remained fairly stable and above 50 wt.% during 7 batches (2nd to 

8th), followed by a decrease to 39 wt.% in the 9th and 10th batches. From the results shown in 

Figure 4.2-15, it could be inferred that the hNF-PFL was very stable during synthesis of the 

SODD FAIEs and was not difficult to recover, since the RY remained practically unchanged 

during operation for 192 h. There was a 20% decrease of RY between the 8th and 9th batches, 

while the RY for the 10th batch was the same as for the 9th batch. 
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Figure 4.2-15. RY values for consecutive batches of reuse of hNF-PFL for SODD FAIEs synthesis. 
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4.2.4.6 Chemical and physicochemical characterizations of the SODD FAIEs obtained using 

the hNF-PFL catalyst 

Chemical and physicochemical characterizations of the SODD FAIEs obtained in the 

reaction catalyzed by hNF-PFL (Table 4.2-30) were performed after washing and evaporation 

of the residual isoamyl alcohol (Biolubricant sample), as well as after subsequent caustic 

polishing (CP Biolubricant sample), in an attempt to reduce the FFAs content. The CP treatment 

was not suitable, since the hydrolysis of mono- and diglycerides caused an increase of FFAs 

that could not be removed from the CP Biolubricant sample. The CP treatment had no 

significant impact on the FAIEs content. The main problem observed in the CP treatment was 

the difficulty in separating the aqueous and organic phases, which had formed a persistent 

emulsion. The two biolubricant samples showed similar physicochemical characteristics, 

despite differences in the FFAs and glycerides chemical compositions. 
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Table 4.2-30. Comparison of chemical and physicochemical characteristics of the SODD FAIEs biolubricants 

without (Biolubricant) and with caustic polishing (CP Biolubricant). 

Parameters Biolubricant CP Biolubricant SODDa Unit Standard 

Reaction Yield 56.94 55.91 0.0 wt.% - 

Conversion of 

SODDSap to FAIEs 
75.70 75.37 0.0 wt.% 

- 

Viscosity at 40 °C  15.0 12.9 33.5 cSt ASTM D445 

Viscosity at 100 °C  3.9 3.7 7.3 cSt ASTM D445 

Viscosity Index 166.3 186.2 191.6 - ASTM 2270 

Relative Density 0.9046 0.8958 0.9211 - ASTM D1298 

Pour Point  -6.0 -9.0 -3.0 °C ASTM D97 

Flash Point  202b 202b 210c °C 
bASTM D92 / 
cASTM D93 

Moisture (Karl 

Fischer) 
0.083 ± 0.016 0.531 ± 0.048 0.185 ± 0.004 wt.% AOCS Ca 2e-84 

Saponification Value 151.76 ± 1.09 149.66 ± 5.24 186.75 ± 4.25 mgKOH/g AOCS Cd 3-25 

Saponifiablesd 75.22 ± 0.54 74.18 ± 2.60 92.56 ± 2.11 wt.% AOCS Cd 3-25 

Acid Value  9.15 ± 0.04 36.99 ± 0.26 36.85 ± 0.07 mgKOH/g AOCS Cd 3d-63 

Free Fatty Acidse 4.54 ± 0.02 18.33 ± 0.13 18.52 ± 0.03 wt.% AOCS Cd 3d-63 

Monoglycerides 10.08 1.16 1.38 wt.% ASTM D6584 

Diglycerides 6.74 1.78 4.39 wt.% ASTM D6584 

Triglycerides 0.53 0.88 69.5 wt.% ASTM D6584 

Free Glycerol 0.066 0.008 0.003 wt.% ASTM D6584 

aData from Araujo-Silva et al. (2022). bOpen cup Flash Point test. cClosed cup Flash Point test. dCalculated based 

on the saponification value. eCalculated based in acid value. 

 

Compared to the SODD, both biolubricants presented lower viscosities at 40 and 100 

°C, as well as lower viscosity indexes. The hNF-PFL was able to significantly reduce the SODD 

FFA and triglyceride contents. The relative density and flash point values were similar for the 

two biolubricants and were slightly lower than for the SODD. The biolubricant RY values were 

similar to the RY of 55.3 wt.% reported for SODD FAIEs obtained by catalysis using free 

Eversa Transform 2.0 lipase (Araujo-Silva et al., 2022). The chemical and physicochemical 

characteristics were also similar. 
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The Biolubricant and CP Biolubricant samples presented values for viscosity at 40 and 

100 °C, viscosity index, density, flash point, and saponification that were similar to those 

observed for commercial biolubricant base stocks (BASF, 2016), while the acid values were 

higher, compared to commercial base stocks.  

