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Abstract 

 

For economical application of enzymatic processed in biodiesel production, 

lipase enzyme has to be used in immobilized form to allow easy retention and reuse. 

The main challenges facing industrialization of enzymatic process are the high mass 

transfer resistance, tendency to adsorb the by-product glycerol onto the support matrix 

and poor operational stability. These problems can be solved by good selection of 

supports of favorable surface characteristics and pore sizes. In that regard, increasing 

interest has recently been on Metal-Organic Frameworks (MOFs) as a new kind of 

porous supports for enzyme immobilization. Physical adsorption, which is a fast and 

easy method of enzyme immobilization ensures limited enzyme denaturation and does 

not affect the enzyme activity, native structure and active sites. However, the 

physically adsorbed enzyme is prone to leaching resulting in low stability, owing to 

the weak interaction between the enzyme and the support. As an alternative, 

chemisorption in which the nucleophiles of the enzymes are covalently bonded to the 

organic linkers of MOFs to form peptide bonds. However, physically immobilized 

lipase is generally more active reached than chemically immobilized ones, owing to 

the negative effect of the chemical bonds on the structure of the enzyme. However, 

enzyme attachment into the internal pores of MOFs may not be efficient, as part of the 

enzymatic activity may be lost due to conformational changes during diffusion into 

small cavities. In this process, the enzyme is caged inside the pores of the MOFs during 

the crystallization process. In addition, enzymes immobilized by this approach exhibit 

mass transfer limitations and their diffusion are restricted as the substrate may not be 

able to access the entire active sites. Kinetics and thermodynamics studies of the 

adsorption process, which is scarce in literature, could provide invaluable information 

to explain the different performance of surface adsorption on pre-synthesized MOFs 

and encapsulation during crystallizations can provide valuable in terms of (i) chemical 

affinity between external surface area of the MOF and the enzyme, (ii) accessibility of 

enzymes to pores, (iii) enzyme leaching, and (iv) catalytic activities. Therefore, in this 

work, the mechanism, kinetics, and thermodynamics of lipase adsorption on the 

surface of different MOFs, namely ZIF-67, ZIF-8 and HKUST-1, have been 

thoroughly investigated and tested for biodiesel production. The three supports have 

different structures, pore sizes, chemical properties, and surface areas. The influence 
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of temperature, initial protein loading, and contact time on the adsorption and catalytic 

properties of the resultant biocatalysts were investigated. The catalytic properties were 

assessed on biodiesel production from olive oil transesterification. The highest lipase 

adsorption capacity of 26.9 mg/g was achieved using ZIF-67 at 45oC and initial protein 

concentration of 0.6 mg/mL. The maximum capacities of ZIF-8 and HKUST-1 were 

18.95 mg/g and 0.50 mg/mL at 35oC and 17.53 mg/mL at 45oC and 0.60 mg/mL, 

respectively. The equilibrium adsorption data suggested that the lipase adsorbed 

physically on ZIF-67 and ZIF-8 and chemically of HKUST-1. The data were best fitted 

with Langmuir isotherm model for the three supports. Whereas, of the adsorption 

kinetics data were best fitted using Elovish’s model for ZIF-67 and ZIF-8, and pseudo 

second model for HKUST-1. It was also found that the process was influenced by 

intraparticle and film diffusion. The prepared bio-catalyst was successfully used to 

catalyze the transesterification of olive oil to produce biodiesel in a solvent-free 

medium. The ZIF-8 and ZIF-67 showed better catalytic activity achieving 88% and 

90% conversion, whereas HKUST-1 showed better operational stability owing to the 

stronger chemical adoption. In addition, diffusion-reaction kinetics of biodiesel 

production using adsorbed lipase on ZIF-8 has been analyzed. The investigation 

provided an insight into adsorption pathways and probable mechanism involved and a 

better understanding of their application in biodiesel production. 

 

Keywords: Lipase, Adsorption, Thermodynamic, Zeolitic Imidazolate Frameworks, 

Metal Organic Frameworks, Biodiesel. 
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Title and Abstract (in Arabic) 

 

 انزيم الليباز لانتاج الوقود الحيويوحفظ لدعم  العضوية ةالأطر المعدني استخدام

 ص الملخ

لمحفز ايتم إنتاج معظم وقود الديزل الحيوي حاليًا في جميع أنحاء العالم من خلال تحلل  

بالليباز اهتمامًا متزايداً، حيث   الانزيمي  جذب الإنتاج المحفز .  والمحفز الانزيمي الحيوي  القلوي

يمكن استخدامه بشكل فعال في الزيت غير المكرر، بالإضافة إلى مزاياه الأخرى، بما في ذلك  

التشغيل في ظروف معتدلة، ومتطلبات الطاقة المنخفضة، وسهولة فصل المنتج. من أجل التطبيق 

استخدام إنزيم الليباز في شكل ثابت   الاقتصادي للأنزيمات المعالجة في إنتاج الديزل الحيوي يجب 

الوقود للسماح بالاحتفاظ وإعادة الاستخدام بسهولة. تتمثل التحديات الرئيسية التي تواجه تصنيع  

المدعمة الانزيمات  من  الجلسرين   الحيوي  امتصاص  إلى  والميل  العالية  الكتلة  نقل  مقاومة  في 

التشغيلي. يمكن حل هذه المشكلات عن المنتج الثانوي على مصفوفة الدعم وضعف الاستقرار  

طريق الاختيار الجيد للدعامات ذات خصائص السطح الملائمة وأحجام المسام. تفُضل الدعامات 

المسامية بشكل عام نظرًا لارتفاع مساحة سطحها، مما يسمح بتحميل أعلى وحماية أفضل للإنزيم.  

ي والاستقرار. في هذا الصدد، كان الاهتمام  لذلك، يلعب حجم المسام دورًا مهمًا في النشاط التحفيز

( كنوع جديد من الدعامات المسامية لتثبيت  MOF’sالمتزايد مؤخرًا بالأطر المعدنية العضوية ) 

ثبات عالٍ، وانخفاض ترشيح الإنزيم،   لحفظ الانزيم  حيوية  دعاميةينتج عن ذلك    الإنزيم. ذات 

في هذا العمل، تم فحص الآلية والحركية والديناميكا     أكثر صلابة يعمل على استقرار بنية الإنزيم.و

على سطح الأطر العضوية المعدنية المختلفة، وهي  بالامتصاص الكيميائي    الليباز  لتدعيمالحرارية  

ZIF-67    وZIF-8    وHKUST-  بدقة واختبارها لإنتاج وقود الديزل الحيوي. تحتوي الدعامات ،

تأثير  الثلاثة على هياكل وأحجام مسام وخواص   تم دراسة  كيميائية ومساحات سطحية مختلفة. 

على  التلامس  ووقت  للبروتين،  الأولي  التحميل  الحرارة،  ال  درجة  الحيوية    دعامات خصائص 

الناتجة. تم تقييم الخصائص التحفيزية على إنتاج الديزل الحيوي من استرة زيت الزيتون. تم تحقيق  

درجة مئوية    45، عند  ZIF-67مجم / جم باستخدام    26.9الليباز  الكيميائي    أعلى قدرة لامتصاص 

أقل،   HKUST-1و   ZIF-8مجم / مل. كانت السعات القصوى لـ    0.6وتركيز البروتين الأولي  

درجة مئوية وتركيز البروتين    35عند    مل مجم /    0.50مجم / جم و    18.95حيث وصلت إلى  

/ مل و    17.5الأولي   / مل ع  0.60درجة مئوية و    45مجم  بيانات مجم  اقترحت  التوالي.  لى 

ً فيزي امتصاص التوازن أن الليباز يمتص   .  HKUST-1وكيميائيًا لـ   ZIF-8و    ZIF-67على   ئيا
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بيانات لللدعامات الثلاثة. بينما، من الأفضل ملاءمة    Langmuir  تمثل بيانات الحرارة نموذج 

.  HKUST-1، والنموذج الثاني لـ  ZIF-8و    ZIF-67لـ    Elovishحركية باستخدام نموذج  ال

المحضر   الحيوي  المحفز  استخدام  تم  الجسيمات.  داخل  بالانتشار  تأثرت  العملية  أن  أيضًا  وجد 

من  خالٍ  وسط  في  الحيوي  الديزل  وقود  لإنتاج  الزيتون  لزيت  التبادلية  الاسترة  لتحفيز  بنجاح 

٪  90٪ و  82ق تحويلًا بنسبة  نشاطًا تحفيزيًا أفضل حيث حق   ZIF-67و    ZIF-8المذيبات. أظهر  

 .استقرارًا تشغيليًا أفضل نظرًا لاعتماد المواد الكيميائية بشكل أقوى HKUST-1، بينما أظهر  

 ، لعضويةالاطر المعدنية ا،  الديناميكا الحرارية  الامتزاز،،  الليبازانزيم  :  مفاهيم البحث الرئيسية 

 . الوقود الحيوي ،إيميدازولات  زوليتيكطر الا
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Chapter 1: Introduction 

 

1.1 Statement of the Problem 

Biodiesel is a promising candidate for sustainable and renewable energy and 

extensive research is being conducted worldwide to optimize its production process. 

The employed catalyst is an important parameter in biodiesel production. Metal–

Organic Frameworks (MOFs), which are a set of highly porous materials comprising 

coordinated bonds between metals and organic ligands, have recently been proposed 

as catalysts. MOFs exhibit high tunability, possess high crystallinity and surface area, 

and their order can vary from the atomic to the microscale level. However, their 

catalytic sites are confined inside their porous structure, limiting their accessibility for 

biodiesel production. Modification of MOF structure in this work by immobilizing 

enzymes could be a solution to this challenge and can lead to better performance and 

provide catalytic systems with higher activities [1]. Kinetics and thermodynamics 

studies of the adoption process, which is scarce in literature, could provide invaluable 

information on the surface chemical affinity, enzyme accessibility and leaching [2]. 

Therefore, in this work, the mechanism, kinetics and thermodynamics of lipase 

adsorption on the surface of different MOFs, namely ZIF-67, ZIF-8 and HKUST-1, 

have been thoroughly investigated and tested for biodiesel production. The three 

supports have different structures, pore sizes, chemical properties, and surface areas. 

Figure 1 represents the process of biodiesel production from MOF. 
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Figure 1: Biodiesel production from immobilized MOF 

1.2 Research Objectives  

The aim of this study is to investigate the feasibility Immobilized enzyme onto 

Metal Organic Frameworks as a green and potentially energy saving system for the 

production of biodiesel. In order to achieve it, the following objectives have been set: 

o Synthesis of three MOFs of different pore sizes and surface properties. 

o Characterize the synthesized MOFs in terms of their surface properties, pore 

sizes, morphology and crystallinity.  

o Determine the optimum condition of lipase immobilization into synthesized 

MOFs (time, temperature, and concentration of enzyme loading). 

o Determine the thermodynamics and kinetics of lipase adsorption on the 

prepared MOFs. 
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o Test the effectiveness of the prepared immobilized lipase on MOFs in biodiesel 

production. 

o Develop and test a mathematical model to describe the diffusion reaction 

system. 

o Assess the reusability of the prepared immobilized lipase on MOFs. 

1.3 Organization of Thesis 

The first chapter provides an overview of the research work and a statement of 

problems which explains immobilized enzyme into Metal Organic Frame Works 

(MOF’s) and biodiesel production. The chapter further continues with the research 

objectives of the experimental works and ends up with the challenges faced during the 

experimental works.  includes recent literature reviewed about biodiesel production, 

enzymatic reaction and immobilization of enzyme into different support and lastly the 

implementation The second chapter of MOF in biodiesel production. Chapter three 

consists of the experimental procedures carried out for synthesizing MOFs and 

characterizing MOFs by different methods like nitrogen adsorption, XRD, Fe-SEM, 

Raman spectroscopy and FT-IR. Secondly, the adsorption and encapsulation reactions 

carried out at different conditions (temperature, time and Concertation’s of enzyme), 

and lastly the biodiesel production using of immobilized enzyme from vegetable oil. 

Furthermore, in chapter four, the experimental outcomes are discussed. Finally, 

chapter five summarizes with derived conclusions. 
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Chapter 2: Literature Review 

 

2.1 Biodiesel production 

The need to protect the environment from fossil fuel emissions together with 

the continuously growing energy needs has led to focus on renewable energy sources 

[1-9]. Apart from their expected depletion in the future, fossil fuels have unstable 

prices, intensifying the search for more sustainable and reliable energy sources [10]. 

Ideal fuel substitutes should possess better properties than conventional fuels, such as 

renewability, nontoxicity, biodegradability, and less-than-zero release of harmful 

gases into the environment [11-13]. Possible alternative energy sources include 

sunlight, wind, and biofuels [14]. 

Biodiesel is gaining increasing recognition worldwide due to the abundance of 

various possible feedstocks [15-20] and its superior properties compared to petroleum 

diesel, including better cetane number, higher flash point, and zero sulfur content [21]. 

These benefits along with its almost direct use in the diesel engine have encouraged 

the replacement of petroleum diesel with biodiesel [7-26]. Biodiesel is mainly 

produced by the transesterification of triglycerides and the esterification of Free Fatty 

Acids (FFA) found in vegetable oils and animal fats [27]. However, in biodiesel 

production, the feedstocks should be carefully selected and the production process 

should be optimized for economic competitiveness with petroleum diesel production. 

For instance, use of waste oil instead of pure vegetable oil can effectively reduce 

production costs. However, such feedstocks suffer from inconsistent availability and 

collection complexity [14, 28-33]. Microalgae appear to be the most promising 

feedstock for biodiesel production, as they can generate high lipid amounts, their 

cultivation does not require arable land, and many strains can grow in saline water. In 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B1-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B9-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B10-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B11-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B13-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B14-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B15-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B20-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B21-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B7-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B26-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B27-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B14-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B28-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B33-molecules-26-03512
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this chapter, I will explore the recent advances in catalytic biodiesel production with 

particular emphasis on enzymatic reactions and innovative ways of immobilizing 

enzymes on MOFs. 

2.2 Conventional Catalysts 

In addition to the appropriate feedstock selection, the catalyst used to convert 

oils into biodiesel plays an important role in the economic feasibility and high yield of 

the overall process [14, 34-35]. Homogeneous chemical catalysts, especially alkaline 

catalysts, are commonly used in biodiesel production due to their fast reaction rates 

and high yield. However, these catalysts are corrosive, cannot be easily recycled, and 

should be washed out from the product, generating large wastewater amounts [36-39]. 

Moreover, in the case of alkaline catalysts, the feedstock should be pretreated if its 

FFA content exceeds 1% to prevent saponification reactions, which consume the 

catalyst, reduce the yield, and complicate the downstream separation of the product 

[37]. In contrast, acid catalysts are not sensitive to FFA and can therefore be used to 

convert low quality feedstock into biodiesel without pretreatment. For instance, tin 

tetrachloride (SnCl4) can catalyze the esterification of Zanthoxylum bungeanum seed 

oil with >96% yield under optimum reaction conditions. However, compared to 

alkaline catalysts, acid catalysts have lower reaction rates and require higher 

alcohol/oil molar ratios to promote the reaction [40]. For example, sunflower oil 

transesterification was achieved in 91.7% yield upon treatment with sodium hydroxide 

for 1 h [41], whereas Z. bungeanum seed oil transesterification afforded 94% yield 

upon treatment with sulfuric acid for 12 h. Therefore, a two-step process has been 

developed to optimize the reaction yield. In particular, the feedstock was first esterified 

using an acid catalyst to reduce the FFA content in the oil, and then, the triglycerides 
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were transesterified using an alkaline catalyst. Transesterification of Spirogyra sp. 

microalgae oil after 180 min at 40°C using a mixture of potassium hydroxide, sodium 

hydroxide, and sulfuric acid as the catalysts at an oil/methanol ratio of 1:3 and a 

catalyst loading of 1.5% resulted in a biodiesel yield of 96.9%. In contrast, the 

application of KOH alone under the same reaction conditions afforded a biodiesel yield 

of 94.9% [42]. 

To overcome the drawbacks of homogeneous catalysts, heterogeneous solid 

catalysts have been used in many organic reactions [43], as they can reduce the soap 

formation and can be easily separated and reused. Moreover, heterogeneous catalysts 

can be directly employed in continuous flow reactors [34, 44]. However, their 

application is restricted by their mass transfer limitations and low thermal stability 

[14]. 

Recently, biocatalysts and ionic liquids (ILs) have attracted increasing 

attention as alternatives to conventional chemical catalysts [45-47]. Pristine and 

functionalized metal–organic frameworks (MOFs) have also been shown to improve 

the performance of heterogeneous catalysis due to their high-order structure, high 

porosity with high specific surface area, and tunable acidity [48].  

2.3 Enzymatic Biodiesel Production 

Lipases are used as alternatives to chemical catalysts in biodiesel production. 

Since the lipases catalyze the esterification of FFA, the reaction conditions are mild 

and the saponification reaction is prevented [49]. However, the enzymatic reactions 

are relatively slower when using lipases than alkaline catalysts. Furthermore, the 

enzymes may be inhibited by methanol, the most commonly used reactant in 

enzymatic biodiesel production. Using the enzymes in soluble form hinders their 
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separation and reuse [50]. Therefore, enzymes are immobilized on porous supports 

with high surface area to enhance their stability and facilitate their separation and 

reuse. Nevertheless, immobilized enzymes suffer from mass transfer limitations and 

glycerol deposition as a byproduct in the pores of the support, preventing the substrate 

from reaching the enzyme active cites. 

2.3.1 Factors Affecting Enzymatic Biodiesel Production 

2.3.1.1 Lipid Source 

Biodiesel can be produced from crop oils [51-53], waste cooking oils [54-59], 

animal fat [60-66], and microalgae oils. Hence, earlier studies have focused on 

determining the chemical composition of several lipids in these raw materials [67]. 

The lipids used in biodiesel production differ in their agronomic characteristics, and 

the content of FFA, water, and phospholipids have the greatest effect on biodiesel 

quality. Compared to alkali-catalyzed transesterification, the FFA content in the 

biodiesel feedstock does not affect the enzymatic reaction, as lipases can directly 

esterify FFA to produce biodiesel. However, phospholipid concentrations of >1% in 

raw oils can stop the generation of biodiesel, as reported for the transesterification 

catalyzed by Candida antarctica lipase [68]. 

In the case of heterogeneous catalysts, chemical catalysts or immobilized 

enzymes, the effects of water and FFA content on transesterification are less 

significant. However, water inhibits the acid-catalyzed transesterification of raw oils. 

It has been shown that the conversion of soybean oil to methyl esters decreased from 

90.5% to 58.8% when the FFA content increased from 5% to 33%. In contrast, when 

H2SO4 was used as the catalyst, a yield of 90% was only afforded upon reaction with 
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3.0 wt% H2SO4 and a methanol/oil molar ratio of 6:1 at 60°C for 96 h only when the 

water content in soybean oil was below 0.5 wt%. 

Interestingly, water also affects the stability and catalytic activity of lipase-

catalyzed transesterification in nonaqueous media. Lipases distinctly act at interfaces 

of organic and aqueous phases, and their activity depends on the interfacial area. A 

small amount of water is therefore required to maintain the enzymatic activity in 

organic solvents as it increases the available interfacial area. However, excess water 

promotes the hydrolysis of the oil. Thus, the optimum water content should be 

carefully identified to maximize the enzymatic activity [69]. 

Lipases exhibit interfacial activation, which is an increase in activity when the 

substrate (lipid) forms a distinct phase near the adsorbed enzyme. X-ray analyses have 

shown that lipases contain an amphiphilic amino acidic chain, known as the lid, which 

is mobile and protects the enzyme active sites, and thus, it is responsible for the enzyme 

activation [70]. When the lid is closed, the active sites are protected from the 

environment and the lipase remains inactive. Lipase activity is observed only in the 

open conformation. 

2.3.1.2 Alcohols 

Methanol is the most commonly used alcohol in enzymatic biodiesel 

production and is added in excess to improve the reaction rate and yield. However, 

high alcohol concentrations cause unfavorable unfolding of the enzyme to a more 

helical state by stripping essential water molecules, thus impairing its activity [71]. In 

addition, high alcohol/triglyceride ratios increase glycerol solubility and affect its 

separation. 
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Several measures have been proposed to overcome the inhibition of lipases by 

methanol, including the stepwise addition of methanol, the use of another acyl 

acceptor, and the introduction of a suitable solvent that dissolves methanol. For 

immobilized Candida antarctica lipase, the stepwise addition of methanol resulted in 

98.4% conversion of vegetable oil in 48 h [72]. Similar results were observed for 

lipases from other sources, such as Pseudomonas fluorescens [73], Rhizopus orzyae 

(74), and Candida 99–125 [75]. Moreover, over 87% of the initial enzyme activity was 

maintained at the end of the process with the stepwise addition of methanol. However, 

this method is complex and cannot be applied to large-scale industrial sectors [76]. 

Methanol inhibition occurs when its amount in the reaction medium exceeds 

its solubility. Due to its low solubility in oils, methanol and oil separate at 

concentrations just above their stoichiometric ratio. Subsequently, the alcohol 

molecules strip off the essential water microlayer surrounding the lipase, which is 

required to maintain the conformation and catalytic activity of the enzyme [77]. 

Therefore, an organic solvent is commonly added to increase the solubility of the 

substrates and reduce the inhibitory effect of methanol [78]. The addition of an organic 

solvent can also reduce the viscosity of the reaction medium and enhance the stability 

and recovery of the immobilized enzyme [79]. Among the possible organic solvents, 

n-hexane is most commonly used in enzymatic transesterification reactions, as it can 

enhance lipase activity and biodiesel productivity. For example, the biodiesel yield 

using Mucor miehei lipase at a 3:1 methanol/oil ratio increased from only 19% in the 

solvent-free system to 95% using n-hexane within the same reaction time of 5 h [80]. 

However, most of the suitable organic solvents are toxic and volatile, leading to 

hazardous effects. Furthermore, an additional purification step is required to remove 

the second organic solvent from the final product, increasing the cost and energy 
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demand of the process. In addition, the use of organic solvents with immobilized 

lipases causes the deposition and adsorption of glycerol due to its low solubility in 

hydrophobic solvents. Thus, an outer glycerol film is formed, which reduces the mass 

transfer of the hydrophobic substrates to the enzyme active sites, leading to lower 

reaction rates [71]. 

Replacing methanol with ethanol as the acyl acceptor can also reduce the 

inhibitory effect of methanol. A biodiesel yield of 91% was achieved in 90 min with a 

methanol/oil molar ratio of 10.44:1 using KOH as the catalyst at 66.8°C. In contrast, 

the yield was reduced to 77.4% using an ethanol/oil molar ratio of 8.42:1 and KOH as 

the catalyst for 120 min at 61.3°C. These results also indicated that the temperature 

plays a more significant role in methanolysis compared to ethanolysis. Moreover, the 

separation of ethyl esters from glycerol was more difficult compared to that of methyl 

esters [80]. 

2.4 Immobilized Enzymes in Biodiesel Production 

Immobilization is defined as the attachment of an enzyme onto an insoluble 

solid support material. In addition to the easy reuse in continuous reactors, 

immobilization endows lipases with shear and thermal stability as well as easy 

downstream processing [81]. Furthermore, their confinement in the porous structure 

of the support protects them from harsh media. Reusability is essential for the feasible 

application of high-cost enzymes and is the most practical approach for their industrial 

application. Enzyme immobilization methods can be classified as adsorption, covalent 

bonding, entrapment, and cross-linking, which together with the appropriate support 

material play a significant role in the development of an efficient lipase [82]. 
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Moreover, enzyme immobilization greatly relies on the amine functional group of the 

amino acids in the enzyme, which contribute to the binding to the support. 

Despite the advantages of immobilized enzymes, several drawbacks still exist 

that limit their use in biodiesel production, including the (1) loss of enzymatic activity 

during immobilization, (2) high cost of carriers, (3) low stability in oil–water systems, 

(4) large mass transfer limitation, and (5) glycerol adsorption [9]. To improve the 

properties of immobilized enzymes, coordinated matrices with mesoporous structure 

and average surface area, such as MOFs, should be used to facilitate substrate diffusion 

through the pores while reducing enzyme leaching [81]. 

2.5 MOFs 

2.5.1 MOF Structure and Properties 

As already discussed, heterogeneous catalysts suffer from mass transfer 

limitations and catalytic instability. Therefore, MOFs have been employed as support 

to improve the performance of heterogeneous catalysts [14, 49, 50, 83] due to their 

high crystallinity, high porosity, and strong interactions in their metal–ligand network 

[84]. MOFs can be easily prepared with high surface area (5900 m2/g) and specific 

volume (2 cm3/g) [36, 84-98]. Here, we review the recent advances in biodiesel 

production using modified catalysts. We focus on enzyme and IL immobilization on 

MOFs, the balance between increased stability and reusability of the immobilized 

enzyme and mass transfer limitations, pore size and porosity control, manipulation of 

the hydrophobicity/hydrophilicity in the reaction medium, and optimization of the 

biodiesel production process. 
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2.5.2 MOF Preparation 

MOFs are porous polymers comprising metal-containing nodes and organic 

ligands linked through coordination bonds [82]. They possess unique characteristics, 

such as tunable ultrahigh porosity (up to 90% free volume), large surface area 

(>6000 m2/g), diverse functionality, high thermal and mechanical stability, and good 

electronic properties [99]. Owing to these properties and the wide variety of organic 

and inorganic components in their structures, MOFs have been widely studied in the 

fields of storage, separation, catalysis, biomedical applications, and sensor materials 

[90]. For example, MOFs have been effectively used for gas storage (e.g., H2, CH4, 

CO2, and NO) without the need for high pressure and/or compression as well as for 

the separation of toxic organic compounds [100]. Various cost-effective, green, and 

rapid synthetic methods have also been developed, which can be classified as 

solvothermal, slow evaporation/direct precipitation, microwave-assisted, 

electrochemical, mechanochemical, and sonochemical [101] (Table 1). These 

classifications are selected based on the type of metal, organic linker, and targeted 

application [99]. 
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Table 1: Examples of MOFs used in biodiesel production 

MOF 
Oil 

Source/Alcohol 

Synthesis 
Pore Size 

Temperature/ 

Energy (oC) 

y

Yield 

(%) 

R

Ref 

CuBTC-

MOF 

Palm 

oil/methanol (1:5) 
 Solvothermal 1.68 cm3/g 

60 9

91 

[

[100] 

ZrSiW/Fe-

BTC 

Oleic 

acid/methanol 

(20:1) 

Hydrothermal 
0.135 m3/g 

 

160 8

85 

[

[102] 

ZrSiW/UiO-

66 

Oleic 

acid/methanol 

(20:1) 

Hydrothermal 
0.243 m3/g 

 

150 9

98 

[

[102] 

Mg3(bdc)3 

(H2O)2 

Oleic 

acid/methanol 

(15:1) 

 Microwave 

irradiation 

          - 150 Watt 9

97 

[

[103] 

MIL-53 (Fe) 
Oleic acid/ethanol 

(1:16) 

 Ultrasonic 

irradiation 

239 cm3/g 

 

150 Watt 9

96 

[

[104] 

MIL-53 (Fe) 

Oleic acid/n-

butanol 

(1:16) 

 Ultrasonic 

irradiation 

239 cm3/g 

 

150 Watt 9

98 

[

[104] 

HKUST-1 
Palm oil/ethanol 

(1:1) 

 Electrolysis 
0.19 cm3/g 

room temperature, 

15 V 

5

54 

[

[105] 

 

2.5.2.1 Conventional Methods 

In conventional solvothermal synthesis, a mixture of metal ions and organic 

linkers in an appropriate organic solvent is heated in a glass vial for low temperature 

processes or in a Teflon-lined autoclave or bomb reactor for temperatures >400 K. If 

water is used as the solvent, the method is referred to as hydrothermal. The desired 

MOF structure can be prepared by controlling the reaction parameters, including 

pressure, temperature, solvent composition, and reagent concentration. When the 

reaction temperature is higher than the boiling point of the solvent, the reaction is 

referred to as solvothermal, while at reaction temperatures below the boiling point of 

solvent, the reaction is called non isothermal. Moreover, some MOFs, such as MOF-

5, MOF-74, MOF-177, HKUST-1, and ZIF-8, have been synthesized under ambient 

conditions [102]. For example, rod-like CuBTC-MOF particles were prepared via the 

solvothermal method using benzene-1,3,5-tricarboxylic acid (BTC) and divalent 
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copper in 50 v/v% ethanol/water. CuBTC-MOF had a unit cell length of 37.12 nm, 

surface area of 1085.72 m2/g, and total pore volume of 1.68 cm3/g. Utilization of 0.04 

g CuBTC-MOF as the sole catalyst for biodiesel production from palm oil afforded a 

maximum yield of 91% after 4 h in a methanol/oil volume ratio of 5:1 at 60°C [100]. 

2.5.2.1 Microwave Synthesis 

To improve the produced MOF’s crystallinity, a microwave-assisted method 

based on chemically inert metal ions has been developed to provide the energy 

required for the reaction and to homogeneously increase the temperature in a localized 

zone. Microwave synthesis is an environmentally friendly alternative to conventional 

heating, offering fast crystallization, narrow particle size distribution, and better 

morphological control of the target MOFs [101]. Cr-MIL-100 was the first MOF 

synthesized via the microwave-assisted method, achieving conversion yields of up to 

97% [103]. 

2.5.2.2 Sonochemical Synthesis 

Sonochemical synthesis is a rapid and environmentally friendly method for the 

synthesis of MOFs using 10–20 MHz ultrasonic radiation in a homogeneous liquid. 

The cavitation created by the ultrasonic waves sharply increases the temperature and 

pressure, creating hot spots that facilitate the rapid formation of homogeneous MOF 

crystals [104]. Consequently, the crystallization time and particle size are significantly 

reduced compared to those of the conventional solvothermal synthesis. The first MOF 

synthesized by the sonochemical method was [Zn3(BTC)2] [105]. 
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2.5.2.3 Electrochemical Synthesis 

For the electrochemical synthesis of MOFs, metal ions are continuously 

supplied through anodic dissolution instead of metals salts; they react with the linker 

molecules and a conducting salt dissolved in the reaction medium [105]. The method 

was first used for the preparation of HKUST-1 [Cu3(BTC)2], which afforded promising 

results in renewable fuel production [106]. 

2.5.3 Properties of MOF-Immobilized Enzymes 

2.5.3.1 Enzyme Stability 

In general, enzymes are denatured at moderate temperatures and in the 

presence of chemical denaturants, but remain stable at very high pressures. Therefore, 

enzymes can be immobilized on a MOF structure to protect it from denaturation and 

to increase its stability. MOF–enzyme bioconjugates possess higher catalytic stability 

and thermal tolerance than free enzymes. For example, the half-life of a lipase 

encapsulated in zeolite imidazolate framework-8 (ZIF-8) at 55–75°C was increased by 

3.2 times and its deactivation rate decreased compared to that of the free enzyme [109]. 

The enhanced thermal stability of the ZIF-8-immobilized enzyme was attributed to the 

confinement of the enzyme inside the biocompatible microenvironment, which 

prevented protein unfolding. Additional studies have shown that the activity of 

enzymes immobilized on MOFs is not affected by exposure to denaturing organic 

solvents, such as methanol, ethanol, dimethylformamide, and dimethyl sulfoxide. The 

enzymes immobilized on MOFs retain 100% of their initial activity, in contrast to free 

enzymes, which retain only up to 20% of their initial activity under the same 

denaturation conditions [48]. 
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2.5.3.2 Enzyme Recovery and Reusability 

An important advantage of enzyme immobilization is the efficient recovery and 

reuse of catalysts, which is particularly important for reducing the overall cost of 

enzyme-based procedures. For example, the residual activity of lipase@ZIF-8 after 

repeated use for seven cycles was 54% of that in the first cycle, while that after storage 

for 25 days was 90% of the initial activity [109]. A similar result was observed for 

laccase adsorbed on Zr-MOF, a bimodal micro-mesoporous MOF, where the residual 

activity was 50% of that in the first cycle after being used for 10 cycles. Furthermore, 

enzyme immobilization in MOFs reduces product contamination, thus affording lower 

impurities than free enzymes. However, the nano-size of the enzyme–MOF conjugates 

hinders their reusability on an industrial scale. 

Recent studies have suggested the use of a new 3D matrix as a support for MOFs 

[110]. For example, a commercially available melamine sponge was tested as a 3D 

matrix for embedding α-amylase entrapped in ZIF-67 [111]. The melamine sponge 

was selected due to its low cost, low weight, and high nitrogen content, which provides 

enormous binding sites for enzyme–MOF bioconjugation [112,113]. The α-amylase 

embedded MOF–sponge matrix was synthesized by dip coating the melamine sponge 

in a solution of the pre-synthesized α-amylase entrapped in ZIF-67 at room 

temperature for 1 h. The α-amylase/ZIF-67 layers on the sponge skeletons were 

formed because of electrostatic and π–π stacking interactions [112]. 

2.5.3.3 Allosteric Effect 

Allostery involves the binding of a ligand, known as the effector, to the 

allosteric site of an enzyme, leading to conformational changes in the enzyme active 

site [114]. Effectors that enhance the enzymatic activity, such as oxygen and metal 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B109-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B110-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B111-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B112-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B113-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B112-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B114-molecules-26-03512
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ions including Fe3+, Ca2+, and Zn2+, are also known as allosteric activators. For 

example, a CaHPO4 – α - amylase hybrid biocatalytic nanosystem has been designed 

based on the allosteric effect using Ca2+ as the effector [115]. The immobilized α-

amylase showed improved enzymatic activity in the hydrolysis of 2-chloro-4-

nitrophenylmaltotrioside. Thus, the allosteric effect is very promising for improving 

biodiesel production using lipases immobilized on MOFs. 