 

4.2.5 Conclusions 

Among the six lipases studied, PFL provided the best transesterification and the second 

best esterification, using isoamyl alcohol, so it was selected for hNF immobilization. The 

modifications performed in incubation of the hNF-PFL enabled reduction of the incubation time 

from 72 h to only 20 min, without compromising IY and with almost the same IA. The use of 

the surfactants Triton X-100, Tween 20 and Tween 80 did not lead to any significant 

improvement in IY or IA. The best hNF-PFL immobilization condition achieved IY of 53.94 ± 

1.29 %TBU and IA of 63.98 ± 1.87 %TBU, using Cprot, CCuSO4, and PBS pH of 0.1688 

mgprot/mL, 7.0 mM, and 8.0, respectively, with incubation under ultrasonication for 20 min. 

The expected hyperactivation of PFL by immobilization using the hNF technique was not 

observed in this study. The use of SEM images and EDS mapping showed that the hNF-PFL 

consisted of highly porous spheres presenting hNF characteristics, ~1 to ~9 µm in diameter, 

with the enzyme being well distributed throughout the hNF structure. In the synthesis of SODD 

FAIEs catalyzed by hNF-PFL, higher RY (64. 2 ± 2.3 wt.%) was achieved without the use of a 

desiccant salt for moisture control, since it was found that the desiccant affected the structural 

integrity of the hNF-PFL. The results of the reuse assay, performed without an agent to control 

moisture, reinforced the importance of avoiding excess water in the reaction medium. The hNF-

PFL showed high operational stability, maintaining practically the same RY during 192 h (8 

cycles). The SODD FAIEs obtained in the reaction catalyzed by hNF-PFL were chemically and 

physicochemically characterized before and after caustic polishing treatment to remove FFAs. 

Although this treatment was ineffective, both products presented physicochemical 

characteristics similar to those of commercial biolubricant base stocks. 
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5 CONCLUSIONS 

The results obtained in this work showed the feasibility of using SODD as a source of 

fatty acids (free or in the form of glycerides) for the enzyme-catalyzed production of isoamyl 

esters. The lipases Eversa Transform 2.0 (in the free form) and from Pseudomonas fluorescens 

(free and immobilized by the hNF method) provided high conversions of the fatty acid source 

material to fatty acid isoamyl esters (FAIEs). The products obtained, with different 

concentrations of FAIEs, presented physicochemical properties similar to those of commercial 

biolubricant base materials. These proprieties also enable their use as biolubricant additives or 

as hydraulic fluids. 

The immobilization of PFL by the hNF technique did not present the expected 

hyperactivation characteristic of this method, which has been observed for other lipases, 

although relatively high hNF-PFL immobilization yield and immobilized activity were 

achieved. The structures of the hNF-PFL were typical of the hNF technique, with sizes ranging 

from ~1 to ~9 µm and the enzyme being well dispersed in the hybrid matrix. Alteration of the 

incubation method, from static conditions at 25 °C for 3 days (72 h) to ultrasonication for 20 

min, significantly reduced the preparation time of the hNF-PFL, without loss of immobilization 

yield or immobilized activity. The use of sodium sulfate as a drying salt to control the moisture 

of the reaction medium during the synthesis of FAIEs from SODD had a negative effect on the 

hNF-PFL structure. With the organic compounds present in the reaction medium for synthesis 

of FAIEs from SODD, it was observed that the medium with the drying salt promoted the 

gelatinization of the hNF-PFL. When the FAIEs synthesis reaction was made without the drying 

salt, no gelatinization was observed. In the absence of organic compounds, using aqueous 

sodium sulfate solution, it was observed the fusion of the hNF-PFL particles. The assays of 

reuse of the hNF-PFL in the synthesis of FAIEs from SODD, were performed without the use 

of sodium sulfate or any other drying agent, and the hNF-PFL presented high stability, with 

almost the same reaction yield during 8 cycles, totaling 192 h of operation. 
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APPENDIX A: PRELIMINARY TESTS OF ENZYME IMMOBILIZATION 

USING THE HYBRID NANOFLOWERS TECHNIQUE 

 

Attempts were made to immobilize enzymes employing the hNF procedures described 

by Ge et al. (2012) and Li et al. (2016), but without success. Therefore, in an attempt to solve 

this problem, several modifications of the procedures were introduced. The possible 

interference of impurities in the hNFs preparation procedure was investigated using enzymatic 

solutions that underwent centrifugation, dialysis, and precipitation with acetone. Solutions of 