2.6 Lipase Immobilization on MOF’s 

An immobilized lipase can be defined as a lipase localized in a well-defined 

region without losing its activity, thus showing high reusability [116]. The main 

methods used to form immobilized lipase are physical (surface) adsorption, covalent 

binding, encapsulation, cross-linking, and in situ synthesis shown in Figure 2. The 

appropriate method for the preparation of each conjugate should be carefully selected, 

as it can significantly affect the enzymatic activity in the reaction. 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B115-molecules-26-03512
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2.6.1 Physical Adsorption 

In physical adsorption, enzymes are immobilized on a support matrix by weak 

interactions, Van der Waals forces, hydrogen bonding, and electrostatic interactions. 

The main advantage of physical adsorption is that it does not affect the enzyme activity 

as the weak attraction forces do not alter its native structure and active sites [81]. MOFs 

can be used as an adsorption support matrix as they offer a large enzyme loading 

capacity due to their high surface area. In addition, the attachment of the enzymes on 

the surface of an already prepared MOF protects them from the harsh conditions 

applied to synthesize MOFs. Moreover, no functional groups are required in physical 

immobilization. 

In a recent study, Burkholderia cepacia lipase that was physically immobilized 

on hierarchical zeolite imidazolate framework (BCL-ZIF-8) was tested for biodiesel       

production [81]. The immobilization efficiency depended on the adsorption time,     

immobilization temperature, pH, and morphology of ZIF-8. The biodiesel yield was 

93.4% at a lipase loading of 700 mg and the activity recovery reached 98.8%. 

Interestingly, unlike other MOFs, ZIFs can be prepared at room temperature, but their 

pore size is very small (~1.5 nm). Therefore, CetylTrimethylammonium Cromide 

(CTAB) and histidine were used as templating and assisting templating agents, 

respectively, to interact with the ZIF precursors, forming specific building units. 

Consequently, the pore size of ZIF-8 was increased to 23.1 nm and its enzyme loading 

efficiency was improved [87]. Similar results were also obtained using CTAB and 

1,3,5-trimethylbenzene [117]. Furthermore, the nature of metal nodes and organic 

linkers in MOFs can affect the physical loading of the enzyme [118]. Therefore, nodes 
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or linkers with strong affinity for the enzyme should be used to increase the enzyme 

uptake. 

2.6.2 Covalent Binding 

Although immobilization by physical adsorption offers high enzymatic activity 

for the transesterification process, the enzymes are subject to leaching due to the weak     

enzyme–MOF interactions [119]. To improve enzyme stability, the weak interactions 

can be replaced by covalent interactions between the nucleophiles of the enzymes (free 

amino acids) and the organic linkers (mainly carboxylate groups) of MOFs to form 

peptide bonds [102]. Among the strong chemical bonds developed during enzyme 

immobilization, multipoint covalent attachment between the MOF and functional 

groups of the enzyme, such as amino, glyoxyl, and epoxy [104], leads to the formation 

of a rigid backbone that stabilizes the enzyme structure, enhances its resistance to 

unfolding and denaturation, and reduces enzyme leaching (a common feature of 

chemisorption) [105]. For example, Candida antartica lipase-B was immobilized by 

covalent bonding on activated is reticular MOF-3 by dicyclohexylcarbodiimide with 

an enzyme loading of 0.18 mg/g, improving the enzymatic activity by up to 103 times 

compared to that of the free enzyme [120]. Nevertheless, in addition to the large 

internal surface of MOFs, other features such as low steric hindrance and high reactive 

group density are needed for effective multipoint covalent attachment. Moreover, the 

enzyme should retain its activity under the immobilization conditions [106]. 

2.6.4 Entrapment/Encapsulation 

The entrapment of enzymes within the MOF pores requires the diffusion of the 

enzyme molecules through gaps that are generally smaller than the MOF cavity. Due 
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to their high porosity, MOFs allow the adsorption of enzymes into their mesoporous 

structure, instead of only on their surface, thus increasing enzyme loading. Moreover, 

the entrapment of enzyme molecules into the MOF pores protects them from harsh 

denaturing conditions as the enzyme is not attached to the support and does not 

chemically interact with it, thus improving stability. However, enzymes immobilized 

by this approach exhibit mass transfer limitations and their diffusion is restricted as 

the substrate may not be able to access the entire active site [102]. In addition, enzyme 

entrapment into nano- or microporous MOFs may not be efficient, while part of the 

enzymatic activity may be lost due to conformational changes during diffusion into 

small cavities [102]. To avoid these challenges, MOFs with macroporous structure are 

gaining increasing attention for enzyme immobilization. 

When the MOF pore sizes are smaller than the enzyme, the enzyme can only 

be immobilized through encapsulation into MOF crystals, a process known as co-

precipitation. During this approach, enzyme immobilization simultaneously occurs 

with the nucleation and MOF crystal growth. Recently, mesoporous MOFs, such as 

MIL-100(Fe) and HKUST-1, have been tested as supports for lipase immobilization 

through co-precipitation [99,122]. However, low enzyme loadings were achieved due 

to the long-range ordering and nonuniformity of MOFs. In contrast, highly ordered 

MOFs with large specific areas and uniform and adjustable nano sizes could be loaded 

with high enzyme amounts and were effectively used for in situ enzyme encapsulation 

[99,109]. This technique is relatively new, and the first protein molecules directly 

embedded into ZIF-8 by the co-precipitation method have been reported in 2014 for 

cytochrome c (Cyt c) [122]. In this process, the enzymes were incubated with the 

precursors, i.e., zinc nitrate and 2-methylimidazole, in methanol and in the presence of 

PolyVinylPyrrolidone (PVP) to prevent protein agglomeration in the organic solvent. 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B102-molecules-26-03512
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Cyt c immobilized on ZIF-8 exhibited 10 times higher activity than the free enzyme 

due to the metal ion activation effect. Other enzymes immobilized on MOFs by the 

co-precipitation method are horseradish peroxidase in ZIF-8, Cyt c in ZIF-10, and 

lipase in ZIF-8. Enzyme encapsulation into ZIF-8 has also been achieved in an aqueous 

solution instead of an organic solution [123], thus eliminating the need for PVP and 

extending the scope of the co-precipitation method to enzymes that are significantly 

inactive in organic solutions. Aspergillus niger lipase has also been encapsulated into 

ZIF-8 [109], as confirmed by an amide I band observed at 1658.7 cm−1 in the Fourier-

transform infrared spectrum, which is typical for enzymes and corresponds to the N–

H bending mode. Furthermore, a biomimetic mineralization method has recently been 

reported as an alternative enzyme encapsulation strategy in MOFs. For instance, the 

encapsulation of urease using this technique affords improved thermal stability [124]. 

The biological functions of enzymes could be altered when they are 

encapsulated in MOFs, due to the interactions between them. This was investigated 

using catalase encapsulated in solid and hollow ZIF-8 microcrystals [125]. At a 

constant catalase loading, characterization of the immobilized enzyme after 

H2O2 degradation reaction showed no change in the structure, and kinetic study 

indicated no significant mass transport limitation. Nevertheless, the interfacial 

interactions between the enzymes and MOFs impacted their activities. To overcome 

this, the solid MOF microcrystals was proposed to be hollowed before enzymes 

encapsulation. Before the hollowing process, the enzymes were confined in the solid 

MOF crystals, whereas they were sealed inside of the central cavities of the hollow 

MOF crystals in a freestanding form, with minimum interaction. The permeable MOF 

shell allowed reactants to penetrate the shell and reach the enzyme, preventing the 

enzymes from leaching [125]. 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B123-molecules-26-03512
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Another method that has been recently developed to overcome the interaction 

problem of the enzyme with the MOF the de novo approach. In this system, enzyme 

molecules are embedded in a MOF crystal with small pores in water at mild conditions. 

Similar to other encapsulation techniques, the de novo approach allows MOFs with 

pore sizes smaller than the size of the enzymes to be used. This not only prevents 

leaching but also greatly expands the selection of enzymes and MOFs, making the 

method generally applicable for various functional applications. This concept has been 

used with ZIF-90 of 1 nm pore size to coat catalase molecules of 10 nm size [126]. 

The small pore size of ZIF-90 prevented the leaching and provided size-selective 

sheltering to increase tolerance against protease. The interactions between the enzyme 

and the MOF have marginal influence in the de novo system, which has a positive 

effect on enzyme activity. After being embedded in the MOF microcrystals via a de 

novo approach, the enzyme maintained its biological function under a wide range of 

conditions. By exposure to a denature reagent, urea, and high temperature of 80°C, 

embedded catalase in ZIF-90 maintained its activity in the decomposition of hydrogen 

peroxide even, whereas free catalase was completely deactivated [127]. 

The immobilization of porcine pancreatic lipase (PPL) by encapsulation was 

explored using three different MOFs: HKUST-1, which is prepared using copper as 

metal nodes and BTC as the organic linker; mesoporous MIL-100(Fe); and MIL-

100(Fe) containing Keggin phosphotungstic acid [122]. In particular, 5 mg of each 

MOF was introduced into a buffered PPL solution, followed by mild shaking at room 

temperature for 2 h. The encapsulation of PPL in the MOF pores was spectroscopically 

confirmed; the characteristic bands of MOFs in PPL@MOF were shifted relative to 

those of free MOFs. 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B126-molecules-26-03512
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Mechanochemical processes is another encapsulation method, which has been 

recently proposed for enhanced enzyme activity and stability. In this process, the 

traditional solution-based processes are replaced with a more environment-friendly 

mechanical alternative, such as ball milling. The process minimizes the use of organic 

solvents and strong acids during the MOF synthesis, allowing the encapsulation of 

enzymes into robust MOFs, while maintaining enzymatic biological activity. In 

addition, the mechanical processes are rapid and can be easily scaled-up to industrial 

levels. However, the advantages of this process were only demonstrated on enzyme 

encapsulation in ZIF-type of MOFs. The synthetic conditions required for other types, 

such as UiO-66-NH2 and Zn-MOF-74, were too harsh for the encapsulated enzymes 

to retain their activity [128]. 

2.6.3 Cross-Linking 

Enzymes can also develop intermolecular interactions with the support through   

covalent bonds in the presence of a multifunctional reagent that serves as a linker. 

There are two methods of enzyme immobilization by cross-linking: Cross-Linking 

Enzyme Crystal (CLEC) shown in Figure 3 and cross-linking enzyme aggregate 

(CLEA) shown in Figure 4 [121]. In CLEC, glutaraldehyde is used as the linker 

between the free amino groups of the enzyme and the reactive sites of a neighboring 

molecule. However, the addition of glutaraldehyde could seriously alter the enzyme 

structure, thus affecting its activity. To address this issue, inert proteins, such as gelatin 

or bovine serum albumin, can be added. In the case of CLEA, which is an im-proved 

version of CLEC, the introduction of a salt, nonionic polymer, or organic solvent 

promotes the formation of enzyme aggregates without distorting the enzyme 

properties. However, CLEA cannot be combined with MOFs as it does not require an    

https://www.mdpi.com/1420-3049/26/12/3512/htm#B128-molecules-26-03512
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external support. Taken together, immobilization by cross-linking is a simple method 

with a very low possibility of enzyme leaching due to the strong chemical bonds 

between the enzyme molecules. Furthermore, enzymes can be modified using adequate 

stabilizing agents to adapt to any microenvironment.  

 

Figure 3:  Cross-linking enzyme crystal 

 

Figure 4:  Cross-linking enzyme aggregate 

  

2.7 Use of Immobilized Enzyme in Biodiesel Production 

Lipase is attached in commercially available Novozym@435 by cross-linking 

divinylbenzene and methacrylic acid on polyacrylic resin. These cross-liking agents 

have high protein affinity, which reduce enzyme leaching, while minimizing the 

negative effect of chemisorption on enzyme activity. Functional groups carried by the 

monomers of a cross-linking polymer can be selected according to the immobilized 

enzymes. These functional groups can facilitate the binding of the enzyme to the 
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support or increase the affinity of the substrate and the immobilized enzyme, thereby 

increasing the enzyme activity [129]. Therefore, Novozym@435 was shown to exhibit 

high efficiency for biodiesel production [130]. It was successfully used with waste 

cooking oil achieving a conversion up to 93%, with high stability [131]. 

The replacement of conventional organic solvents with greener ILs has opened 

up new opportunities for Novozyme@435 in biodiesel production. The use of ILs 

containing long alkyl chains on the cation has the important advantage of producing 

homogeneous systems at the start of the reaction but, when the reaction is complete, a 

three-phase system is created that allows selective extraction of the products using 

straightforward separation techniques, while the IL and the enzyme can be reused 

[132]. Biodiesel yield from soybean oil using Novozym@435 in [Emim][TfO] IL was 

80% after 6 h, which was eight times higher than that archived in solvent-free system 

and 15% higher than the that using tert-butanol as an additive [133] at the same 

conditions. Other ILs that showed promising results with Novozyme@435 are 

[C16MIM] [NTf2] and [BMIm][PF6], achieving 98% and 86% biodiesel yields from 

Triolein and microalgae oil, respectively [132,134]. 

As mentioned earlier, MOFs have been used as promising carriers for the 

enzyme immobilization. The MOF-enzymes biocomposites exhibited excellent 

biocatalytic properties, improved stability, and reusability. By using lipase of the same 

genus, Candida sp., of that used in Novozym@435, encapsulated inside ZIF-67, 78% 

biodiesel yield was achieved [135]. By using Rhizomucor miehei lipase encapsulated 

in X-shaped ZIF-8, a biodiesel production conversion of soybean oil reached 92.3% 

after 24 h reaction time. The enzyme retained 84.7% of its initial activity after 10 

repeated cycles [15]. By using hierarchical mesoporous (ZIF-8) to 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B169-molecules-26-03512
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immobilize Burkholderia cepacia lipase (BCL) into surface adsorption the conversion 

of transesterification reaction 93.4% yield, when the optimum conditions for biodiesel 

production were transesterification time 12 h with three-step addition of alcohol at 4 h 

intervals and reaction temperature 40°C. There was no significant drop in conversion 

yield relative to original activity for BCL-ZIF-8 when continuously reused for eight 

cycles [136]. 

On the other hand, when Novozym 435 used in esterification of free fatty acids 

from palm oil fatty acid distillate (PFAD), 93% conversion was obtained after 2.5 h 

using ethanol with 1.0 wt % of Novozym 435 at 60°C. Novozym 435 was reused 10 

times with conversion reaching 88% and 65% after the 11th reaction with ethanol and 

methanol, respectively [137]. 

When Novozym 435 was used in esterification reaction in the presence IL 

[BMIM][PF6] and Methyl acetate as the acyl acceptor, a biodiesel yield of 80% was 

achieved at the optimum conditions of 14:1 oil:acyl acceptor molar ratio; 20% 

(w immobilized lipase/w of oil) and a temperature in the range of 48–55°C. After nine 

repeated runs, a decline in in lipase activity was observed after the sixth run [138]. 

By immobilizing lipase from Candida rugosa in magnetic Fe3O4@MIL-

100(Fe) MOF, prepared by coating Fe3O4 magnetite with porous MIL-100(Fe) MOF 

using amide linkages, a maximum biodiesel conversion of 92.3% was obtained at a 

methanol/oil molar ratio of 4:1, with a three-step methanol addition manner, and a 

reaction temperature of 40°C. The biocatalyst was recycled easily by magnetic 

separation without significant mass loss, and displayed 83.6% of its initial activity 

after five runs, thus allowing its potential application for the cleaner production of 

biodiesel [139]. 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B174-molecules-26-03512
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A covalent immobilized Candida antarctica lipase (CALB) onto the bio-based 

MOF with adenine as the organic ligand based on the concept of biomimetic assembly 

was used in the esterification of oleic acid with methanol for biodiesel production. The 

highest yield of  98.9% was obtained under the optimized conditions: methanol/oil 

ratio of 3.65:1, a reaction temperature of 46.3°C, a CALB@MOF loading of 117.77 

mg and a reaction time of 11.55 h [140 ]. Table 2 shows a summary of comparison 

between the performance of lipase immobilized on different supports in biodiesel 

production. 

Table 2: Performance of lipase immobilized on different supports in biodiesel 

production 

 

Enzyme Support 
Immobilization 

Support 
Solvent 

Temperaure 

(oC) 

Time 

(hr) 

Biodiesel 

yield % 

Novozym@  

435 
- Cross linking ethanol 60 2.5 93 

Novozym@ 

 435 
[BMIM][PF6] Cross linking 

Methyl 

acetate 
55 6 80 

Candida 

 Rugosa 

Fe3O4@MIL-

100(Fe) 

Covalent 

attached 
Methanol 40 60 92.3 

Candida 

antarctica 

CALB@MOF 

Bio-based 
Encapsulated Methanol 46.3 11.55 98.8 

Novozym@435 [Emim][TfO] Cross linking 
Free 

solvent 
50 12 80 

Novozyme@435 
[C16MIM] 

[NTf2] 
Cross linking 

Free-

Solvent 
60 6 98 

Novozyme@435 [BMIm][PF6] Cross linking Methanol 40 48 86 

Candida sp Zif_67 Encapsulation Methanol 45 60 78 

Rhizomucor 

miehei 
X-shaped ZIF-8 Encapsulation ethanol 45 24 92.3 

Burkholderia 

cepacia 

Mesoporous 

ZIF-8 
Adsorption ethanol 40 12 93.4 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B178-molecules-26-03512
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2.8 Cost Analysis and Viability of Immobilized Enzymes 

As mentioned earlier, the advantages of enzymatic approach over conventional 

alkali-based processes have been clearly demonstrated in biodiesel production from 

non-refined feedstock. The enzymatic approach is less energy intensive, more 

environment friendly, simplifies the separation of the byproduct glycerol, and 

eliminates the need for water-washing step that consequently reduce wastewater 

treatment cost [141, 142]. Most importantly however, enzymes are insensitive towards 

free fatty acids (FFA) content in the feed, allowing it to be used with low quality 

feedstock. They even catalyze the FFA together with the transesterification of the 

triglycerides, which increases the overall biodiesel yield. Nevertheless, the high cost 

of enzymes remains the main challenge facing the commercialization of enzymatic 

biodiesel production processes [142, 143]. In an economic study on the production of 

1000 tons of biodiesel from palm oil, alkali process was found to be more feasible that 

enzymatic process, when the enzyme was used in a soluble form [144]. It is obvious 

therefore that enzymatic process can only be feasible if the enzymes are repeatedly 

used with maintained activity. As mentioned before, this is achieved by enzyme 

immobilization on a suitable support. By using immobilized enzyme in the economic 

[144], the feasibility of the process increased. Although the alkali catalyzed process 

was found to be still more feasible, the study limited the number of reuses to only five. 

If reusability is increased, the lipase process becomes more feasible. Allowing the use 

of low-quality feedstock also favors the use of enzymes over alkaline processes. In 

2006, a biodiesel production line of 20,000 t/y capacity was built in China using waste 

cooking oil as feedstock, in which a combination of different immobilized lipases has 

been used as a catalyst [123, 145]. 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B186-molecules-26-03512
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The successful immobilization of the enzyme on the support for maintained 

activity and stability, with minimization of mass transfer limitation, play major role in 

shifting the economic balance towards the enzymatic process. Although many 

technologies have been developed for lipase immobilization at lab scale, only a few 

are industrialized. The main challenges are the high cost of the carrier support, low 

enzyme capacity and enzymatic activity and stability retaining challenges. The most 

widely used immobilized enzyme in biodiesel production is Novozym@435, which is 

sold at a price of about US$1000/kg [142]. In addition, the advancement in 

biotechnology promises to offer new enzymes of lower production costs and higher 

catalytic activity and stability, which would further improve the feasibility of 

enzymatic process. It has been recently reported that immobilized lipase products, 

specifically designed for biodiesel production, have been developed with a reduced 

price of about $150/kg [116]. This will pave the way for commercial use of enzymatic 

processes. 

Another aspect that needs to be considered is the environmental factor, which 

may not be readily transferred into cost. Enzymes are more environment friendly 

process, which reduces the wastewater production. In that regard, the use of green 

solvents, instead of conventional organic solvents that require additional separation 

and purification units are therefore essential. Among the most promising alternative 

solvents are ILs, which as mentioned earlier can further enhance enzyme reusability 

with enhanced mass transfer [123]. However, ILs are generally more expensive than 

organic solvents. The cost of the most commonly used ILs in enzymatic biodiesel 

production, namely 1-n-butyl-3-methylimidazolium tetrafluoroborate ([BMI][BF4]) 

and 1-n-butyl-3-methylimidazolium hexafluorophosphate ([BMI][PF6]), are about 25 

times more than organic solvent. Therefore, feasible use of enzyme-IL systems 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B188-molecules-26-03512
https://www.mdpi.com/1420-3049/26/12/3512/htm#B116-molecules-26-03512
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31 

 

 

 

 

requires repeated reuse with maintained activity and stability and efficient separation 

of the products is another important factor [145]. Additionally, deep eutectic solvents 

(DESs), is a potential replacement to ILs, which are more cost-effective and 

environmentally friendly. The properties of DESs can be finely tuned, similar to those 

of ILs, by selecting different cation and anion combinations. They have characteristics 

similar to those of ILs, such as high purity, ease of preparation, non-toxicity, 

biodegradability, requirement of mild reaction conditions, and insensitivity to water 

[146]. In addition, BASF has recently commercialized four MOF materials, including 

BASOLITE-A100 (MIL-53), BASOLITE-C300 (HKUST-1), and BASOLITE-Z1200 

(ZIF-8) with prices ranging between 10 to 15 US$/g, making these MOFS only 

affordable for research purpose at this time. However, with advance in raw materials 

selection and synthesis technology, lower prices that are comparable to that of 

synthetic zeolites may be achieved for large scale synthesis of some MOFs in the future 

[147]. 

2.9 Hypothesis  

In this Thesis, using enzymatic process for biodiesel production (Lipase)  

(Hypothesis: This will help  the reaction to not suffer from saponification, and Lipase 

active sites will contact effectively with MOF), Immobilize lipase into different type 

of MOFs (Hypothesis: This will improve the catalytic performance and operational 

stability of lipase immobilized on porous MOFs for biodiesel production) 

Study the kinetics and isotherm of the immobilization reaction (Hypothesis: 

This will provide an insight into adsorption pathways and probable mechanism 

involved in the reaction for better understanding), Study the diffusion-reaction model 

(Hypothesis: This will provide a better understanding of their application in biodiesel 

https://www.mdpi.com/1420-3049/26/12/3512/htm#B190-molecules-26-03512
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production and for future enhancement), High biodiesel production (Hypothesis: Due 

to high surface area of MOF to immobilize the enzyme, a much lower mass transfer 

can be achieved compared to conventional immobilized lipase and allows its repeated 

reuse). 
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Chapter 3: Methods  

 

3.1 Method and Theory 

Most produced biodiesel worldwide is currently achieved through alkaline-

catalyzed methanolysis. However, in this process, the oils feedstock needs to be 

refined to remove free fatty acids, which not only increase the processing cost but also 

lead to loss of part of the feedstock [148, 149]. Lipase-catalyzed production on the 

other hand, has drawn increasing attention, since it can be effectively used unrefined 

oil, in addition to its other advantages, including the operation at mild conditions, low 

energy requirements and easy product separation [150].  

For economical application of enzymatic processed in biodiesel production, 

lipase enzyme has to be used in immobilized form to allow easy retention and reuse. 

In addition, immobilization has been reported to result in enhanced enzyme thermal 

and shear stability [148, 153]. The main challenges facing industrialization of 

enzymatic process are the high mass transfer resistance, tendency to adsorb the by-

product glycerol onto the support matrix and poor operational stability [150]. These 

problems can be solved by good selection of  supports of favorable surface 

characteristics and pore sizes [154, 155].Porous supports are generally preferred due 

to their high surface area, which allows a higher loading and better protection of the 

enzyme [154]. Therefore the pore size plays an important role on the catalytic activity 

and stability [156, 157, 158]. 

In that regard, increasing interest has recently been on Metal-Organic 

Frameworks (MOFs) as a new kind of porous supports for enzyme immobilization 

[159, 160]. In addition, it was shown that by immobilizing peroxidase and trypsin on 
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MOF composites higher stability and catalytic performance was attained [159]. 

Physical adsorption, which is a fast and easy method of enzyme immobilization 

ensures limited enzyme denaturation and does not affect the enzyme activity, native 

structure and active sites [160]. However, owing to the weak interaction between the 

enzyme and the support, with this method enzymes are prone to leaching, which results 

in low stability [161]. Hierarchical mesoporous (ZIF-8) was also used to 

immobilize Burkholderia cepacia lipase (BCL) by surface adsorption, and in biodiesel 

production [162]. A biodiesel yield of 93.4% was achieved after 12 h with three-step 

addition of alcohol at 40°C showed the immobilization efficiency was shown to 

depend on the adsorption time, immobilization temperature, pH, and morphology of 

ZIF‐8. As an alternative, chemisorption in which the nucleophiles of the enzymes (free 

amino acids) are covalently bonded to the organic linkers (mainly carboxylate groups) 

of MOFs to form peptide bonds has been used [163]. This result in more stable 

biocatalysts, with less enzyme leaching and more rigid backbone [150, 164, 165]. 

However, the negative effect of the chemical bonds on the structure of the enzyme 

renders physically immobilized lipase generally more active,, despite the higher 

operational stability of chemically immobilized lipase [161]. Having said that, it 

should be noted that with both adsorption approaches, enzyme attachment into the 

internal pores of MOFs may not be efficient, as part of the enzymatic activity may be 

lost due to conformational changes during diffusion into small cavities [150, 158]. 

To reduce the leaching problem encountered by physical adsorption, while 

avoiding the chemical adsorption which could negatively affect the activity of the 

enzyme, mesoporous MOFs, such as MIL‐100(Fe) and HKUST‐1, have been used as 

supports for lipase immobilization through co‐precipitation [154, 166]. In this case, 

the enzyme is caged inside the pores of the MOFs during the crystallization process.   
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As the immobilization is presumably non-covalent, so minor activity loss against that 

of the free enzyme could be reached Lipase encapsulated inside MOFs was 

successfully used in transesterification reaction and showed higher thermal stability 

than free lipase [158]. However, owing to the long‐range ordering and nonuniformity 

of MOFs, low enzyme loadings were achieved. Lipase was firstly in situ encapsulated 

inside ZIF-8 and ZIF-10 for biosensing of explosive organic-peroxides [158], Candida 

antarctica lipase B was also encapsulated inside UiO-66 and ZIF-8 and used for the 

transesterification of vinyl acetate and vinyl laurate [168]. By using encapsulated 

lipase inside ZIF-67, 78% biodiesel yield was achieved after 60h at 45oC [176]. A 

higher biodiesel yield of 92.3% was achieved within 24 h using Rhizomucor miehei 

lipase encapsulated in X-shaped ZIF-8 at 40oC. In addition, the enzyme retained 84.7% 

of its initial activity after 10 repeated cycles [169]. In addition, enzymes immobilized 

by this approach exhibit mass transfer limitations and their diffusion is restricted as 

the substrate may not be able to access the entire active sites [170]. Kinetics and 

thermodynamics studies of the adoption process, which is scarce in literature, could 

provide invaluable information on the surface chemical affinity, , enzyme accessibility 

and leaching [149]. Therefore, in this work, the mechanism, kinetics and 

thermodynamics of lipase adsorption on the surface of different MOFs, namely ZIF-

67, ZIF-8 and HKUST-1, have been thoroughly investigated and tested for biodiesel 

production. The three supports have different structures, pore sizes, chemical 

properties, and surface areas. 

Adsorption is a process that results in the removal of a solute from a solution 

and concentrating it at the surface of the adsorbent, until the amount of the solute 

remaining in the solution is in equilibrium with that at the surface. In this work, the 

assumption based that after 24 hr of batch reaction will reach an equilibrium[174].  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/organic-peroxide
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In this work, the mechanism, kinetics and thermodynamics of lipase adsorption 

on the surface of different MOFs, namely ZIF-67, ZIF-8 and HKUST-1, have been 

thoroughly investigated and tested for biodiesel production. The three supports have 

different structures, pore sizes, chemical properties, and surface areas. 

Many theoretical and empirical models have been developed to represent the 

various types of adsorption isotherms. At present, there is no single model that 

satisfactory describes all mechanisms and shapes. Langmuir and Freundlich models, 

described by Equations (1) and (2) have been widely used to describe adsorption 

isotherms [174, 175, 172]: 

𝑞𝑒 =
𝑞𝑚𝑏𝐶𝑒
1 + 𝑏𝐶𝑒

 (1) 

𝑞𝑒 = 𝑎𝐹𝐶𝑒
1/𝑏

 (2) 

Where, qe is the equilibrium amount of solute adsorbed (mg/g of solid), Ce is the 

equilibrium concentration of solute in solution (mg/L), qm (mg/g) and b (mg/L−1) are 

constants, representing the maximum adsorption capacity for the solid phase loading 

and the energy constant related to the heat of adsorption, respectively, and aF (mg(1 −1/b) 

l1/b/g) and b are constants. 

The Langmuir isotherm assumes uniform and constant binding of the sorbate 

on the surface of the adsorbent. The Freundlich model does not have thermodynamic 

basis and does not offer physical interpretation of the adsorption data.  

The value for the Langmuir isotherm constant (b) determined at different 

temperatures can be used to calculate the enthalpy change of adsorption 
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thermodynamic parameters, such as Gibbs free energy (ΔG), change in enthalpy (ΔH), 

and entropy (ΔS), as given by Equation (3) [172]: 

𝑙𝑛𝑏 = −
∆𝐺

𝑅𝑇
=
−∆𝐻

𝑅𝑇
+
∆𝑆

𝑅
 (3) 

Where T is the temperature (K), R is the gas constant (8.314 J/mol K), and b is the 

Langmuir constant. Adsorption kinetics on the other hand, describes the reaction 

pathways and the time needed to reach the equilibrium. In order to examine the 

controlling mechanism, kinetics models that have been commonly used are the 

Lagergren pseudo-first order, Elovich’s model and Pseudo-Second order and 

intraparticle diffusion models. The linearized form of those models is given  in 

Equations (4-7),  and in Table 3 respectively [172]: 

𝑙𝑛(𝑞𝑒 − 𝑞) = 𝑙𝑛(𝑞𝑒) −
𝑘𝑡

2.303
 (4) 

𝑞 =
1

𝑏
𝑙𝑛(𝑎𝑏) +

1

𝑏
𝑙𝑛(𝑡) (5) 

𝑡

𝑞
=

1

𝑘2𝑞𝑡
2 +

1

𝑞𝑒
𝑡 (6) 

𝑞𝑡 = 𝐶 + 𝑘𝑖𝑑𝑡
0.5 (7) 

Where, k is the kinetics constant of pseudo-first order adsorption (min−1), qe and q 

(mg/g) are the amounts adsorbed at equilibrium and at time t (min), respectively, a is 

the initial adsorption rate (mg/g/min), and 1/b (mg/g) is a parameter related to the 

number of sites available for adsorption, k2 (g/mg/min) is the pseudo-second order rate 

constant of adsorption, kid is the rate constant of the intraparticle transport 
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(mg/g/min0.5) and C (mg/g) is a constant related to the thickness of the boundary layer. 

The higher the value of C, the greater boundary layer effect. 

Table 3: Rearranging of linear kinetic models’ parameter’s 

Type Linear Form Plot Parameter 

Pseudo 

Second order 

model 

𝑡

𝑞𝑡
=

1

𝑘𝑞𝑒
2 +

1

𝑞𝑒
𝑡 t/qt vs. t 

qe= 1/slope 

k=slope2/Intercept 

Pseudo First 

order model 
𝑙𝑛(𝑞𝑒 − 𝑞) = 𝑙𝑛(𝑞𝑒) −

𝑘𝑡

2.303
 ln(qe-q) vs t 

qe=e(Intercept) 

k= -Slope x 2.303 

Elovich’s 

model 
𝑞 =

1

𝑏
𝑙𝑛(𝑎𝑏) +

1

𝑏
𝑙𝑛(𝑡) Q vs. ln(t) 

b=1/slope 

Intercept = slope 

x ln(1/slope x a) 

 

The rate limiting step in the Pseudo-Second order is the surface adsorption that 

involves chemisorption, where the adsorbate removal from a solution is due to 

physicochemical interactions between the two phases [174]. Wherein, Pseudo first 

order model assumes intraparticle transport (pore diffusion) rate-limiting step [175]. 

In the intraparticle diffusion model assumed the process to be diffusion-

controlled, and the rate of adsorption depends on the speed at which adsorbate diffuses 

towards adsorbent [174].The intraparticle diffusion coefficients can be determined 

using Equations (8)[152]:  

𝐷𝑝 = 0.03 × 𝑟𝑝
2 𝑡𝑒

0.5⁄  (8) 

Where, DP is the intraparticle diffusion (cm2/s), rP is the average radius obtained from 

BET (nm) and te is the contact time required to reach the equilibrium (min) 
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3.2 Materials 

Eversa ® Transform 2.0 were donated from Novozymes, Denmark. Bradford 

reagent ,2-methylimidazole (HMeIM) (99%), zinc nitrate hexahydrate (99%) and 

1,3,5-benzenetricarboxylic acid (95%) (BTC) were obtained from Merck, USA. 