PBS and CuSO4 were filtered through 0.22 µm filters, before being used in the immobilization, 

and biomolecular grade water was used for preparation of these solutions in all the 

immobilizations. Immobilizations using the hNF technique were performed with two β-

amylases as model enzymes, one from crude barley extract (CBE), and the other with high 

purity from sweet potato (PSP). Proteins were measured according to the procedures described 

by Bradford (1976) and Lowry et al. (1951). 5 mL Eppendorf tubes and flat-bottomed amber 

glass flasks were used to incubate the immobilization medium. PBS stock solution (10x), 

incubation temperatures of 25 and 4 °C, incubation times of 7, 15, and 30 days, and successive 

precipitations with the same immobilization medium were also evaluated. However, none of 

these approaches provided satisfactory results. 

Due the lack of success and delay of the several hNF reproduction efforts, it was decided 

to go to the next stage of the work, the evaluation of the feasibility of producing esters for 

application as biolubricant using SODD and isoamyl alcohol (Section 4.1). At the same time, 

further efforts were made to reproduce the technique described by Ge et al. (2012), this time 

using the enzymatic solution in PBS buffer or enzymatic solution in PBS and CuSO4 pretreated 

or/and incubated in ultrasound, which finally showed promising results. 

The next section provides a description of the methodologies used in the attempts at 

immobilization according to the methods of Ge et al. (2012) and Li et al. (2016), including the 

reaction times, the conditions of the reaction media submitted to ultrasonication, and the results 

obtained. 
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A.1. Materials and methodologies for immobilizations using the hNF method 

A.1.1. Materials 

Lipases from Candida rugosa (CRL), porcine pancreas (PPL), and Rhizopus niveus 

(RNL), β-amylases from crude barley extract (CBE) and with high purity from sweet potato 

(PSP), and biomolecular grade water were acquired from Sigma-Aldrich (St. Louis, MO, USA). 

Candida antarctica lipase B (CALB) was kindly donated by Novozymes (Araucária, Brazil). 

All the other reagents used in synthesis of the hNFs were analytical grade. 

 

A.1.2. Methodology of Ge et al. (2012) for hNF synthesis 

Lipases CALB, CRL, and RNL, and β-amylases CBE and PSP, were immobilized 

according to the conditions described by Ge et al. (2012). In each assay, one of the enzymes 

was added in sufficient quantity to obtain a protein concentration of 0.02 mgprot/mL in 3 mL of 

1x PBS buffer (with concentrations of ~12 mM PO4
3- and ~140 mM Cl-) at pH 7.4. The medium 

was vortexed agitated until solubilization of the enzyme, followed by addition of 20 µL of 120 

mM CuSO4 solution and further agitation. The medium was incubated for 3 days at 25 °C in a 

thermostatic bath, after which it was centrifuged and the supernatant was separated for 

measurement of the hydrolytic activity. The precipitate was washed with 3 mL of distilled 

water, centrifuged, and resuspended in 3 mL of distilled water for measurement of the 

hydrolytic activity of the hNFs. A blank assay was performed without addition of CuSO4, 

enabling calculation of the immobilization yield (IY) (Equation A.1-1). 

𝐼𝑌(%) = 100
𝐴ℎ𝑁𝐹

𝐴𝑏𝑙𝑎𝑛𝑘
   (Equation A.1-1) 

where, AhNF is the hydrolytic activity (per mL) of the resuspended hNF and Ablank is the 

hydrolytic activity (per mL) of the blank (final or initial). The residual activity in the supernatant 

after immobilization of the enzymes (SA) (Equation 4.1-2) was calculated analogously to IY: 

𝑆𝐴(%) = 100
𝐴𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡

𝐴𝑏𝑙𝑎𝑛𝑘
   (Equation A.1-2) 

where, Asupernat is the hydrolytic activity (per mL) in the supernatant. 

 

A.1.3. Methodology of Li et al. (2016) for hNF synthesis 

PPL was added in a sufficient amount to obtain a protein concentration of 0.25 

mgprot/mL in 3 mL of 1x PBS buffer (containing ~12 mM PO4
3- and ~140 mM Cl-) at pH 6.0. 