Cobalt (II) nitrate hexahydrate (≥ 99%) and triethylamine (TEA) (≥ 99%) were 

obtained from Fisher chemicals, USA. Copper (II) nitrate trihydrate (≥ 99.5 %) was 

obtained from EMSURE® analytical reagent, India.  Phosphate Buffer Saline, pH 7.4, 

was obtained from HIMEDIA, USA. Methanol of 99.5%purity, n-hexane of 99% 

purity and ethanol of 99.9% purity were of analytical grade and obtained from S D 

Fine Chem Limited (SDFCL), India. Hydrogen, zero air (ultra-pure), helium, were 

supplied by Sharjah Oxygen Company, UAE. A standard solution of high purity 

FAMEs mix consisting of 4% myristic acid (C14:0), 10% palmitic acid (C16:0), 6% 

stearic acid (C18:0), 25% oleic acid (C18:1n9c), 10% Elaidic acid (C18:1n9t), 34% 

linoleic acid (C18:2n6c), 2% linolelaidic acid (C18:2n6t), 5% linolenic acid (C18:3), 

2% arachidonic acid (C20:0), and 2% of behenic acid (C22:0) was purchased from 

Merck, USA. Olive oil, with nearly 99% purity, was purchased from local markets. 

The Deionized Water (DIW) used in all experiments was purified in a water 

purification system (UltraPure, ThermoFisher, USA), the water was not analyzed after 

the analysis. 
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3.3 MOFs Synthesis 

3.3.1 Synthesis of ZIF-67 

A method similar to the one reported in [189], with slight modifications, has 

been used to prepare ZIF-67. Briefly. A solution (B), consisting of 5.5 g HMeIM in 80 

mL of DIW was gradually added to another solution (A), consisting of 0.45 g cobalt 

nitrate hexahydrate in 12 mL of DIW. The mixture was left on a magnetic stirrer 

(DAIHAN MaXtirTM 500S, Korea) at 200 rpm for 60 min at room temperature. After 

that, the mixing was stopped, and the mixture was left overnight. The next day, the 

resulting purple precipitates were collected by centrifugation (Hettich ROTANTA 460 

R, Germany) at 8600 rpm for 10 min, and washed with 40 mL of (50:50) DIW-

methanol solution for 3 times on a vacuum filter. The collected crystals were then 

vacuum dried at 80°C for 24 h. shown in Figure 5.  

 

Figure 5: ZIF-67 preparation method: (a) organic solution was gradually mixed with 

metal solution at 300 rpm (b) after complete mixing, the mixture was stirred for 1 hour, 

(c) after  day, the solution was centrifuged and washed until the supernatant shift into 

transparence color to remove all the unreacted precursors (d) ZIF-67 powder 

 

In the preparation of lipase encapsulated in ZIF-67, similar method to the one 

used in the preparation of the empty ZIF-67 was adopted shown in Figure 6, but the 
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amounts were reduced to four, in the presence of the enzyme. Briefly, 5 mL of lipase 

stock solution were added to modified solution B, prepared by dissolving 1.375 g 

HMeIM in 15 mL DW to keep the concentration of HMeIM similar to that used with 

the preparation of empty ZIF-67. The 20 mL of enzyme-enriched solution (B) was then 

added gradually to solution A of 0.1125 g of cobalt nitrate hexahydrate in 3 mL of 

DIW, to keep the ratio of precursors consistent. The crystallization steps were similar 

to the free ZIF-67 preparation procedure, in that the solution was stirred kept on a 

magnetic stirrer at 200 rpm at room temperature for 60 min, left overnight without 

mixing, and then the precipitate was collected by centrifugation at 8600 rpm and -4oC 

for 10 min. However, in this case the washing was done in three times with 20 mL of 

phosphate buffer solution (PBS) (0.25 M), to avoid exposing the enzyme to methanol. 

Ina addition, the drying of the lipase encapsulated ZIF-67 was done in freeze dryer 

(Labconco FreeZone, USA) operated at -84.4oC and 0.059 mbar and then stored at 4oC 

for later use. 

 

 

 

Figure 6: Scheme of encapsulation and preparation MOF@Enzyme 
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3.3.2 Synthesis of HKUST-1 

For the synthesis of mesoporous HKUST-1, 0.716 g of copper dinitrate 

trihydrate and 0.421 g benzene tricarboxylic acid were dissolved in 12 mL of ethanol-

water (50:50) solution under continuous mixing using a magnetic stirrer (DAIHAN 

MaXtirTM 500S, Korea) at 150 rpm for 30 mins [185] in Figure 8. Throughout this 

time, the reaction cell was covered with paraffin tape to avoid ethanol evaporation. 

The solution was then transferred into a Teflon container and placed in a hydrothermal 

synthesize reactor. After tightly securing the reactor lid, the reactor was placed in a 

pre-heated thermostatic oven (Witeg WOV, Germany), and kept at 109oC for 24 h. 

After that, the reactor was allowed to cool down to room temperature. The solution, 

which has a turquoise blue color, was sonicated (Ultrasonic Cleaner MH-031X, UK) 

at an amplitude of 20 for about 8-10 minutes to break the aggregates of micron-sized 

colloidal particles in the solution. After that, the solution was vacuum filtered to collect 

the precipitated crystals, which were then washed with 40 mL ethanol and dried at 

room temperature in Figure 9. The crystals were stored under vacuum for later use. 

Owing to the high temperature used in the preparation of this MOF, encapsulation of 

lipase was not possible, as the exposure to the high temperature would deactivate the 

enzyme all process in Figure 7. 

Figure 7: Scheme of synthesis method of HKUST-1 
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Figure 8: HKUST-1 preparation method: (a) metal and organic linear solutions were stirred 

until complete dissolving (b)after mixing the solution stirred for 30 min teflon container at 150 

rpm, and covered to avoid ethanol evaporation (c-d) The mixture shifted into Teflon container 

placed in the hydrothermal reactor (e) the reactor lid closed tightly and shifted into heating 

oven (f) for 24 hr at 109oC 

 

Figure 9: After synthesis steps of HKUST-1: (a) after 24 hr of reaction, the reactor cooled 

down until reach room temperature (c) the solution changed it color into turquoise blue (c) the 

solution sonicated for about 10 min (d) the solution washed and filtered for 1 day (e) teflon 

transferred into pre-prepared cleaning solution for later use (f) HKUST-1 powder  



44 

 

 

 

 

3.3.3 Synthesis of hexahedral mesoporous ZIF-8 

Mesoporous hexahedral ZIF-8 was synthesized according to the method 

described in [162]. Solution A prepared by dissolving 0.845 g of Zn(NO3)2.6H2O in 

50 mL DIW and stirred (DAIHAN MaXtirTM 500S, Korea) until complete dissolving. 

Solution B prepared by dissolving of 1.85 g HMeIM and 2.5 g TEA in 50 mL DIW 

and stirred until completely dissolved. TEA was added to deprotonate the HMeIM, 

which accelerates the formation of ZIF-8. Solution B was then gradually added to 

solution under continuous stirring at 200 rpm and room temperature until the mixture 

turned white and kept under mixing for 60 min. After that, the mixture was left without 

mixing overnight. The precipitated ZIF-8 nanoparticles were collected by 

centrifugation and washed with DIW three times. After that, the crystals were dried at 

80oC under vacuum before use in Figure 10. 

 

 

 

 

 

 

 

 

Figure 10: Storage of MOF powder: (a) ZIF-8,HKUST-1 and ZIF-67 powder (b) 

stored under in vacuum desiccator 
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For lipase encapsulation in ZIF-8, 5 mL of stock lipase solution were added to 

modified solution B, prepared by dissolving 0.37 g HMeIM and 0.5 g TEA in 10 mL 

DIW to keep the concentration of HMeIM the same as in the case of empty ZIF-8. The 

enzyme enriched solution B was then added gradually 10 mL of solution A, to keep 

the ratio of the precursors consistent. The solution was stirred on a magnetic stirrer at 

200 rpm and room temperature for 60 min. The mixture was left at room temperature 

overnight without mixing, and then the precipitated crystals were collected by 

centrifugation at 8600 rpm and -4oC for 10 min and washed three times with 40 mL of 

phosphate buffer solution (PBS) (0.25 M), before being freeze-dried at -84.4oC and 

0.059 mbar. The lipase encapsulated ZIF-8 was stored at 4oC for later use, shown in 

Figure 11.  

 

Figure 11: ZIF-8 preparation: (a) solution A and b stirred until dissolved (b) solution 

b gradually added to solution A and stirred for 1 hr (d) after 24 hr of reaction at room 

temperature and white precipitate collected (e-f) the samples were centrifuge and 

washed using vacuum filtration (i) the washed ZIF-8 sent for drying if (1) empty 

crystal dried in vacuum oven or (2) if encapsulated with enzyme dried using freeze 

dryer 
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3.4 Batch adsorption of lipase on activated MOFs                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

All synthesized MOFs were vacuum dried and activated prior to 

immobilization. HKUST-1 was activated at 120oC, whereas ZIF 67 and ZIF-8 were 

activated at 100oC for 6 hours. After activation the color of the HKUST-1 crystals 

changed from light turquoise to dark blue color shown in Figure 12.  

 

 

 

 

Figure 12: Activated HKUST-1: before and after vacuum activation. at 120oC for 6 h 

  

Before the adsorption batch, experiment stated 0.1 g of activated MOF to 5 mL 

of phosphate buffer solution (pH 7.4) in sealed glass bottles. Before adding the 

enzyme, the MOF particles were dispersed by sonication at an amplitude of 30 HZ for 

about 10 minutes, shown in Figure 13.  

 

Figure 13: Sonication of activated HKUST-1: (a) prepared Phosphate buffer (b) the 

samples were sonicated with buffer for 10 min (c) the enzyme solution of different 

concentrations was added 
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After that, 5 mL of enzyme solutions of different concentrations, were added 

to the sealed bottles were placed in a shaking water bath set at 200 rpm and different 

temperatures ranging from 35–45oC. The initial enzyme concentrations in the mixtures 

ranged between 2.75 and 0.6875 mg/mL, the process shown in the below Figure 14.  

 

Figure 14: Scheme of adsorption preparation of Enzyme@MOF 

 

At regular intervals, 20 µL samples were withdrawn and filtered. After that, 

180 µL of Bradford reagent were added and the optical density was measured at 595 

nm using microplate UV spectrophotometer (Multiskan GO, UK). The enzyme 

concentration in the withdrawn samples was determined by comparing the optical 

density against a calibration curve prepared using serial dilutions of standard protein, 

albumin, and solution of known concentration. After 24 h, the MOFs with the 

immobilized lipase were collected by centrifugation at 8600 rpm and -4oC for 8 min 

and washing twice with buffer solution. The remaining enzyme concentration in the 

supernatant after 24 h was assumed to be the equilibrium concentration shown in 

Figure 16. [37]. The MOF with the adsorbed enzyme was then freeze dried for further 

use. A similar procedure was followed for measuring the encapsulated enzyme. The 
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initial protein concentration was measured, and at the end of the crystallization, the 

remaining concentration of enzyme in the solution was measured shown in Figure 15. 

In this experiment, the background was the initial precursors solution without the 

enzyme at initial time after mixing and after 24 h at the end. A calibration curve using 

the same background was also used, shown in Figures 16 and 17, the process of 

measuring. 

 

 

Figure 15: Analyzing the samples of adsorption studies: (a) Collected samples at 

different time from adsorption experiment to meausre the protein concentration drop 

(b) Micro-plate UV spectrophotmeter flat surface with mixing bradford reagent and 

collected samples (c) Micro-UV spectrophotometer instrument 

 

All experiments were carried out in duplicates and the average values were 

reported and the standard deviation was shown as error bars in the figures. The 
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enzyme immobilization efficiency (EIE) and immobilization capacity (qm) were 

determined using Equations (9) and (10), respectively. 

𝐸𝐼𝑅 = 
(𝐶𝑖 − 𝐶𝑓)

𝐶𝑖
× 100% (9) 

𝑞𝑚 =
(𝐶𝑖 − 𝐶𝑓)𝑉

𝑚
 

(10) 

Where, Ci and Cf (mg/mL) are the initial and final enzyme concentrations, 

respectively,  qm (mg/g) is the MOF capacity, m (g) is the weight of the MOF and V 

(mL) is the solution volume.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Calibration curve of concentration of protein vs the absorption: at 0 hr and 

24 hr encapsulation of enzyme on (a) ZIF-8 and (b) ZIF-67  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/encapsulation
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Figure 17: Calibration curve for adsorption experiment 

 

3.5 Biodiesel production 

For biodiesel production experiment, the immobilized enzyme in MOFs (both 

encapsulated and adsorbed) were used at the optimum condition as found in Section 

2.3. The reaction mixture consisted of 1 g of olive oil and 0.57 mL methanol 

(equivalent to 1:12 molar ratio), and 1 mL of n-hexane based or preliminary test. When 

immobilized enzyme was tested, 0.2 g of the enzyme was added to initiate the reaction. 

When soluble free enzyme was tested, 2 mL of enzyme solution was used instead. The 

reaction mixture was placed in a shaking water bath set at 40℃ and 110 rpm. After 4 

h of reaction, 5 mL of n-hexane were added to extract the produced biodiesel. After 

mixing thoroughly with hexane, the solution was centrifuged at 8600 rpm for 5 min to 

separate the two layers shown in Figure 18. A sample of 1 mL from the upper hexane 

layer was withdrawn and sent for Gas Chromatography (GC) (Shimadzu, GC-2010, 

Japan) for fatty acids methyl esters (FAMEs) analysis. The GC was facilitated with a 
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flame ionization detector (FID) and a SP-2560 capillary column. The carrier gas used 

was helium at a flow rate of 40 mL/min. The temperature of the GC oven was set at 

195℃ for 4 min and then heated to 240℃ at a rate of 5℃ per min and maintain for 12 

min. A sample of 1 μm was injected into the column through 0.45 μm filter and 

compared to a calibration determined using standard FAMEs mixture. The FAME 

production yield was determined using Equation (11). 

𝐹𝐴𝑀𝐸𝑦𝑖𝑒𝑙𝑑 =
𝑚𝐹𝐴𝑀𝐸

𝑚𝑂𝑖𝑙
% (11) 

Where, mFAME and moil are the weights of produced FAME and used oil, respectively. 

The experiments were carried out in duplicate, and the presented results are the average 

values, with the standard deviation shown as error bars in the figures. The reusability 

of Immobilized lipase on the MOF composites was investigated. At the end of the 

reaction described above, the immobilized enzyme was separated by centrifugation 

8600 rpm and reused in another run with fresh oil, methanol and hexane. This 

procedure was repeated 4 runs and the FAMEs produced was determined for each run. 

 

Figure 18: Biodiesel production: (a) Water shaking path at 40oC (c) the collected 

upper layer separated from glycerol and enzyme@MOF  for GC analysis. 
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To model the diffusion-reaction system used adsorbed lipase on ZIF-8, 

experiment was carried out using different initial concentrations of oil, while keeping 

the methanol and enzyme concentration consistent, by adjusting the volume of n-

hexane to bring the overall volume to 10 mL. The methanol concentration and enzyme 

loading were kept constant at 0.057 mol/mL and 0.02 mg/mL, and the oil concentration 

was changed in the range of 0.5-0.3 mg/mL. Assuming the production rate to be linear 

in the first 4 h of reaction, the initial rate of reaction at each condition was calculated 

by dividing the concentration of FAMEs after 4 h of reaction by 4 h. 

3.6 MOF characterization 

 X-ray diffraction study was done using D8 Advance, Bruker, X-ray 

diffractometer (XRD) with a Cu Kα having wavelength λ = 1.54056 Å as an X-ray 

source at a generator voltage of 40 kV and a generator current of 40 mA. The analysis 

of the immobilization functional groups present in all materials was obtained using 

Fourier-transform infrared spectrometer (FT/IR-6300, JASCO) (FT-IR). Raman 

spectra of composite materials were recorded using Renishaw InVia Raman 

Microscope with Wire 4.0 software and excitation wavelength of 514 nm for ZIF-67 

and HKUST-1, 633 nm for ZIF-8. The surface morphology of the materials was 

observed using FE-SEM (Fei Apreo C, Czech Republic). The elemental composition 

of all the samples was attained from Energy Dispersive Spectroscopy (EDS) (Oxford 

Instruments, UK). The surface area, average pore size, and total pore volume of all the 

synthesized composite materials were obtained using Brunauer-Emmett-Teller (BET) 

and Barrett-Joyner-Halenda (BJH) analysis using Quantachrome TouchWin™ version 

1.22, All characterization were repeated three times, Figures 19 and 20 shows the 

instruments used. 
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The hydrophobicity of ZIF-8, ZIF-67and HKUST-1 was tested using contact 

angle measurements using Rame-hart Instrument co at 110-240VAC. The image of the 

water drop on the surface was captured, and the contact angles were determined by 

drawing a tangent close to the edge of the droplet. The reported contact angle values 

were the average of three separate measurements carried out at three different locations 

on the surface.  

 

Figure 19: Fe-SEM machine steps: (a) washing the samples with Ethanol to remove 

the agglomeration (b) gold coating machine (c) FE-SEM instrument 

 

Figure 20: Instruments in this work: (a) XRD (b) Raman Spectroscopy (c) FT-IR (d) 

Freeze dryer (e) Gas chromatography (GC)  
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Chapter 4: Results 

 

4.1 MOFs Characterization  

4.1.1 FTIR 

FT-IR spectra of free lipase, empty MOF and MOF with immobilized lipase 

are shown in Figure 21 for all three tested MOFs. Figure 21A, shows the spectrums of 

(a) empty HKUST-1 (b) HKUST-1 with adsorbed lipase at 40oC and 0.6 mg/mL initial 

lipase concentration and (c) free lipase. The FT-IR spectra of HKUST-1 matches well 

with that reported in the literature [177]. The characteristic peak at 1380 cm-1 in Figure 

21A(a) is assigned to the C–O of BTC, and the bands at 1451 cm-1 and 1560 cm-1 were 

attributed to the C=O of BTC. The characteristic peak at 1650 cm-1 resulted from 

aromatic C=C of BTC indicate a stretching vibration from the carboxylate group). The 

–OH group above 3000 cm-1 increased significantly with lipase immobilization, as 

shown in Fig21A(b), which is a good indication of the successful adsorption of the 

enzyme on HKUST-1 crystals. Figure 21A(c) shows that the free lipase spectrum 

exhibits two characteristics absorption bands at 1650 and 3304 cm-1, corresponding to 

CO stretching vibration mode in amide I bonds and NH stretching vibration, 

respectively [176]. 

The FT-IR spectra of ZIF-67 (a) empty, (b) with adsorbed Lipase at 40oC and 

0.6 mg/mL initial enzyme concentration and (c) with encapsulated lipase are shown in 

Figure 21B. The vibrational bands in the range of 600-1500 cm−1 shown in Figure 

21B(a) correspond to the characteristic stretching and bending modes of the imidazole 

ring. Also, the band at 1570 cm−1 is attributed to the stretching mode of C═N in 

HMeIM, whereas the bands at 2921 and can be ascribed to the stretching mode of C-
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H from the aromatic ring and the aliphatic chain of HMeIM, respectively. All of the 

above bands are well presented in spectra of the crystals with adsorbed and 

encapsulated Lipase. The absorption bands at 1664 and 3304 cm-1 in Figures 21B(b) 

and 21B(c) are corresponding to the bands in the free enzyme mentioned earlier, which 

confirm the presence of the lipase  [176]. 

Figure 21C shows the spectra of hexahedral ZIF-8 (a) empty, (b) with adsorbed 

lipase at 40oC and 0.6 mg/mL initial enzyme concentration and (c) encapsulated lipase. 

Bands at 425 cm−1 in Figure 21C(a) are ascribed to Zn–N. The acute band vibrations 

at 760 cm−1 and 1450 cm−1 are attributed to the HMeIM ring and the weak peaks at 

2790–2950 cm−1 are due to the aromatic and aliphatic stretching C–H of HMeIM 

[162]. The above-mentioned bands were in the spectra of ZIF-8, with adsorbed and 

encapsulated lipase, shown in Figures 21C(b) and 21C(c). The two characteristic 

absorptions at 1670 cm-1 and 3425 cm−1, which are related to amide (–CO–NH–) I and 

II bands for lipase. Following the immobilization of lipase in hexahedral ZIF-8, the 

same characteristic bands of lipase were maintained. 
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Figure 21: FTIR spectra: of (A) HKUST-1: (a) empty (b) with adsorbed lipase and 

(c) free lipase. (B) ZIF-67: (a) empty (b) with adsorbed lipase (c) with encapsulated 

lipase, (C) ZIF-8: (a) empty (b) with adsorbed lipase (c) with encapsulated lipase 
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4.1.2 XRD 

XRD was used to characterize the crystalline structures of the three MOF’s, 

empty and with immobilized lipase. Figure 22A shows the XRD results of HKUST-1.  

It can be seen from Figure 22A(a) that the pattern of the empty HKUST-1 shows 

typically standard diffraction peaks similar to those of the simulated pattern (PD : 00-

062-1183) [178] shown Figure 22A(b), which indicate the successful synthesis of 

HKUST-1 crystals. The diffraction peaks at 6.6°, 9.4°, 11.5°, 13.3°, 18.9° and 25.6° 

are assigned to (200), (220), (222), (400), (440) and (731) crystal planes, respectively. 

After adsorption of lipase to post-synthesized HKUST-1, the positions of main 

diffraction peaks remain consistent with that of the empty HKUST-1, as shown in 

Figure 22A(c). This result indicates that the immobilization process did not damage 

the HKUST-1 crystals. However, intensity of the peaks reduced with the 

immobilization of lipase, which is mainly due to the low spacing between the atomic 

layers in the crystal material due the occupation of enzyme molecules on the surface 

[162], which resulted in a decrease in HKUST-1 crystallinity after lipase 

immobilization. 

The XRD patterns of empty ZIF-67 and with encapsulated and adsorbed lipase 

are shown in Figure. 22B. The pattern of the empty ZIF-67 in Figure 22B(b) are similar 

to those reported in literature [179] and of the simulated crystal shown in Figure 

22B(a), which  confirms the successful synthesis of ZIF-67 (CIF: 7222297). The 

diffraction peaks at 7.2°, 10.2°, 12.6°, 14.5°, 16.3°, 17.9°, 22.0°, 24.3°, 26.5° 

appearing for the empty ZIF-67 are assigned to the (001), (002), (112), (002), (013), 

(222), (114), (233) and (134) crystal planes, respectively. The diffractogram of  pure 

ZIF-67  has a lower intensities of diffraction peaks to that of the simulated ZIF-8 
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pattern reported in the literature [180]. This may be due to the concentration of cobalt 

ions and HMeIM, which could play a key role in XRD patterns. The XRD patterns in 

Figures 22B(c) and 22B(d) clearly show that the immobilization of lipase did not affect 

the crystal structure of ZIF-67, and the main reflections perfectly match those of pure 

ZIF-67.  The intensity of the peaks with adsorbed lipase slightly dropped as compared 

to the empty crystals, which indicates that lipase adsorption did not affect the 

crystallinity. With encapsulated lipase however, the intensity of most prominent peak, 

corresponding to the plane (011) of Co2+, decreased, dropped, which indicates that the 

crystallinity reduced. This is mainly due to the diminished distance between the atomic 

layers in the crystalline material.  

The XRD patterns of empty hexahedral ZIF-8, and with encapsulated and 

adsorbed lipase are shown in Figure 22C. The pattern of the empty ZIF-8 shown in 

Figure 22C(b) matches well with the simulated powder pattern (CIF NO: 4118891) 

shown in Figure 22C(a). The principal diffraction peaks signify the intensification for 

ZIF-8 position at 2θ of 7.22◦, 10.3◦, 12.6◦, 14.7◦, 16.5◦ and 18.17◦ which were related 

to 011, 002, 112, 022, 013, and 222 crystals planes, respectively [181]. No obvious 

changes in the peaks were detected in the XRD patterns with lipase adsorption or 

encapsulation Lipase, shown in Figures 22C(c) and 22C(d), respectively, suggesting 

that lipase immobilization does not affect the ZIF-8 crystals. However, the small shift 

observed in the XRD spectra after immobilization of lipase indicates that the lipase 

successfully immobilized onto ZIF-8. 
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Figure 22: Results of  XRD: (A) HKUST-1: (a) simulated (b) empty (c) with 

adsorbed, (B) ZIF-67: (a) simulated (b) empty (c) with adsorbed lipase (d) with 

encapsulated lipase, (C) ZIF-8: (a) simulated (b) empty (c) with adsorbed lipase (d) 

with XRD encapsulated lipase 
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4.1.3 Raman Spectroscopy 

Figure 23 shows the high-resolution Raman spectrum of (a) HKUST-1, (b) 

ZIF-67 and (c) ZIF-8. The Raman results, which further supported the formation of 

metal organic frameworks, provided information on the compositions. The  spectra  of 

HKUST-1, in Figure 23(a), show  the same  spectroscopic characteristics  with  respect  

to  those reported  in literature [182]. Between 200 and 600 cm-1, the peaks of 

vibrational modes involving Cu2+ ions are evident. More precisely, the  doublet  at  

531-600 cm-1 is related to Cu-O stretching modes involving oxygen atoms of 

carboxylate bridges [183]. In the central region from 700 to 1200 cm-1, it is possible 

to recognize the peaks related to the vibrational modes of the benzene rings. In 

particular, at 754 cm-1 and 834 cm-1, the C-H out-of-plane bending modes of rings are 

observed, whereas at 1013 cm-1 the symmetric stretching mode of C=C is evident. In 

the region from 1400 to 1700 cm-1, two vibrational modes of carboxylate bridges are 

present. The first, at 1470 cm-1, corresponds to the symmetric stretching of O-C-O, 

and those functional groups support the formation of HKUST-1 [184]. In the spectra 

of ZIF-67, shown in Figure 23 (b), peaks at 230-555 cm-1 are attributed to the cobalt 

content, which are similar to what is reported in literature [185]. The signature of C–

N, C-H and imidazole ring located at around 1115 cm-1, 1450 cm-1 and 650 cm-1, 

respectively, can all be identified in ZIF-67 crystals. In the Raman spectrum of 

hexahedral ZIF-8, shown in Figure 23(c), the major peaks are observed at 176 cm−1 of 

Zn–N, 680 cm−1 of HMeIm imidazole ring, 1155 cm−1 and 1175 cm−1 of C–N, 1472 

cm−1 of C–H bending of methyl and 1500 cm−1 of C–C. These results agree well with  

reported results of ZIF-8 [186]. 
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Figure 23: Raman spectra: of (a) HKUST-1 (b) ZIF-67 and (c) Hexahedral ZIF-8 

pure crystals 

 

4.1.4. Porosity and Surface Area 

Figure 24 shows N2 adsorption-desorption isotherms for (A) HKUST-1, (B) 

ZIF-67 and (C) hexahedral ZIF-8. The BET specific surface areas of empty HKUST-

1, ZIF-67 and ZIF-8 were found to be 834.8 m2/g, 1332.9 m2/g and 281.6 m2/g.  The 

large area of ZIF-67 was a result of using diluted precursors solutions in this work, as 

it has been reported that a decrease reagents concentration, which slowdown the 

nucleation rate, resulting in bigger and more defined crystals [189]. A similar surface 

area of 1320 m2/g was also reported for ZIF-67 prepared by hydrothermal synthesis 

[187]. According to BJH method, the average pore radius and volumes of HKUST-1, 

ZIF-67 and ZIF 8 were 2.002 nm and 0.84 cm3/g, 1.14 nm and 0.74 cm3/g, and 3.28 

nm and 0.43 cm3/g, respectively. Table 4 shows a summary of the surface properties. 

Although ZIF-67 showed the highest surface area, the average pore size was the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5983715/figure/ijms-19-01424-f005/
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smallest. Whereas, ZIF-8, which showed the smallest surface area, had the largest 

average pore size. The N2 adsorption isotherms of HKUST-1 and ZIF-8 followed the 

IUOPAC Type (IV) [162], which indicates mesoporous structure, Whereas, ZIF-67 

showed Type (I) mode, associated with microporous pores. These observations agree 

with the respective pore sizes found for the three MOFs. These results indicated that 

the three MOFS are suitable immobilization surfaces, owing to their meso and micro-

porous structures and high specific surface area.  

There was no need to analyze the pore sizes of the MOFs with the adsorbed 

lipase, because the crystals were already pre-synthesized before the adsorption. 

However, the test was done on the lipase encapsulated ZIFs, as shown in Figures 24B 

and 24C. It was found that the encapsulation of lipase inside ZIF-67 and ZIF-8 had an 

effect on the adsorption isotherm, which changed from Type (I) to Type (IV) and from 

Type (IV) to Type (II), respectively. The pore size distribution was also affected by 

the lipase encapsulation, which changed from a unimodal to a bimodal distribution in 

ZIF-67 as shown in Figure 24B, whereas in ZIF-8 bimodal distribution disappeared, 

as shown in Figure 24C. This indicates that the encapsulated enzyme had resulted in a 

structural defect in the crystals. A similar change in the structure of ZIF-67 with lipase 

encapsulation was previously reported [176]. 

However, with enzyme encapsulation, a noticeable decrease in BET surface 

area and total pore volume was found for both ZIF-67 and ZIF-8 reaching on 533.5 

m2·g−1 and 78.8 m2·g−1 and from 0.57 cm3·g−1 and 0.14 cm3·g−1, respectively. This 

drop was due to the partial occupation of the porous structure with enzyme molecules. 

However, the average pore radius of ZIF-67 and ZIF-8 increased after encapsulation 

to 2.15 nm and 3.69 nm, respectively. This is because the enzyme molecules occupy 
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the smaller pores, leaving the larger pores unfilled, rendering the average pore size 

after encapsulation larger. Similar results were also observed when Candida rugose 

lipase [176] and Rhizomucor miehei lipase [169] were encapsulated in ZIF-67 and ZIF-

8, showing an increase in pore size after encapsulation.  

 

Figure 24: N2 adsorption/desorption isotherms for and pore size distribution: of (a) 

HKUST-1 (b) ZIF-67 (empty and encapsulated with lipase) (c) ZIF-8 (empty and 

encapsulated with lipase)  
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Figure 24: N2 adsorption/desorption isotherms for and pore size distribution: of (a) 

HKUST-1 (b) ZIF-67 (empty and encapsulated with lipase) (c) ZIF-8 (empty and 

encapsulated with lipase) (continued)  

 

 

Table 4: Surface Properties of HKUST-1 and ZIF’s at 77 K 

 

 

 

 

 

Sample 

Surface 

area 

(m2g-1) 

BJH 

pore 

volume 

(cm3g-1) 

Avg 

pore 

Radius 

(nm) 

Adsorption 

Pore Radius 

(nm) 

Desorption 

Pore Radius 

(nm) 

HKUST-1 834.84 0.84 2.00 14.44 14.01 

ZIF-67 1332.93 0.74 1.14 1.722 1.71 

ZIF-8 281.61 0.43 3.28 14.44 8.44 

Encapsulated 

Lipase-ZIF-67 
533.48 0.57 2.15 14.30 1.72 

Encapsulated 

Lipase-ZIF-8 
78.76 0.14 3.70 14.61 1.71 
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4.1.5. Surface Hydrophobicity 

The static water angles on the three MOFs are shown in Figure 25. The contact 

angle of a water droplet on ZIF-8 at time zero, as shown in Figure 25a, was 49.6o, and 

decreased to 0o after 3s, as shown in Figure 25b. This indicates that the surface of ZIF-

8 is hydrophilic. Similar results were observed with HKUST-1, shown in Figure 25e, 

with water drop being directly adsorbed, indicating that this surface was also 

hydrophilic. The contact angle of a water droplet on ZIF-67 however, was 120oC, as 

shown in Figures 25c and 25d, indicating that the surface is hydrophobic. In biodiesel 

production process, hydrophobic surfaces are more favorable, as they favor the 

diffusion of the substrate. In addition, lipase, is characterized with significantly 

extended lipophilic regions that can interact effectively with hydrophobic supports, 

which enhances the support and reduces the leakage. However, most enzymes undergo 

conformational changes upon adsorption on hydrophobic surfaces, which can 

negatively affect their activity and stability [190].  
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Figure 25: Static water angle: on (a) ZIF-8 at time zero (b) ZIF-8 after 3 s (c) ZIF-67 

and (e) HKUST-1 (d) shows the ZIF-67 powder attached to pulled water droplet 

 

4.1.6 Surface Morphology 

The morphology of synthesized MOFs was characterized using Fe-SEM. 

Figures 26a and 26b show the images for HKUST-1, empty and with adsorbed lipase. 

Empty HKUST-1 (clearly exhibit well-defined octahedral shape with distinct edges 

and smooth surfaces with the particle size in the range of 0.5 –5.0 μm, which match 

reported results in literature [184]. With lipase adsorption, no significant changes were 

observed in the morphology of HKUST-1. However, the presence of the enzyme 

resulted in conglomeration of crystals, and that resulted in the drop in crystallinity 

observed in the previous XRD results as well (Figure 22a). 

Figures 27a, 27b and 27c show the images for ZIF-67, empty, and with 

adsorbed lipase and encapsulated lipase, respectively. Empty ZIF-67 clearly showed 
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well defined dodecahedral shape and match what is reported in literature [188]. The 

particles sizes of ZIF-67 were non-uniform, which indicates a rapid nucleation of the 

crystals, resulting in different crystallinity shape [176, 189]. The average size however, 

was in the range of 1-4 nm. With lipase adsorption, ZIF-67 maintained is morphology 

and the attachment of the enzyme did not affect the crystal structures. However, the 

attached enzymes resulted in a slight conglomeration was observed. With lipase 

encapsulation, ZIF-67, preserved their dodecahedral shape. However, a drop in the 

size of the crystal was observed, which indicates that the presence of the enzyme 

molecule during the crystallization affected the process. A similar drop of mean 

average size was obtained with encapsulating Rhizomucor miehei lipase in 

microporous ZIF-8 [169]. The results also agree with previous XRD results presented 

earlier (Figure 22b). In a de novo approach, structural defects of crystals usually 

formed, due to the presence of protein in the crystallization process [190].  