The medium was vortexed agitated until solubilization of the enzyme, followed by addition of 

20 µL of 120 mM CuCl2 solution and further agitation. The medium was then incubated at 25 

°C for 3 days in a thermostatic bath, centrifuged, and the supernatant was separated for 
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measurement of hydrolytic activity. The precipitate was washed with 3 mL of distilled water, 

centrifuged, and resuspended in 3 mL of distilled water for measurement of the hydrolytic 

activity of the hNFs. A blank assay was performed without addition of CuCl2, enabling 

calculation of IY and SA (Equations A.1-1 and A.1-2). 

 

A.1.4. Treatment using ultrasonication 

Different solutions of PBS with enzyme, before and after addition of CuSO4, were 

submitted to pretreatment or/and incubation in an ultrasonic bath (MaxiClean 1450, Unique, 

Indaiatuba, SP, Brazil) for different time intervals. Three conditions were evaluated: 

A) PBS + CALB (before addition of CuSO4); 

B) PBS + CALB + CuSO4 (after addition of CuSO4); 

C) PBS + CALB and PBS + CALB + CuSO4 (before and after addition of CuSO4). 

 

Blank assays were performed without addition of the copper salt, enabling calculation 

of IY and SA (Equations A.1-1 and A.1-2). The immobilized activity (IA) values of these hNFs 

were calculated according to Equation A.1-3: 

𝐼𝐴(%) = 100  
𝐴ℎ𝑁𝐹

𝐴𝑓𝑖𝑛𝑎𝑙 𝑏𝑙𝑎𝑛𝑘−𝐴𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡
  (Equation A.1-3) 

 

A.1.5. Measurements of enzymatic activities 

A.1.5.1. Lipase activity 

Determination of lipase hydrolytic activity was performed using the initial rates, 

quantified by measuring the volume of potassium hydroxide (KOH) required to neutralize 

butanoic acid, generated by the hydrolysis of tributyrin in buffered aqueous medium. The assays 

were performed at constant pH and temperature, under mechanical agitation, using an 

automated pH-STAT instrument (Pharm 907 Titrando, Metrohm, Herisau, Switzerland) 

operated with Metrohm tiamo™ software (Guimarães et al., 2021). A jacketed reactor, at 37.0 

°C, was filled with 22.5 mL of 26.7 mM sodium phosphate buffer solution (pH 7.5) and 1.5 mL 

of tributyrin, followed by addition of between 0.1 to 0.5 mL (depending on the activity of the 

lipase evaluated) of enzyme solution (blank or supernatant) or lipase-hNF suspension, under 

constant mechanical agitation at 900 rpm using a straight stirrer. The pH was maintained 

constant by adding aliquots of 20 mM KOH solution to the system. The reaction was monitored 

during 5 min, obtaining a table with values recorded every 2 s for the volume of KOH solution 

added. Using the stoichiometric ratio of 1 mol of KOH to 1 mol of butanoic acid, it was possible 
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to determine the units of activity (TBU) for the hydrolysis of tributyrin by lipase, as mols of 

KOH consumed per minute (1 TBU = 1 mol KOH/min). 

 

A.1.5.2. β-Amylase activity 

The activities of the β-amylases were determined according to a published method 

(Sigma-Aldrich, 2014), based on the work of Bernfeld (1955), using a jacketed reactor 

maintained at a controlled temperature of 20 °C, under mechanical agitation with a straight 

stirrer. The reactor was filled with 5 mL of 16 mM sodium acetate buffer solution (pH 4.8) 

containing 1% (w/v) of soluble starch (previously solubilized at boiling temperature for 10 

min), followed by addition of 0.5 mL of a solution containing free or immobilized β-amylase. 

The reaction was monitored for 12 min, with periodic removal of aliquots for determination of 

total reducing sugars by the dinitrosalicylic acid (DNS) method. A standard curve was 

constructed using maltose. The units of starch hydrolysis by β-amylase (βU) were defined as 

mg of maltose generated per minute (mgmaltose/min). 

 

A.2. Results and Discussion 

The different attempts to replicate the hNF techniques were unsuccessful. Several 

strategies were studied in order to try to understand the problem, as described in Section A.1. 

The results of these attempts were unsatisfactory (Table A.2-1), since high IY and low SA were 

expected, based on the high IA or IY reported by Ge et al. (2012) and Li et al. (2016). In cases 

where IY was not zero, the values were very low, while the SA values were very high, indicating 

low IA. 
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Table A.2-1. Results obtained in attempts to produce hNFs with different enzymes, using various adjustments of 

the synthesis methods. 