Figures 28a, 28b and 28c show the images for ZIF-8, empty, and with adsorbed 

lipase and encapsulated lipase, respectively. Empty ZIF-8 (exhibit well-defined 

hexahedral shape and match well what is reported in literature [162]. With lipase 

adsorption and encapsulation, no significant changes in the morphology of ZIF-8 was 

observed, and the crystals preserved their hexahedral shape. This result agrees with 

previous XRD results, presented earlier (Figure 22c). However, similar to ZIF-67, with 

encapsulation size of the crystals decreased. The decrease in the size of ZIF-8 crystals 

after lipase encapsulation was higher than that encountered by ZIF-67. 
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(c)                                                (d) 

 

 

 

 

 

 

 

 

 

Figure 26: Fe-Scanning electron microscopy (Fe-SEM) images of HKUST-1: (a) 

pure (b) lipase adsorbed (c) EDS mapping of pure crystals (d) Adsorbed lipase  
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Figure 27: Fe-Scanning electron microscopy (Fe-SEM) images of ZIF-67: (a) empty 

(b) lipase adsorbed and (c) lipase encapsulated (d) EDS mapping of pure crystals (e) 

Adsorbed lipase and (f) encapsulated  
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(d) (e) (f) 

Figure 27: Fe-Scanning electron microscopy (Fe-SEM) images of ZIF-67: (a) empty 

(b) lipase adsorbed and (c) lipase encapsulated (d) EDS mapping of pure crystals (e) 

Adsorbed lipase and (f) encapsulated (continued) 
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Figure 28: Fe-Scanning electron microscopy (Fe-SEM) images of ZIF-8: (a) empty 

(b) lipase adsorbed and (c) lipase encapsulated (d) EDS mapping of pure crystals (e) 

Adsorbed lipase and (f) encapsulate  



72 

 

 

 

 

 

Figure 28: Fe-Scanning electron microscopy (Fe-SEM) images of ZIF-8: (a) empty 

(b) lipase adsorbed and (c) lipase encapsulated (d) EDS mapping of pure crystals (e) 

Adsorbed lipase and (f) encapsulate (continued) 

 

4.2 Lipase adsorption isotherms  

In order to evaluate lipase adsorption, the equilibrium adsorption isotherms 

were fitted to different models to identify the one that best correlate with experimental 

results. The experimental results of lipase equilibrium adsorption on ZIF-8, ZIF-67 

and HKUST-1 at different temperatures as compared to Langmuir and Freundlich 

fitted models are shown in Figure 29. The parameters and the coefficient of 

determination for the two models are presented in Table 5 for the three tested MOFs. 

Generally, the Langmuir isotherm was found to provide a better fit than Freundlich for 

the three MOFs. 

The Langmuir isotherm describes monolayer sorption, in which each lipase 

molecule is adsorbed on distinct localized sorption sites with no transmigration of the 

adsorbate in the plane of the surfaces giving uniform energies of monolayer sorption 
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onto the adsorbent surface [191]. From the Langmuir fitting, it was found that the 

maximum adsorption capacity of ZIF-8, ZIF-67  and HKUST-1 increased with 

temperature, which is typical for the adsorption of most protein [152].  

Comparing the maximum capacity on the three MOFs showed that they all 

have similar values at their respective optimum temperatures. The value of b, which is 

an indication of adsorbate–adsorbent interaction [191] increased with temperature for 

ZIF-8 and HKUST-1 (i.e., endothermic process), but reduced for ZIF-67 (i.e., 

exothermic. 

Table 5: Isotherm model parameters for lipase adsorption on ZIF-8, ZIF-67 and 

HKUST-1 at different temperature 

ZIF-8 

Isotherm Parameter 35oC 45oC 

Langmuir 

b(L/mg) 

qm(mg/g) 

R2 

0.22 0.315 

102 

0.91 

33.06 

0.99 

Freundlich 

aF 6.537 26.648 

1.067 

0.91 

bF 1.031 

R2 0.99 

ZIF-67 

Isotherm Parameter 30oC 45oC 

Langmuir 

 

b(L/mg) 

qm(mg/g) 

R2 

6.76 0.84 

102 

0.96 

34.22 

0.873 

Freundlich 

aF 

bF 

R2 

3.5 102 

0.77 

1.00 

0.044 

0.69 

HKUST-1 

Isotherm Parameter 35oC 40oC 45oC 

Langmuir 

b(L/mg) 

qm(mg/g) 

R2 

4.12 

18.74 

1 

5.5 

19.98 

1 

6.84 

21.86 

1 

Freundlich 

aF 

bF 

R2 

18.98 

1.96 

0.98 

19.1 

2.716 

1 

20 

3.99 

1 
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The Gibbs free energy (∆Go), enthalpy (∆Ho), and entropy (∆So), which can be used 

to assess the spontaneity of the adsorption process, [192], were determined from the 

values of b at different temperatures, using Equation (3). As shown in Table 6, positive 

values of ∆G was obtained at all tested temperatures, except for ZIF-67 at the lowest 

tested temperature of 30oC and HKUST-1 at the highest tested temperature of 45oC. 

This indicates that the adsorption processes on ZIF-8 was generally non-spontaneous.  

Whereas for ZIF-67 and HKUST-1, the process becomes spontaneous at the low and 

high temperatures, respectively. The enthalpy of adsorption, ∆Ho (29.257 and 196.36 

kJ/mol) for the two hydrophilic surfaces, ZIF-8 and HKUST-1 was found to be 

positive, which confirmed the endothermic nature of the process. Whereas for the 

hydrophobic surface, ZIF-67, the enthalpy of adsorption, ∆Ho, was negative. When 

∆H is less than 40 kJ/mol, adsorption is considered to be physisorption [193], as in the 

case of ZIF-8, whereas the adsorption was chemisorption for HKUST-1. The positive 

value of ∆S For HKUST-1 and ZIF-8 indicates an increased randomness at the solid–

solution interface during the adsorption process and a good affinity [194].   

To explain these trends, the forces of attraction should be understood. The 

attachment of lipase on ZIF-8 and ZIF-67 is by physical adsorption, where it is by 

chemical adsorption for HKUST-1. In the former case, the forces of attraction are 

mainly the hydrophilic and Van der Waals forces, whereas in the latter MOF, it is 

chemical bonding. As temperature increases, the attachment of the hydrophilic 

proteins to the hydrophilic surface of ZIF-8 compensates the drop in the Van der Waals 

forces [156,195]. However, for HKUST-1 the extent of chemisorption increased with 

an increase in temperature, and the attachment of enzyme increased [161].  
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Table 6: Thermodynamic parameters of ZIF-8, ZIF-67 and HKUST-1 

 

 

 

 

 

 

 Temperature (K) ∆G(KJ/mol) ∆H (kJ/mol) ∆S(kJ/mol.K) 

L-ZIF-8 
308.15 3.879 

29.257 0.0824 
318.15 3.055 

L-ZIF-67 
303.15 -4.817 

-111.48 -0.3518 
313.15 0.461 

L-HKUST-1 

308.15 1.225 

196.366 0.63107 313.15 0.104 

318.15 -5.085 
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Figure 29: Freundlich model fitting of lipase adsorption isotherms at different 

temperatures: on (a) ZIF-8 (b) ZIF-67 and (c) HKUST-1 and Langmuir model fitting 

of lipase adsorption isotherms at different temperatures on (d) ZIF-8 (e) ZIF-67 and 

(f) HKUST-1 
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4.3 Adsorption kinetics 

The Lipase adsorption kinetics profiles on ZIF-8, ZIF-67 and HKUST-1 at 

different initial concentrations and temperatures are shown in Figure 30. As shown in 

the kinetics profiles, there was generally an initial fast uptake of lipase from the 

solution in the first 60 min, before plateauing at 180 min of contact time. The faster  

initial uptake can be attributed to the presence of a large number of available empty 

adsorption sites [152]. As the lipase gets adsorbed, the number of these available sites 

decreases, and the slope flattens and the adsorption rate decreases [196]. For ZIF-8 

(Figures 30a and 30b), at low protein concentration, the adsorption rate was found to 

increases with increasing the initial concentration.  However, the significance of this 

effect diminished at higher concentration. This is mainly because the concentration 

gradient driving force becomes high enough that any increase in it did not result in a 

higher adoption. On the contrary, there was a slight decrease at the highest 

concentration, which is due to the faster filling of the outer pores, which then restricted 

the inner ones from being utilized. In addition, at high lipase concentration, 

agglomeration may take place , which negatively affects the diffusion rate and the 

ability to utilize the inner pores [152, 200]. On the other hand, the adsorption was 

found to reduce with temperature at low lipase concentration, and this effect also 

diminished at higher concentrations. The drop in adsorption rate with temperature was 

due to drop in the Van der Waals attractive forces, as explained in Section 3.2.   

A similar trend was observed for ZIF-67, as shown in Figures 30c and 30d, 

wherein the adsorption rate increased with the increase in concentration. However, 

with ZIF-67, the adsorption rate consistently increased with temperature. A similar 

behavior was also observed for HKUST-1, with regards to concentration, where the 
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kinetics increase with the increase in concentration, but to a lesser extend compared to 

the other two supports. The effect of temperature, however, was opposite and a drop 

in kinetics was observed by increasing the temperature. However, the effect of 

temperature of HKUST-1 was similar to ZIF-8, wherein an increase in temperature 

resulted in an increase in adsorption rate, which the expected trend of a chemisorption 

process. 

 

Figure 30: Lipase adsorption kinetics: on (a-b) ZIF-8, (c-d) ZIF-67 and (e-f) 

HKUST-1 at different temperatures and initial concentrations 
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Adsorption kinetics show large dependence on the physical and chemical 

characteristics of the adsorbent material, which also influence the adsorption 

mechanism that can either be film or pore diffusion or a combination of both, 

depending on the system hydrodynamics [199]. In order to express the kinetic 

characteristics of lipase adsorption on the support surface, non-linear pseudo-first 

order, pseudo-second-order and Elovich’s models were fitted to the experimental data, 

and (Results are shown in the Appendix) the determined parameters and correlation 

coefficients (R2) are listed in Table 7. The first order rate constant (k1) was found to 

increase with the increase in temperature in Figure 31. Whereas, the second order rate 

constant (k2) decreased Figure 33. This decrease in the second-order rate constant 

could be attributed to the propensity of adsorbate to migrate from the solid phase to 

the bulk phase with increasing temperature of the solution [174].  
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Figure 31: Pseudo first order model fitting of lipase adsorption kinetics data: on (a-b) 

ZIF-8 (c-d) ZIF -67 and (e-f) HKUST-1 at different temperatures and initial 

concentrations 
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Figure 32: Elovish’s model fitting of lipase adsorption kinetics data: on (a-b) ZIF-8   

(c-d) ZIF -67 and (e-f) HKUST-1 at different temperatures and initial concentrations 
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Figure 33: Pseudo second order model fitting of lipase adsorption: kinetics data on 

HKUST-1 at different temperatures and initial concentration 

 

 

Generally, Elovish’s model best presented the results of ZIF-8 and ZIF-67 

shown in Figure 32. The Elovich’s equation does not predict any definite mechanism, 

but it is useful in describing adsorption on highly heterogeneous adsorbents [172]. On 

the other hand, Pseudo Second order was the model that best described the results of 

HKUST-1. This may indicate that the adsorption of lipase takes place via surface 

exchange reactions until the surface functional sites are fully occupied; thereafter 

lipase molecules diffuse into the HKUST-1 network for further interactions (such as 

inclusion complex, hydrogen bonding, hydrogen phobic interactions) [174]. The 

pseudo-second-order model assumes that each lipase molecule is adsorbed onto two 

adsorption sites which allows a stable binuclear bond to form [174]. 
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Table 7: Fitted kinetic parameters for the adsorption of Lipase onto ZIF-8, ZIF-67 

and HKUST-1 

 

Having said that, the kinetic adsorption models, described above, are not able 

to predict the mechanism and rate-controlling step in a solid-liquid adsorption process. 

This can be explained by the intraparticle diffusion model  [156]. To better understand 

the lipase diffusion mechanism on the tested MOFs surfaces, the intraparticle diffusion 

model was applied, and the model fittings are shown in Figure 34, and the adsorption 

process was found to exhibit multi-linear plots.  The early stage sharper portion is 

assumed to be due to the mass transfer external resistance; whereas the later linear 

portion is an indication of some intraparticle diffusion control [196]. In the high lipase 

concentration, range the intraparticle diffusion was found to start from time zero, 

which indicates that the adsorption of lipase at higher concentrations was completely 

controlled by intraparticle diffusion. Whereas, at lower concentration range, the 

T(oC) Co qe(mg/g) 

Pseudo First 

order  

Pseudo Second order Elovish’s model 

k1(min-1) R2 k2(g/mg.min) R2 a(mg/gmin) 1/b(mg/g) R2 

L-ZIF-8 

35 

 

 

0.6 9.88 0.0188 0.60 0.1234 1.0 1.48 1.26 0.96 

0.5 18.95 0.0105 0.70 0.0436 1.0 1.373 1.23 0.97 

0.4 18.35 0.0131 0.80 0.0057 0.96 1.84 1.96 0.97 

0.2 7.26 0.0271 0.80 0.0235 0.96 1.18 0.60 0.73 

45 

 

 

0.6 9.73 0.0278 0.91 0.0035 0.82 0.295 2.73 0.87 

0.5 12.47 0.0332 0.94 0.0082 0.84 0.433 3.66 0.90 

0.4 7.97 0.0163 0.87 0.0014 0.88 0.12 2.93 0.93 

0.2 2.31 0.0140 0.70 0.0479 1.0 1.18 0.20 0.97 

 L-ZIF-67 

30 

0.7 23.6 0.0306 0.94 0.00053 0.30 0.3518 11.89 0.94 

0.6 13.33 0.0165 0.96 0.00097 0.43 0.1943 5.28 1.0 

0.4 13.57 0.0644 0.82 0.00340 0.70 0.118 4.61 0.74 

0.3 4.26 0.0099 0.95 0.00073 0.79 0.17 2.39 0.85 

45 

0.7 23.5 0.0173 0.78 0.00032 0.51 0.615 6.05 0.57 

0.6 26.90 0.0029 0.81 0.00081 0.70 0.0897 4.94 0.75 

0.4 12.44 0.0209 0.82 0.00020 0.35 0.5 0.16 0.81 

0.3 5.96 0.0173 0.81 8.2x10-6 0.91 2.497 0.063 1.0 

 L-HKUST-1 

35 
0.6 8.26 0.0382 0.97 0.01047 1 0.823 1.476 0.74 

0.4 10.73 0.0163 0.78 0.02318 1 1.443 1.377 1 

40 
0.6 14.25 0.0336 0.95 0.00187 0.88 0.472 4.31 0.90 

0.4 11.26 0.0578 0.95 0.01099 1 4.40 1.88 0.91 

45 
0.6 17.53 0.0081 0.85 0.01972 0.97 0.194 3.46 0.71 

0.4 15.15 0.0382 0.67 0.04743 0.98 0.274 6.10 1.0 
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external mass transfer was observed [156]. This indicates that the intraparticle 

diffusion was not the only rate-limiting step, and film diffusion was also involved in 

the mechanism [174]. However, the intraparticle diffusion appeared to be slow, as 

reflected on the low intraparticle rate constants, as compared to that of the film 

diffusion [199]. The adsorption of lipase is expected to proceed through the following 

sequence of steps: (1) transport of lipase from the boundary film to the external surface 

of the adsorbent (film diffusion), (2) transfer of lipase molecule from the surface to the 

intra-particular active sites, and (3) uptake of lipase by the active sites of ZIF-67, ZIF-

8 and HKUST-1 surface. In the initial stage of the adsorption process, the film 

diffusion is an important rate controlling step [156].  

Intraparticle diffusion (DP) in the three MOFs was obtained using Equation (8) 

at high and low concentration ranges shown in Figure 34 at 45oC.  For ZIF-8, Dp was 

0.0085 nm2/min in the high concentrations range of 0.5-0.6 mg/mL and increased to 

0.0340 nm2/min in the lower concentrations range of 0.2-0.4 mg/mL. A similar trend 

was also observed for ZIF-67, in which DP was 0.001 nm2/min in the high 

concentrations range of 0.6-0.7-0.6 mg/mL and increased 0.003 nm2/min in the lower 

concentrations range of 0.3-0.4 mg/mL. For chemical adsorption on HKUST-1, a 

similar trend was observed, wherein Dp in the range of 0.60 mg/mL was 0.00316 

nm2/min whereas, which increased to 0.0034 nm2/min at the lower concentration of 

0.40 mg/mL.   
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Figure 34: Intraparticle diffusion model for adsorption of lipase: on (a) ZIF-8 (b) 

ZIF-67 and (c) HKUST-1 at 45oC and different initial protein loadings 
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The effect of isotherm shape can be used to predict whether an adsorption 

system is “favourable” or “unfavourable” both in fixed-bed systems as well as in batch 

processes[196]. According to Hall et al. [208] the essential features of the Langmuir 

isotherm can be expressed in terms of a dimensionless constant separation factor or 

equilibrium parameter KR, which is defined by the following relationship in 

Equation(S1):  

𝐾𝑅 =
1

1 + 𝑏𝐶𝑜
 (S1) 

Where KR is a dimensionless separation factor, C0 is initial concentration (mg L-1) and 

b is Langmuir constant (L mg-1). 

A figure with a relationship between KR and C0 was presented to show the 

essential features of the Langmuir isotherm [208] Figure 35 shows the values of KR 

for Lipase at different temperatures.  

 

 

 

 

Figure 35: The values of KR for Lipase into ZIF-8, ZIF-67 and HKUST-1 at different 

temperatures 
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The KR values indicate that adsorption is more favorable at higher temperature 

than the lower one’s for HKUST-1 and ZIF-8, while ZIF-67 is more favorable at lower 

temperature. However, The KR value was less than 1 for all supports, indicating that 

the adsorption of Lipase onto the surface of the ZIF’s and HKUST-1 particles was a 

favorable process.  

4.4 Encapsulation of lipase on pre-synthesized ZIF-67 and ZIF-8  

Effect of initial lipase concentration on encapsulation capacity in ZIF-8 and 

ZIF-67 is shown in Figures 36a and 36b, respectively. The highest lipase capacity of 

in ZIF-8 and ZIF-67 was found to 43 and 75mg/g, at initial loading of 0.46 mg/mL and 

0.76 mg/mL, respectively.  

It Cleary shown, if concentration of lipase increased, the loading capacity in 

the formed crystals increased, up to an optimum concentration, which was 0.46 mg/mL 

and 0.76 mg/mL for ZIF-8 and ZIF-67, respectively. This was expected, as more lipase 

molecules were available to be entrapped during the crystallization. However, beyond 

the optimum concentration, a drop in the capacity was observed, for both ZIF’s. This 

may be attributed to negative effect of the large enzyme molecules at high 

concentrations on the crystallization.  
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Figure 36: Effect of initial lipase concentration on encapsulation capacity: at 25oC 

and 24 h in (a) ZIF-8 and (b) ZIF-67 

 

The immobilization efficiency showed a constant increase whenever loading 

was raised  for ZIF-67 and ZIF-8 in Fig 37b and 37d, respectively. The maximum 

immobilization efficiency 62% when initial loading of 0.40 mg/mL of enzyme for ZIF-

67. While ZIF-8 the maximum efficiency is 78% of initial enzyme concentration 0.50 

mg/mL. This is common due to the larger pore size obtained of ZIF-8 compared to 

ZIF-67. However, the increases in enzyme concentration decreases the crystallite rate 

of ZIF-67 and ZIF-8 crystal growth shown in Figures 37a and 37c, respectively. This 

is due the higher concentration of big molecules such as enzyme will reduce the 

nucleation process of crystals formation. 
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Figure 37: Encapsulation of lipase inside: (a-b) ZIF-67 and (c-d) ZIF-8 at 25oC (a-c) 

drop in enzyme concentration with time, during the crystallization (b-d) 

immobilization efficiency with respect to the initial enzyme amount used 

 

4.5 Transesterification reaction and operational stability 

The ability of adsorbed lipase, at 45oC, 0.60 mg/ml for ZIF-67 and HKUST-1 

and at 35oC, 0.50 mg/mL for ZIF-8 at 180 min, to catalyze the production of biodiesel 

via transesterification reaction from olive oil was evaluated. Figure 38 shows that 

under the same experimental conditions of 40oC, 12:1 methanol to oil ratio, biodiesel 

yield after 4 h was 88.8%, 90.7% and 71.8% using catalyzed by adsorbed of lipase on 

ZIF-8, ZIF-67 and HKUST-1, respectively. Lipase adsorbed on L-ZIF-67 showed the 

highest yield. This proves the favorable effect of the hydrophobic interaction. The 
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higher yield was also due to the high higher surface area of ZIF-67, as compared to the 

other tested MOFs.  

For industrial purposes, the stability and reusability of the biocatalyst is 

essential. The yield gradually decreased with reusing, due mainly to enzyme leaching 

from the surface. In terms of reusability, L-HKUST-1 showed the best performance, 

and maintained over 70% of the initial activity up to the third cycles. This is because 

of the adsorption on HKUST-1 was chemical, which is stronger than the physical 

adsorption on the other two ZIFs, which prevented leaching. However, despite its 

higher stability, lipase chemically adsorbed on HKUST-1 had the lowest activity, 

which is a common problem with chemical immobilization. Adsorbed lipase on ZIF-

8 was the least stable, and the activity dropped to about 5% only in the fourth run 4 

run. 

 

Figure 38: Biodiesel production: at 40oC. 12:1 methanol: oil ratio and 4 h (a) biodiesel 

production yield % from Lipase Adsorbed on ZIF-67, ZIF-8 and HKUST-1 (b) relative 

activity of biodiesel production using adsorbed enzyme 
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Under the same conditions of 40oC and 12:1 methanol to oil ratio, encapsulated 

lipase inside ZIF-67 and ZIF-8 was tested for biodiesel production. Figure 39 show the 

activity of encapsulated lipase inside ZIF-8 and ZIF-67. Opposite to absorbed case, the 

activity of encapsulated lipase in ZIF-67 was lower than that in ZIF-8, and lower than 

that of the adsorbed lipase on ZIF-67. As additional diffusion resistances are present 

in encapsulated enzyme [147]. This suggests that higher percentage of enzyme was 

encapsulated deeper inside the pores of the ZIF-67, owing to their larger crystals. 

Despite the higher stability of encapsulated lipase, as compared to adsorbed lipase, the 

continuous decreased in activity suggests that a high percentage of the lipase was 

actually attached to the outside surface due to large surface area of ZIF-67. The drop 

in the activity of encapsulated lipase in ZIF-8 was higher than that of encapsulated in 

ZIF-67, as shown in Figure 39c. This suggests that a higher percentage of the enzyme 

was attached to the outer surface of ZIF-8, as compared to ZIF-67, which was prone 

to leaching. This also explains the higher initial activity of encapsulated lipase in ZIF-

8 as compared to ZIF-67. A similar drop in activity was also reported when Aspergillus 

niger lipase encapsulated inside ZIF-8 was used in the production of biodiesel [200]. 

https://www.sciencedirect.com/science/article/pii/S1385894717318090#f0040
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8 as compared to ZIF-67. A similar drop in activity was also reported when 

Aspergillusr lipase encapsulated inside Z-8 was used in the productn of biodiesel [200] 

Figure 39: Biodiesel production of encapsulated Lipase at 40oC. 12:1 methanol: oil 

ratio and 4 h (a) Biodiesel yield of encapsulated Lipase on ZIF-67 and ZIF-8, (b) 

Relative activity of Adsorbed vs Encapsulated L-ZIF-67 (c) Relative activity of 

Adsorbed vs Encapsulated L-ZIF-8 

 

Table 8 shows a comparison of biodiesel yields using lipase immobilized on 

different supports as compared to the results presented in this work. The comparison 

shows that the yield obtained in this work was comparable those obtained by other 

studies. The reason for having a higher activity is attributed to the higher lipase dosage 
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used in this work as compared to those used in other studies, as shown in Table 8. In 

addition, in this work, n-hexane was used as a reaction medium, which has been proven 

to enhance enzymatic reaction rate [201]. The addition of solvent reduced the overall 

viscosity of the solution, which supported diffusion of the substrate to the active cites 

and the glycerol away from them. It has also been reported that the addition of n-

hexane reduce the inhibition effect by methanol [202].  

Despite the higher activity reported in this work, the reusability was lower than 

reported in previous studies. This could be due to the addition of all methanol at once 

in this study, whereas stepwise addition was adopted in other studies[162, 203]. In 

addition, in the other studies, the separated enzyme was washed between cycles with n-

hexane and tert-butanol to remove deposited glycerol [176]. These measures were 

considered in this work, as it was assumed that n-hexane was sufficient to reduce 

methanol inhibition and glycerol deposition. Above that, the leaching from a high 

initial loading of enzyme showed a more evident drop in the activity, as compared to 

the case when a smaller amount of lipase is used, as in the other studies. 
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Table 8: Performance of lipase immobilized on different supports in biodiesel 

production 

 

3.6 Diffusion-Reaction Model of ZIF-8 

The reaction catalyzed by immobilized lipase is controlled simultaneously by 

diffusion of substrate to the surface of the immobilized support, followed by surface 

reaction with the attached enzyme. In order to better understand the reaction, an 

investigation of the diffusion-reaction system has been performed. 

Assuming the reaction to be governed by Michaelis–Menten model [204], the 

kinetics parameters were initially estimated from the initial reaction rate determined 

from the FAMEs produces in the first 4 h. The initial reaction rate using the free and 

immobilized lipase, at the same protein amount is shown in Figures 40a and 40b. The 

results of the free enzyme were used to estimate the values of Vmax and Km, which were 

24.1 mg/mL.h and 0.64 mg/mL, respectively, using Eadie-Hofstee linearized equation 

(Equation 12). 

𝑣 = −𝑘𝑚
𝑣

[𝑆𝑜]
+ 𝑣𝑚𝑎𝑥 (12) 

Enzyme Support 
Temp 

(oC) 
Time (h) 

Methanol:

Oil 

Enzyme 

dosage 

wt% 

yield 

% 

Reusability, 

last relative 

activity% 

Ref 

Adsorbed 

Burkholderia 

cepacia 

Mesoporous 

ZIF-8 
40 12 6:1 6 93 

71% after 8 

cycles 
[162] 

Thermomyces 
Lanuginosus 

Microporous 

ZIF-67 
40 4 12:1 20 90 

31% after 4 

cycles, This 
work Mesoporous 

ZIF-8 
40 4 12:1 20 88 

6% after 4 

cycles 

Encapsulated 

Candida sp ZIF-67 45 60 6:1 20 78 
60% after 6 

cycles 
[135] 

Rhizomucor 

miehei 
X-shaped ZIF-8 45 24 4:1 8 92 

86% after 10 

cycles 
[15] 

Candida 
antarctica 

MOF Bio-based 46 11.55 3.64:1 0.55 99 Not specified [203] 

Thermomyces 

Lanuginosus 

Microporous 

ZIF-67 
40 4 12:1 20 72 

29% after 4 

cycles This 

work Mesoporous 
ZIF-8 

40 4 12:1 20 86 
17% after 4 

cycles 
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A comparison between the linear The effectiveness factor that compares the 

rate of reaction using the linear Eadie-Hofstee line of the free enzyme, and the curve 

of the immobilized enzyme clearly shows that the effectiveness, defined by 

Equation(13) [204] is less than 1. 

ɳ =
v

vfree
 (13) 

Figure 40c shows the effect of substrate concentration on the effectiveness 

factor, using the experimental free enzyme results. It is clearly seen that increasing the 

initial substrate concentration results in increasing the effectiveness. This is because, 

as the initial substrate increases, the diffusion rate increases due to the increase in the 

driving force.  
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Figure 40: Effect of substrate concentration on FAME’s reaction rate: using free and 

immobilized enzyme at 40oC and 12:1 methanol:oil ratio: (a) concentration vs. reaction 

rate, (b) Eadie-Hofstee relationship and (c) effect of substrate on the effectiveness 

using free enzyme data and predicted data based on microenvironment substrate 

concentration 

 

             With surface attachment on pre-synthesized ZIF-8,  it was assumed that the 

lipase molecules accumulate mainly on the outside surface [205]  Therefore, in this 

case, internal diffusion was neglected. Assuming that all of the surface is equally 

accessible, the rate of flow of substrate to the surface can be expressed by Equation 

(14) [204]: 

𝑉𝑚𝑎𝑥[𝑠]

𝐾𝑚 + [𝑠]
= 𝐾𝐿𝐴([𝑆𝑜] − [𝑆]) (14) 
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Where, [So] and [S] are the substrate concentrations in the bulk of the solution and the 

microenvironment next to the surface, respectively, and KLA is the mass transfer 

coefficient capacity coefficient, which was determined to be 0.203 (1/h) from the slope 

of the tangent of the activity of the immobilized enzyme, as shown in Figure 41a. The 

activity based on the microenvironmental substrate concentration was then determined 

graphically by the intercept of the negative slope and the activity at each tested point. 

Figure 41b shows a comparison between the activity of the free enzyme and the 

predicted activity of the immobilized enzyme based on the microenvironment substrate 

concentration. It can be seen that the model predicted was lower than the experimental 

data, which is an indication that internal diffusion effect was not completely 

insignificant.  

Substrate modulus (µ), also known as the Damköhler number, was determined 

using Equation (15). This factor gives an indication on the significance of surface 

reaction resistance relative to external diffusion resistance. The higher the value of , 

the higher the diffusion resistance compared to surface reaction resistance. The large 

values of  found in this work, which was 184.39, suggests the reaction was diffusion 

limited [206]. 

µ=
𝑉𝑚𝑎𝑥

𝐾𝐿𝐴𝐾𝑀
 (15) 

This conclusion was further confirmed in Figure 35c, which shows the effect 

of substrate concentration on the effectiveness factor based on reaction activity of free 

enzyme and predicted activity based on the microenvironment concentration. Similar 

to the free enzyme concentration results, increasing the initial substrate concentration 
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resulted in increasing the effectiveness. As mentioned earlier, this increase is due to 

the increase in diffusion driving force. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 41: Predicted activity vs experimentally activity of free enzyme: (a) Graphical 

determination of the enzymatic activity based on microenvironmental substrate 

concentration and (b) Predicted activity based in the microenvironment substrate vs 

experimentally determined activity of free enzyme 
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4.6 Future work 

The successful results of the biodiesel yield open a new horizon for easing and 

simplifying the process of immobilization of lipase into MOFs. However, there are 

still significant work must be done to enhance the biodiesel yield. An alternative of 

stepwise addition of alcohol should adopted to enhance the operational stability for 

industrial using similar to other studies. In addition, in the other studies, the separated 

enzyme was washed between cycles with n-hexane and tert-butanol to remove 

deposited glycerol must be investigated due to the many drawbacks on the enzyme 

activity. Furthermore, the effect of the lipase@MOF dosage wt% for on the FAME’s 

yield could be investigated. Further studies could be carried out to examine and 

enhance the reusability of the Immobilized enzyme system. 

          According to the points discussed for enhancement of biodiesel yield, Lipase 

was tested in two different temperatures to prove the stability of the enzyme and 

enhance of this work. However, the optimum selection of temperature is to be between 

the high and low, this because the lipase will denature at a high temperature above 

55oC. And at a low temperature, the kinetic energy in the enzyme is relatively low, 

which affecting the chance of the collision of the enzyme and the substrate, which 

require a longer period of time for the lipase to break down lipids inside the oil in to 

glycerol and fatty acid [207]. From the Figure 42a results, at 45oC, if has the fastest 

rate of breaking down the lipids into fatty acid, of equal of 89.5% of reaction of 4 hour. 

On the other hand, the different amount of lipase was tested as well shown in Figure 

42b, the highest yield was 66% of using 2 ml of enzyme in the solution, whereas using 

of 0.3 ml of enzyme yield only 35%. This prove that the enzyme is active and showing 
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high conversion. Hence then, the enhancement of this study is by studying the thermal 

stability of enzyme in different temperatures. 

 

Figure 42: Enhanced future work: (a) different temperature used for biodiesel 

production at 40 and 45oC of 4 hr reaction (b) different amount of lipase used for the 

reaction 0.3,1,2 mL of 4 hr , 40oC of reaction 
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Chapter 5: Conclusion 

 

The application of metal organic frameworks as support for enzyme 

immobilization is highly attractive due to its large surface area and porous size.  Lipase 

was successfully adsorbed and encapsulated on ZIF-67, ZIF-8 and HKUST-1. The 

activity of the produced bio-catalytic composite on biodiesel production by solvent-

free transesterification of olive-oil showed a good activity and stability up to 3 reuses 

cycles. The highest biodiesel yield of 90.5% using achieved using adsorbed lipase on 

ZIF-67, whereas lipase attached by chemical adsorption on HKUST-1 showed the best 

operational stability compared to other support studied. It was also shown that the 

adsorption equilibrium was better described by the Langmuir model, which was used 

to determine the thermodynamic properties. The kinetics was best described by 

Elovish’s model for physical adsorption on ZIF-8 and ZIF-67, and by Pseudo Second 

order model for chemical adsorption on HKUST-1. The rate-limiting step of the 

adsorption process was found to be influenced by intraparticle diffusion for ZIF-8 and 

ZIF-67. The reusability of the immobilized lipase system was tested. In summary, the 

results of this work hold potential to significantly simplify the production of biodiesel 

from the metal organic frameworks, understand the mechanism of adsorption reaction, 

predict the diffusion-reaction system of ZIF-8. 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/biodiesel
https://www.sciencedirect.com/topics/chemical-engineering/transesterification
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