Description of alteration of 

the hNF methods 
Enzyme 

used IY (%)
a
 IY (%)

b
 SA (%)

a
 SA (%)

b
   

Dialysis of the enzymes 
CALB 0 0 - 78.14  

PPL 0 0 - 0   

Clarification by centrifugation 
CALB 0 0 - 84.49  

PPL 0 0 48.86 4.36 c 
 

Using an Eppendorf tube (Epp) 

or glass flask (GF) in a cold 

chamber 

CALB (Epp) 0 0 93.49 84.03  

CALB (GF) 0 0 92.66 83.27   

Use of a cold chamber and 

different inorganic salts 

PPL (CuCl
2
) 0 0 54.65 53.06 c 

 

PPL (CuSO
4
) 0 0 54.4 52.81 c

 

Comparison of the purity of 

hNFs containing β-amylases 

from purified sweet potato 

(PSP) and crude barley extract 

(CBE) 

β-amylase 

PSP 
0 0 81.5 57.69  

β-amylase 

CBE 
0 0 0 0   

Protein concentrations of 0.01, 

0.02, and 0.03 mg
prot

/mL 

CALB 0.01 9.23 8.74 100.14 94.84 d
 

CALB 0.02 8.72 8.26 106.28 100.66 d
 

CALB 0.03 4.16 3.94 103.77 98.27 d
 

Filtration of inorganic salt 

solutions using a 0.22 μm filter 
CALB 4.68 - 87.98 -   

2nd successive immobilization CALB 5.01 4.68 79.16 74.01   

Purification by precipitation 

with acetone and growth of the 

crystals after 3, 7, 15, and 30 

days 

CALB 3 1.63 1.55 98.28 93.69  

CALB 7 3.12 2.65 94.67 80.38  

CALB 15 4.41 3.73 96.61 87.57  

CALB 30 4.01 3.41 97.2 88.15   

Temperature of 25 °C in a 

thermostatic bath 

CRL 0 0 - -   

RNL 0 0 - -   

Temperature of 4 °C in a 

thermostatic bath 

CRL 0 0 - -   

RNL 0 0 - -  

a
 In relation to the final blank; 

b
 In relation to the initial blank; 

c
 With formation of blue crystals; 

d
 Values with possible experimental 

error. 

 

In several cases, with or without any IY, there was the formation of characteristic hNF 

structures. For example, Figure A.2-1 shows scanning electron microscopy (SEM) and energy 

dispersive spectroscopy (EDS) images of a CALB-hNF sample with IY = 1.63%. It can be seen 

in the SEM images (Figure A.2-1a) that the structures formed had characteristic hNF shapes 

and sizes, with high uniformity. The EDS images (Figure A.2-1b) showed low amounts of 
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carbon (C) and almost no nitrogen (N), which is a characteristic element present in proteins, 

indicating their absence. 

 

Figure A.2-1. SEM and EDS images of CALB-hNF prepared using CALB purified by precipitation with acetone 

and 3 days of crystal growth. 

 

   
 

  

   

C: carbon; N: nitrogen; Cu: copper; O: oxygen; P: phosphate. 

 

The use of ultrasonication resulted in much higher IY (Table A.2-2), in some cases 

achieving values of over 40%. However, SA remained high, indicating low IY. Some IA values 

reached over 100%, typical of the hNF technique. 

 

C N 

Cu O P 

a) 

b) 
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Table A.2-2. Results for immobilization of Candida antarctica lipase B (CALB) using the hNF technique with 

ultrasonication. 

Conditions Time (min) IY (%) SA (%) IA (%) 

A 

20 41.02 78.92 194.54 

40 20.42 76.37 86.43 

60 8.86 89.83 87.13 

B 

20 40.77 82.23 229.41 

40 10.48 90.49 110.23 

60 24.27 93.76 388.60 

C 
10 and 10 12.20 107.73 - 

20 and 20 12.20 73.88 46.71 

(A) PBS + CALB (before addition of CuSO4); (B) PBS + CALB + CuSO4 (after addition of CuSO4); (C) PBS + 

CALB and PBS + CALB + CuSO4 (before and after addition of CuSO4). 

 

Based on the data shown in Table A.2-2, new syntheses of hNFs employing 

ultrasonication were studied. 
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APPENDIX B: PERMISSIONS OF IMAGES REPRODUCTIONS  

B.1. Permission to reproduce Figure 2.4-1 
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B.2. Permission to reproduce Figure 2.4-2 
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B.3. Permission to reproduce Figures 2.5-1 and 2.5-2 
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B.4. Permission to reproduce Figure 2.5-3 
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B.5. Permission to reproduce Figure 2.5-4 
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